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Loads and boundary conditions

The inner ring of MWB is fixed to the shaft while the outer ring 
revolves around the axis.

To simulate the assemblage of the inner ring and the shaft, a 1)	
fixed support constraint is applied to the inner surface of the 
inner ring.
To simulate the role of the sleeve bearing, axial displacement 2)	
constraints are applied to end surfaces of the outer ring, the 
inner ring and the cage.
To simulate the rotation and the assemblage of the outer ring, a 3)	
rotational velocity is applied to the whole outer ring around the 
axial orientation, and a radial force, which pointes into inside, 
is applied to the outside surface of the outer ring.

Static structure analysis result

In static structure analysis module, equivalent stress is added in 
the solution to detect the stress of the riskiest point on the MWB. Fig. 
3 shows the results of the equivalent stress of the MWB when the 
rotation velocity of the outer ring is 10000 rpm, and the radial force of 
the outer ring is 1200 N. The maximum stress points of the inner ring, 
outer ring and cage of the appeared at the position of contact with the 
rolling elements. The maximum stress on different parts of the MWB 
are listed in Table 3.

As shown in Table 3 and Fig. 3, the maximum stress is on the 
rolling element, more specifically, the contact region of the ball and 
the outer ring. The maximum stress is 368.61MPa, which is regarded 
as the riskiest point. The second maximum stress part of the MWB is 
the inner ring, amounting to 305.98MPa. The third maximum part is 

Fig. 3. Static structure analysis results

(a) The whole bearing

(c) The cage

(b) The inner ring

(d) The outer ring

(e) The rolling elements
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the cage, amounting to 225.12MPa. The minimum stress part is the 
outer ring, amounting to 223.5MPa. The result in Table 3 is accord-
ance with factual reality, which indicates the correctness of the FEA 
in this paper.

2.3.	FEA of the MWB Considering Frictional Heat

The MWB produces frictional heat between the 
rolling elements and inner ring, the outer ring and 
cage. The friction may influence the stress of the riski-
est point of the MWB. To this end, this paper adopted 
indirect coupling method in FEA. Steady-state ther-
mal analysis is firstly completed, then the result is 
imported to static structure analysis as a thermal load. 

Finally, the thermal-mechanical FEA is accomplished.

Steady-state thermal analysis
(1)			  According to the installation and working conditions of 

MWB, the Loads and boundary conditions are shown as fol-
lows:

(e) The rolling elements

(a) The whole bearing (b) The inner ring

(c) The cage d) The outer ring

Fig. 4. The steady-state thermal analysis results

Table 3. The maximum stress on different parts of the MWB

Different part of the 
MWB

The maximum stress 
(MPA)

Different part of the 
MWB

The maximum 
stress (MPA)

The inner ring 305.98 The outer ring 225.12

The cage 223.50 The rolling elements 368.61
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significant increase in the MV cable network at the level of 40 000 km 
[40]. Replacement of existing overhead lines by cable lines will allow 
to eliminate the impact of severe climatic conditions and increase the 
operational reliability of these sections [17, 29]. Moreover, cable lines 
have lower impact on the landscape and are more easily accepted by 
the public [49].

In the last two decades, there have also been significant changes 
in cable line technology. Practically, the most common insulating 
material used is crosslinked polyethylene, and for the construction 
of cable lines, single-core cables with a metallic screen are used to 
ensure effective earth fault short-circuit current discharge and enable 
rapid operation of the damaged cable line protection system to prevent 
long-term effects of this current on insulation layers of other phases 
of a cable and its surroundings [37, 43]. In case of the absence of a 
cable metallic screen in the vicinity of short circuit event, significant 
electrical risks could occur as well. Detailed requirements in terms 
of protection against electric shock in MV networks are presented in 
[14-16].

The presented circumstances prompt to undertake research on the 
correct operation of the medium voltage distribution network contain-
ing an increasing share of cable line sections constructed in the new 
technology using three single-core cables with metallic screens. The 
problem presented in this article concerns the energy losses in cable 
metallic screens resulting from the use of their earthing at both ends 
and the ways to prevent such losses by modification of the tradition-
ally used mode of  metallic screens operation. The advantages and 
drawbacks of the proposed modifications are discussed as well. Con-
sidered issue is presented using computer simulations of cable line 
operation, which were verified by measurements conducted in exist-
ing sections of MV cable lines in the network of one of the Polish dis-
tribution system operators. The presented issue is in line with global 
trends in reducing energy losses in distribution networks [7].

Energy losses in cables are associated with the occurrence of a 
core conductor, insulation and metallic cable screens or other metallic 
layers of the cable. A distinction can be made between losses in the 
core conductor due to its resistance, dielectric losses related to the 
cable capacitance and insulation parameters as well as losses in the 
metallic cable screen related to the current flow through these layers 
and eddy currents [2, 35]. Losses associated with eddy currents are 
usually much lower in the cable screens than losses related to the cur-
rent flow induced in the screen’s circuit by load currents and do not 
depend on the circuit arrangement [37].

Energy losses in cable lines depend on the nominal cross-section 
of the conductor and of the metallic screen, way of laying the cable 
(flat or trefoil formation), but also to a large extent, on the connection 
and earthing system of the cables’ metallic screens [32, 34, 38, 52]. 
The greater the distance between single-core cables, regardless of the 
thickness of individual conductors, the greater losses in these cable 
systems are observed, hence much greater losses will occur in the 
case of cables in a flat formation than in a trefoil formation [20, 37]. 
If there is more than one cable system, for example two three-phase 
cables side by side, energy losses will also depend on the phase se-
quence in individual single-phase cables [38].

The most popular in MV networks in Poland is both end bond-
ing and earthing of metallic screens of a cable line section. In such 
systems, under normal load operation, there are negligibly low volt-
ages in metallic screens, but significant currents induced by currents 
flowing in the cable core conductors, which cause additional losses 
in the cable metallic screens and may reduce the nominal current 
carrying capacity of the cable line. Losses in cable metallic screens, 
caused by induced currents, depend on the coupling impedances of 
the core conductors and metallic screens of the cable [52]. For stand-
ard medium voltage cables, additional losses in the metallic screens 
constitute 2-10% of the total losses in the cable [20]. Due to the large 
number of factors determining the losses in the metallic screens, in 

the most unfavourable cases, the loss in the metallic screens may be 
greater than the losses in the core conductor [18]. Reduction of losses 
occurring in metallic screens is possible by modification of operation 
mode of cable metallic screens including their earthing system, such 
as single-point metallic screen earthing applied in the case of high 
voltage cables [6, 11, 52] associated with the use of surge arresters at 
the unearthed screen end [20, 30], cable metallic screen intersection 
and cross-bonding [6, 11, 21, 33] or cross-bonding and transposition 
of the load carrying wires as well [44], inserting additional resist-
ances or inductances at the place of cable metallic screens earthing 
or at cable joints’ earthing [24, 32, 46] or reducing the cross-section 
of cable metallic screen, which are very often oversized [3, 27, 28, 
50]. However, these solutions are rarely used in medium voltage 
networks due to the fear of electric shock hazards or overvoltage of 
screen insulation [11, 20] and expected problems with detecting cable 
line operation distortions due to the modified metallic cable screens 
connection systems [10, 23] and the possibility of damages in addi-
tionally introduced cable cross bonding joints or boxes [48]. In this 
study, a new task is undertaken to determine the cost-effectiveness of 
the proposed measures to reduce losses in metallic cable screens, and 
this cost-effectiveness is evaluated in real energy market conditions 
depending on the load of the line and the method used to decrease 
losses in the metallic screens.

The proposed methods of reducing losses in the metallic cable 
screens also require analysis during fault states. The analysis of elec-
tric shock hazards in cable networks [41] should take into account 
the influence of the number of MV/LV substations operating in the 
considered MV grids and their earthing as well as the resistance of 
the cable layers on the flow of ground fault current. The distribution 
of short-circuit current in the earthing system is also the subject of 
analysis in [42], where the influence of metal elements in the ground 
is taken into account. In [5], the influence of parameters of cable lay-
ers and earthing system on the earth fault current distribution and 
the hazards associated with its flow are analysed. The new approach 
presented in this paper concerns simulations and site studies of earth 
fault current distribution in different cases of earthing of the metallic 
screens in order to identify the risk of electric shock. 

An important element of cable analysis in fault cases are also 
overvoltages, which may occur at the unearthed ends of the cable 
screens. Overvoltage issues are most often analysed for high voltage 
lines [6, 20, 48], less frequently for medium voltage lines [19], but 
their analysis is extremely important to ensure proper condition of 
metallic cable screens’ insulation. In this article, attention was drawn 
to the possible occurrence of overvoltages when using the proposed 
methods of reducing losses in the metallic cable screens.

The article addresses this issue in order to develop proposals for 
the operation of cable lines built in the presented technology allow-
ing for reduction of losses in cable metallic screens in economically 
justified cases when simultaneously surge protection requirements 
concerning the screen insulation and electric shock protection require-
ments at MV/LV transformer substations are met. For this purpose 
extensive simulation tests of medium voltage networks with cable 
sections have been conducted as well as tests on models containing 
sections of real cable lines and measurements on sections of cables 
operating in the distribution network, which are described below.

2. Cable lines’ modelling
The analyzed sections of cable lines operating in the distribution 

network were modelled using the DIgSILENT PowerFactory soft-
ware. In the cable lines modelling procedure, firstly a single-core ca-
ble is created, based on which a three-phase cable is composed. The 
input data applies to all conductive, insulating and semi-conductive 
layers that occur. All geometric parameters defining the cross-section 
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and data defining the properties of all component materials are also 
entered. 

Using the defined cable type, it is possible to create a simulation 
model of the cable system used in distribution networks as shown in 
Fig. 2. Input data considered for this purpose are: the type of single-
core cable used to build the cable system, the position of each cable 
line in relation to the ground level, the position of each single-core 
cable line in relation to the remaining ones, as well as the cable laying 
environment (earth, air), frequency, soil resistivity, or the number of 
parallel cable systems.

Fig. 2. Cable system model

The calculations for a cable system created with three single-core 
cables are conducted on the basis of solving matrix differential equa-
tions that bind the currents in the cable core conductor and metallic 
screen with voltages along the conductive layers of the cable [2, 8, 
9]. Such calculation method enables the operation of the cable sys-
tem’s simulation in terms of currents and voltages in the conductor 
and in the metallic screen, in steady and transient conditions during 
normal operation and short-circuits. The model shown in Fig. 2 al-
lows to simulate the cable operation considering different ways of 
connecting metallic screens with each other and with the ground and 
to include various values of earthing electrode resistances. In the case 
of busbar bridges, a cable system was modelled as consisting of three 
or four cable bundles connected in a parallel between the HV/MV 
transformer and the busbars of the MV substation. In the considered 
case, cables and busbar bridges were modelled in accordance with the 
MV distribution cable network standard presented in [12].

3. Load and energy losses modelling in MV cable lines
The purpose of this study was to determine the losses in the con-

ductors and metallic screens for the registered loads in selected exist-
ing sections of MV cables in order to propose technical solutions to 
reduce losses in the metallic cable screens. In an urban network, two 
cable routes were selected which output power from HV/MV substa-
tions, consisting of three cable sections connected in series in trefoil 
formation. For the HV/MV substation bay, to which cable sections 
were directly connected, actual values of load currents were registered 
and provided by the Distribution Management System (DMS) con-
trolling the operation of HV/MV substations, for the selected days of 
2017 in winter, spring, summer and autumn for periods from Wednes-
day to Sunday. On the basis of relative changes in energy consump-
tion in particular weeks of the year, the annual load profile for the 
tested facility was determined. The annual energy demand profile of 

the analysed cable section created for the maximum load case of 2,0 
MVA is shown in Fig. 3.

Fig. 3. Annual load profile for the considered cable line bay

The illustrated load profile applies only to the cable section that 
is connected to the substation bay with the conductor cross-section 
of 3x240mm2 and 50 mm2 for the metallic screens. For the following 
cable sections, the conductors’ cross-section decreased to 3x120 mm2, 
due to the reduced load because of additional outflows in the follow-
ing MV/LV substations, while the same cross-section of the metallic 
screens was maintained. Taking into account the number and power of 
MV/LV transformers on a selected line, it is possible to determine the 
relative load of subsequent cable line sections, assuming an even load 
of MV/LV distribution transformers proportional to their rated power. 
In this way, the load on the second section was determined at the level 
of 72% of the first section load. Similarly, taking into account the next 
power stations, the third section was loaded at 63% of the first sec-
tion load. With the progress of balancing meters installation at MV/
LV substations, being the component of AMI (Advanced Metering 
Infrastructure) system, more precise estimation of cable section load 
will be possible, based on the values registered by the meters, but such 
data was not available at the time of the presented study.

For the first of the cable lines considered, due to the large differ-
ences in the length of the cable sections, the losses in section II and III 
were much smaller than in section I. Losses in individual sections of 
the considered cable system indicate seasonal variability, according to 
the variation of the load modelled in Fig. 3. The conducted analyses 
allow to determine losses in the metallic screen of the cable, which are 
presented in the form of a graph in the Fig. 4 as the absolute annual 
values in kWh and as a share in total energy losses in the cable for the 
analysed sections. The results of the analysis indicate that the average 
share of energy losses in metallic screens constitutes 3,5% of the total 
losses in the cable line.

Fig. 4. Energy losses in the metallic screens of analysed cable line’s sections
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What is characteristic of the presented scheduled maintenance 
strategy is that the initially determined joint preventive maintenance 
times of all the elements, performed at constant time intervals of t* 
remain unchanged. The application of such strategy is particularly 
justified in cases when the maintenance activities of the given system 
are performed at constant intervals of time t* and its multiples con-
nected with other scheduled servicing activities of the entire object or 
the group of objects. 

2.3.	 A model of adaptive strategy of a system’s preventive 
maintenance

The other proposed maintenance method is an adaptive strategy 
in which the intervals between the times of subsequent preventive 
maintenance of the entire system can be modified. Such an interval 
is re-determined after the failure of any element of the system. In this 
model the starting situation is the same as in the model of scheduled 
strategy, that is there is a fixed time to preventive maintenance (t*) 
common for all the elements of the system. The strategy compatible 
with this time is followed until an element fails before reaching age 
t*. When this happens, following the adaptive strategy, a post-failure 
maintenance of the failed component is performed. And if we know 
that the other elements did not fail by this time (modification of prob-

ability distribution of times to failure), another time, common for all 
the elements, of preventive maintenance is set.

The two maintenance strategies differ from each other and the 
question which will be more effective in an actual case can be solved 
by identifying economic indicators resulting from their application in 
the adopted time horizon [1]. 

3. A simulation based model of scheduled and adaptive 
maintenance strategy 

The simulation based calculation model was developed on the 
assumptions formulated for the model of scheduled strategy and the 
model of adaptive strategy described in section 2. The calculation al-
gorithms enable computer simulations of the operation of a system 
when each of the strategies is followed. Simplified algorithms show-
ing a single simulation iteration are shown in figures 4a and 4b. 

Detailed characteristics of the simulation method used for calcu-
lations were presented in [7], where the possibility of estimating the 
reliability of a complex technical object subjected to decomposition 
was shown. For the purposes of this paper, this method is a basis that 
was significantly supplemented with new functions related to preven-
tive renewal of the examined objects. Thanks to this, in addition to the 
evaluation of the reliability of the object, it is also possible to evalu-

Fig. 4a. Simplified algorithm of a single simulation iteration of sys-
tem’s operation after scheduled strategy model

Fig. 4b. Simplified algorithms of a single simulation iteration of 
system’s operation after adaptive strategy model













EKSPLOATACJA I NIeZAWODnOSC – MAInTenAnCe AnD ReLIABILITY VOL. 22, NO. 1, 202044

SCIenCe AnD TeCHnOLOGY

	
( )

0
ny f b u�  � �	 (2)

where f is the total disturbance of the system, including external and 
internal disturbances.

By expanding the total disturbance f to the n+1 state variable of 
the system, equation (2) can be transformed into an n+1 order ex-
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Discretization is needed for computer simulation. The object of 
this paper is a third-order system. The Euler method is used to discre-
tize the LESO, and the fourth-order discrete LESO is constructed as:
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And h is the system sampling time.
Let �E �Z� ��e h0 , and then:
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2.3.	 Design of the Multi-ESO Based Control Strategy

In this section, a multi-ESO based linear active disturbance rejec-
tion control strategy is proposed. The anti-interference ability of the 
LADRC is utilized, and the system can cope with the overall environ-
mental disturbance. However, the control signals sent to a group of 
plants are fixed and cannot be adjusted according to the situation of 
each plant, so the performance under actuator failure may be unsat-
isfactory. The control strategy we proposed designs an ESO for each 
plant, and the PD part shares the same. Considering the same structure 
of plants in this paper, the parameters of each ESO can be the same as 
well, which will not increase the number of parameters of the entire 
LADRC control strategy. The control signals received by each plant 
can be dynamically adjusted based on different state observations and 
estimates, which may further improve the disturbance rejection and 
fault tolerance of the LADRC. The structure of the proposed multi-
ESO based LADRC strategy is shown in Fig. 2.

Fig. 2 The multi-ESO based LADRC strategy.

In the multi-ESO based control strategy, LESO 1 and LESO 2 
use the design in Section 2.2. Here, the input and output of LESO 
1 are u1, y1 and z11, z21, z31, z41, respectively. The input and out-
put of LESO 2 are u2, y2 and z12, z22, z32, z42, respectively. As the 
estimated total disturbances of plant 1 and plant 2, z41 and z42 are 
used to compensate the control signals. z1, z2, and z3 are the sys-
tem states estimated by the observers after synthesis. Since 

 and  	
, the synthesized part should be designed ac-

cording to the relationship among y1, y2, and y. In this paper, y = y1+y2, 
therefore:
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in the bond graph modeling rules. The parameters used in the simula-
tion model are shown in TABLE 1.

4.3.	 Classi�cation of Failure Conditions

Legs or motors being stuck is the most likely failure mode during 
operation of the level adjustment control process of a quadruped ro-
bot. Leg stuck failure will lead to a lower ability to resist disturbances 
or the inability to pass obstacles. We determined three kinds of leg 
stuck failure states in the control process of the quadruped robot, de-
noted by states A, B, and C.

Failure state A indicates that the failure occurs at the same time 
as the disturbance. The leg will be at the initial position and cannot 
follow the instructions of the controller.

Failure state B indicates that stuck failure occurs when the leg 
moves to the maximum length and stops during the control process.

Failure state C indicates that the failure occurs after one interfer-
ence and when facing another. The leg will be stuck at the last posi-
tion after one adjustment. Then, a disturbance is applied again to the 
control system. This failure state includes two cases, i.e., dealing with 
a small interference first and dealing with a large interference first.

The failure conditions during the level adjustment control process 
are shown in Fig.7. The latter simulation analysis will analyze the 

control performance and reliability of the proposed method from the 
perspective of these three types of faults.

5. Reliability Analysis

5.1.	 Simulation Results

With the system model and the multi-ESO based control strategy, 
the simulation was established in MATLAB/simulink. Considering 
the ability of the actual system and the actuators, the corresponding 
limiting module was added to the system simulation model. With the 
strong robustness and performance of the ESO based control method, 
the parameters were easily obtained through tuning in the simulation, 
�D�Q�G���U�H�O�D�W�L�Y�H�O�\���J�R�R�G���S�D�U�D�P�H�W�H�U�V���Z�H�U�H���V�H�W���D�V���&c� ���������&0=42, and b0=380. 
The standard LADRC control scheme uses the same parameters as the 
multi-ESO-based control method.

Based on the information above, the simulation curves under nor-
mal conditions without leg failures are plotted in Fig. 8. The dashed 
lines in the figure are the responses of the standard LADRC control 
scheme, and the solid lines are the responses of the proposed multi-
ESO based control strategy. The results illustrate that the two control 
strategies perform well without leg failures under disturbances of 10° 
and 20°. The response time is less than 2 seconds. Overall, the re-
sponses of the new method are slightly inferior to those of the stand-
ard LADRC due to the increased complexity of the structure in the 
multi-ESO based control method. For failure-free situations that do 
not require flexible changes of the control scheme, the simple method 
performs better. Under the 20° disturbance, the eo of the LADRC and 
�P�X�O�W�L���(�6�2�� �F�R�Q�W�U�R�O�� �L�V�� ������ �W�K�H�� �1o�� �R�I�� �/�$�'�5�&�� �L�V�� ������������ �D�Q�G�� �W�K�H�� �1o of 
multi-ESO is 15%, and the tso of LADRC and multi-ESO is 1.5 s. 
Next, the performance of the control strategies under leg stuck failure 
conditions will be analyzed and discussed.

Fig. 8  Simulation results under normal conditions.

Failure state A(1)	
In failure state A, the leg is stuck in the initial position and can-

not follow the instructions of the controller, which may reduce the 
disturbance rejection ability of the level adjustment control system. 
The performances of the multi-ESO based control strategy and the 
standard LADRC scheme in failure state A are shown in Fig. 9. Both 
methods can handle 20 degree tilt angle interference under the condi-
tions of failure state A. The response time of the systems when failure 
state A occur appears to be longer than that under normal conditions, 
which takes nearly 3 seconds. Under small angle interference (10°), 
the performances of the two control methods are basically the same. 
However, when the interference is large (20°), the response of the 
multi-ESO based control method is significantly better than that of the 
standard LADRC, with a smaller amplitude and faster response time. 
In view of the performances of the two methods, it is better to adopt 
the proposed multi-ESO based control strategy in failure state A. In 
this situation under 20° disturbance, the ef of LADRC and multi-ESO 

Fig. 6. Bond graph model of a leg

Fig.7  Failure conditions during the level adjustment control process
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�F�R�Q�W�U�R�O���L�V���������W�K�H���1f���R�I���/�$�'�5�&���L�V���������������D�Q�G���1f of multi-ESO is 12.5%, 
and the tsf of LADRC is 2.5 s and that of multi-ESO is 1.8 s.

Fig. 9. Simulation results in failure state A

Failure state B(2)	
In failure state B, the leg is stuck at the maximum length during 

the control process. This kind of large angle stuck failure may cause 
a significant drop in the system disturbance rejection ability. Fig. 10 
shows the system responses of the multi-ESO based control strate-
gy and the standard LADRC control scheme in failure state B. Both 
methods can handle 20 degree tilt angle interference under failure 
state B, and the response time is a little longer than that under normal 
conditions. The oscillation of the system response is much worse than 
that under normal conditions. The responses to the 20 degree interfer-
ence are better than those to the 10 degree interference because the 
stuck position is close to the required position of the controller to the 
leg to resist the disturbance. However, the anti-interference ability of 
the system still decreases under failure state B. It can be seen clearly 
that the control quality of the proposed multi-ESO based control strat-
egy is quite good and has advantages over the standard LADRC when 
failure state B occurs. In this situation, under a 20° disturbance, the ef 

�R�I���/�$�'�5�&���D�Q�G���P�X�O�W�L���(�6�2���F�R�Q�W�U�R�O���L�V���������W�K�H���1f of LADRC is 60% and 
�W�K�H���1f of multi-ESO is 15%, and the tsf of LADRC is 2.6 s and that of 
multi-ESO is 1.6 s.

Failure state C(3)	
In failure state C, the leg is stuck at the last position after one 

adjustment, and then, an interference is applied again to the control 
system. The simulation curves of the multi-ESO based control strat-
egy and the standard LADRC scheme in failure state C are shown in 
Fig. 11. In Fig. 11(a), a small interference of 10 degrees was applied 
to the systems first, followed by a large interference of 20 degrees. In 
Fig. 11(b), the systems are dealing with the large interference first. 
Both methods are capable of handling 20 degree interference in both 
cases of failure state C. It is obvious that the control performance of 
the proposed multi-ESO based control is significantly stronger than 
that of the standard LADRC in the case of dealing with a small dis-
turbance first and then a large disturbance. In this situation, the ef of 
�/�$�'�5�&���D�Q�G���P�X�O�W�L���(�6�2���F�R�Q�W�U�R�O���L�V���������W�K�H���1f���R�I���/�$�'�5�&���L�V�����������D�Q�G���1f 
of multi-ESO is 5%, and tsf of LADRC is 2.5 s and that of multi-ESO 
is 1.8 s. In the case of a large interference first, the standard LADRC 
control is slightly better. Here, the ef of LADRC and multi-ESO con-
�W�U�R�O���L�V���������W�K�H���1f���R�I���/�$�'�5�&���L�V�����������D�Q�G���1f of multi-ESO is 55%, and tsf 
of LADRC is 1.5 s and that of multi-ESO is 1.2 s. The reverse oscil-
lation after stuck failure was injected may be due to the unexpected 
coupling calculation of the multi-ESO based control. Nevertheless, 
the degradation of the control quality of the multi-ESO based control 
strategy during stuck failure C is acceptable.

Reliability Analysis(4)	
Based on the responses of the LADRC and multi-ESO control, 

the motion reliability of both methods can be calculated by equations 
(15)-(19), and the calculation results are shown in TABLE 2.

In the table, as in all the situations, the system could handle a dis-
turbance of 20 degrees, and the steady-state errors are zero. The sta-

(a) First 10 degrees and then 20 degrees

(b) First 20 degrees and then 10 degrees.

Fig. 11. Simulation results in failure state C

(a) Interference of 10 degrees

(b) Interference of 20 degrees

Fig. 10. Simulation results in failure state B
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bility reliability, Rs, and the steady state reliability, Rr, are 1 for both 
control methods. The transient reliability, Rt, and time coefficient, tR, 
of both control methods take the minimum values under these fault 
conditions. From the calculation results in TABLE 2, it is obvious that 
the reliability of the proposed multi-ESO control is better than that of 
the LADRC under the fault conditions.

According to the system simulation results under normal condi-
tions and several failure conditions, the flexible control output of the 
multi-ESO based control strategy gives it excellent performance when 
the standard LADRC performance is poor. Although in the cases of 
normal conditions or some simple failures, the control performance 
of the multi-ESO based control method is slightly worse than that of 
the standard LADRC. The proposed multi-ESO based control strategy 
will enable the quadruped robot level adjustment control system to 

better cope with the leg stuck failures and maintain its anti-interfer-
ence ability.

5.2.	 Pro-type Design and Experimental Validation

To show the effectiveness of the proposed multi-ESO based 
LADRC control solution in real time with leg failures, an experimen-
tal validation with the same structure introduced in Section 4 was 
set up in the laboratory as shown in Fig. 12. The tilt angle of the 
robot platform is detected by a JY-61 attitude sensor. The processor 
adopted was an Arduino Leonardo circuit board with an Atmega32u4 
microcontroller. Eight ZX3615 motors were driven by a bus controller 

Table 2.	Reliability Calculation of LADRC and Multi-ESO

Situation Method ���˜�‡�”�•�Š�‘�‘�–�á���P�����¨�� ���‡�•�’�‘�•�•�‡�����‹�•�‡�á���–�•�����•��Transient Reliability, R t Time Coefficient, t R

Normal (20°)
LADRC 12.5 1.5 / /

m-ESO 15 1.5 / /

Failure state A 
(20°)

LADRC 32.5 2.5 0.77 0.6

m-ESO 12.5 1.8 1 0.83

Failure state B 
(20°)

LADRC 60 2.6 0.46 0.58

m-ESO 15 1.6 1 0.94

Failure state C 
(10° first)

LADRC 25 2.5 0.86 0.6

m-ESO 5 1.8 1 0.83

Failure state C 
(20° first)

LADRC 50 1.5 0.57 1

m-ESO 55 1.2 0.53 1

Method Stability Reliability R s Steady State Reliability R r Transient Reliability R t Time Coefficient t R Motion Reliability R m

LADRC 1 1 0.46 0.58 0.2668

m-ESO 1 1 0.53 0.83 0.4399

Fig. 12. Experimental setup
Fig. 14.	 Experimental results of the multi-ESO based control strategy under 

failure conditions

Fig. 13.	 Experimental results of the multi-ESO based control strategy under 
normal conditions
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powered by batteries. The output voltage of the batteries is 12 V. To 
monitor the battery status, a temperature sensor was also added.

A robot using the multi-ESO based control algorithm was placed 
on slopes with inclinations of 5, 10, 15, and 20 degrees. The experi-
mental curves of the robot platform tilt angles without leg failures 
were obtained by the computer program and are shown in Fig. 13. It 
can be seen that the system using the multi-ESO based control strat-
egy can effectively overcome an external disturbance of no more than 
20 degrees. The system altitude can quickly return to the target value 
with little overshoot, and the response time is short. Under large angle 
interference, the system response time is slightly longer, and there is 
a small static error, which is mainly due to hardware limitations. The 
results of the physical experiment are basically consistent with the 
simulation results.

The quadruped robot was placed on a 10 degree slope, and the leg 
stuck failures were injected by modifying the servo control command 
to obtain the system tilt angle output curves under failure conditions. 
Experimental results of the proposed multi-ESO based control strat-
egy in failure states A, B and C are shown in Fig. 14. For failure state 
C, only the response to the second interference is shown. In the cases 
of failure state B and failure state C, there are slight jitters and static 
error in the system. According to the results, the robot could handle 
the disturbance with a leg stuck at different positions, which validates 
the effectiveness of the proposed control strategy.

6. Conclusion
In this paper, a multi-ESO based LADRC control strategy for the 

level adjustment control system of a quadruped robot is proposed and 
analyzed. By treating multiple legs as parallel control objects, the pa-
rameters of the ESO designed for each leg can be the same, which 

will not increase the number of parameters used in the LADRC con-
trol method. The control signals received by each leg can be dynami-
cally adjusted due to the different state observations and estimates 
of each leg. For the reliability analysis, we took the condition of leg 
fault occurring into account and proposed a multidimensional reli-
ability evaluation method for control systems. Control performance 
and reliability of the proposed multi-ESO based control strategy and 
the standard LADRC method were systematically simulated and com-
pared. An experimental quadruped robot platform was established in 
the laboratory to show the effectiveness of the proposed multi-ESO 
based control solution in actual situations. The results illustrate that 
the proposed multi-ESO-based control method has the advantages of 
easy parameter tuning, good robustness, and strong ability to cope 
with disturbance and failure conditions. The proposed multi-ESO 
control method has more flexible control output to actuators, which 
can improve the reliability of the control system.

The main contributions of this paper are as follows:
(1) A multi-ESO based LADRC strategy for a level adjustment 

control system of a quadruped robot is proposed that could improve 
the fault tolerance of the LADRC under faults.

(2) A multi-dimensional reliability evaluation method for control 
systems was provided and used to analyze and evaluate the reliability 
of the proposed multi-ESO method under fault conditions. The steady 
state, transient and time characteristics of the control system can be 
comprehensively considered by this method, and the reliability of the 
control system response can be evaluated.

For future work, we would try to apply the multi-ESO control 
method to more objects. The synthesized part can be replaced by 
fuzzy modules or other intelligent methods.
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1. Introduction

The reality of the production environment is inseparably con-
nected with disruptions, which negatively impact the executed proc-
esses, thus leading to disorganisation [14]. The key uncertainty fac-
tors include the occurrence of technological machine failure. From the 
practical point of view, prediction of failure times is an issue of fun-
damental importance, as it enables implementing preventive activities 
in a way that does not interfere with the current production process. 
Failure time prediction is frequently in use in ​​Time-Based Mainte-
nance (TBM), and in response to the growing demand, specialised 
IT solutions aimed to support this strategy are developed [5, 16, 37]. 
It is crucial that these tools employ effective prediction algorithms, 
drawing from reliable historical data and thus providing the basis for 
a reliable analysis of machine failure and proper adjustment of main-
tenance activities [6, 13, 40].

The literature analysis shows that numerous studies have been de-
voted to the prediction of disruption in the production process. Those 

studies primarily concern the development of effective methods for 
countering failure, as well as absorb their impact [3, 33]. Preventive 
activities frequently correspond with the principles of Time-Based 
Maintenance [13, 25], as well as activities representing Conditioned-
Based Maintenance [1, 30]. The development of scenarios and opera-
tional strategies is also a very popular trend [26, 27, 34, 35, 39].

Failure prediction methods proposed in the literature are catego-
rised into several groups:

methods based on probability distribution,––
methods using typical performance indicators,––
alternative failure prediction methods,––
methods based on real data.––

The vast majority of the solutions proposed in the literature are 
based on probability distribution analysis [8, 15, 24, 2], which con-
siders typical distributions and their combinations, such as: uniform 
distribution [17, 2], normal distribution [8] or exponential distribution 
[24, 30]. The primary purpose of distribution analysis is to define the 
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The execution of production processes in real manufacturing systems is associated with the occurrence of numerous disruptions, 
which predominantly revolve around technological machine failure. Therefore, various maintenance strategies are being devel-
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manufacturing environment. The Introduction section outlines the body of knowledge related to typical strategies applied in 
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by highlighting the key role of historical data in machine failure management, in the subsequent section. Finally, the proposed 
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time of failure occurrence. Solutions based on combinations of typi-
cal distributions are also proposed in the literature, for instance, in the 
2010 study [15] the authors propose combinations of normal, trian-
gular and exponential distributions to describe the problem of failure 
occurrence. Admittedly, most of the proposed solutions consider the 
problem in a purely theoretical manner, and as such, disregard the crit-
ical aspect of prediction: the use of historical data on machine failure 
rate. Furthermore, researchers fail to provide a sufficient justification 
for a given probability distribution selection.

Another trend visible in the literature is employing key perform-
ance indicators (KPIs) used in maintenance for failure prediction, 
such as:

�0�H�D�Q���7�L�P�H���7�R���)�D�L�O�X�U�H�����0�7�7�)��–– ,
�0�H�D�Q���7�L�P�H���%�H�W�Z�H�H�Q���)�D�L�O�X�U�H�V�����0�7�%�)��–– ,
�0�H�D�Q���7�L�P�H���7�R���5�H�S�D�L�U�����0�7�7�5��–– .

The KPIs listed above are employed in numerous studies [9, 12, 
21, 20], predominantly directly, in other cases indirectly – as esti-
mators for the purpose of Weibull distribution [21]. In research, the 
authors follow predefined scenarios and the indicators ​​are specified ​​
from preset ranges, which ensures that the failure events occur at a 
desired frequency (frequently or rarely) and are eventually analysed 
from the perspective of the consequences of failure occurrence [12]. 
Sometimes the use of KPIs is supported by the use of appropriate 
statistical methods [30]. The use of methods applying performance in-
dicators typical for ​​maintenance is substantiated by the fact that these 
parameters provide large amounts of information on the technological 
machines in use. Nevertheless, the acquisition and use of parameters 
in question is largely in the theoretical domain: the published studies 
fail to perform verification of the proposed solutions with the real data 
on machine failure rates [9, 20].

With respect to ​​alternative methods of failure prediction, sever-
al solutions are particularly worth highlighting, e.g. the methods in 
which all machine failures are accumulated into one and evaluated by 
means of the MTTR and MBL (Machine Breakdown Level) param-
eters [18], the methods where the failure rate is determined from the 
analysis of the machine loading time distributions [31], those in which 
the prediction of machine failure is carried out with the application 
of artificial neural networks [4], or the well-established time series 
models [38]. During the verification of the proposed solutions, how-
ever, test data is employed, which, furthermore, stems from the use of 
simplifying assumptions adopted by the researchers.

In the works of Davenport et al. and Kempa et al. [8, 19], the 
authors note that performing computations on actual sets of process 
data is of paramount importance. These suggestions represent a nov-
elty approach to failure prediction. They point out the necessity to 
develop methods focusing on the practical use of historical data on 
technological machine failure. Although studies implementing such 
solutions may be found in the specialist literature, their number is still 
negligible [33]. Nonetheless, they represent a clear trend in the area 
of ​​failure prediction.

Despite the fact that several methods have been proposed, no 
solutions towards the practical use of historical data on the failure 
of technological machines have yet been developed. In addition, in 
the production environment the typical modus operandi is to propose 
implementation of extensive and high-priced monitoring systems, 
while in the field of TBM strategies, the data is obtained from all 
maintenance departments. Therefore, this study provides a novel ap-
proach to machine failure prediction in multi-machine manufacturing 
systems that employs an algorithm performing an in-depth, elaborate 
analysis of actual production data, thus enabling the prediction of fu-
ture machine breakdowns and implementation of effective preventive 
measures. This method constitutes an alternative to those character-
ised in the preceding paragraphs as it makes use of data obtained from 
maintenance services to achieve the intended objective – identifica-

tion of the potential moment of failure. The innovation of our method 
consists in its incorporation of elements of survival analysis theory in 
technological machine failure analysis enabling statistical inference 
based on historical data.

2. Failure prediction with elements of processing times 
analysis 

2.1.	 Machining times as duration

In its essence, failure prediction is the determination of the time 
and degree of certainty for the occurrence of failure of a given tech-
nological machine; to this end, elements of Survival Analysis, also 
referred to as Duration Analysis [11, 23], may be put to use.

When employing Duration Analysis it is essential to precisely 
specify the essence of the studied process, which should meet the fol-
lowing conditions [11]:

Changes to the analysed unit are made between discrete 1.	
states.
Changes of states occur at any time and are not fixed in time.2.	
Changes are reversible or irreversible (relative to the form of 3.	
the process).
Changes are predetermined by the current state of the proc-4.	
ess.
Certain factors affect the process – the analysis enables their 5.	
detection.

Considering these determinants of the Survival Analysis, it ap-
pears that technological machine failure is a process that meets these 
requirements. Machine failure can occur at any time and is a change 
between two states – the functioning and breakdown. In addition, 
damage to the machine is a reversible change – once repaired, it re-
turns to its original state, being defined by the state in which the de-
vice is. There are also a number of factors that can affect the process 
under scrutiny and can be identified by means of Duration Analysis 
[36]. In the case of machine there is a need to consider the duration 
time as a time of undisturbed machine operation. In the consequence, 
the failure time of machine can be determined. An additional advan-
tage of this technique is the ability to determine failure patterns (time 
characteristics of failures), especially when the historical data do not 
allow the use of typical inference techniques [33].

Let T be a non-negative random variable representing the time 
of failure (duration) of the technological machine, whose value is in 
�W�K�H���U�D�Q�J�H�����������’�������,�Q���D�G�G�L�W�L�R�Q����f(t) is a function of probability density, 
where t > 0 and F(t) is a cumulative distribution function of the ran-
dom variable, T – a non-decreasing function that indicates that the 
object will experience the event in time (0; t]:

	 ( ) ( )� ) � W � 3 � 7 � W�  � �.	 (1)

Based on the cumulative distribution function F(t), the survival 
function S(t) can be defined as:

	 ( ) 1 ( ) ( ) ( )
t

�6 �W �) �W �3 �7 �W �I �V �G�V
�f

�  � � �  � t �  �³ ,	 (2)

which gives the probability of undisturbed machine work until t. It, 
furthermore, determines the probability that a failure will not occur 
until t. The selected function is an ideal solution for the determina-
tion of patterns of correct machine operation and, as a consequence, 
also its failure. The survival and cumulative function are shown in 
Figure 1.



EKSPLOATACJA I NIeZAWODnOSC – MAInTenAnCe AnD ReLIABILITY VOL. 22, NO. 1, 202054

SCIenCe AnD TeCHnOLOGY

In order to determine the particular functions presented above, 
appropriate historical data describing the failure of the technological 
machine should be obtained and incorporated in the models. Their 
analysis provides a great amount of critical information that can be 
used in the further prediction process.

2.2.	  The use of historical data

To determine the failure characteristics, it is necessary to define 
the suitable data source, i.e. production maintenance departments – 
since these cells collect the information in question [3, 10]. The data 
on the history of maintenance and repair of technological machines in 
manufacturing enterprises are most commonly recorded by means of 
the following solutions:

paper documentation – typically in the form of Maintenance ––
Cards and Service Books,
IT software coupled with dedicated spreadsheets (Fig. 2),––
data acquisition directly from technological machines, using ––
SCADA (Supervisory Control And Data Acquisition) and MES 
(Manufacturing Execution Systems).

Fig. 2. An example of service data recorded in a computer spreadsheet

All of the data collection methods above share a common feature 
– each provides information that, when properly processed, can be 
employed in Survival Analysis for the prediction of machine failure.

The data contained in the documentation are historical failure 
times. For a given technological machine���0j, they are given as T�0�M:

	 1 2{ , ,..., }�0�M �QT t t t�  [hours],	 (3)

where: ti – i-th time of failure.

An example dataset for �01 historical failure times is expressed by:

	 1 {4,8,20,16,10,28,43,15,24,2,...}�0T � [hours].

The use of data contained in relevant datasets T�0�M enables the de-
termination of potential failure times of a given machine, saved in 
dataset FT�0�L�M: 

	 1 2{ , ,..., }�0�M �0�M �0�M �0�M�QFT ft ft ft� ,	 (4)

where: ft�0�M�L – failure time of machine j,
j	   – the number of the considered machine.

For each time ft�0�M�L the probability of failure is given in the set 
�3�0�M.

	 1 2{ , ,..., }�0�M �0�M �0�M �0�M�Q� 3 � S � S � S� ,	 (5)

where: p�0�M�L – the probability of machine failure j, given that:

	 0
0

�0�L�M
�0�L�M

ft
p

�z
� š� z

.	

Therefore, the result of the prediction will be the pairs (p�0�M�L, ft�0�M�L) 
that define the probability and the failure time of machine���0j.

2.3.	 The proposed time-based machine failure prediction 
algorithm

In order to predict the probability of failure and the time of failure, 
a four-step algorithm was developed to analyse and properly imple-
ment the collected repair history data.

Step 1 of the proposed algorithm defines the machine for which 
the prediction process is carried out, as well as acquires the historical 
data from in the set T�0�M��(Fig. 3).

At step 2, the imported data are saved: the failure times of ma-
chine �0j by means of an appropriate sequence:

�)�L�J�����������&�X�P�X�O�D�W�L�Y�H���G�L�V�W�U�L�E�X�W�L�R�Q���I�X�Q�F�W�L�R�Q���)���W�����D�Q�G���V�X�U�Y�L�Y�D�O���I�X�Q�F�W�L�R�Q���6���W��

Fig. 3. Failure prediction algorithm



EKSPLOATACJA I NIeZAWODnOSC – MAInTenAnCe AnD ReLIABILITY VOL. 22, NO. 1, 2020 55

SCIenCe AnD TeCHnOLOGY

	 1{( , )} ,�L �L �N �Q �L �0�Mt d t T� d � d�• 	 (6)

where: ti – the time between successive failures,
di – number of cases.

In addition, at this step the data is arranged in an increasing order 
{t i} ���”k�”n:

	 1 20 ... nt t t� � � � � � � �,	 (7)

Subsequently, the acquired data are filtered and outliers (repre-
senting atypical values) removed (Fig. 4). Then, the basic statistics for 
the collected data (minimum, maximum, average deviation, quartile 
range) are determined.

Step 3 is crucial for the inference process because it is at this stage 
that the survival function, characterising the considered failure proc-
ess of the analysed machine, is determined. By ordering machine fail-
ures according to the increasing occurrence times and by determining 
the number of cases for each such occurrence, the survival function 
of a given process is determined. The obtained function conveniently 
determines duration patterns (failure occurrence) and allows to deter-
mine failure characteristics of the defined machine. The application 
of Kaplan-Meier estimation, on the other hand, produces the survival 
function, determined from the relationship:
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where:	 ri – the number of all breakdowns, given by:

	
k

i j
j i

r d
� 

� �¦ . 	 (9)

Subsequently, the survival function is determined, which allows 
to determine (with defined probability level) the undisturbed machine 
operation times (Fig. 5).

The determined survival function is implemented at step 4, where 
the obtained results serve to determine the elements of searched sets:

– 	 potential times of machine failure FT�0�M,
– 	 probability of machine failure �3�0�M.

Fig. 6 shows the principles of ​​statistical inference based on the 
survival function. Predictions of failure times ft�0�M�L are determined for 
specified probability levels pi.

Since the probability of undisturbed machine operation (pi) is de-
termined from the survival function, therefore, machine failure prob-
ability p�0�M�L is given by:

	 1�0�M�L �Lp p�  � �,	  (10)

where:	 p�0�M�L���±��machine failure probability,
	 pi �±��undisturbed machine operation probability.

Determining the searched machine failure probability p�0�M�L  enables 
the determination of the searched ft�0�M�L, and, consequently, determining 
the pairs (p�0�M�L, ft�0�M�L). The calculated data are collected in sets���3�0�M�L  and 

FT�0�M�L. Step 4 is iterative and is, therefore, repeated depending on the 
user’s decision regarding the number of probability levels to consider. 
The implementation of the algorithm should be repeated for other 
technological machines whose failure rate is investigated.

3. Experimental verification of the proposed algo-
rithm

3.1.	 Data used in veri�cation

The step preceding the model verification, presented below, was 
the acquisition and implementation of data describing the charac-
teristics of the executed technological processes and the failure rate 
of technological machines. As mentioned before, the investigations 
reported in this study were based on actual production data, which 
specifically consisted of 12 production tasks performed at 12 work 
stations, arranged in manufacturing cells. The prevailing manufactur-
ing process carried out in production is subtractive machining. Table 1 
below lists technological processes at selected production jobs.

�)�L�J��������	�%�R�[���F�K�D�U�W���I�R�U���V�D�P�S�O�H���G�D�W�D�����0�H���±���P�H�G�L�D�Q�����4�����D�Q�G���4�����±���T�X�D�U�W�L�O�H�V�������D�Q�G��
�������2�8�7���±���R�X�W�O�L�H�U�V����

�)�L�J��������	�$�Q���H�[�D�P�S�O�H���R�I���6�X�U�Y�L�Y�D�O���)�X�Q�F�W�L�R�Q���G�H�W�H�U�P�L�Q�H�G���X�V�L�Q�J���.�D�S�O�D�Q���0�H�L�H�U���H�V�W�L-
mation

Fig. 6.	Determining the failure time based on the adopted value of survival 
probability
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The actual data used in the verification process were employed in 
the following scope:

– 	 technological machine failure data were used as input data 
for the prediction algorithm verification,

– 	 data on executed manufacturing processes were used in 
simulation tests to assess the effectiveness and validity of 
the proposed algorithm considering real production con-
ditions (including technological machinery failure).

3.2.	 Failure time prediction

The proposed algorithm was verified by means of an appropriate 
script compiled in a programming language R. The successful verifi-
cation was followed by the use of the historical data in the process of 
statistical inferring with respect to the potential breakdown times of 
machines at particular workstations. The machines constituting the 
stock of the machine tools were labelled as follows:

Laser 1 – machine ���� �01,
Laser 2 – machine ���� �02,
CNC press – machine ���� �03,
CNC band saw – machine ���� �04,
Metalworking station – machine ���� �05,
MIG welder – machine ���� �06,
TIG welder – machine ���� �07,
Drilling machine – machine ���� �08,
Milling machine – machine ���� �09,
Turning lathe – machine ���� �010,
Metal shearing machine – machine ���� �011,
Punching machine – machine ���� �012.

In the paragraphs below, the exemplary execution of the verifica-
tion process is presented for machine �06, in which case the historical 
data included 121 observations

Prior to the initiation of the prediction process, the prepared 
script was fed with appropriate commands – preparing the software 
working environment; this was followed by specifying the machine 
number and importing the data from the *.CSV file. By importing the 
data into the set T�06, (the variable) stored in the workspace, facilitated 
sorting the considered observations in ascending order, as well as fil-
tering the data by means of the box plots (Fig. 7). In addition, basic 
statistics were determined (Fig. 8).

The key step of our failure prediction algorithm is the de-

termination of the survival function, ( )S t
�š

, with the application of 
Kaplan-Meier estimation, which was enabled by including the “SUR-
VIVAL” library in the script. A further course of the step function was 

�)�L�J�����������%�R�[���S�O�R�W�V���±���E�H�I�R�U�H���D�Q�G���D�I�W�H�U���G�D�W�D���I�L�O�W�H�U�L�Q�J��

 Table 1. Examples of technological processes contained in production data

Product No.
(job)

Operation No. Workstation Operation tsij  [hours] toij  [hours]

1

10 Laser1 Cutting sheets 0.25 0.042

20 Laser2 Laser-cutting pipes and profiles 0.20 0.017

30 CNC Press Edge bending 0.13 0.018

40 Drilling machine Drilling holes 0.17 0.017

50 Metalworking Metalworking 0.08 0.017

60 MIG welder MIG welding 0.13 0.092

3

10 Laser2 Laser-cutting pipes and profiles 0.15 0.005

20 CNC band saw Band-saw cutting 0.10 0.008

30 Milling machine Milling 0.27 0.050

40 Drilling machine Drilling holes 0.17 0.017

50 Metalworking Metalworking 0.08 0.033

60 MIG welder MIG welding 0.13 0.033

70 Turning lathe Turning 0.33 0.092

5

10 Laser1 Laser-cutting metal sheets 0.27 0.012

20 Metal shearing machine Metal shearing 0.10 0.004

30 CNC band saw Band-saw cutting 0.10 0.017

40 CNC press Edge bending 0.17 0.025

50 Drilling machine Tapping 0.13 0.100

60 Metalworking Metalworking 0.08 0.033

70 MIG welder MIG welding 0.13 0.033

80 Turning lathe Turning 0.33 0.108



EKSPLOATACJA I NIeZAWODnOSC – MAInTenAnCe AnD ReLIABILITY VOL. 22, NO. 1, 2020 57

SCIenCe AnD TeCHnOLOGY

calculated automatically from the produced observation sequences. 
The result was a survival function in the form of a stepped curve at 
95% confidence.

Determining the course of the searched function, ( )S t
�š

, triggers 
the next step of the algorithm: the prediction of the failure time of the 
considered machine at the defined probability level (Fig. 9). As the 
probability of undisrupted machine operation can also be read from 
the chart, an additional legend with explanations was generated. In the 

case of calculations for the given machine �06 (and other machines), 
the following probability levels were considered:

	 p1 = 0.75;     p2 = 0.50;     p3 = 0.25.

The values of the considered levels have been chosen so as to 
determine: low, medium and high level of risk of the machine being 
affected. Therefore:

	 p�061 = 1 – p1 = 0.25;     p�062 = 1 – p2 = 0.50;     p�063 = 1 – p3 = 0.75;

Fig. 9. Failure prediction based on the survival function

In this way, the probability of occurrence and times of potential 
failures were calculated, and can be expressed as pairs:

(p�061, ft�061) = (0.25, 8 hours),
(p�062, ft�062) = (0.50, 24 hours),
(p�063, ft�063) = (0.75, 48 hours).

As a result, sets �3�061 = {0.25, 0.50, 0.75} and FT�061 = {8, 24, 48} 
[hours] were determined.

The proposed algorithm was used to the same extent in other tech-
nological machines. Due to the nature of the metalworking worksta-
tion (�05) the prediction process was not carried out. The calculated 
failure times are given in Table 2.

The results obtained from the executed algorithm were employed 
in the subsequent part of the verification process, consisting in the 
simulation of production under technological machinery failure con-
straint.

3.3. Production simulation under uncertainty

The plan of the study described in this paper assumed the verifica-
tion of the introduced algorithm in the real production environment in 
order to validate its applicability under machine failure uncertainty, 

which is characteristic of authentic industrial conditions. This was 
done in a two-stage experiment:

Nominal production schedules were produced based on the 1.	
actual production data. Next, corresponding robust schedules 
were prepared by implementing service times as indicated by 
the results of the executed algorithm.
The production process was modelled according to the devel-2.	
oped schedules and examined to indicate the schedule of the 
shortest production completion time under the constraint of 
machine failure.

3.3.1. Scheduling production

Different job scheduling methods to follow at individual worksta-
tions were evaluated by means of 4 established dispatching rules:

FCFS (First Come First Service).1.	
EDD (Earliest Due Date).2.	
SPT (Shortest Processing Time).3.	
LPT (Longest Processing Time).4.	

It was assumed that the products were made in 50-piece batches, 
and the objective function of the schedule was to minimise the make-
span – Cmax.

The task scheduling tool employed in the study was LiSA, a 
software package for solving job scheduling problems typical of real 
production environments (flow-shop, job-shop or open-shop), which 
makes use of algorithms in imposing a set of constraints and evalua-
tion criteria [7]. Fig. 10 shows an example schedule solved with the 
use of LPT dispatching rule.

�)�L�J�������������1�R�P�L�Q�D�O���V�F�K�H�G�X�O�H���±���/�3�7���G�L�V�S�D�W�F�K�L�Q�J���U�X�O�H

�)�L�J�����������%�D�V�L�F���V�W�D�W�L�V�W�L�F�V���J�H�Q�H�U�D�W�H�G���E�\���W�K�H���G�H�Y�H�O�R�S�H�G���V�F�U�L�S�W

Table 2.	Technological machine failure times obtained from prediction

Failure time [hours]

Machine pMj1 = 0.25 pMj2 = 0.50 pMj3 = 0.75

M1 8 16 40

M2 8 24 32

M3 8 16 24

M4 8 24 104

M5 – – –

M6 8 24 48

M7 8 16 40

M8 8 24 48

M9 8 16 40

M10 8 24 40

M11 8 16 40

M12 8 16 32
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Potential technological machine failure was accounted for in the 
schedules by the implementation of service buffers of 0.5 hours, aimed 
to protect schedules against disruptions and providing the necessary 
inspection or servicing time. Buffers were incorporated in the sched-
ules in accordance with the indications of the algorithm (Table 2). It 
was assumed that failure may only occur after the processing time 
block (processing of jobs). Should there be a technological operation 
in a given place of the schedule – it would be moved right (immedi-
ately after the buffer), thus maintaining the order of tasks indicated in 
the nominal schedule. An example of a robust schedule with imple-
mented service buffers is shown in Fig. 11 (buffers are represented by 
white blocks).

�)�L�J�������������3�U�R�G�X�F�W�L�R�Q���V�F�K�H�G�X�O�H���L�Q�F�O�X�G�L�Q�J���V�H�U�Y�L�F�H���E�X�I�I�H�U�V

The times of completion of all jobs (makespan) in the nominal and 
robust schedules are presented in Table 3.

The completion times of all jobs obtained from the test schedules 
were elongated in every case when time buffers were incorporated. 
This resulted in the elongation of the objective function Cmax in each 
reported case. The average time difference between the nominal 
and robust schedule amounted to 6.75 h. It may be, therefore, con-
cluded that accounting for technological machine failure causes that 
the production will extend over approximately one additional shift. 
Expressed in percentage, the elongation ranged from 8.5% for the 
robust schedule with the LPT priority rule, to 16.7% for the FCFS 
schedules. The makespans of particular robust schedules are given 
in Fig. 12 below.

To evaluate whether the implemented buffers should be incorpo-
rated in the schedules, thus leading to the production schedule elon-
gation, the second stage of the verification process was carried out: 
simulation of production under uncertainty. This step indicated which 
of the schedules – nominal or robust (produced by the proposed algo-
rithm) – fulfils the objective function, i.e. minimisation of completion 
of all production tasks.

3.3.2.	Production simulation under machine failure constraint

The second stage of the experiment was carried out in the Enter-
prise Dynamics simulation environment, which is one of the leading 
solutions in simulating various processes. This platform enables rep-
resenting a range of processes, including production, storage, supply 
chain management, transport systems, and its capacity for modelling, 
simulation and visualisation earmarks it for controlling dynamic proc-
esses [14, 16, 22]. Putting to use the available elements of the environ-
ment, a model was made for the production execution analysis in the 
considered production system (Fig. 13).

Fig. 13. The production system model developed in the ED environment

Given the failure rate of technological machines, MTTF and 
MTTR values ​​were defined for each of them, by modifying the prop-
erties of a given block. The MTTF parameter values ​​were defined 
using uniform probability distribution so that the failures occurred at 
any time – from the commencement of processing jobs on a machine 
until its completion. The MTTR parameter was determined by gamma 
distribution, as it was indicated to be the best fitting by the results from 
the statistical analysis of historical data on machine repair times. The 
MTTF and MTTR parameters for individual machines are presented 
in Table 4. Note that due to the ED simulation environment – the times 
describing the distribution parameters were given in seconds.

The model developed for the purpose of this study included the 
modification of job orders on particular machines (in accordance with 
the schedules implementing the particular dispatching rules FCFS, 
EDD, SPT and LPT).

When assessing the results of simulations, the following stability 
indicators were used:

�±��	�H�O�R�Q�J�D�W�L�R�Q�� �R�I�� �F�R�P�S�O�H�W�L�R�Q�� �W�L�P�H�� �R�I�� �D�O�O�� �M�R�E�V�� �ûCmax given 
by:

	  � ûCmax = Cmax – C’max , 	 (11)

�Z�K�H�U�H��	�ûCmax – elongation of completion time of all 
jobs,

	 Cmax���±��nominal schedule makespan,�)�L�J�������������0�D�N�H�V�S�D�Q���&max���±���F�R�P�S�O�H�W�L�R�Q���W�L�P�H���R�I���D�O�O���M�R�E�V

Table 3.	Obtained values of Cmax 

Dispatch -
ing rule

Completion time of all jobs – makespan C max [hours]

nominal schedule robust schedule elongation [%]

FCFS 43.68 52.44 16.7%

EDD 42.59 49.42 13.8%

SPT 48.92 55.75 12.3%

LPT 49.10 53.69 8.5%
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	 C’max  – actual (executed) schedule makespan.

– 	 relative elongation of makespan ECmax, determined from 
the relationship:

	
max

max

max
C

C
E

C
� 

�c
,	 (12)

where:	 ECmax – relative elongation of makespan.

Table 5 shows the results of the simulation under the SPT dis-
patching rule. For each simulation, the obtained stability indicators 
confirmed the effectiveness and applicability of the proposed algo-
rithm. Both the values ​​of elongation of completion time of all jobs, 
�ûCmax, and the relative elongation of makespan, ECmax, showed that 
the schedule accounting for potential technological machine failure 
indicates a more feasible completion time of all jobs.

For other simulated conditions, the applicability of the solutions 
proposed in this publication was also confirmed, as validated by mean 
of the performance indicators from individual simulations listed in 
Table 6.

The obtained values ​​clearly indicate that the schedule incorporat-
ing service buffers gives a more feasible completion time of all jobs.

Table 4.	Technological machine failure times obtained from the prediction 
results

Failure metrics

Machine MTTF MTTR

M1 Uniform(0; 66323) Gamma(3075; 1.62)

M2 Uniform(0; 31691) Gamma(2700; 2.07)

M3 Uniform(0; 57877) Gamma(2491.8; 2.79)

M4 Uniform(0; 12013) Gamma(2773.2; 1.88)

M5 – –

M6 Uniform(0; 85475) Gamma(3421.2; 2.43)

M7 Uniform(0; 30024) Gamma(3352.8; 1.96)

M8 Uniform(0; 80687) Gamma(2377.2; 2.45)

M9 Uniform(0; 24012) Gamma(2884.8; 1.64)

M10 Uniform(0; 60624) Gamma(2609.4; 1.85)

M11 Uniform(0; 756) Gamma(3169.8; 2.16)

M12 Uniform(0; 19800) Gamma(3015; 1.78)

Table 5.	Stability indicators – order of jobs according to the SPT rule

Sim. No.
Executed schedule

(simulation)
C’max [hours]

Elongation and relative elongation of completion times  
of all jobs

nominal schedule robust schedule

Cmax
[hours]

��Cmax [hours]
ECmax 
[–]

Cmax [hours] ��Cmax [hours]
ECmax 
[–]

1 56.10

48.92

-7.18 0.87

55.75

-0.35 0.99

2 53.88 -4.96 0.91 1.87 1.03

3 54.09 -5.17 0.90 1.66 1.03

4 56.91 -7.99 0.86 -1.16 0.98

5 52.60 -3.68 0.93 3.15 1.06

6 55.50 -6.58 0.88 0.25 1.00

7 56.43 -7.51 0.87 -0.68 0.99

8 55.88 -6.96 0.88 -0.13 1.00

9 53.48 -4.56 0.91 2.27 1.04

10 54.04 -5.12 0.91 1.71 1.03

11 58.31 -9.39 0.84 -2.56 0.96

12 52.97 -4.05 0.92 2.78 1.05

13 54.20 -5.28 0.90 1.55 1.03

14 55.33 -6.41 0.88 0.42 1.01

15 55.98 -7.06 0.87 -0.23 1.00

16 56.01 -7.09 0.87 -0.26 1.00

17 53.53 -4.61 0.91 2.22 1.04

18 56.51 -7.59 0.87 -0.76 0.99

19 55.18 -6.26 0.89 0.57 1.01

20 56.49 -7.57 0.87 -0.74 0.99

21 52.37 -3.45 0.93 3.38 1.06

22 57.52 -8.60 0.85 -1.77 0.97

23 54.86 -5.94 0.89 0.89 1.02

24 55.04 -6.12 0.89 0.71 1.01

25 54.83 -5.91 0.89 0.92 1.02
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Figures 14 and 15 summarise the obtained values ​​of the consid-
ered indicators, which further confirm the applicability of the pro-
posed algorithm. 

From the results of the verification and analytical works, it can 
be seen that the algorithm under scrutiny indicates a more feasible 
production completion time in the conditions allowing for the risk 
of technological machinery failure. This is evidenced, for instance, 
by the fact that for the robust schedule, the ECmax indicator values 
�D�U�H���F�O�R�V�H���W�R���������Z�K�L�O�H���W�K�H���Y�D�O�X�H���R�I���W�K�H���L�Q�G�L�F�D�W�R�U���ûCmax, is approximate 
to 0, which means that the makespans of production in the robust 
schedules are consistent with those obtained as a result of produc-
tion simulation.

4. Summary and conclusions

Machine failure prediction has been widely investigated in nu-
merous scientific studies. Various approaches have been proposed for 
the determination of information regarding the failure of technologi-
cal machines. Reliable and well-developed preventive maintenance 
job schedules are critical to effective maintenance, particularly in the 
case of Time-Based Maintenance strategies.

This paper focuses on the development of a prediction algorithm 
using typical historical data recorded by maintenance departments. 

The proposed algorithm is an alternative solu-
tion to failure prediction, whose innovation, 
and primary advantage, consists in the imple-
mentation of Kaplan-Meier estimation to deter-
mine the characteristics of failure occurrence in 
time for individual technological machines of 
the production system, which in turn supports 
TBM activities. In light of these key features of 
the proposed prediction tool, it becomes clear 
that the collection of reliable data on machine 
failure becomes of crucial importance; it is 
only the adequate historical data sample size 
and quality that may produce reliable and fac-
tual results.

Our algorithm responds to and represents 
the tendency for the growing implementation 
of IT tools in the work of maintenance de-
partments. Considering its potential scope of 

applications, it was developed as a computer program so that it is 
compatible with other established solutions. The verification of the 
proposed algorithm allowed to determine the potential failure times 
of technological machines. For the considered machines determined 
failure times were different, which means that each of them has its 
own failure occurrence characteristics. That confirmed the rightness 
and need of the TBM strategy implementation in the technical objects 
maintaining. The obtained data are also extremely important in the as-
pect of production under uncertainty. The simulation tests carried out 
in the second part of the publication prove that the use of the results 
of the proposed algorithm in the production planning allows to obtain 
stability of processes and determine deadlines close to the real end 
time of production.

The investigation works reported in this paper confirm the effec-
tiveness of the developed prediction algorithm and indicate the need 
for the preventive measures to provide information on machine failure 
in order to improve the stability of executed processes.

�$�F�N�Q�R�Z�O�H�G�J�P�H�Q�W�V
�7�K�H���S�U�R�M�H�F�W���U�H�V�H�D�U�F�K���Z�D�V���I�L�Q�D�Q�F�H�G���I�U�R�P���W�K�H���/�X�E�O�L�Q���8�Q�L�Y�H�U�V�L�W�\���R�I��
�7�H�F�K�Q�R�O�R�J�\���3�U�R�M�H�F�W���±���5�H�J�L�R�Q�D�O���,�Q�L�W�L�D�W�L�Y�H���R�I���(�[�F�H�O�O�H�Q�F�H���I�U�R�P���W�K�H��

�I�X�Q�G�V���R�I���W�K�H���0�L�Q�L�V�W�U�\���R�I���6�F�L�H�Q�F�H���D�Q�G���+�L�J�K�H�U���(�G�X�F�D�W�L�R�Q���R�Q���W�K�H���E�D�V�L�V��
of a contract No. 030 / RID / 2018/19.

Table 6.	Mean values ​​of the considered performance indicators

Priority 
rule

Executed 
schedule

(simulation)  

maxC�c [hours]

Elongation and relative elongation of completion times of all 
jobs

nominal schedule robust schedule

Cmax
[hours]

maxC�'
 

[hours]

maxCE

[–]

Cmax
[hours]

maxC�'

[hours]

maxCE
 

[–]

FCFS 49.87 43.68 -6.19 0.88 52.44 2.57 1.05

EDD 47.90 42.59 -5.31 0.89 49.42 1.52 1.03

SPT 55.12 48.92 -6.20 0.89 55.75 0.63 1.01

LPT 53.14 49.10 -4.04 0.92 53.69 0.55 1.01

Fig. 15. Relative makespan elongation ECmax
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develop the condition monitoring and fault diagnostic techniques for 
the gearboxes.

Most of the modern gearbox fault diagnostic methods utilize vi-
bration analysis to extract the fault features, and then make decision 
according to sophisticated signal processing techniques or expert 
knowledge of diagnosticians [1, 2, 6, 9, 18, 33]. For instance, Feng 
et al. [10] successfully introduced the Vold-Kalman filter into time-
frequency analysis to extract fault features of the planetary gearbox 
under unstable operation conditions. Tang et al. [28] firstly presented 
a novel fault detection method to identify the categories of gearbox 

1. Introduction

High transmission ratio, strong load-bearing and high efficiency 
makes modern gearboxes are always considered to be critical compo-
nents in various industrial applications, such as wind turbine genera-
tor system, helicopter main speed reducer, aerospace engineering and 
etc [27, 38]. In real practice, however, gearboxes will inevitably be 
subjected with dynamic heavy-duty loads under complex operating 
conditions, making the breakdown or even accidents of the engineer-
ing system [3, 4, 8, 32, 39]. Therefore, it is of great significance to 
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Gearboxes are key transmission components and widely used in various industrial applications. Due to the possible operational 
conditions, such as varying rotational speeds, long period of heavy loads, etc., gearboxes may easily be prone to failure. Condition 
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approaches, nowadays, further enable the CM with more powerful capability to exploit faulty information from massive data and 
make intelligently diagnostic decisions. However, for most of conventional deep learning models, such as Convolutional Neural 
Network (CNN), a large amount of labelled training data is a prerequisite, while to obtain the labelled data is usually a labori-
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failures on the strength of hierarchical instantaneous energy density 
dispersion entropy (HIEDDE) and dynamic time warping (DTW). 
However, for these approaches based on vibration analysis, large 
amounts of signal processing efforts and abundant expert diagnostic 
experience are generally required to extract and analyze fault charac-
teristics from the measured vibrations.

Fig. 1. Data-driven fault diagnosis framework.

Thanks to the recent advanced progress made by artificial intel-
ligence and machine learning techniques, intelligent fault diagnosis 
receives an increasing research attention in the field of condition 
monitoring and fault diagnosis [12, 13, 25, 39, 43]. Methods, such 
as artificial neural network (ANN), back-propagation neural network 
(BPNN) and support vector machine (SVM) have become research 
focus. For instance, Tyagi et al. [29] successfully constructed a hybrid 
artificial neural network (ANN) classifier for gearbox diagnosis. The 
hybrid classifier consists of data preprocessing with discrete wave-
let transform (DWT), genetic algorithm (GA) and back-propagation 
neural network (BPNN). Zhang et al. [42] developed a multivariable 
ensemble-based incremental support vector machine (MEISVM) and 
applied it into the compound failure detecting of roller bearings. De-
spite their successes, the outstanding performance of the intelligent 
diagnostic methods alike heavily count on the accuracy of the manu-
ally extracted and selected features. This typical route of intelligent 
method is shown in the upper half in Fig. 1. For this route, advanced 
signal processing techniques are usually required for data pre-process-
ing. Moreover, for the shallow learning model (such as BPNN, SVM) 
employed for gearbox fault diagnosis, the diagnostic ability of the 
model is relied heavily on the quality of the extracted fault features. 
Unfortunately, for the cases of large amount of measured industrial 
data with unguaranteed data quality, its diagnostic capability will nat-
urally exhibit insufficient with the increase of the data amount.

To tackle these issues, deep learning route shown in the lower 
half in Fig. 1 with the structure of deep learning model of multi-layer 
nonlinear modelling solutions, comes into the recent research focuses 
and provides a straightforward end-to-end learning process from the 
measured input signal to the output diagnostic results, which com-
pletely eliminate the challenges of manual feature extractions and se-
lections [13, 44]. Deep learning methods utilize the deep architectures 
to constitute hierarchical feature representations to discover the dis-
tributed feature representations of data. Due to its powerful capability 
of perception, self-learning, modelling and characterization, recent 
years have witnessed the tremendous progress of deep learning tech-
niques in various fields, mainly including image processing, speech 
recognition and fault diagnosis. For examples to fault diagnosis, Yu et 
al. [37] exploited stacked denoising auto-encoder (SDAE) and gated 
recurrent unit neural network (GRUNN) to enhance the capability of 
anti-noise and the adaptive ability to time-varying rotational speed 
during the fault diagnosis of the planetary gearbox. Liu et al. [22] 
automatically extracted features from vibration signal by combining 
batch normalization with deep belief network (DBN), which achieves 
more precise performance than DBN and other conventional ap-
proaches in wind turbine gearbox diagnosis. Furthermore, Other deep 
neural network such as deep residual network (DRN) [40], recurrent 
neural network (RNN) [21], generative adversarial networks (GAN) 
[26], long short-term memory networks (LSTM) [19, 36] and espe-

cially convolutional neural networks (CNN) are seriously and widely 
investigated in gearbox fault diagnosis. Specifically, to CNN, Chen 
et al. [7] applied CNN to adaptively learn fault features and classify 
fault patterns with extreme learning machine (ELM) for mechanical 
faults. Jiao et al. [17] developed a deep coupled dense convolutional 
network (CDCN) to diagnose the faults of planetary gearbox, which 
could relieve gradient vanishing in deep architecture and realize two-
stage information fusion. 

Even though various successful cases on the applications of CNN 
in fault diagnosis have been reported, the works generally employed 
massive labelled measured samples to train a deep network. Neverthe-
less, it is difficult to acquire an enough number of labelled samples 
in real industrial application, especially for certain faulty scenarios 
which seldomly occur. Recently, transfer learning may be promising 
in this problem, and some works about transfer learning-based fault 
diagnosis have been reported [15]. The unsupervised domain adapta-
tion is the major branch of this framework [5, 14, 34]. By adapting the 
feature distribution between two domains, the diagnostic model can 
generalize well to the unseen conditions where no labelled data can be 
used for model training. Although these methods avoid to use labelled 
data in target domain, a large amount of unlabelled data (similar to 
the data in source domain) are generally necessary. In addition, due 
to the complicated and deep multi-layer structures, the parameter op-
timization of CNN model may lead to a huge computational burden. 
In this scenario, promoting the precision of diagnosis, accelerating 
the training speed of CNN as well as boosting the generalization abil-
ity and robustness under the small number of labelled samples be-
come a critical issue to research. To this end, in this paper, a modified 
convolutional neural network (MCNN) for the fault diagnosis was 
proposed in which the global average pooling (GAP) is introduced 
into the internal structure of CNN model to replace the traditional 
fully connected layer where the majority of parameters for training 
are contained. By doing so, compared with traditional CNN, it ena-
bles the MCNN an improved capability to deal with fault classifica-
tion problem with limited labelled samples. The MCNN is validated 
by two gearbox datasets from PHM 2009 conference data challenge 
and measured experimental data at University of Electronic Science 
and Technology of China. The experimental results demonstrate the 
advantages of the proposed MCNN method in accuracy of fault classi-
fication, time-saving of training model, more important, the method is 
more effective for fault diagnosis under condition of limited number 
of labelled samples. 

The structure of the paper is arranged as follows. In section 2, the 
basic theory of CNN is briefly described.  The method of MCNN is 
introduced in section 3. In section 4, the two experimental application 
of proposed method is analysed. Finally, the summary is concluded 
in section 5.  

2. Methods

2.1.	 Traditional architecture of CNN

As one of the most representative deep learning algorithms, CNN 
is a combination of convolutional computation and deep structure, 
which is generally composed of three parts, i.e., input layer, the fea-
ture descriptor and the classifier. The feature descriptor consists of 
multiple convolution layers, activation layers, pooling layers. The in-
put signal is mapped to the feature space of the CNN hidden layers 
to extract the features of the input data. The classifier is composed of 
one or several fully connected layers, namely a multi-layer perceptron 
classifier, for fusion and classification of the extracted features. The 
input layer of CNN is to pre-process multidimensional data, usually 
referring to one-dimensional data, two-dimensional data, or three-
dimensional data. As the core of CNN, the convolution layer, contain-
ing multiple convolution kernels, is to perform feature learning and 
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where the interregional of ����iy  is �^ �`1, 2, m�} , m is the number of 
classifications, and �T is the assemblage of the arguments of the model.

2.2.	 A discussion on the shortcoming of the CNN

LeNet, as the pioneering and widely used architecture of CNN, 
basically established by convolutional layers, pooling layers and ful-
ly-connected layers. Most of researches for fault diagnosis utilized 
the simplified and improved LeNet-5 (containing 5 convolutional lay-
ers). For CNN with LetNet architecture, though it has been widely 
acknowledged, a large amount of training data for a proper modelling 
is a prerequisite and this may be largely attributed to the architecture 
of the LeNet with numerous network parameters. Specifically, in this 
architecture, the last set of feature maps are flattened into one-dimen-
sional feature vector, and each feature is connected to each neuro in the 
first fully-connected layer. In this manner, the extracted features will 
be mapped into label space. However, it should be noted that, even at 
the end of feature maps, considerable amount of network parameters 
still exists and need to be trained. As a result, it makes the proper 
training of the model with small of amount of data becomes a tough 
issue. To give an intuitive presentation and quantitative analysis, three 
famous CNN architectures in computer vision, i.e., LeNet-5, AlexNet 
and VGG-16, as examples, the distributions of parameters between 
front convolutional block and later fully-connected layers are shown 
in Table 1. It is clear that the vast majority of parameters are distrib-
uted in the fully-connected layers. Consequently, to remove or modify 
the complex part of the model by reducing the number of trainable 
parameters within the CNN structure, at the same time as large as pos-
sible to remain the feature extraction representation results, can be a 
promising solution to improve the capability of the model, especially 
enabling the model to deal with small amount of labelled data samples 
which will be beneficial to the real engineering practice.

2.3.	 Global average pooling (GAP)

The novel global average pooling (GAP) [20] is, therefore, in-
troduced in this section with which fully connected layers of CNN is 
superseded. For each feature map at the end of pooling layers, we take 
the average value of each feature vector directly maps to a category 
label or an output node. This process was called global average pool-
ing. The original fully-connected layers are replaced. By doing so, 
a tremendously reduction of the number of parameters needed to be 
trained is realized and the computational burden of training the model 
is decreased. More important, though it simplified the CNN model, 
it still completely remains the key convolutional layers and therefore 
the ability of feature representation still remained.  Furthermore, it 
gives an extra capability to the model to deal with the training prob-
lems with small amount of data samples. The detailed illustrations of 
the traditional fully-connected layers and global average pooling layer 
are shown in Fig. 2.

extraction from the input signal. Each convolution kernel corresponds 
to a weight matrix and a bias vector, similar to a neuron of a feed-
forward neural network. The convolution kernels sweep through the 
input features with a pre-set stride, and obtain the activated feature 
maps in the receptive field.  

Supposing that the input signal, and the filer w Rn�‹ , the convolu-
tion process can be depicted as:
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where  i  represents the index of convolutional layer, k  represents 
the index of feature map in  thi  layer, c  means the number of convo-
lutional kernel in thi  layer, *  means the convolution operation, �� ��
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i�%  donates the weights and bias of the convolu-

tion kernels respectively.

By introducing nonlinear activation function into the network 
model, the ability of feature representation will be further enhanced. 
The generally utilized activation functions include sigmoid, tanh, rec-
tified linear units (ReLU), etc. These functions are listed in equation 
(2). Among them, ReLU is one of the most noteworthy functions with 
efficient gradient descent ability and avoiding gradient explosion and 
disappearance during the training process:
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After the convolutional operations, the output feature maps are 
delivered to the pooling layer for down-sampling. The widely used 
max-pooling is to divide the feature maps into a series of blocks with-
out overlapping and extract the maximum value in each block as the 
eigenvalue of the window while discarding other points. The max-
pooling process can be defined as equation (3):
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where �� ���� ��k
iX t  represents the feature map after convolution operation 

of the kth  neuron at the thi  layer, l  denotes the width of a local area for 
max-pooling,  �� ������1

k
iX i��  is the output feature map after max-pooling.

The fully connected layers are located at the last part of CNN with 
the purpose of nonlinearly combining the extracted features and map-
ping them into output labels. The softmax function is used at the final 
output layer to calculate the probability distribution for each label, 
whose mathematical expression can be described in equation (4):
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Table 1.	The distributions of parameters in CNN with three typical archi-
tectures

Architecture
Parameters distribution (%)

Convolutional block Fully-connected layer

LeNet-5 2.8 97.2

AlexNet 3.8 96.2

VGG-16 10.6 89.4
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2.4.	 Modi�ed CNN

The structure of MCNN consists of input layers, convolutional 
layers, max-pooling layers, dropout layers, global average pooling 
layers. The deep network has a total of 19 layers. We utilize 5 con-
volutional layers to learn features from raw data (follow the architec-
ture of LeNet-5). The ReLU function is employed as the activation 
function. A max-pooling layer is performed after per convolution op-
eration. Since the number of last sets of feature maps is equal to the 
category labels or output nodes where the global average operation 
will be performed. Thus, an additional convolutional layer, called task 
specific layer, is added to revise the number of the out-feature maps. 
The number of convolutional kernels in the task specific layer equals 
to the category labels. The detailed structure and parameter setting of 
MCNN constructed in this paper are illustrated in Fig. 3. Referring 
to the literature [41], larger values, such as 128 and 64, are selected 
as the kernel sizes for the front two convolutional layers to capture 
essential features and reduce high frequency noise for 1D vibration 
signal. With the increase of network depth, the number of kernels also 
increase from 16 to 256, which helps to learn hierarchical feature rep-
resentation. It worth noting that, as a regularization approach, dropout 
layers are integrated after each specific layer to prevent overfitting.

In the following comparative analysis, the same construction and 
parameters in the feature descriptor are chosen in the traditional CNN 
in order to conduct a fair comparison. The following flatten layer is 
employed for transforming the high dimensional feature maps to one-
dimension feature vector.  Afterwards, 3 fully connected layers are 
established to integrate local information with class discrimination in 
convolutional blocks and map the learned distributed feature repre-
sentation to the sample label space.  The detailed CNN and MCNN 
structures can be seen in Fig. 3.

2.5.	 The intelligent fault diagnosis framework with MCNN

In this paper, an intelligent fault diagnosis framework for gearbox 
with MCNN is proposed and listed in figure 4. There are 3 steps in 
total: (1) data processing, (2) train the MCNN model, and (3) fault 
diagnosis of gearbox.

(a) Data processing
Measured vibration signals are collected from accelerators and 

directly input into the fault diagnostic framework without any manual 
feature extraction and selection. In this way, an end-to-end fault diag-
nostic framework is realized and the loss of data information caused 
by human interventions or advanced signal processing techniques are 
minimized. According to the generally used sample size of deep learn-
ing researches [30, 41], the raw signal is partitioned into a series of 
fixed-length segments by shifting the window with a constant stride, 
and then the training and testing data sets are selected from the whole 
measured vibrations without repetition.

(b) MCNN Model learning
Model training consists of two stages: forward calculation and 

loss backward propagation. In the forward calculation stage, training 
samples are fed into the MCNN model and predicted outputs. Then, 
the loss between the predicted outputs and the real outputs are back-
ward propagated to optimize the network parameters layer by layer. 
The method of the optimizer utilized is stochastic gradient descent 
(SGD) technique. The optimization process can be represented as:

	 � T � T �T�  � ��’ �� ��� � � � � � � �· * ¸ � - � [yi i; ;            (5)

where �T is the collection of network param-

eters, ����ix  and ����iy  represent the input sample 
and corresponding label, �- ���Â���� �L�V�� �W�K�H�� �O�R�V�V�� �I�X�Q�F-
tion, �� is the learning rate and �’ �T denotes the 
gradients.

(c) Fault diagnosis of gearbox
After completing the training of the MCNN 

model, the diagnostic model is deployed for 
fault classification. And the testing samples are 
fed into the model for validation. The diagnos-
tic accuracy of model is defined to evaluate the 
performance of the network.
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where D  is the set of test data, x  is the input 
sample, �� �� y x  is the truth label of x , �� ��ŷ x  is 
the label predicted by the diagnosis model.
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3. Experimental studies

3.1.	 Description of dataset from 2009 challenge dataset of 
the Prognostics and Health Management (PHM) society

The 2009 challenge dataset from Prognostics and Health Man-
agement (PHM) society is first used to validate the proposed MCNN 
[23]. The datasets are measured from the gearbox shown in Fig.5. 
Fig. 5 (a) illustrates the constitution of the fixed shaft gearbox and the 
position of accelerometers and tachometer. The gearbox consists of 3 
shafts, 4 spur gears and 6 bearings, as is shown in Fig. 5 (b). Vibration 

signals of the spur gear with 8 health conditions, 5 shaft speed condi-
tions including 30, 35, 40, 45 and 50 Hz, under the same amount of 
high load are collected. The Table 2 lists the specific 8 failure modes 
of the gearbox. These experiments can fundamentally cover the fre-
quently occurred faults in gearbox. These faults are artificially intro-
duced to machines so as to simulate diverse health conditions. The 
sampling frequency is 66.67 kHz. There are 533312 points under each 
fault mode and operation condition, hence 6144 data points with a 
4096 stride are collected for one sample to guarantee that there is 
abundant fault information for each sample. There are 5208 samples 
in total. The time waveforms for each health condition are shown in 

Fig. 4. The intelligent fault diagnosis framework with MCNN

Table 2.	Descriptions of detailed fault patterns

Label
Gear Bearing Shaft

32T 48T 80T 96T IS:IS ID:IS OS:IS IS:OS ID:OS OS:OS Input Output

1 G G G G G G G G G G G G

2 C G E G G G G G G G G G

3 G G E G G G G G G G G G

4 G G E Br B G G G G G G G

5 C G E Br In B O G G G G G

6 G G G Br In B O G G G Im G

7 G G G G In G G G G G G Ks

8 G G G G G B O G G G Im G

IS = input shaft; :IS = input side; ID = idler shaft; OS = output shaft; :OS= output side. G: good; C: chipped; E: eccentric; Br: broken; B: 
ball; In: innerrace; O: outer race; Im: imbalance; Ks: keyway sheared.
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Fig. 6. The training and testing data set are randomly selected from the 
whole dataset without repetition. The number of samples in the train-
ing is selected as 128, 256, 512, 1024, and 4096 successively, while 
the number of testing sets is 1000. 

3.2. Description of data from the Driv-
etrain Diagnostics Simulator (DDS) 
test rig at UESTC

The second dataset is from the Drivetrain 
Diagnostics Simulator (DDS) test rig at Uni-
versity of Electronic Science and Technology 
of China (UESTC). The layout of the test rig is 
shown in Fig. 7. The accelerometer is mounted 
on the one-stage planetary gearbox for the col-
lection of vibration signals. The structure of the 
one-stage planetary gearbox is shown in Fig. 8 
(a), which is constituted by a sun gear, 4 planet 
gear, planet carrier and ring gear. Four different 
kinds of faults in the sun gear of the one-stage 
of the planetary gearbox is shown in Fig. 8, in-
cluding tooth wear, tooth broken, tooth missing 
and root crack. For each sun gear health condi-
tion, 6.39 seconds of data is collected under 2 
different loads (0A, 1.3A) and 3 different rota-
tional speeds (30Hz, 40Hz and 50Hz), with the 

sampling frequency of 30.72 kHz. 196,608 points are collected for 
each health condition under each operation condition, and 2048 data 
points with a 1000 stride are cut for each data sample. Fig. 9 shows 
the typical original vibration waveforms for each health condition. 

Therefore, 49 samples are generated, and two sets of samples 
with different sizes are randomly selected, one of which is set 
as the training set while another is set as the testing set. We set 
the number of samples in the training set to 128, 256, 512, 1024, 
and 4096 in turn, and the sample size in the testing set is 800.

3.3.	Comparative methods

The proposed MCNN will be compared with other intel-
ligent fault diagnostic methods, including (1) support vector 
machine (SVM) [35], (2) random forest (RF) [11], (3) long 
short-term memory (LSTM) [19], (4) CNN [41], (5) CNN with 
l2-norm [24], (6) CNN with batch normalization (BN) [31]. 
among them, RF and SVM are two of the most commonly used 
models in machine learning. RF, containing multiple decision 
trees, is a classifier that uses multiple trees to train and predict 
samples. SVM is a nonlinear kernel classifier that categorizes 
the data based on supervised learning. LSTM is a time-cycle 
neural network. L2-norm and BN are two different regulariza-
tion algorithms, which can effectively improve the performance 
of CNN and prevent overfitting.

The related architecture parameter settings of the other 
methods are listed as follows. (1) RF: the number of trees and 
random feature subset are separately set as 500 and m . (2) 
SVM: radial basis function (RBF) is introduced as the ker-
nel function of SVM, besides, the arguments of RBF and the 
penalty factor are intelligently optimized by genetic algorithm 
(GA). The maximum generation and the number of populations 
in GA is set to 50 and 20 respectively. And the searching range 
of parameters in SVM is set to [0, 100]. (3) LSTM: By refer-
ring to [19], the dimension of hidden layer is 128 and two RNN 
layers are stacked. (5) CNN: the architecture and parameter set-
tings have been listed in 2.3. (6) CNN with l2-norm: l2-norm 
regularization is introduced to the parameters of CNN with a 
weight of 1e-2. It should be noted that the popular statistical 
features in time domain and frequency domain [11], such as 
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�J�U�D�P�������E�����2�Y�H�U�Y�L�H�Z���R�I���W�K�H���J�H�D�U�E�R�[

Fig. 6.	Collected vibration signals of 8 machine conditions: (a) spur1 (b) spur2 (c) spur3 
(d) spur3 (e) spur5 (f) spur6 (g) spur7 (h) spur8.
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root mean square, kurtosis, skewness, etc, are used as the input 
for shallow methods, i.e., SVM and RF, while the raw signal are 
sent to deep methods, i.e., LSTM, CNN and its variant methods, 
MCNN, due to the adaptive feature learning ability.

4. Results and discussions

The results of two case studies versus different number of 
training samples for diverse methods are given in Figs. 10 and 
11. Each result is an average of 10 random repeats, the average 
value and variance of classification accuracy of testing samples 
are shown in figures.

Deep and shallow learning structure comparison: As 
we can see in the Fig. 10, when sufficient training samples are 
provided, diagnostic models based on deep learning perform su-
perior to the shallow machine learning methods, and all the in-
telligent diagnostic methods have achieved good classification 
results and it indicates that deep network structure has stronger 
feature learning ability than shallow network architecture.

Training sample size comparison: When the size of the 
samples decreases, the performance of traditional deep learn-
ing approaches presents a dramatic decline. CNN shows a 
worst sharp decrease in classification accuracy and it reveals 
that CNN is prone to over-fitting and has a weak generalization 

ability with small training sample size. BN and 
L2-norm are two frequently-used algorithms to 
prevent CNN from over-fitting. As is shown in 
the chart of Fig. 10, BN with CNN indeed has 
some improvements, compared to basic CNN, 
under small sample conditions. 

Comparisons with the proposed MCNN: 
As is shown in Fig. 10 and Fig. 11, MCNN 
exhibits a significant improvement in terms 
of fault classification accuracy compared with 
other models. Compared with CNN, CNN with 
L2-norm, and CNN with BN, MCNN increases 
classification accuracy with 51.3%, 50.9%, 
33.7% respectively when using the number of 
training samples with 128. This remarkable im-
provement indicates that, with introduction of 
GAP into the network structure, the proposed 
MCNN exhibits superior advantages in feature 
learning and generalization with small number 
of training samples. It enables the proposed 
MCNN method can be a promising tool to deal 
with the real-world challenge for fault diagnosis 
with only limited labelled data available.

It also should be noted that classical ma-
chine learning algorithms, such as RF and 

Fig. 9.	Collected vibration signals of 5 machine conditions: (a) healthy(b) tooth broken(c) 
tooth crack (d) tooth missing (e) tooth wear.
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SVM, are shallow structure methods and are capable of 
handling small sample size. From the Fig. 10, RF and 
SVM are also performed better than most of the deep 
learning methods, such as LSTM, CNN and its vari-
ant methods, when the number of training samples are 
128 and 256 respectively. Nevertheless, the proposed 
MCNN, though with the limited training samples of 128 
and 256, it still achieves a higher diagnostic accuracy 
than RF and SVM. The traditional shallow methods of 

RF and SVM rely more on the quality of the 
artificial feature extraction. The classical sta-
tistical features in time-domain and frequency-
domain are utilized in this paper [11]. These 
features have a certain sensitivity and resolving 
power for different faults, whereas, they possess 
distinct fault description capabilities for differ-
ent application objectives. However, MCNN is 
a framework based on deep learning with re-
markable adaptive feature learning capabilities. 
Experimental results illustrate that MCNN still 
achieves superior performance even under small 
sample conditions. Similar conclusions can also 
be demonstrated in Fig. 11.

In order to visually verify the effectiveness 
of the MCNN algorithm, t-distributed stochastic 
neighbour embedding (t-SNE) is applied to re-
duce the dimension of learned features for visu-
alization. The features in the 5th convolutional 
layers are used for analysis, since this layer is 
the end of feature descriptor in traditional archi-
tecture and the learned features should be highly 
abstract and separable. Taking the data from 
2009 PHM as an example, the results of feature 
visualization for CNN and MCNN versus small 
numbers of training samples (128, 256, 512) 
are shown in Fig. 12. It is clear that the features 

learned by MCNN are well clustered compared with the counter-
part of CNN cases. For different number of samples, the features of 
CNN are mixed and overlapping, such as the spur 7(orange)   and 
spur8 (red) and the traditional CNN fails the classification of these 
two kinds of faults. Again, the visualized results tell that the proposed 
MCNN features remarkable feature representation ability with limited 
number of training samples.

In addition, the training time for each training epoch and the mem-
ory usage during the training progress of the 2 datasets with different 
methods are recorded and presented in Table 3. As exhibited, for each 
training epoch, MCNN utilizes less computational time as well as low 
memory footprint.  Compared to CNN, the computational times per 
training epoch of MCNN have been reduced by 0.168 seconds and 
0.193 seconds. The memory footprint of MCNN have been reduced 
by 31.5MB and 28MB respectively in the two datasets. 

5. Conclusion

In this work, a modified convolutional neural network that replac-
ing the fully-connected layers with the global average pooling scheme, 
is proposed to reduce the number of trainable model parameters. The 
improved architecture possesses higher precision, less computational 
burden, superior generalization ability with limited training samples. 
Moreover, a MCNN-based intelligent fault diagnosis framework is 
presented. In order to assess the performance of the proposed method, 
the case studies on two industrial gearboxes are conducted from three 
aspects including the classification accuracy, the features visualiza-
tion and the computational efficiency. These results demonstrate the 

Table 3.	Time cost and memory footprint by different approaches

Approaches
PHM2009 dataset DDS dataset

Time(sec/epoch) Memory (MB) Time(sec/epoch) Memory (MB)

CNN 0.915 383.1 0.873 232

CNN+l2 0.961 388.6 0.905 236

CNN+BN 0.914 410.3 0.909 243

MCNN 0.747 351.6 0.68 204
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superiority of MCNN, compared to shallow machine learning meth-
ods i.e. SVM and RF and other popular deep learning approaches, 
such as CNN and its variant methods. Specifically, MCNN achieves 
the 51.3% and 24.6% improvements in the aspect of classification 
accuracy for two dataset with limited training data, i.e., 128 train-
ing samples. The impressive performances, achieved by the MCNN, 
show a broad prospect for intelligent fault diagnosis in the industrial 
gearbox.
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1. Introduction

The problems of safety and reliability of rail vehicles movement 
is constantly being developed in scientific research [41]. Processes 
aiming at increasing the level of operational reliability and safety are 
taken into consideration as early as their design. World trends in this 
issue require using theories of safety reliability and such vehicles’ op-
erational safety [29, 34, 39]. The theory of safety evolved in the 90s 
so as to counteract risks of failures or accidents which could lead not 
only to the disruption of a particular technical system functioning but 
the loss of health, human life or other damage as well [21]. As far 
as rail vehicles are concerned derailment is the most common kind 
of accident which causes at the same time the risk of infrastructure 
degradation, rolling stock or transported cargo damage, disruption of 
services and environmental damage (the transportation of hazardous 

materials) [16, 18]. Therefore the risk determination of such an event 
occurrence is vital during rail vehicles’ tests.

Theoretical analyses and tests are carried out while designing of 
such vehicles in order to forecast the impact of vehicle parameters on 
a test track [1, 9, 28] as well as running safety and reliability connect-
ed with derailment during movement and monitoring [6, 7]. Then they 
are continued experimentally in acceptance tests during qualifications 
to place them in service or after extensive maintenance/moderniza-
tion of rail vehicles in operation [11, 35]. Safety against derailment 
is one of primary criteria for assessing the reliability of rail vehicle 
operation.

Many researchers still deal with the topic of rail vehicle safety 
[10, 48, 49]. In many cases, the main mechanism causing train derail-
ment is the loss of lateral stability of a railway vehicle [6, 24, 43]. This 
is caused by a rise in the lateral force value in the wheel-rail contact 
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The article features the results of computer and experimental research on operational issues in the aspect of safety in relation to a 
freight wagon derailment on a railway track. It presents the knowledge regarding the methods of assessing the operational safety 
of rail vehicles on railroad tracks for the purpose of comparative analysis. The theoretical analyses were performed based on 
several methods that assess the safety of their derailments, qualifying for operational reliability, comparing them with the results 
obtained from experimental research. For the purpose of the research, a computer model of rail vehicle- railway track was cre-
ated. It took into consideration dynamic parameters of elements used in the real track and rail vehicle. The results obtained from 
theoretical analyses were validated with experimental tests carried out on real objects (freight vehicle - test track, freight wagon 
- test rig). As part of the research, new test track geometry for testing rail vehicles was proposed. The results obtained in this way 
allowed estimating the conditions threatening the operation of a freight vehicle while running on the test rail infrastructure with 
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�6�á�R�Z�D���N�O�X�F�]�R�Z�H��	�E�H�]�S�L�H�F�]�H���V�W�Z�R���H�N�V�S�O�R�D�W�D�F�M�L�����G�\�Q�D�P�L�N�D���S�R�M�D�]�G�y�Z���V�]�\�Q�R�Z�\�F�K�����Z�\�N�R�O�H�M�H�Q�L�H�����E�D�G�D�Q�L�D���Q�X�P�H�U�\�F�]-
ne i eksperymentalne.
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zone. This could the consequence of various conditions resulting in a 
loss of lateral guidance provided by the track during normal vehicle 
operation. The following should be mentioned: climb of the wheel 
flange, extension of the rail gauge, rail inclination, track condition 
[49, 50] and reduction of lateral stiffness of the fastening system to 
sleepers [20].

Apart from theoretical research there are also conducted experi-
mental freight wagons derailment tests [42, 50], where permissible  
relative wheelset unloading lim�ûq was analyzed. The tests showed 
�W�K�D�W���X�Q�O�R�D�G�L�Q�J���P�D�\���E�H���L�Q���W�K�H���U�D�Q�J�H���R�I�������������”���O�L�P�ûq���”���������������,�Q���P�R�V�W��
cases safety analysis rely on assessment criteria which base on values 
of Y/Q derailment quotient, wheels unloading and their lift �ûz. The 
review of the literature allows dividing the methodology of safety 
against railway vehicle derailment at different assessment criteria. 
The following should be mentioned here:

Nadal single-wheel 1.	 Y/Q limit criterion, – binding for small 
running speeds on track curves [10].
Weinstock axle-sum Y2.	 /Q limit criterion, [48].
CHXI 50-millisecond time 3.	 limit- Association  of American  
Railroads  (AAR) [12]
Y/Q4.	  time duration criterion - Japanese  National Railways 
(JNR) [32].
Y/Q time duration criterion - Electro-Motive Division (EMD) 5.	
of General Motors, Inc. [25].
Wheel climb distance criterion proposed by Transportation 6.	
Technology Centre, Inc. (TTCI) [47].

There are several reasons for the risk of rail vehicle derailment to 
occur. One of the main derailment scenarios takes place when during 
a vehicle motion a high lateral force acting on the wheelset causes the 
wheel flange to come into contact with the rail. As a result of this con-
tact, the wheel quickly climbs over the rail and when the maximum 
value of the flange angle is reached, the wheelset derails. The wheel 
climb causing derailment is connected with exceeding the limit value 
of the ratio of lateral force components Y to the vertical force Q at the 
wheel-rail contact, see Fig. 1. In such a case, the Y/Q force ratio is 
usually called the derailment quotient.

Fig. 1.	Force components in the wheel–rail contact on the straight line (a)  
and on the curve (b): lateral forces (Y), vertical force (Q), normal 
�I�R�U�F�H�� ���1������ �O�D�W�H�U�D�O�� �U�R�O�O�L�Q�J�� �I�U�L�F�W�L�R�Q�� �I�R�U�F�H�� ���)������ �I�O�D�Q�J�H�� �W�L�O�W�� ���������� �Z�K�H�H�O�� �O�L�I�W��
���û�]��

The values of force components presented in Fig. 1 could be de-
fined as follows:
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Nadal criterion [10] defining the derailment quotient is based on 
the value of friction coefficient  µ between wheel and rail as well as 
flange tilt angle ������Mathematically, they are determined by (2). This 
criterion is easy to implement and is therefore widely used to assess 
safety against derailment.
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In particular, the above criterion is applied to assess the risk of 
flange climb derailment in UIC 518 Code [46] and European Standard 
EN14363 [11]. The main modification adopted in these two docu-
ments is the requirement that the Y/Q quotient does not exceed the 
assumed critical value of 1.2 at a distance of 2 m in the vehicle’s 
movement distance interval in the quasi-static tests.

Another standardized [17] index applied to assess rolling stock 
dynamics related to running safety on 1520 mm gauge tracks is also 
known. It is called the wheelset stability safety coefficient against de-
railment in the case of rolling of a wheel flange at/on the rail head and 
marked with kz. It is determined from the formula (3). This coefficient 
is a mathematical modification of the formula (2) and its maximum 
permissible value for freight wagons is 1.3 [17].

	 k
tg f

f tg
�3
Y

kz
FR

FR

v
z��

��
� � � ˜

� ˜ � t� > � @� E � P
�E1
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�Z�K�H�U�H���������L�V���W�K�H���W�L�O�W���D�Q�J�O�H���R�I���W�K�H���F�R�Q�L�F�D�O���S�D�U�W���R�I���W�K�H���U�L�P���I�O�D�Q�J�H���V�X�U�I�D�F�H���W�R��
the horizontal reference line,  fFR describes the slip friction coefficient 
in the wheel/ rail contact area,���Jv and Y are respectively the vertical 
and horizontal force components of the wheel interaction on the rail.

The aim of this article is to analyze the safety assessment and 
thus the operational reliability of rail vehicles against derailment, as 
well as to propose a new test track geometry that takes into account 
track twist based on the bogie and vehicle base. Such a track allows 
determining safety indicators against derailment during one ride of a 
rail vehicle, without the need for additional tests at stationary stands 
described in the further section of this paper.

2. Methods of risk assessment and safety against derail-
ment applied during experimental tests

New designs of rail vehicles that will be placed in service in the 
European Union should meet the essential requirements set out in the 
Technical Specifications for Interoperability (TSIs). One of the re-
quirements is to check whether the vehicle can be safely operated on 
the tracks. Both the TSI on freight wagons and the TSI on locomotives 
and passenger vehicles consider the fulfillment of the requirements 
given in the EN 14363:2005 standard as proof of safety (the current 
edition of the standard is EN 14363:2016 [11] – adopted in Poland and 
marked as PN-EN 14363 + A1:2019-02). Before the adoption of the 
aforementioned standard, risk and safety tests against goods wagons 
derailment were carried out based on the requirements provided in the 
ERRI report (ORE) [40]. No separate requirements were developed 
to assess the running safety on the twisted track of other rail vehicles. 
Therefore, the report [40] was also used to determine the safety factor 
of driving on a twisted track of these vehicles. The standard [11] ap-
plies to both quasi-static tests (the speed of the tested rail vehicle does 
not exceed 10 km/h) and dynamic tests (provided for vehicles with a 
permissible speed above 60 km/h). This document lists 3 methods for 
testing operational safety on a twisted track.

Method 1 – vehicle investigations when running on a twisted 
track. In this case, a track with a constant curve radius R=150 m is 
used as the measuring test rig. Track twist is implemented by chang-

b)

a)



EKSPLOATACJA I NIeZAWODnOSC – MAInTenAnCe AnD ReLIABILITY VOL. 22, NO. 1, 2020 75

SCIenCe AnD TeCHnOLOGY

ing the height of the outer rail (positive and negative track cant). The 
track twist necessary for the test is 3 ‰ over a 30 m section. More-
over, the track construction should reflect the normal conditions of 
a typical track, taking into account the rail profile, track gauge and 
maintenance status. During the tests, there must be no lateral forces 
in the train composition and the vehicle itself must not be braked. 
The running on the curve is carried out by pushing or pulling the ve-
hicle. The tests are conducted on dry rails so that the wheel/rail coef-
ficient of friction is the highest. The previous document – ORE Report 
[40] regarding safety tests and dynamics of freight wagons running 
on a twisted track recommended so that the track be washed with a 
technical solvent before launching the tests. In the next stage of track 
preparation, it was required to sprinkle the rail with fine sand and then 
sweep it off the surface of the rail head. The track prepared in this way 
ensured a high wheel/rail coefficient of friction. 

The European standard [11] lists the mathematical relations from 
which the twist required on the basis of the bogie and the vehicle 
base must be determined. If it exceeds 3 ‰, the vehicle must be pre-
pared in a specific way. This can be done, for example, using shims 
placed under the vehicle suspension. The guidelines for calculating 
the thickness of the shims and their distribution are given in the annex 
of EN 14363 standard. Before starting the safety tests, the vertical 
wheel loads must be determined on the vehicle. Then the test should 
be planned so that the wheel with the least vertical force is a leading 
wheel, i.e. a wheel that attacks the outer rail on the measuring curve. 
If this guideline is not met, this should be done by placing additional 
shims under the suspension in a different location.

During the investigations, a minimum of 3 tests are required to 
run the vehicle on the curve at a constant speed not exceeding 10 
km/h. The measured parameters include: guiding forces on the inner 
and outer wheel of a tested vehicle Yi, Ya, vertical wheel forces on the 
inner and outer wheels of the tested vehicle Qi, Qa,  the angle of attack 
of the leading wheelset �A, leading wheel climb �$z on the entire curve. 
The abovementioned parameters can be measured by devices placed 
in the track or on the vehicle. If the measuring devices are placed in 
the track, their location should be on a twisted track section. Detailed 
guidelines can be found in the EN 14363:2016 standard [11], and an 
example of the location of measuring points on the curve of the test 
track is demonstrated in Figure 6.

The leading wheel lift �$z  must be registered in a continuous way. 
The measurements of forces (Yi, Qi)  on the inner rail as well as the 
angle of leading wheelset �.����serve only to verify the wheel/rail coef-
ficient of friction. On the basis of measured values of vertical Qa  and 
lateral Ya forces in selected measuring points on the track curve, run-
ning safety quotients (Y/Q)a were determined. The maximum value of 
the running safety ratio on a twisted track (Y/Q)a,max was assessed. A 
vehicle is considered safe if condition (4) is met:
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According to Nadal criterion, for the wheel of flank cant of 70° 
and coefficient of wheel/ rail friction µ = 0.36 this condition is (Y/Q)
lim = 1.2.  If the limit value (Y/Q)lim is exceeded,  the wheel climb over 
the rail head should be checked. If the relation  �$zmax���”���$zlim (where:  
�$zlim = 0.005 m) is met, it means that the vehicle has actually not 
derailed. Therefore this vehicle can be considered safe if it fulfills 
the following conditions: the flange angle does not exceed 70° in any 
profile location, then it must be documented that outer rail is dry and it 
is free of grease or foreign matter, the test has been conducted at least 
3 times and in each case the condition �$zmax �” �$zlim has been met.

Therefore, the final criterion for assessing safety of a vehicle run-
ning on the track is the fulfillment of the leading wheel lift criterion  
�$zmax �” �$zlim.

Method 2 of the rail vehicle derailment risk analysis relates to 
tests carried out on a test rig simulating the impact of a twisted track 
on a vehicle and the passage of a test vehicle over a test track without 
twist. In order to assess the running safety on a twisted track, based 
on Method 2 - described in the standard [11], two test rigs should be 
used. The first are special twisting stations, where the minimum wheel 
force Qa is determined during running on the twisted track. The sec-
ond test rig is a track with a radius of R = 150 m without cant. At this 
track, the wheelset maximum guiding force Ya is determined. In order 
to determine limit twist, the same relations as described in Method 
1are applied. Due to the fact that the wheel lift up to �$z = 0.005 m  is 
actually permissible, the dependencies on the limit twists are reduced 
on the test rig.  

The test rig used for measuring wheel force Qjk (j- means wheel 
set number, k- vehicle side) must be equipped with devices for lifting 
and lowering them. Independent wheel displacement should be car-
ried out on at least two wheelsets of one bogie. While twisting, �$zjk 
wheel  displacement and the wheel force Qjk of all the wheels are mea-
sured continuously. Based on the data processing, taking into account 
the forces caused by the combined twist of the body and the bogie, the 
eccentricity of their centers of gravity, including friction and devia-
tions, the minimum vertical wheel force Qjk,min is determined. Fig-
ure 2 shows an example of wheel displacement during vehicle twist, 
performed to determine the value of individual wheel forces on rail 
tracks. This process carried out on the test rig simulates the change in 
wheel forces during the vehicle running on a twisted track.

�)�L�J��������	�3�R�V�L�W�L�R�Q�V�� �R�I�� �V�X�V�S�H�Q�V�L�R�Q�� �E�H�D�P�V�� �R�I�� �P�H�D�V�X�U�H�P�H�Q�W�� �P�R�G�X�O�H�V�� �Z�K�L�O�H�� �F�R�Q-
ducting tests  of freight wagon wheel forces – freight wagon twisting, 
(a) lifting the wheel over the zero level of the rail head (b) lowering the 
wheel in relation to the zero level of the rail head 

b)

a)
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When the maximum guiding force Ya is determined, the track 
should consist of a straight section and a curve of a radius R = 150 m. 
The test rig should not have a transition curve, cant or turn. As in 
Method 1, the track construction should reflect typical track normal 
conditions taking into account the rail profile, track gauge and main-
tenance status. Test drives should be planned so as the wheel of mini-
mal vertical force be the leading wheel. In this method, the longitudal 
force generated on the train composition must be levelled and the test-
ed vehicle must not be braked. The tests must be carried out at least 3 
times at a speed not exceeding 10 km/h. The values measured in this 
test on a curve include: leading forces on inner and outer wheel of the 
tested vehicle Yi, Ya, the vertical wheel force of on the inner wheel of 
the tested vehicle Qi and the angle of attack of a leading wheelset  �A.

The above parameters can be measured by devices placed in the 
track or on the vehicle. If the measuring devices are placed in the 
track, their location is in two zones. The first zone is at the beginning 
of the curve over a distance of more than 3 m up to 2a* (2a* - bogie 
centre distance or distance of the axles in non-bogied vehicles). The 
location of this zone provides the forces measurement during the rota-
tion of the bogie against the body, which is essential for such vehicle 
constructions. A minimum of 3 measuring points are provided in this 
zone. The next measuring zone should be located so that the entire 
vehicle is in the curve. The beginning of the zone should be placed at 
a distance above  2a+ + 2a* (with 2a+ - as the bogie wheel base) from 
the beginning of the curve. This zone should also contain a minimum 
of 3 measurement points.

During the application of this test method, the guiding forces 
Yi and Ya should be recorded for each measurement position. Their 
assessment should be performed with the use of mean value Yi,med 
and Ya,med from measurement points separately for each measurement 
zones. The force direction Yi in  most cases is opposite to force Ya. 
Bearing in mind the measured parameters such as (Yi, Qi) forces on 
an inner rail and leading wheelset angle of attack �. it is assumed that 
wheel/rail friction is close to the friction between wheel and rail limit 
value. Therefore the track should be prepared in a similar way as de-
scribed in Method 1. 

The assessment of meeting the safety requirements and thus mini-
mizing the risk of derailment, while running on a twisted track should 
be carried out for each wheelset. In this case, in compliance with EN 
14363:2016 standard [11], formulas (5) and (6) defining the value of 
derailment ratio and its limit are applied:
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where: Yja,med is the quasi-static guiding force determined on the basis 
of the vehicle running on a curve with a radius of R =150 m,  Qjk,min 
denotes the smallest vertical wheel force calculated on the basis of a 
twist test, �ûQjH represents the change in the vertical wheel force due 
to the moment of the guiding forces. The criterion for assessing the 
derailment risk in this case takes the form of a formula:
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according to Nadal equation, for a flange angle of 70° and the flange 
coefficient of friction µ = 0.36. The limit value of derailment quotient 
is (Y/Q)lim = 1.2.

Method 3, covered by standard [11] refers to tests of vehicles on 
twist test rig and yaw torque test rig. It can be applied for conventional 
technology vehicles, i.e. those which operate in normal conditions and 
they or their construction components connected with their running 

properties comply with the recognized state of knowledge. Thus they 
include two-axle bogies, two bogies per vehicle and flange angles of 
wheels �� between 68° and 70°. Therefore this method cannot be ap-
plied for combined-bogie vehicles and rail vehicles fitted with three-
axle bogies.

In order to assess the operational safety on a twisted track and the 
risk of derailment, based on Method 3, two test rigs should be used, 
i.e. a test rig for measuring wheel force and a test rig for measuring 
the bogie rotational resistance torque relative to body. The rig used 
to measure wheel force, as in Method 2, should be equipped with de-
vices for lifting and lowering the wheels. Independent wheel displace-
ment must be carried out on at least two wheelsets of one bogie. The 
track twist required in the tests is determined from the same formulas 
as in Method 1. Therefore, the range of wheel displacement during 
wheel force measurements in Method 3 is greater than the range de-
termined in Method 2. The vehicle wheel force algorithm is the same 
as in Method 2. During twisting displacement of wheels �$zjk and the 
wheel force Qjk of all wheels are measured continuously. Based on 
these data, the vertical wheel force of the tested wheel Q0 on a lev-
elled track and the wheel force drop �$Q caused by maximum twist 
are determined.

The second stage of tests related to measuring the body-to-bogie 
yaw torque is carried out on a stationary test rig. This position allows 
the bogie to rotate left and right relative to the body by a given angle. 
The required rotation speed of the rig is constant and amounts to 1°/s 
within 75% of the bogie rotational angle relative to the body. Due to 
the load on the wagon during operation, the body-to-bogie yaw torque 
should be measured for the empty and loaded vehicle. During the test, 
the bogie should be connected to the vehicle body by all anticipated 
connections. The essence of this method is to determine the ratio of 
the leading wheel unloading to the vertical wheel force in the absence 
of twist and the X factor characterizing the behaviour of the bogie on 
small radius curves. Permissible values of the above parameters are 
described by formulas (7) and (8). In compliance with EN 14363: 
2016 [11], a vehicle is considered safe if it meets two criteria at the 
same time:
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where: �$Q is the deviation from Q0 at maximum twist conditions, Q0 
denotes the wheel force for the tested wheelset on levelled track and 
the bogie rotational resistance factor X for freight wagons depends on 
axle load. Factor X should be determined depending on:
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where: Mz,R min is the value of the bogie torque relative to the body 
evaluated at �% �  �D�
���5min,  2a+ denotes distance of wheelsets in a bogie 
(bogie wheelbase is 1.8 m), 2Q0 is wheel force of a tested wheelset. 
In case of freight wagons, the factor X value is determined from the 
diagram presenting factor X  limit value depending on axle force on a 
track 2Q0 (Fig. 5).

3. Experimental investigation

3.1.	 Tested object 

A typical Eanoss series coal wagon equipped with two standard 
Y25 bogies was used for experimental research. The tested vehicle is 
intended for transporting aggregate, coal and bulk materials. It can 
operate on 1.435 m gauge tracks. The geometrical parameters of the 
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wagon are: total length with buffers LUP = 14.04 m, maximum width 
3.038 m, while the maximum height is 3.43 m. The weight of the 
tested wagon was 20.3 t. The wagon was designed for a maximum 
wheelset load of 22.5 t, i.e. up to a gross weight of 90 t. If empty, the 
wagon can be operated at a maximum speed of 120 km/h, while if 
loaded - up to 100 km/h.

The parameters necessary to prove that the wagon can be safely 
operated are: distance between bogie centres 2a* = 9.0 m, wheel base 
distance in a bogie 2a+  = 1.8 m.

3.2.	 Description of the test metod 

In order to check if the tested Eanoss series coal wagon can be 
safely operated, Method 3 specified in EN 14363:2016 standard was 
used. Two stationary test rigs were used during the experimental tests 
on the freight wagon. In the first stage of testing it was a test rig for 
measuring wheel force, while in the second stage for measuring a test 
rig for measuring the bogie-to- the body yaw torque. Wheel forces 
measurements were carried out at the TENSAN-PLW test rig, which 
is capable of independent displacement of individual wheels. At the 
test rig in question, the Railway Research Institute has its own soft-
ware, which is used to perform vertical forces of individual wheels 
during the tests, during which their forces and vertical displacement 
are recorded. The software used for testing was prepared on the basis 
of vehicle twist guidelines provided in EN 14363:2016 standard.

The TENSAN-PLW test rig is fitted with specialized measuring 
modules, which include swingarm pivot mounted in the track axis as 
seen in Figure 2. Their displacement, relative to the zero track level, is 
forced by hydraulic cylinders. The location of the measuring modules 
and their length enables placing each vehicle wheel on them separate-
ly, and thus allows individual measurement of their force (Fig. 2). The 
total length of the test rig is 22.22 m. The range of maximum vertical 
force on a single swingarm is Q = 200 kN and the swingarm displace-
ment is within the range �û�K = ± 0.07 m. In the case of wheel force 
measurements of articulated vehicles whose length is greater than the 
test rig length, the track in front and behind of the test rig is levelled, 
which allows obtaining a vertical difference in the rails alignment.

3.3.	 Experimental results

During the tests of the Eanoss series coal wagon, wheel force was 
measured while lifting and lowering individual wheels from a neu-
tral track level. Two twist tests were carried out, i.e. a test on a fixed 
wheel set (the tested wheel set which is subject to assessment is not 
displaced during tests, the wheels in a second bogie are displaced) 
and a test on a movable wheel set (the tested wheel set is displaced). 
In the article, in order to limit the number of pages, only the results 
of the analysis of the wheel forces of the first right front bogie are 
presented - diagrams in Figure 3. Based on them, the minimum and 
maximum wheel force (Q0,jkx min and Q0,jkx max),  occurring on a 
levelled track were determined while twist tests. From the arithmetic 
mean obtained from these forces, the nominal wheel force was deter-
mined without the effect of friction hysteresis, which in the analyzed 
case was Q0,jkx=24.12 kN. These tests also allowed determining the 
torsional stiffness of the tested vehicle measured on the base of dis-
tance between the spherical pivot C�


tAjk
 and the axle in the bogie 

C+
tAjk

. The above parameters were used to determine the minimum 
wheel force during the vehicle’s ride on the track with a given twist. 
At a further stage of tests, they were used in theoretical research by 
implementing them in the numerical model of a freight vehicle pre-
sented in Chapter 4 of this article.

The test rig for body-to-bogie yaw torque, belonging to the Rail-
way Institute, was used for testing the aforementioned wagon in the 
next stage of tests. During tests, the maximum rotation angle of the 
rig was �%�  �r 10�q,  whereas  the rotation speed was set to three val-
ues, i.e. 0.2, 0.6, 1.0 [1�q/s]. Finally, in compliance with the standard 

[11], the results recorded at the rotation speed equal to 1.0 [1�q/s] were 
taken into account for the assessment. Other measurements, which 
are not subject to assessment, are only used to obtain the appropriate 
interaction of friction elements to connect the proper measurement 
of the bogie with the wagon’s body. The test was carried out on an 
empty and loaded wagon, i.e. with a gross load of 89.7 t. At each 
speed rotation of the bogie relative to the body and for each load of 
the wagon, one measurement of the body-to-bogie yaw torque was 
carried out. The results of the resistance torque on the spherical pivot 
obtained during experimental and simulation tests, with two variants 
of the wagon load and a rotation speed of 1.0 [1°/s] are shown in the 
diagrams (Fig. 4).

Measurement of bogie-to-bogie yaw torque relative to freight 
wagon body, freight wagon empty (left), freight wagon loaded (right) 
measurement velocity Vobr. = 1.0 [°/s]

The numerical values of the torque at several rotational speeds and 
different vehicle loads are presented in Table 1. These results were ob-
tained using the assessment criteria according to the limit value of the 
X factor (Fig. 5). In both load cases, the torque increases as the speed 
increases during rotation. This indicates a significant impact of de-
gressive friction between the bogie and the wagon body. The numeri-
cal model of the freight wagon used for the simulation tests shown in 
Figures 4 is described in the further part of the paper.

The aforementioned test rig for dynamic testing of force values in 
the wheel-rail contact zone was a test track arranged on a radius R = 
150 m curve over a length of 95 m S-49 rails with a 1:40 inclination, 
spring-mounted to INBK-7 concrete sleepers with the SB-3 fastening 
system were used in this track. The spacing of the sleepers is 0.60 m, 
and the curve uses a nominal track extension of e = 0.005 m. Force 
measurement is performed at the rail level using DC double strain 
gauges (Fig. 6a) stuck on both rails, located in measuring cross sec-
tions 1, 2, 3, 4, 5 and 6 (Fig. 6b). The distance between the measuring 
cross-sections is determined based on the EN 14363 standard [11]. 
The value of the wheel force Q is determined from the linear relation 

Fig.3.	 Measurements of the wheel force on the test rig, measurement on fixed 
(top) and moving (bottom) wheelset
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of the signals values from the measuring system (strain gauges R1 and 
R2 on the rail neck), which are strengthened by measuring amplifiers 
dedicated to them.

Linear relation of the measured signal corresponding to the hori-
zontal wheel force Y, correlated with the impact of the vertical wheel 
force Q impacting the measuring point was determined on a calibra-
tion stand and recorded with the formula:

	 0 0
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where: Y0 means is the measurement from a double strain gauge stuck 
to the upper part of the rail foot (strain gauges R3 and R4), Yu denotes 
the strain gauge from the bottom of the foot (strain gauges R5 and R6), 

Q describes the vertical wheel force interaction 
on the rail, whereas K0 and Ku are amplification 
factors of measuring amplifiers. From the above 
formulas we obtain (10) determining the value of 
lateral force Y at the measuring point:
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Experimental testing of the Y/Q quotient was carried out when 
moving a freight wagon along the track at a speed of v=5 km/h. Time 
courses of the Y and Q forces values measured in cross-sections 1, 2, 4, 
5 on the outer rail of the track curve and determined from 9 and 10 are 
presented in diagrams in Figures 7 ÷ 9. Based on the data obtained from 
each measuring point, the maximum values ​​of derailment quotient for 
each wheel of a rail vehicle were determined, which are given in Table 
2. In this table, the individual wheels of the tested vehicle are marked 
with the symbol W with indexes i, j. Index i denotes the vehicle axle 
number, whereas index j the wheelset side (j=1 right, j=2 left).

Based on the analysis of the results recorded in the given measur-
ing cross-sections during the test runs, the wheelsets of the vehicle 
bogies were observed to transitionally unload the track laterally. This 
was caused by different angles of attack between the first and sec-
ond wheelsets of the given bogie. In the case under analysis, when 
entering the curve, differences in lateral forces of single bogie sets 
were notices at the level of 50% and 36%, respectively in the first and 
second bogies of the tested wagon (Fig. 7). When exiting the curve, 
the differences in lateral forces between the sets of a single bogie 
are much larger and amount to over 60% (Fig. 8). This behaviour of 
wheel sets also resulted in a reduction in the wheel force of the second 
wheel sets on the track, which in the analyzed case ranged from 7% to 
15% compared to the first set force (Fig. 9).

This behaviour significantly increases the value of the derailment 
ratio. A similar observation was obtained from the analysis of numeri-

Fig. 4.	 Limit value of X factor for freight vehicles depending on axle force on 
the track

Fig. 5.	 Location of strain gauges on a rail in a single measuring point (a) and 
positions of all measurement cross sections  1, 2, 3, 4, 5 and 6 on a 
tested track curve

b)

a)

b)

a)

Table 1.	Measurement results of a freight wagon torque

Bogie type 
Wagon load-

ing state 

Value of yaw torque Mz, R min [kNm]
at different measurement velocities

Vobr. �±���r�ä�t�����Ï���•�� Vobr. �±���r�ä�x�����Ï���•�� Vobr. �±���s�ä�r�����Ï���•��

Y25
empty 9.54 8.72 8.48

loaded 26.07 25.94 25.08

Fig. 6.	 Lateral forces Y in two measurement cross-sections (2 and 3) when 
rolling the freight wagon on the test track 
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cal results performed on the model of the analyzed vehicle described 
in the next section of the article. The phenomena of the dominant 
lateral interaction of the attacking wheelset (the first wheelset in the 
bogie) while negotiating the curve often occurs in rail vehicles [33, 
43]. In such conditions, bogies hunting usually occur, and then at the 
highest lateral instability amplitude the longitudinal symmetry axis of 
the bogie is deviated from the longitudinal symmetry axis of the track 
�E�\���D���F�H�U�W�D�L�Q���D�Q�J�O�H���.�����F�D�O�O�H�G���W�K�H���D�Q�J�O�H���R�I���D�W�W�D�F�N���>�����������������@�����,�Q���W�K�L�V���F�D�V�H����
the wear of wheelsets and the running surface in the form of polygoni-
zation and corrugation also increases [2].

4. Numerical analysis of phenomena accom-
panying the risk of derailment

4.1.	 Numerical model of the rail vehicle 

In order to determine theoretically the values of forces 
in the zones of contact between the wheels of the vehicle and the 
track rails, a model of the wagon mounted on Y25 series bogies was 
created. The physical model of the vehicle in question was treated as 
a system of rigid bodies joined together by means of elastic-damping 
elements (Fig. 10a and 10b). This approach in modeling is called the 
multi body system method [13,44] and is very often used by research-
ers in their own codes to analyze rail vehicle dynamics [3,26,45] and 
in commercial programs, i.e. Vampire, ViGrade/VI-Rail, Autodyn, 
Simpack, UM Loco. In this method, vehicle structural elements are 
treated as non-deformable bodies, while suspension elements describe 
flexible elements [4,8]. Limits of these bodies’ motion result from the 
imposed integrable holonomic constraints [37].

The wagon model considered in the paper was divided into three 
basic elements, which are wheelsets, bogie frames and a vehicle body. 
The body was divided into two separate blocks in order to include 
the experimentally determined body torsional stiffness K��r in the 
vehicle model (Fig. 4). The wheelset was described as a block with 
three degrees of freedom, where lateral displacements were marked 
with the symbol (yi), the angle of attack (�Ëi) and the galloping (�Ëi). 
The index i used in the description of the symbols corresponds to 
individual wheelsets, assuming the values of i=1, 2, 3, 4. The bogie 
frame is represented by a block with five degrees of freedom, which 
corresponds to lateral displacement (yrj), vertical displacement (zrj), 
yaw (�Ërj), angle of sway (��rj) and galloping angle (�Ërj). In this case, 
the index is j = 1.2, as there are two bogies. In the case of the vehicle 
body in question, the blocks describing them have five degrees of 
freedom. These include lateral displacement (ynk), vertical displace-
ment (znk), angle of yaw (�Ënk), angle of sway (��nk), galloping angle  
(�Ënk), at  k=1.2 as the body is divided into two blocks. Summing up, 
the numerical model of the rail vehicle created for research purposes 
had 64 degrees of freedom.

In the case under consideration, the mathematical model of the 
freight wagon was described by a system of differential equations, 
which were derived using Lagrange equations of the second kind. In 
this approach, generalized coordinates take the form of linear displace-
ments or angles of rotation. The motion of such a vehicle is described 
by ordinary differential equations of the second order. Assuming that 
the oscillations of individual blocks of the model relative to the refer-
ence system are small, such a system can be written as a linearized 
system of equations (11) written in the matrix form [14]:

	 [M d2/dt 2 +C d/dt +K]·q=F	 (11)

where: q={ yi, yrj , yn, zrj , zn,�Ji, �Ërj , �Ën, �Ëi, ��rj , ��n,}
T is vector of general-

ized coordinates,  M denotes symmetrical inertia matrix,C is damping 
matrix, K is stiffness matrix, F denotes vector of forces and d/dt is 
differential operator. 

Applying Newton-Raphson methods obtained the system of linear 
of linear algebraic equations, which is solved in each iteration with a 
�W�L�P�H���V�W�H�S���ût=0.001 s.

Detailed inertia parameters of the model’s elements are presented 
in Table 3. The wheelbase of the wheelset was 1.5 m, the wheel radius 
R=0.42 m, the bogies distance of 9 m and the wheelset distance of 1.8 
m, the distance of the slide side bearings is equal 1.7 m. The primary 
suspension stiffness kIx� �NIy=4000 kNm and kIz=3950 kNm respec-
tively, the torsion pivot stiffness was assumed at the level kx� �Ny= kz 
=10 MNm, the lateral and vertical stiffness of the slide side bearings 
is ksl_z� 350 kNm and ksl_z=500 kNm, respectively. The parameters 

Table 2.	Derailment ratio values determined from experimental tests on the track

Wheel Wij 11 12 21 22 31 32 41 42

�����������•���� 0.73 0.72 0.21 0.24 0.59 0.69 0.66 0.62

Fig. 7.	 Lateral forces Y in two measurement cross-sections (4 and 5) when 
rolling the freight wagon on the test track 

Fig. 8.	Vertical forces Q in two measurement cross-sections (4 and 5) when 
rolling the freight wagon on the test track 

Fig. 9.	Vertical forces Q in two measurement cross-sections (4 and 5) when 
rolling the freight wagon on the test track 
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of the bearings were taken from the paper [36]. The bogie pivot is 
described as a spherical connection with three rotational degrees of 
freedom, in which the change of friction forces was determined from:

	 Fx = ( Wx�������$ ) / 
2

 
1 ^ 2

Wms
�U�1

� §� ·� §� ·
��� ¨� ¸� ¨� ¸� ¨� ¸� ©� ¹� ©� ¹

,	

	 Fy = ( Wy�������$ ) / 
2

 
1 ^ 2

Wms
�U�1

� §� ·� §� ·
��� ¨� ¸� ¨� ¸� ¨� ¸� ©� ¹� ©� ¹

,	 (12)

	 Fz = ( Wz . �$ ) / 
2

 
1 ^ 2

Wms
�U�1

� §� ·� §� ·
��� ¨� ¸� ¨� ¸� ¨� ¸� ©� ¹� ©� ¹

,	

where: Wx, Wy, Wz denotes torsional speed of the pivot around the axle 
X, Y, Z; Wm is the absolute speed between the wagon body and the 
bogie at the central pivot point, �$s is the tangent at the starting point of 
the force/speed transfer function of 3.0·106 Ns/m, �1 denotes the nor-
mal force directed in the Z, µ2 is the friction coefficient of 0.19 value, 
r is the radius of central pivot curvature of 0.19 m [36].

Friction forces Fbx, Fbx in the lateral bearing planes, through 
which the body was additionally supported on the bogie, was deter-
mined from formulas (13) [5]:

	 Fbx= ( Vx . �C ) / 
1

 
1 ^ 2

Wml
�1

� §� ·� §� ·
��� ¨� ¸� ¨� ¸� ¨� ¸� ©� ¹� ©� ¹

	                                                               ,	 (13)

	 Fby = ( Vy . �C ) / 
1

 
1 ^ 2

Wml
�1

� §� ·� §� ·
��� ¨� ¸� ¨� ¸� ¨� ¸� ©� ¹� ©� ¹

where: Vx, Vy are the relative velocities in the bearing plane in the X, 
Y directions, Wm denotes the total relative speed on the XY plane, �F 
describes the tangent at the starting point of the force/speed transfer 
function of 3.0·106 Ns/m, �1 is the force induced by the weight of the 

wagon body operating in the direction normal 
to the XY plane, µ1 is the  friction coefficient 
equal to 0.36 [5]. Due to the fact that the paper 
concerns the analysis of rail vehicle derailment, 
the structure of the freight wagon model and its 
mathematical notation are described in the pa-
per generally in the matrix form (11). However, 
more attention was paid to the description of 
wheel-rail contact and the methodology for de-
termining forces in the wheel-rail contact zone 
and derailment ratio resulting from the relations 
between these forces.

4.2.	 Wheel-rail contact model 

The mathematical model of a freight wag-
on mounted on Y25 series bogies has been integrated with al-
gorithms and numerical procedures determining the wheel-rail 
contact. Numerical procedures regarding wheel-rail contact were 
used to determine the value of forces and areas of their action in 
contact zones. The contact model was based on Kalker’s simpli-
fied theory [22] and the FASTSIM algorithm [23]. In order to cal-
culate the tangential contact forces, normal pressure forces were 
determined, the friction coefficient was adopted at the level of 
0.36 [5], the length of the axis a and b of the ellipse of the contact 

area (Fig. 11a) were calculated using Hertz’s theory [19]. Creepage 
values were considered as relative stiff slip. Relations between these 
parameters are described by the formula:
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where: rsx, rsy are relative stiff slip/creep in longitudinal X and lateral 
Y directions, rsz denotes spin, �& describes the contact angle, vu is the 
speed of the moving reference system, the value of which is equal to 
the speed of the vehicle, sv denotes the slip speed. Slip speeds sv pro-
jected into a given direction were determined from the formula:
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where: �Zw�� denotes relative r  angular velocity of the wheel, r  the 
coordinate of the contact point in the reference system connected to 
the centre of wheel mass, vr denotes the relative speed of the centre of 
wheel mass as defined in the moving reference system.

The next step was to determine tangential contact forces Tx and Ty 
using the FASTSIM procedure [23]. The algorithm of this procedure 
divides the elliptical contact zone into smaller areas/cells. In each of 
these cells, shear stresses and micro-slips are determined in two direc-
tions, longitudinal vx and lateral vy to the direction of the vehicle ride 
(Fig. 11b). Then, the contact zones in the contact area at �� = 0 are 
determined. The parameters of contact geometry as input quantities 
for the FASTSIM procedure have been tabulated depending on the 
lateral displacement of a particular wheel (Fig. 12 and 13), thus the 
computational time during the simulation of vehicle motion dynamics 
was reduced.

�)�L�J�������������3�K�\�V�L�F�D�O���P�R�G�H�O���R�I���W�K�H���D�Q�D�O�\�]�H�G���Y�H�K�L�F�O�H�����D�����V�L�G�H���Y�L�H�Z�������E�����I�U�R�Q�W���Y�L�H�Z���R�I���W�K�H���Y�H�K�L�F�O�H

Table 3.	Inertia parameters of the freight wagon model

Body Mass [ kg] Ixx [ kg×m2] Iyy [ kg×m2] Izz [ kg×m2]

body mCB 16000.00 47500.00 51000.00 50050.00

bogie mBF 2000.00 1975.00 2850.00 1560.00

axle box mab 25.00 10.00 10.00 10.00

wheelset mws 1300.00 688.00 100.00 688.00
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The further stage of the calculation procedure involves determin-
ing and calculating  the right sides of the dynamic motion equations 
(11) for the respective vehicle components and preparing for further 
solution by numerical integration of these motion equations describ-
ing the rail-track system under consideration. The approach described 

in this chapter allowed determining the values of forces in the wheel-
rail contact zones, which were further  used to calculate the value of 
the Y/Q derailment quotient.

The real nominal profiles of UIC 60 railway wheels and 49E1 rail 
[38], in the rail inclination configuration in the 1:40 track and shown 

Fig. 11.	Tangential forces in the wheel-rail contact zone, half-axes a 
and b of the contact ellipse and the division of its surface into 
elements

�)�L�J�������������3�D�U�D�P�H�W�H�U�V���R�I���F�R�Q�W�D�F�W���J�H�R�P�H�W�U�\���R�I���D���8�,�&���������Z�K�H�H�O���Z�L�W�K���D�������(�����U�D�L�O���L�Q���W�K�H���I�X�Q�F�W�L�R�Q���R�I���O�D�W�H�U�D�O���G�L�V�S�O�D�F�H�P�H�Q�W���\���R�I���W�K�H���Z�K�H�H�O�V�H�W

���������:�K�H�H�O���U�D�L�O���F�R�Q�W�D�F�W���S�R�V�L�W�L�R�Q���I�R�U���W�K�H���Z�K�H�H�O���S�U�R�I�L�O�H���8�,�&�����������D�Q�G���U�D�L�O���S�U�R�I�L�O�H��
�����(����
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in Figure 14 were used in the simulation model for testing the dynam-
ics of the freight wagon.

4.3	 Results of numerical investigations 

The scope of analyses carried out using the above-mentioned 
freight wagon-track model relates to the dynamics of the vehicle 
moving along a curved S-type track with a radius of R=150 m and a 
twist of 3 ‰ (Fig. 12). The track twist enabling tests for the vehicle 
and the bogie to be determined during a single ride by introducing an 
additional uplift in the vertical track profile (Fig. 12) was adopted as 
the original work input for the tests. The most unfavourable variant of 
the vehicle’s operational configuration was adopted during these tests, 
i.e. the vehicle without a load. During the ride, vertical wheel forces Q 
and lateral (lateral to the direction of ride) Y in the wheel/rail contact 
zone are to be recorded. Based on the forces determined in the contact 
zone, Y/Q derailment quotient is to be determined as the maximum 

value of the lateral force to the vertical force. If the value of the Y/Q 
quotient does not exceed 1.2, the criterion of derailment risk is met. 
This criterion is based on the balance of forces in the inclined plane of 
the wheel/rail contact, and its limit value for a given wheel profile and 
adopted friction coefficient is determined from the formula:

	
Y

Q
tg

tg
��

��
� � � ˜

70 0 36
1 036 70

.
. .	 (15)

In the case when the value obtained during dynamic tests is Y/Q> 
1.2, then the safety against derailment should be additionally checked 
by the wheel climb. This climb from the zero position should not 
exceed �ûz=5 mm. During the numerical simulation, a vehicle travel 
speed of v= 5 km / h was assumed, in accordance with experimental 
tests (Method 3).

Fig. 14. Geometry of the modified test track  with additional twist/lift for a wheelset test

Fig. 15.	Derailment quotient obtained from running over a modified test track, guiding wheelset of the first bogie W11 and W12 and the second wheelest W21 and 
W22 

�)�L�J����������	�8�Q�O�R�D�G�L�Q�J���W�K�H���Z�K�H�H�O�V���R�I���W�K�H���Z�K�H�H�O�V�H�W���J�X�L�G�L�Q�J���W�K�H���I�L�U�V�W���:11 and W12 and the second wheelest W21 and W22 of the same bogie during the passage along the 
modified test track
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The courses of derailment quotients shown in the graphs (Fig. 15) 
illustrate the comparison of results of track runs without an additional 
elevation (dashed curves) and with the elevation corresponding to the 
track twist based on the wheelbase of a single bogie. It can be observed 
that the values ​​of the Y/Q quotient for the track without the additional 
lift have values ​​convergent with the results obtained experimentally 
(Table 2). In order to verify the correctness of the model operation, 
the results of the maximum values ​​of the Y/Q derailment quotient 
obtained during the track run without additional uplift are presented 
in Table 4. This allowed comparing the experimental tests with the 
numerical investigations, which results in establishing the module of 
the relative percentage error between them. The value of this error for 
individual wheels ranged 3.03÷12.76%. For wheels on the outer rail 
track side, the error between results is greater, but does not exceed 
13%. The obtained result proves a correctly formulated description 
of the freight wagon model features and is the basis for establishing 
correct model validation. A much better quantitative compliance was 
obtained while determining the resistance yaw torque by comparing 
the results from numerical investigations and those obtained from the 
experimental tests described in Chapter 3 (Fig. 4). The created simu-
lation model of the wagon-track system also allows to determine the 
unloading of the tested vehicle wheels, which is shown in Figures 
16, which are also a key indicator of operational safety verification 
against the derailment.

5. Conclusions and summary

The article features the phenomenon of rail vehicle derailments. 
Methods of assessing the risk of derailment have been classified bas-
ing on a review of literature and standards. The presented description 
of experimental running safety tests against derailment showed the 

methodologies used for their implementa-
tion. Obtained and developed results from 
experimental tests carried out according to 
the above-described research methods al-
lowed validating the results gained from 
the numerical investigations of the prepared 
model. Tests determining the course of ​​ de-
railment quotients’ values, wheel unload-
ing and torques were based on a numerical 

model describing the experimentally tested freight wagon. The paper 
also proposes a new, innovative test track geometry for testing safety 
against derailment. This innovation consisted in the introduction of an 
additional vertical rise in the rail track acting as twists (Fig. 14), which 
is based on the vehicle wheel base in a single bogie. The advantage 
of using in reality such track geometry during real tests, including nu-
merical investigations, may allow reducing the costs of vehicle tests 
and tests of placing to service by shortening the time of such tests. 

This saving results from the fact that three rides were carried out 
on such a modified real track, without the need for additional tests 
according to other risk and safety assessment methods against de-
railment described in Chapter 2 of this paper. The numerical results 
obtained using a non-linear railway vehicle model demonstrate how 
operational safety is influenced by various factors related to vehicle 
and track construction. Based on the conducted research, it has been 
pointed out that the Y/Q quotient strongly dependents on the twist 
resulting from the bogie base. The analysis of the results obtained 
from numerical investigations did not indicate a risk of derailment 
even with a modified track, which was also confirmed by experimen-
tal tests carried out according to the described normative methods. 
An error estimated below 13% between the experimental and theo-
retical results of the derailment ratio shows high compatibility of the 
theoretical model with a real rail vehicle. It should also be noted that 
the difference of the wheelsets angles of attack of a single bogie and 
the rotation of the bogie relative to the vertical axis has a significant 
impact on the repeatability of the results achieved.

Table 4. Derailment quotient maximum values obtained from numerical investigations and the module of 
percentage error relative to experimental tests results

Wheel Wij 11 12 21 22 31 32 41 42

�����������•���� 0.67 0.63 0.23 0.27 0.56 0.61 0.68 0.66

Relative error [%] 7.89 12.76 9.52 12.50 5.48 11.46 3.03 6.45
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1. Introduction

The electrical properties of the contact material play a key role 
in the reliability of the automation system. Generally speaking, the 
performance indicators of the contact materials include contact re-
sistance, resistance to fusion welding, corrosion resistance, hardness, 
strength and other related parameters [19]. Qualified contact materials 
should have good electrical and thermal conductivity, and should also 
have good mechanical, chemical, and arc-resistant properties as well 
[18]. In the working process of the contacts of the switch apparatus, 

there are complex mechanical, electrical, thermal and arc energy con-
versions, so the traditional analysis method cannot effectively ana-
lyze the failure mechanism of low-voltage electrical appliances[10]. 
Because the silver-based contact material has good conductivity and 
thermal conductivity and has high oxidation resistance and small con-
tact resistance, it is widely used in the field of low-voltage relays ap-
plication [15]. AgSnO2, AgCdO and AgNi composite contact materi-
als are widely used for controlling products [9].

It is well known that the electrical life of a low-voltage switching 
devices is directly related to factors such as switching load conditions, 

ZhaoBin WANG
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Shang SHANG
Zhan WANG
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PERFORMANCE DEGRADATION COMpARISONS AND FAILURE MECHANISM 
OF SILVER METAL OXIDE CONTACT MATERIALS 

IN RELAYS AppLICATION BY SIMULATION

PORÓWNANIE OBNI�ENIA CHARAKTERYSTYK ORAZ BADANIE MECHANIZMU 
USZKODZE� MATERIA�ÓW STYKOWYCH Z KOMpOZYTÓW 

TYpU SREBRO�TLENEK METALU STOSOWANYCH 
W pRZEKA�NIKACH  ELEKTROMAGNETYCZNYCH NA pODSTAWIE DANYCH 

Z SYMULACJI KOMpUTEROWEJ

To evaluate the electrical contact behaviors of silver metal oxide contact materials in relays application more accurately, and to 
guide the selection of contact materials, the test device and testing method for simulating electrical contact performance in relays 
application were analyzed in this paper. The electrical contact simulation test system was designed and developed, which can 
easily simulate contact materials. The contact resistance, static force and rebound energy degradation parameters of AgSnO2, 
AgCdO and AgNi contact materials under the same load conditions were obtained through experimental research, the contact 
resistance and arcing energy degradation parameters of AgSnO2���X�Q�G�H�U���G�L	ü�H�U�H�Q�W���R�S�H�Q�L�Q�J���G�L�V�W�D�Q�F�H�V���Z�H�U�H���D�F�T�X�L�U�H�G���D�W���W�K�H���V�D�P�H��
time. The result indicated that accurate data are received by the electrical contact simulation testing method. Finally, based on the 
test data, the degradation performance of three selected test materials was tested, and the failure mechanism of AgSnO2 materials 
was analyzed.

Keywords:	electrical contact performance; contact material; degradation parameter; contact resistances; 
failure mechanism.
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�6�á�R�Z�D���N�O�X�F�]�R�Z�H��	�Z�\�G�D�M�Q�R���ü���V�W�\�N�X���H�O�H�N�W�U�\�F�]�Q�H�J�R�����P�D�W�H�U�L�D�á���V�W�\�N�R�Z�\�����S�D�U�D�P�H�W�U���G�H�J�U�D�G�D�F�M�L�����U�H�]�\�V�W�D�Q�F�M�D���]�H�V�W�\�N�R-
wa; mechanizm uszkodzenia.

WANG Z�B, LI W�Y, Shang S, Wang Z, Han C�Y. Performance degradation comparisons and failure mechanism of silver metal oxide con-
tact materials in relays application by simulation. Eksploatacja i Niezawodnosc – Maintenance and Reliability 2020; 22 (1): 86–93, http://
dx.doi.org/10.17531/ein.2020.1.10.
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mechanical motion characteristics, working environment atmosphere, 
and contact material composition[2]. Therefore, the correspondence 
between the material composition of a single contact material and the 
electrical life of the switch is not deterministic. The characteristics of 
the variety of electrical types also require that we should discuss the 
relationship respectively among the arc of the contact material, the 
electrical contact performance and the electrical life of the switch. 
The relationship between the contact material and the electrical life 
of the switch has been drawing much attention from relay or mate-
rial manufacturers. Therefore, choosing which kind of experimental 
simulation to fulfil an authentic and accurate evaluation has become 
a critical issue.

The contact fusion welding, excessive contact resistance and con-
tact electrical erosion are three typical failure modes that occur during 
the electrical life test of relays [3]. The electric life test systems cur-
rently used can be classified into two types. One is to take the motor 
or exciter as the driving mode to simulate the contact pair splitting 
process [7]. Because the speed of the simulation is in the range of 
a few millimetres per second, the arc characteristic parameters can 
be captured during the test. If the strain force sensor is introduced, 
the welding force in the contact breaking process can be measured 
together [13].Another method is to use the actual switch product as 
the carrier, perform electrical life test after assembling the contacts 
[11], and evaluate the performance of contact materials by testing the 
life of the switch [16].

If the motor with a slower speed is applied, the breaking speed 
of the contact can achieve in the hundreds of microns per second, 
so that the liquid bridge and its rupture process during the breaking 
of the contact pair can be observed [8]. The electromagnetic coils 
and lever structures have been used to drive the contact pairs to split 
and close motion [3], and the simulated speed is within the range of 
100 ~ 600 mm/s [1]. Moreover, piezoelectric force sensors are used 
to test the welding force of the contact, to evaluate the anti-welding 
performance of the contact materials [5]. Taking the electromagnetic 
relay as an example, the contact breaking process has a variable ac-
celeration motion characteristic, with the maximum speed order of 
several hundred millimetres per second. 

Compared with the actual relay, there are still some differences be-
tween the previous simulation test system and the actual relay, which 
are mainly reflected in the following aspects: (1) it is impossible to 
obtain the influence of the process adjustment parameters (magnetic 
clearance, contact opening distance, mechanical reaction force, static 
force, etc.) specifically to electrical switches on dynamic character-
istics and the welding force; (2) with the limitation of the response 
speed of the force sensor ,the movement form and breaking speed 
of the contact in the simulated action process are different from the 
actual electrical contact action process. So the conclusions obtained 
cannot be directly applied to the optimization of structural parameters 
and the selection of contact materials of the actual relays.

In this article, we present the test device and testing method for 
simulating electrical contact behaviour in relays application. The test 
system was designed in this paper using a typical clapper electromag-
netic relay as the contact material test carrier, and a multi-degree-of-
freedom joint mechanical adjustment mechanism was designed to 
realize the relay magnetic gap and contact opening distance, mechani-
cal reaction force, static force adjustable function. During the relay 
action, the contact static force, welding force, collision force, contact 
dynamic displacement/speed, coil current, contact arc voltage/arc cur-
rent, and related time parameters [17] can be measured simultane-
ously. It can also synchronously test the collision, rebound and fusion 
welding at the contacts during the relay pull-in/release process. In this 
paper, AgSnO2, AgCdO and AgNi contact materials are taken as the 
research objects, and the electrical contact simulation test system of 
contact materials is designed. The degradation of electrical contact 
characteristic parameters of three kinds of materials under the same 

load was compared, and the degradation of electrical performance pa-
rameters of AgSnO2 at different opening distance was compared in 
the experiment. The variation of sensitive characteristic parameters of 
its electrical contact performance was analyzed, and its failure mecha-
nism was preliminarily analyzed. 

2. Novel test system for simulating and evaluating elec-
trical contact characteristics of contact materials

At the present stage, there are two main ways to establish the elec-
trical contact simulation test system for the contact materials: a) Us-
ing the electromagnetic coil or the exciter as the driving mechanism, 
simulating the breaking and closing process of the contact switch, 
and obtaining the contact welding force, etc. [6]; b) The actual switch 
product is used as the test carrier, and the switch apparatus is placed 
in the test system to test the arc characteristics and anti-welding char-
acteristics of the switch apparatus [12]. Although the latter method 
can make a real analysis of the action characteristics of the actual 
electrical apparatus, it is limited by the structure of the electrical appa-
ratus themselves, so it is impossible to change the mechanical param-
eters and accurately observe the erosion condition of the surface of 
the electrical equipment. In this test system, the electromagnet coil is 
used to drive the pushrod to act on the moving reed, and the dynamic 
and static contact points are used to simulate the on-off process of the 
electrical switch.

2.1.	 Main functions and technical indicators

Main functions: The system can change contact materials which 
were processed into rivet shapes freely to carry out electrical contact 
simulation test; adjust the mechanical parameters arbitrarily, includ-
ing contact opening distance, pushrod position, empty travel (free 
travel of pusher) and super-path, etc., to assist in obtaining high-pre-
cision test data; real-time monitoring of the contact voltage, contact 
current, contact voltage drop and force signal in each switching/clos-
ing process; the static force, contact resistance, arc energy (breaking 
arc energy), rebound energy (closing arc energy) and relevant time 
parameters in each operation process were calculated according to the 
comprehensive electrical performance parameter program.

Technical index: contact voltage measurement range 0~48 V 
under DC condition, contact voltage accuracy 10 mV; contact cur-
rent measurement range 0~20 A, contact current accuracy 10 mA; 
mechanical parameter adjustment mechanism adjustment accuracy 
������ ���P�� �F�R�Q�W�D�F�W �U�H�V�L�V�W�D�Q�F�H �D�F�F�X�U�D�F�\ ������ �P�
�� �W�K�H �W�L�P�H �S�D�U�D�P�H�W�H�U �D�F-
�F�X�U�D�F�\ �L�V �� ���V��

2.2.	 Test system overall structure

The functional block diagram of the contact material electrical 
contact test system is shown in Fig. 1. The system is mainly divided 
into three parts: the mechanical system part, which realizes the dy-
namic adjustment of the mechanical parameters; the control condi-
tioning part, including the action control module, electromagnet driv-
ing circuit, and the signal Conditioning acquisition module, to realize 
the drive control electromagnet action, amplify, filter and process the 
collected signals; the system software part uses Labview software to 
design the human-computer interaction interface, which can complete 
the functions of setting test parameters, test control, waveform dis-
play, and data management. The major structures and physical map of 
the test system are shown in Fig. 2.

In Fig. 2 the contact voltage and the contact voltage drop in the 
process of breaking and closing are respectively tested by the resist-
ance voltage division method and the differential amplifier, the con-
tact current is monitored by the Hall current sensor, the static force 
between the contacts is monitored by the force sensor, and the con-
tact resistance is tested by the four-wire method. The original data 
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collected by DAQ (Data Acquisition) are sent to the upper computer 
through the PCI (Peripheral Component Interconnect) communica-
tion protocol, and the upper computer communicates with the lower 
computer through the RS232 interface to complete functions such as 
comprehensive parameters dynamic observation and data storage of 
the electrical performance simulation test. If the contact appears ad-
hesion failure, it will prompt the tester to stop the test system and cut 
off the load circuit.

2.3.	 Mechanical structure of the test system

Mechanical structure of the simulation test system includes electro-
magnet drive mechanism, lifting platform, horizontal sliding table, elec-
tromagnet stroke adjustment mechanism (empty travel), pushrod point 
adjustment mechanism, contact opening distance adjustment mecha-
nism, hall current sensor and static force sensor, combined with the cor-
responding connector to achieve the adjustment of mechanical adjust-
ment parameters, etc. The mechanical structure is shown in Fig. 3.

The front end of the direct-acting electromagnet of the system is 
fixed with an insulating pushrod for simulating the movement of the 
electric switch pushrod, and the left side is an electromagnet stroke 
adjusting mechanism, and the stroke of the electromagnet can be ad-
justed by adjusting the differential probe. The driving mechanism and 

the adjusting mechanism are fixed on the Z-axis displacement 
slide, which can adjust the action point of the putter in the 
Z-axis direction of the moving reed. The dynamic and stat-
ic contacts are respectively riveted on the moving reed and 
the static contact seat, the moving reed is fixed on the two-
dimensional slide table, and the static contact seat is fixed 
on the two-dimensional sliding platform through the X-axis 
displacement sliding platform 2, the mechanical system can 
adjust the action point of the push rod on the Y-axis direc-
tion of the moving reed by adjusting the Y-axis displacement 
slide, adjust the over-travel by adjusting the X-axis displace-
ment slide 1, and adjust the contact separation by adjusting 
the X-axis displacement slide 2. Adjustment of the opening 
distance. A static force sensor is fixed behind the static con-

tact seat, which can detect the static force signal of the contact.

3. Contact material performance comparison test and 
result analysis

3.1.	 Experimental test conditions

Three kinds of contact materials of AgSnO2, AgNi and 
AgCdO were tested under the same condition. The contact test mate-
rial electrical contact simulation test conditions and general composi-
tion of materials under test were shown in Table 1. The data obtained 
from the test were analyzed, and the variation trend curves of degra-

dation parameters (contact resistance, static force, rebound energy) of 
the three materials were obtained by using the mean value method.

Fig. 1. Functional block diagram of the testing system for contact materials

b) physical map of the test mechanical system

a) Main structure of the test system

�)�L�J�����������7�K�H���P�D�M�R�U���V�W�U�X�F�W�X�U�H�V���D�Q�G���S�K�\�V�L�F�D�O���P�D�S���R�I���W�K�H���W�H�V�W���V�\�V�W�H�P

Fig. 3. Structural block diagram of mechanical system

Table 1.	Electrical contact simulation test conditions for contact materials

Test parameters Value

Experiment environment
���‘�‘�•���–�‡�•�’�‡�”�ƒ�–�—�”�‡�ã���s�{�(�1���t�t�(�â�����—�•�‹�†-

�‹�–�›�ã���w�r���1���x�w�¨

Contact material AgSnO�t�á�����‰���‹�á�����‰���†��

Operating frequency 1s on/1s off

���‘�ƒ�†���…�Š�ƒ�”�ƒ�…�–�‡�”�‹�•�–�‹�…�•
���—�”�‡���”�‡�•�‹�•�–�‹�˜�‡���Ž�‘�ƒ�†�á���ˆ�—�Ž�Ž���’�”�‘�…�‡�•�•���‹�•��

�…�Š�ƒ�”�‰�‡�†

Contact voltage/current �t�v�����s�z��

Action number ���‡�–���…�‘�•�–�‹�•�—�‘�—�•���ƒ�…�–�‹�‘�•�•���t�r�á�r�r�r���–�‹�•�‡�•

Contact opening range �r�ä�x�•�•�á���r�ä�z�•�•

Initial static force 1.5N
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3.2.	 Experimental test result and analysis

3.2.1.	Contact resistance

It is generally believed that the value of the contact resistance 

depends on the resistivity, hardness, contact force and surface finish 
of as well as the chemical stability of the material, the magnitude of 
the current, conduction time, working environment and other factors 
[14]. In our test equipment and test conditions, the average contact 
resistance of AgSnO2�� �$�J�1�L�� �D�Q�G �$�J�&�G�2 �Z�H�U�H �������P�
�� ���������P�
 �D�Q�G 
���������P�
 �U�H�V�S�H�F�W�L�Y�H�O�\��

It can be seen from Fig. 4 that the contact resistance of the Ag-
SnO2 contact material tends to be stable 13,000 times before, after a 
�V�K�D�U�S �L�Q�F�U�H�D�V�H �L�Q �����P�
 �V�L�W�X�D�W�L�R�Q�� �W�K�H�Q �W�K�H �F�R�Q�W�D�F�W �U�H�V�L�V�W�D�Q�F�H �E�H�J�D�Q 
to fluctuate and decrease until the adhesive failure occurred at the 
17004th time. In the early stage of the test, AgSnO2 material has low 
and stable contact resistance due to arc erosion, which is not serious. 
With the increase of switching operations, the local molten pool will 
be formed on the surface of AgSnO2 material under the impact of 
large current and arc erosion. As SnO2 particles are hardpoints, they 
have good thermal stability, so no decomposition or sublimation oc-
curs. Most of the SnO2 particles have a lower density than the molten 
Ag, which will be suspended in the molten pool and form a SnO2 
particle aggregation area on the surface of the contact, resulting in 
increased contact resistance. In the later stage, due to the repeated 
thermal action of the arc, the surface topography between the contacts 
changes strongly, resulting in the softening of materials, the increase 
of metal bridge points in the fusion welding, part of the conductive 
spots no longer conduct electricity, and the fluctuation of contact re-
sistance decreases until the bonding.

The contact resistance of AgCdO contact material always fluctu-
�D�W�H�V �D�U�R�X�Q�G �������P�
�� �$�V �V�L�O�Y�H�U �D�Q�G �F�D�G�P�L�X�P �R�[�L�G�H �D�U�H �Q�R�W �P�X�W�X�D�O�O�\ 
soluble, CdO will decompose and absorb a large amount of heat under 
the action of arc. A part of the decomposed Cd will re-form CdO with 
the oxygen in the air on the surface of contact, hindering the fusion 
welding of moving and static contact. The contact surface of AgCdO 
has uniform erosion, low contact resistance, and good stability, and its 
resistance to fusion welding is the best.  

For AgNi contact materials, under the action of 18A current, with 
the increase of switching operations, the erosion between dynamic 
and static contacts is serious and the material quality changes signifi-
cantly. The pollution area increases and the contact resistance sudden-
ly increases and a short adhesive failure occurs after 15810th time.

3.2.2.	Static force

Fig.5 shows the static force test of three kinds of contact materi-
als. The initial static force of the contact is set to 1.5N (We chose a 
pressure of 1.5N because the contact pressure of a certain sealed relay 
we analyzed was 1.5N. The test conditions are consistent with the 
actual relay product.). The arc of initial breaking process may belong 
to the anode (static contact) and the energy is high, causing the mate-
rial of the initial closed contact surface to be transferred sharply. The 
surface of the cathode (moving contact) will have a certain convex 
dome, and the convex pressing of the static contact causes the interac-
tion force between the two contacts to change, so the static force of 
three kinds of material maintained an upward trend at the beginning 
of the test. With the increase of the moving action of the moving and 
static contacts, the material of the contact surface accumulates, the 
transfer rate of the surface material slows down, and the steady trend 
is maintained for a long period time in the medium term.

In our test conditions and test equipment, the static force of the 
AgNi, AgSnO2 contact materials fluctuate a lot before the contact fu-
sion failure occurrs, and achieve a higher value of about 2.3N, 2.8N, 
respectively. This may indicate that the material transfer is large and 
the arc erosion is serious, dynamic contact surface microscopic spikes 
occurred plastic deformation, the mechanical breaking strength is not 
enough to make it separated, cause adhesive failure of the contact. 
While the static force of AgCdO increased first and then fluctuated 
around 1.55N all the time, and the rise of temperature was low and it’s 
not easy to weld. Therefore, the change of static force may be directly 
related to the surface morphology and microstructure of the contact.

3.2.3.	Rebound energy

The rebound energy (closing arc energy) and the arc energy 
(breaking arc energy) which are in Fig.6 and Fig.8 can be calculated 
from the same formula as follow:

	 1

0 1

nt
i it

i
Q uidt U I t

� 
�  �  � '�¦�³ 	 (3)

Formulas: 
t0 	 -	 the arcing start time (rebound start time);
t1	 -	 the arcing end time (rebound end time);
U	 -	 the contact voltage;
I	 - 	 the contact current;
�ût	 -	 4us in our test system (corresponds to the sampling 

time)
n	 -	 (t1-t0�����ût

Fig. 4. Comparison of contact resistance change

Fig. 5. Comparison of rebound energy change
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It can be seen from Fig. 6 that the rebound energy of the three ma-
terials is maintained at 50mJ ~130mJ for most of the time, and there is 
a tendency to decrease at the initial stage. The reason may be that the 
increase of static force suppresses the vibration of the contact closure 
process, while the possible reason for the increase of the rebound en-
ergy before the adhesive failure of the AgSnO2 contact material is the 
increase of the contact return time, the number of rebounds and more 
frequent vibration. For the AgNi and AgSnO2 materials, the welding 
phenomenon hinders the breaking of the contacts when the bonding 
failure occurs, and the rebound of the contacts is suppressed to some 
extent, and the rebound energy shows a sharp decline trend. During 
the test, the rebound energy of AgCdO material kept a small fluctua-
tion around 85mJ, and the number of contact rebounds and rebound 
time were relatively stable.

Through the comparative analysis of the contact resistance, static 
force and rebound energy of the three materials mentioned above, it 
can be seen that AgSnO2 has better resistance to fusion welding than 
AgNi, but its temperature rises higher,so adhesion is easy to occur 
under continuous action, and the contact resistance is higher than 
those of AgNi and AgCdO. AgNi contact material has poor welding 
resistance under slightly higher current conditions, but it has excellent 
processing performance with low cost, which is generally applica-
ble to low voltage and small current microswitch appliances. In our 
test conditions and test device, AgCdO has better stability and strong 
resistance to arc ablation. However, under the continuous action of 
high-temperature arc, CdO will decompose Cd which is harmful to 
human body, so it is gradually replaced by other electric materials. 
The arc erosion mechanisms of the three materials are different. AgNi 
is the dissolution and precipitation effect derived from the metallurgi-
cal effect, while AgSnO2 and AgCdO are mainly determined by the 
surface kinetics characteristics. In the following study, the surface 
morphology characteristics after material erosion will be observed 
through a microscope to further investigate.

4. Analysis of influence of opening distance on contact 
characteristics of contact materials

In our test equipment and test conditions, in order to study the 
influence of opening distance on the parameters of contact materials, 
AgSnO2 material was taken as an example to make a comparative 
analysis on the parameters of contact resistance, arc ignition energy, 
arc ignition time and rebound energy under two opening distances. 
Because of the limited time, the relevant tests were only repeated 
three times, and the trend was the same. In future research work, we 

will continue to test and analyze the results of the experiments and the 
thermal effects will be considered in the future publications.

4.1.	 Measured results of contact resistance at two opening 
distances

The experimental results of contact resistance at two open-
ing distances are shown in Fig.7.

Under the two opening distance conditions, the contact resistance 
is kept at a low level in the first and middle stages of the operation, 
�Q�R �P�R�U�H �W�K�D�Q �����P�
�� �,�Q �W�K�H �F�D�V�H �R�I �D�Q �R�S�H�Q�L�Q�J �G�L�V�W�D�Q�F�H �R�I �������P�P�� �W�K�H 
contact resistance begins to decrease at approximately 10,000 opera-
tions. There is no significant change in the contact resistance at the 
0.8mm opening distance.

4.2.	 Measured results of arc time and arc energy at two 
opening distances

The measured results of arc time (the time between first and last 
arc) and arc energy at two opening distances are shown in Fig.8 and 
Fig.9.

The waveform of arc time and arc energy are very similar. The arc 
energy and arc time at 0.8mm opening distance are close to the data 
of 0.6mm opening distance before the 1000th movements. After the 
1000th movements, the arc energy and arc time are kept low at 0.8mm 
opening distance. The arc energy is around 100~300mJ. At the same 
time, after the 12,000th movements, a strong arc of more than 2000mJ 
begins to appear, and the frequency of strong arc increases gradually.

Fig. 6. Comparison of rebound energy change

Fig. 7. Contact resistance comparison of AgSnO2 at two opening distances

Fig. 8. Arc energy comparison of AgSnO2 at two opening distances
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4.3.	 Measured results of rebound energy at two opening 
distance

The measured results of rebound energy at two opening distance 
are shown in Fig.10.

In the case of the opening distance d=0.6mm and d=0.8mm under 
our test equipment, the mean value of the rebound energy of the con-
tact is roughly equal, and the fluctuation of the rebound energy under 
the opening distance of 0.8mm is more severe. The larger the contact 
opening distance, the greater the initial breaking force that the contact 
can achieve, which enhances the ability of the contact to break the 
weak adhesion. At the same time, the greater the breaking force is , 
the greater the breaking speed of the contacts will be, which is also 
conducive to the extinguishing of the arc.

5. Failure process analysis of AgSnO2
In the electrical life simulation experiment, the contact resistance 

and static force of AgSnO2 at 0.6mm spacing are shown in Fig. 11. 
At the beginning of the contact working process, the contact surface 
is relatively pure, so under the heat generated by the arc, the material 
transfer and pollution on the contact surface are more severe, which 
cause the surface morphology of rapid change, and the layer of oxides 
carbides (It is mainly oxides, but sometimes we can also detect the 
carbides. Perhaps it is related to the experimental atmosphere.) is ac-
cumulated on the contact surface, making the static force rise rapidly 

Fig. 9. Arc time comparison of AgSnO2 at two opening distances

Fig. 10. Rebound energy comparison of AgSnO2 at two opening distances

at the beginning of the work, increase from 1.4N to approximately 
1.8N. Then the upward trend of static force was restrained and began 
to show cyclical fluctuations.

According to the comparison between the contact resistance and 
the static force in some periods in Fig. 12, it can be found that the 
periodic fluctuation of the contact resistance and the static force are 
inversely proportional. This is because the high temperature generated 
by the arc causes the carbides formed on the surface to disappear dur-
ing the material transfer, the contact material has a certain softening 
or even melting, and formed some relatively raised metal spike as the 
contact breaking, which reduces the actual contact area between the 
contacts, reduces the static force, and makes the contact resistance 
rise. After that, with the erosion of the arc and spatter of the mate-
rial, the surface material of the contact produces loss, and some of 
the sharp peaks are re-worn, the actual distance between the contacts 
increases to the previous level, and the static force of the contact in-
creases and while the contact resistance decreases. In the later stage 
of the test, with the erosion of the arc, the process mentioned above is 
repeated, and the contact material is continuously eroded in this proc-
ess, resulting in material transfer and material loss.

According to the contrast of contact resistance and arc energy of 
AgSnO2 after 12000 actions in Fig. 12, the surface morphology of the 
contacts constantly changes and the relatively convex peaks increase 
due to the high temperature generated by the continuous arc, which 
make actual contact area between the contacts are gradually restored 
to the original level. Therefore, after the initial rising trend of contact 
resistance, it begins to decline to the initial level, and the contact re-

Fig. 11. Comparison of contact resistance and static force of AgSnO2

Fig. 12. Arc time comparison of AgSnO2 at two opening distances
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sistance fluctuates very sharply in this process.As the accumulates the 
amount of contact arc erosion, the moving contact has a large range of 
ridges due to material transfer, and the static contact causes additional 
loss due to splashing in the process of material transfer, thus it will 
lead to the actual distance between the contacts increases, which will 
aggravate the rebound phenomenon when the contacts are closed. At 
the same time, the metal bridge occurs between the contacts due to 
the welding phenomenon during the working process, which makes 
contact separation need larger breaking force. The static force also 
becomes larger, which suppresses the rebound of the contacts. The 
final effect of these two aspects acting on the working process of the 
contact at the same time is shown in Fig.13 and Fig.14.

It can be seen from the figure that, on one hand, the arc time and 
the arc energy increase when the contact is released, which obviously 

increases the amount of contact arc corrosion. On the other hand, the 
rebound phenomenon of the contact is slightly increased, and the 
frequency of 4, 5 times or even 6 times jumps increases. All these 
changes will aggravate contact erosion, and as this process continues, 
the loss of contact materials will become more and more serious, and 
finally there will be obvious abnormalities in its electrical properties, 
leading to complete wear and failure of the metal layer of contact 
materials.

6. Conclusion

(1) An electromagnet push-rod type contact material test sys-(1)	
tem is designed to simulate the action of relays. This system 
can analyze the influence of different contact materials, dif-
ferent load levels and different mechanical parameters on the 
electrical properties of the contact materials.
By comparing the electrical properties of AgSnO(2)	 2 at differ-
ent opening distance, the relationship between contact opening 
distance and electrical properties of contacts was preliminarily 
analyzed. It was verified that larger contact opening distance 
can reduce arc erosion and overcome the welding force, thus 
helping to extend contact life;
Through the analysis of the degradation trend of electrical (3)	
performance parameters during the test of AgSnO2 materials, 
the failure mechanism is analyzed. The material mass transfer 
and loss caused by arc erosion, mechanical wear and other fac-
tors are the main reasons of the contact failure of the AgSnO2 
materials. The contact gradually develops a fusion phenom-
enon due to the high temperature generated by the arc, and the 
welding combined with the loss of the contact material causes 
the contact failure. While the final failure mode of the contact 
depends on the loss rate of the material and the severity of the 
fusion welding. The contact will fail at first due to the wear of 
the surface material if the material loss rate is fast and contact 
bonding failure may occur if welding is more severe.
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1. Introduction

The development of contemporary high-speed compression-igni-
tion engines is linked to the development of their fuel supply systems. 
Currently, common rail fuel injection systems dominate the supply 
of fuel to such engines. When choosing a fuel supply system for an 
engine, it is essential to consider many operational and control factors. 
Making use of simulation research for analysis of those parameters 
significantly eases and accelerates development work. 

In the rail of a fuel supply system, the achievement of high pres-
sure occurs in a piston-based high-pressure pump, from where a high-
pressure hose leads to the fuel rail, after which relatively short hoses 
lead to the injectors. 

Existing models describing common rail injection systems were 
created by research teams aiming predominantly at comparisons of 
their operational parameters and performance with those of other 
injection systems. They contained analyses and discussions of basic 
parameters connected to the injection event [3], yet they also allowed 
the determination of quantities which are difficult to measure, such 
as (for example) the effective cross-sectional area of the flow. Con-
siderations can also be found dealing with compression-ignition fuel 
supply systems and problems associated with their control. One of the 
most fundamental works in this area is [2], in which the authors – as 
some of the first to do so – dealt with the fuel flow and control of 
injectors. In turn, in [4] a model of the overflow valve controlling the 
fuel pressure was developed, as well as a model of the fuel throttle 
valve in the high-pressure pump, which also considered a sub-model 

of that pump. The latter was controlled by a pseudo-random binary 
sequence. Analytical simulations of the properties of materials used 
in the construction of solenoid valves used in injectors and the op-
erations of those values have also been carried out [8]. In turn, the 
authors of [10] focused on the stiffness of the needle-controlling rod 
assembly in their considerations, the values of the flow coefficients 
through the nozzle outlets and determination of the non-dimensional 
cavitation number. Determining the impact of wave phenomena in the 
rail on the injection event was the main topic addressed in [1], car-
ried out by Daimler Chrysler AG, as well as [6], in which the impact 
of fuel properties and pressure, injection duration and the length and 
diameter of the injection hose on pressure changes in the system was 
investigated. Evaluations and selection criteria for injection systems’ 
geometric parameters of can be found in [1, 9]. Another group of stud-
ies contains attempts to describe models aiming at control of pressure 
in a common rail injection system. Here, the modulus of compress-
ibility, pressure, fuel temperature, and engine rotational speed were 
all taken into consideration and the results were linearized control 
models and initial design for controllers and regulators used for ap-
proval of systems controlling rail pressure [5, 7]. Work continues [11] 
on fourth-generation rail-based injection systems and on-line models 
adjusting the flow of fuel from the nozzle. This has served as inspira-
tion to elaborate a simplified model of the fuel supply system. 

A tendency towards the use of computer software for model ling 
and analysis of  one-dimensional, multi-domain and mechatronic sys-
tems (interface, static and dynamic analysis) can be noted. In the ma-
jority of cases, the AMESim and Matlab/Simulink packages are used 
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– although this is not a rule. Often, initial development is conducted 
via those packages and more precise efforts dedicated to a specific 
purpose are carried out using conventional programming languages. 
Commonly, these are one-dimensional models, describing the non-
steady, elastic flow of fuel in the system. However, simulation work is 
conducted based on computational models of varying degrees of com-
plexity. Technical analyses often employ simplified models, paying 
attention to a reduced set of factors impacting the trace of the proc-
esses under analysis. In such cases, it is important to always determine 
the impact of the simplifications on the accuracy of the parameterisa-
tion of the phenomena under consideration. 

After conducting initial analyses of the available literature, it was 
concluded that models using fluid mechanics equations models in 
connection with results from test benches are lacking. Thus, it was 
decided to undertake work on a theoretical-empirical model of the 
system, by means of conventional programming language. 

The work presented here concerns a simplified system model, in 
which fuel from the three-piston high-pressure pump is fed to the inlet 
chamber and from there to the pressure vessel (rail).

�)�L�J�����������6�F�K�H�P�D�W�L�F���R�I���W�K�H���P�R�G�H�O�O�H�G���I�X�H�O���V�X�S�S�O�\���V�\�V�W�H�P

In these considerations, the high pressure hose, the injector hos-
es and the injectors were not considered. The injection (fuel flow) 
proceeds through four openings, directly from the pressure vessel 
(Fig. 1).

2. Differential equations describing the system

Differential equations considering the system can be show in the 
form presented below. 

2.1.	 Equations determining the pressure in the pump cham-
bers

Mindful of the diminutive size of the chambers, it was taken that 
the change in pressure ( )i

pp as a function of time can be can be deter-
mined from simplified continuity equations:
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where: ( )i
pp – pressure in the chamber of the ith pump piston,

	 ( )i
pV  – volume of the chamber of the ith pump piston,

	 ( ) ( ) ( )( , )i i i
p p p� ( � ( � S � 7�  - modulus of elasticity of the fuel in the 

chamber of the ith pump piston,
	 ( )i

p�$ – surface area of the ith pump piston,

	
( )i
p�G�K

�G�W
 – speed of the ith pump piston,

	 �Gp  – feed pressure,

	 �� �Gì  – inlet opening flow coefficient,

	 �0( )i
�$å  – control indicator,

	 ( )i
�GF – surface area of the inlet opening to the chamber of the 

ith pump piston,

	 � U � U�U�Up
i i �7( ) ( )( , )� – density of the fuel in the chamber of the ith 

pump piston,

� � � 0( )i
Bå  – control indicator,

	 Lp  – pressure in the inlet chamber,

	 ��wì  – outlet opening flow coefficient,

( )i
wF – surface area  of the outlet opening of the chamber the 

ith pump piston,
	 �H�X

i( ) – control indicator,

	 ( )i
�XF  – surface area of the relief aperture,

	 �]p – rail pressure,

��pç  – pump efficiency, dependent on rotational speed and fuel 
pressure,

��tç – correction factor considering changes in the effectiveness 
of the ith piston in the high-pressure pump in response to 
changes in the fuel temperature. 

Controlling coefficients were inserted into the equations above; 
their interpretations are as follows: 

�H�$
i( )  – volumetric outflow element, dependent on the pressure dif-

ference ( )i
pp  and �Gp  active only where the lift of the inlet 

valve ( ) 0i
�Jh �² , 

�HB
i( )  – volumetric outflow element, dependent on the pressure dif-

ference ( )i
pp  and Lp  active only where the lift of the valve 

ball connecting the pump chamber to the inlet chamber zero 
( )i
kh  is greater than zero;

�H�X
i( )  – the third outflow element is active in equation (1) where the 

rail pressure �]p  exceeds a given boundary value ( )�J�U
�]p , 

simultaneously the pump piston moves upwards (( ) 0i
ph �²�� ) 

and the relative error of deviation of�]p  from ( )�J�U
�]p exceeds 

the permissible level �0.

Moreover, it was accepted that the vent cross-sectional area ( )i
�XF  

changes in response to the pressure difference�]p  and ( )�J�U
�]p , accord-

ing to the formula:

	 F F p p�X
i

�X
i

�]
� ] � ]

�J�U( ) ( )�  � �0
2
�U

	 (2)

The equations that make up (1) are non-linear first-order ordinary 
differential equations.

2.2.	 Equations of movement of the inlet valves

From Newton’s second law of motion, it follows that motion of 
the inlet valves in a straight line is described by:
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2 ( ) ( )

( )
2 ( )

i i
� J� Ji

�Ji
�J

� G � K
f

�G�W �P

�E
� 	 (3)

where: f h h k p p F�J
i

�J
i

�J�O
i

�J
i

p
i

�G
i

�J
i( ) ( ) ( ) ( ) ( ) ( ) ( )�  � � ��� � � �� � � �� � � �0

F
�J

�J
i

i
( )

( )

� 
�ª
�¬

�º
�¼�S 1

2

4
		  for i = 1, 2, 3,

( )i
�Jh  – inlet valve lift,

( )i
�Jm  – valve mass,

( )
0

i
�J�Oh  – basic tension of the spring,

( )i
�Jk  – spring constant,

( )i
�JF  – valve surface area.

The control indicator �Hg present in the equations above takes val-
ues:

	 �H�J
i

iwG( )
( )

� 
� �­

�®
�°

�¯�°

1 1

0

   where  

in all other cases
	

In turn, indicator ( )iwG  reflects whether the valve head has re-
turned to the valve seat ( ( )iwG  = 0), or is in motion ( ( )iwG = 1), and 
also whether it reached its maximum lift value 

max

( )i
�Jh  ( ( )iwG  = 2), for 

which �`�^( ) 0, 1, 2iwG �• . 	
Equation (3) constitutes a system of three second-order ordinary 

differential equations.

2.3.	 Equations of the motion of the outlet ball valves

The equations of motion of the outlet valves have the following 
form:

	
� G � K

�G�W m
fk

i
k
i

k
i k

i
2

2

( ) ( )

( )
( )� 

�H
	  (4)

where: f h h k p p Fk
i

k
i

kl
i

k
i

p
i

o
i

w
i( ) ( ) ( ) ( ) ( ) ( ) ( )�  � � ��� � � �� � � �� � � �0   for i = 1, 2, 3,

( )i
kh  – outlet valve ball lift,

( )i
km  – ball mass,

( )
0

i
klh  – initial spring tension,

( )i
kk  – spring constant,

( )i
wF  – surface area of the outflow aperture.

The control indicator �Hk present in those equations takes values:

	 �H�J
i

iwG( )
( )

� 
� �­

�®
�°

�¯�°

1 1

0

   where  

in all othercases
               �`�^( ) 0, 1, 2iwK �•   	

In turn, ( )iwK , as with indicator ( )iwG , indicates the position of 
the ball valve: 0 where no flow between the pump chamber and the 
inlet chamber occurs, 1 if the ball is in motion, 2 if the ball achieved 
its maximum lift value.

The equations of (4) constitute a system of three second-order 
ordinary differential equations.  

2.4.	 Equations describing the pressure in the inlet chamber 

As with the case of the high-pressure pump chamber, it was taken 
that changes in the inlet chamber pressure can be described by a sim-
plified continuity equation:

	

�G�S

�G�W

E

V
(p - p )  F  pL

i
L
i

L
i p

i
L B

i
w
i

w
i

p
i p

( ) ( )

( )
( ) ( ) ( ) ( )

( )
sgn� �> � H � P

�U

2 (( )

sgn

i
L

� / � =L L � / � =

p

- (p - p ) F  p p

� � � �

�� �@�P
�U
2

0 (5)

for i = 1, 2, 3,

where: ( )i
LV  – inlet chamber volume,

����( )i
wì  – flow coefficient for the rail inlet aperture,

LF    – area of the inflow opening to the rail, equal to the cross-
sectional area of the aperture connecting the inflow 
chamber with the rail;

all other symbols as defined in section 2.1.

It is worth noting that volume LV  must be increased by the vol-
ume of the hose connecting the inlet chamber with the rail:

	 V V
�G

LL L:�  � �
�S 2

4
	 (6)

where:   �G – hose diameter, L – length of the hose connecting the inlet 
chamber with the rail.

2.5.	 Rail pressure equations 

A continuity equation was used to describe the pressure differ-
ential:
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�G�W

E
V

- (p - p ) � � � $ p p

(p

� ] � ]
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�� �@
    (7)

where: ( )i
�]�$  – variable surface area of fuel outflow through the outlet 

aperture,

LV 	– volume of the inlet chamber,

kp – pressure in the combustion chamber (back-pressure).

�H�]
i �$

i
B
i

� ] � Nt t , t i p p( )
( ) ( )

� 
� • � !1

0

        where

in all other cases

�­�­
�®
�°

�¯�°

( ) ( )i i
B�$t , t – aperture opening times,

other symbols as previously defined in parts 2.1 and 2.4.

Equation (7) is a non-linear first-order ordinary differential equa-
tion.

Modelling of hydrodynamic phenomena in the injector presents a 
number of difficulties. An essential aspect for a correct model of the 
rail is the definition of a rule describing the flow of fuel from the rail 
to the combustion chamber. In the algorithm presented here, it was 
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assumed that further apertures are opened at intervals equal to 180° 
of pump shaft rotation. It is also important to choose the values for 
a number of coefficients necessary to conduct a proper quantitative 
assessment of the phenomena taking place. Here, coefficients of hy-
draulic resistance, flow rate coefficients and coefficients of resistance 
to movement of moving parts can all be mentioned. The values of 
those quantities vary in response to fuel pressure, which complicates 
their determination. Furthermore, when model ling electronically-
controlled injection systems, solenoid control valves must be consid-
ered, which requires familiarity with further quantities, especially the 
properties of the materials used. The values of certain quantities are 
sometimes difficult to estimate, and thus it was decided to develop 
and empirical model for the flow of fuel from the atomizer, based on 
function ( )i

�]�$ . Values of characteristic times obtained from the analy-
sis of injection events were used.

A basic observation made during the experiments was that the real 
trace of the needle lift, as well as function ( )i

�]�$  deviate from theory, in 
which the following are defined:

( )i
Bt 	– given opening time, ( )

0
it – given pause time.

Most importantly, it can be stated that the real opening time Bt  is 
greater than the given ( )i

Bt  by an approximately constant magnitude, 
denoted as ( )i

�Gt – injection delay time. The delay time considers dif-
ferences between the given and realized injection time; the value was 
determined experimentally. The trace of function ( )i

�]�$ also took forms 
more closely approximation to a parabola than to the theoretical pro-
file in the form of a rectangular function. 

Depending on the value of ( )
0
it  and ( )i

�Gt , the following two cases 
can be obtained:

	 ( )i
�Gt <  ( )

0
it            and           ( )i

�Gt >  ( )
0
it

taken into consideration in the computer programme developed in this 
work. 

In the programme calculating the injection process, the possibility 
of entering a pressure value below the injection should not commence 
was included (this is equivalent to the pressure opening the injector). 
This is protection against calculating injection parameters in cases 
where the quality of the atomisation process (not analysed via this 
model) could prove to be unsatisfactory.

3. Numerical integration of the differential equation 
system

The majority of the methods for integration of systems of ordinary 
differential equations require the insertion of higher-order equations 
to first-order equations. Thus, equations (3) and (4) were inserted into 
the appropriate two first-order equations. Equations (1), (3), (4) and 
(7) were then saved in the form of a system of first-order equations, 
of form:

	 ( , )X F t X� ��  	 (8)

where F is a vector function and X:

(1) (1) (3) (3)(1) (3) (1) (1) (3) (3),  ,  ...,  ,  ,  ,  ...,  ,  ,  ,  ,  ...,  ,  ,  
�7

� / � S � S � J � J � J � J� ]k k k kX p p p h h h h h h h h p� ª� º� � ¬� ¼
� � � � � � � �

is a vector with m = 17 elements.

It is therefore necessary to integrate the system m = 17 first-order 
ordinary differential equations. To that end, the Runge-Kutte 4th order 
method was employed, using constant integration steps.

4. Initial conditions, further points

Calculations were conducted assuming that for the first instant  
(t = 0) all pressures are equal to the pressure of the inflowing (feed) 
fuel pd and all lift values and speeds are zero, i.e.:

�> �@0 ,  ,  ,  ,  0,  0,  0,  0,  0,  0,  0,  0,  0,  0,  0, 0,  �7
� W � G � G � G � G � GX p p p p p� � 

  
(9)

It was also assumed that the first section of the high-pressure 
pump is the first to start working, the other two sections commencing 
after (respectively) 120 and 240 degrees of pump shaft rotation. It was 
therefore assumed that angles ( )i�A  are described by the dependency:

	 ( ) 0            where 

   where 
ii

i i

t t

( t - t ) t t
�A

�W

���­
� �® �!�¯

	  (10)

where: �Z - angular velocity,

t i t i t ii i i�  �  �  �  �  �  0   dla 1,
2
3

    dla 2,
4
3

    dla 3
�S
�Z

�S
�Z

.

As empirical research was conducted for the assumed operating 
conditions for the analysis of the fuel supply system, results obtained 
from the computer simulation can be considered only after multiple 
�Z�R�U�N �F�\�F�O�H�V ���3 �! �������ƒ���� �V�L�Q�F�H �G�X�U�L�Q�J �W�K�H �L�Q�L�W�L�D�O �S�K�D�V�H �W�K�H �F�R�P�S�X�W�D�W�L�R�Q 
is too sensitive to the impact of initial conditions (9) and shifts it  in 
equation (10). 

As previously mentioned, the outlet apertures on the rail are fur-
ther activated (cyclically) every:

	 �' � 7 � WtB
i

�$
i�  � � �  ( ) ( ) �S

�Z
	 (11)

The programme for modelling operation of a common rail injec-
tion system developed based on the dependencies presented above, 
facilitates the calculation of the pressure trace in the pump chambers, 
the inflow chamber and the fuel rail, as well as the lift of pistons and 
movable valve elements. The complete fuel dose in the injection and 
the fuel flow rate through particular injection apertures are computed. 
Injection event traces can be designated for both non-split and split 
doses and for varying pause time values. 

Verification calculations were conducted for a fuel supply system 
with a cylindrical high pressure rail (rail). Comparisons were carried 
�R�X�W �I�R�U �W�K�H �I�R�O�O�R�Z�L�Q�J�� �V�S�O�L�W �L�Q�M�H�F�W�L�R�Q �± �S�L�O�R�W �H�Y�H�Q�W ������ ���V�� �S�D�X�V�H ������ 
���V�� �P�D�L�Q �H�Y�H�Q�W ������ ���V�� �D�W �D �V�H�W �U�D�L�O �S�U�H�V�V�X�U�H �R�I ������ �E�D�U�� �S�X�P�S �U�R�W�D�W�L�R�Q�D�O 
speed 695 rpm, injection order 1 – 2 – 3 – 4. Differences between the 
calculated and measured values ranged from 2.4% to 7.7%, depending 
on the injector selection group. Such differences mainly result from 
the simplifications adopted in the model, as high pressure hoses and 
injector assemblies are not included. The dose delay time and its de-
pendence on fuel pressure have a significant impact on the dose.

5. Impact of rail geometric parameters on the injection 
process

Using the considered injection system model, using the program 
calculating the injection event, calculations were performer for vari-
ous setpoints of the injector control signal. A split (two-part) fuel dos-
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ing strategy was considered. The calculations aimed to provide quali-
tative and quantitative evaluations of the influence of test quantities 
on the injection parameters. The considerations regarding the influ-
ence of geometrical parameters of the fuel container on the injection 
process are presented here. 

The rail is a relatively simple element in terms of its design, yet 
it plays a key role in the limitation of the propagation of pressure 
waves. A correctly chosen capacity ensures continuity of dosing dur-
ing abrupt changes in engine operating parameters. As previously 
mentioned, a cylindrical high pressure rail used on the injection sys-
tem of a compression-ignition engine (of swept volume 1700 cm3) 
was adopted for carrying out model calculations. 

Using the model, reviews of the influence of the length, diameter 
and volume of the rail on the fuel supply parameters were conducted. 
Calculations were conducted: for fixed rail diameter and variable rail 
length and fixed rail length and variable rail  diameter. Changes to the 
trace of the injection process, the fuel dose, the angle of the start of 
injection and the angle of injection duration were analysed.

Evaluation of the impact of rail length

Figures 2 and 3 present the traces of injections from an injector 
calculated for constant diameter and various rail lengths. The dashed 
purple line presents results for the basic rail length used by the engine 
manufacturer (201.4 mm). Here, the injection angle is 11° and this 
remains the same for all cases. However, the angle of start of injec-
tion changes; for the considered range of lengths the range of changes 
amounts to 8° of pump shaft rotation. This is a relatively important 
change in an important injection parameter, which must be consid-
ered in the design of algorithms controlling engine operation. Such 
changes result – above all – from the means of controlling the injector 
in the model, which enables it to open at a given pressure value. 

Together with the increase in rail length, the mean value of rail 
pressure barely changes (0.02%) and such changes are practically un-
noticeable. Similarly insignificant changes result from extreme flow 
rates of fuel from the atomizer.

Conversely, there are differences between the maximum and min-
imum pressure values. For a rail of length 160 mm, the difference 
amounts to 77 bar, for a rail of length 201.4 mm 62.6 bar, and for 250 
mm as little as 51.9 bar. Such changes affect the behaviour of fuel in 
the rail. 

The changes in injection process parameters presented here re-
sult – above all – from increases in the volume of the element under 
consideration. As the calculations were made with control system set-
tings unchanged, increases in the volume chase progressively later 

achievement of the required pressure level. This is the delay of start 
of injection (Fig. 4). As the injection duration time does not change, �)�L�J�����������&�D�O�F�X�O�D�W�H�G���L�Q�M�H�F�W�L�R�Q���W�U�D�F�H�V���I�R�U���U�D�L�O���O�H�Q�J�W�K�V�����������P�P�����±���������������P�P

�)�L�J�����������&�D�O�F�X�O�D�W�H�G���L�Q�M�H�F�W�L�R�Q���W�U�D�F�H�V���I�R�U���U�D�L�O���O�H�Q�J�W�K�V���������������P�P���±�������������P�P

�)�L�J��������	�&�D�O�F�X�O�D�W�H�G���I�X�H�O���G�R�V�H�V���D�Q�G���D�Q�J�O�H�V���R�I���V�W�D�U�W���R�I���L�Q�M�H�F�W�L�R�Q���I�R�U���Y�D�U�L�R�X�V���U�D�L�O��
�O�H�Q�J�W�K�V

�)�L�J��������	�&�D�O�F�X�O�D�W�H�G���S�U�H�V�V�X�U�H���F�K�D�Q�J�H�V���L�Q���W�K�H���U�D�L�O���G�X�U�L�Q�J���W�K�H���L�Q�M�H�F�W�L�R�Q���H�Y�H�Q�W�����W�R-
�J�H�W�K�H�U���Z�L�W�K���D�Q�J�O�H�V���R�I���V�W�D�U�W���R�I���L�Q�M�H�F�W�L�R�Q���I�R�U���V�H�O�H�F�W�H�G���U�D�L�O���O�H�Q�J�W�K�V
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injection opening. Mean rail pressure values change by some 1.5% 
and do not reflect changes in the rail during the injection process, 
especially in the case of the smallest diameters, where large pressure 
changes occur (Fig. 7). This causes greater changes in the fuel dose 
and angle of start of injection. With an increase in rail diameter, sig-
nificant differentiation in the flow rate of fuel from the atomizer is in 
fact not observed (Fig. 6). Such changes can be observed only for the 
smallest rail diameters – i.e. where the greatest pressure drops occur. 
The shape of the injection event does not change. Pressure differences 
(Fig. 7) have an impact on the fuel dose delivered. 

For large pressure drops, part of the process occurs at low pres-
sure values, leading to a lower quantity of fuel (Fig. 8). Over the entire 
range considered the change in the dose was significant, as it was 
11.8%.

The modelling analysis results presented above do not fully re-
solve all questions. Additional calculations were made, the results of 
which were taken into consideration in a qualitative analysis of the 
influence of the aforementioned fuel rail operating parameters on the 
injection process (Table 1). 

the end of the injection event also occurs later and later, which leads 
to ever smaller differences in the pressure between the start and end 
of injection (Fig. 5). Thus, a small (0.7%) increase in the fuel dose 
was noted. 

Evaluations of the inf luence of rail diameter

The changes in the high-pressure rail length analysed above had 
a linear character and changed the injection  parameters in the same 
way. The situation is somewhat different where injections are consid-
ered for constant rail length and variable rail diameter. In such consid-
erations the direction of change is similar, yet changes in the volume 
are significant and occur non-linearly, in proportion to the given di-
ameter raised to the second power. In order to obtain a full picture of 
changes in injection parameters, a wide range of diameter values was 
used, from the smallest (corresponding to the diameter of the injection 
hose) up to 20 mm – thus being values greater than those used in the 
majority of fuel rails used in passenger car engines. With regard to 
changes in rail diameter, it can be seen that a greater proportion of the 
energy delivered to the rail is used in the process of compressing the 
fluid. The greater quantity of fuel in the rail absorbing the delivered 
energy causes significant delays in the start of injection – by as much 
as 64° (Fig. 6, also Fig. 8), at a constant injection angle value of 11°. 
However, in this case an important role is played by the control of 

�)�L�J�����������&�D�O�F�X�O�D�W�H�G���L�Q�M�H�F�W�L�R�Q���W�U�D�F�H�V���I�R�U���Y�D�U�L�R�X�V���U�D�L�O���G�L�D�P�H�W�H�U�V

�)�L�J�����������&�D�O�F�X�O�D�W�H�G���S�U�H�V�V�X�U�H���W�U�D�F�H�V���I�R�U���Y�D�U�L�R�X�V���U�D�L�O���G�L�D�P�H�W�H�U�V

�)�L�J�����������&�D�O�F�X�O�D�W�H�G���G�R�V�H���D�Q�G���D�Q�J�O�H���R�I���V�W�D�U�W���R�I���L�Q�M�H�F�W�L�R�Q���Y�D�O�X�H�V���I�R�U���Y�D�U�L�R�X�V���U�D�L�O��
�G�L�D�P�H�W�H�U�V

�)�L�J��������	�&�D�O�F�X�O�D�W�H�G�� �S�U�H�V�V�X�U�H�� �G�L�I�I�H�U�H�Q�F�H�V�� �D�Q�G�� �H�Q�H�U�J�\�� �F�K�D�Q�J�H�V�� �I�R�U�� �Y�D�U�L�R�X�V�� �U�D�L�O��
�G�L�P�H�Q�V�L�R�Q�V
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The aforementioned differences between the maximum and mini-
mum rail pressure values are presented in Fig. 9. Differences for vari-
ous lengths are shown in black and compared with differences occur-
ring as a result of changes in rail length (blue line). It can be seen that 
as the length and diameter of the rail increase, the pressure differences 
resulting from the injection process are reduced, and the impact of 
changes in the rail diameter is significantly greater.

If it may be assumed that a measure of the available energy in the 
fuel before the injection is the area under the rail pressure trace curve, 
then that quantity changes for various rail lengths to a degree equal 
to changes in the mean pressure value – that is to say, very little (Fig. 
9, solid red line). The same figure shows changes in the energy of 
the fuel in the rail (red line). While changes in rail length (within the 
considered range) do not cause significant changes in this quantity, 
the situation is completely different for changes in diameter (Fig. 9, 
dashed red line). The trace reaches its maximum for a rail of diameter 
10 mm and length 201.4 mm. For such a dimensional configuration 
the fuel energy before the injection is the greatest and can be property 
used to prepare the fuel-air mixture. The values given here as optimal 
were taken by the manufacturer of the fuel system under analysis and 
employed in engines of swept volume 1700 cm3. 

It should, however, be underlined that the rail was modelled in a 
simplified manner, without considering wave phenomena. A real fuel 
rail is subject to the laws of wave propagation; local areas of pres-
sure higher or lower than the given value occur, which can influence 
the dosing process to a great degree. Following consideration of such 
effects, changes in the quantitative evaluations of the dependencies 
presented here may occur. 

6. Summary

Modelling plays a significant role in the design and selection of 
machine parts. It allows the implementation time of the designed sys-
tem to be significantly shortened, as well as to adapt it to the building 
stage in parallel with the design process. In order for the mathemati-
cal model to best reflect real phenomena, a correct physical model 
of the test system should be prepared. It is obvious that the degree of 
simplification of the modelled system will affect the accuracy of the 
results of calculations, but in many cases the use of simplifications is 
necessary, due to the complexity of the mathematical model, which 
would increase the required calculation time and thus reduce the ef-
ficiency of the program.

The developed injection process model, applicable to the com-
monly used fuel injection system in common rail compression-igni-
tion engines, allowed determination of the relationships between the 

parameters of the test system. From the obtained test results, it is pos-
sible to distinguish the factors which have the greatest impact on the 
fuel dose, the injection trace, the start angle and the duration of injec-
tion. The impacts of the analyzed quantities on injection parameters 
varied; they can be summarized as follows.

The pressure trace has a significant impact on the en tire injec-�‡��
tion process and fuel dose. Increased rail pressure causes chang-
es in the flow rate of fuel leasing the atomizer, which translates 
into an increase in fuel expenditure. 
For a given length within the range of considered values, the �‡��
diameter of the rail Has a significant influence on the angle of 
the start of injection. Increases in this value cause increases in 
the start angle and decreases in the quantity of fuel dosed. This 
results from the volume and compressibility of the fuel, since 
greater volume cause extended reaction times to the signal con-
trolling the rail pressure. 
Changes in rail length for constant rail diameter have an insig-�‡��
nificant influence on the angle of the start of injection. Greater 
rail length increases the angle of the start of injection, but to 
a lesser degree than changes in diameter. This results from the 
lesser increase in fuel volume. This quantity does not affect the 
injection duration angle.
Changes in rail diameter and length at constant rail volume do �‡��
not have Any influence on the injection parameters analysed 
here. 

Taking into account the simulation results obtained, as well as 
differences between the results of calculations and the values ​​meas-
ured on the test bench, it has been confirmed that the values ​​are very 
similar. However, as always, there are discrepancies between the real 
system and the model. The values of these discrepancies permit as-
sessment of the quality of the model and its susceptibility to changes 
in the set values. Despite the considerable complexity of the algo-
rithms and the large number of parameters that can be changed, the 
model is relatively predictable in terms of the results it generates. This 
feature allows for quick model tests and selection of suitable initial 
parameters that will allow the desired trace of the injection process 
and fuel dosage to be obtained. The computer calculation program, 
developed on the basis of the physical model presented in this paper 
can be qualified as reflecting the studied parameters of the injection 
system well. Due to some simplifications adopted in the mathematical 
model, there are differences in the results of calculations and results 
from measurements, but they do not significantly change the results. 
The evident imperfection is the limited split of the fuel dose into parts. 

Table 1.	Qualitative evaluations of investigated parameters

Parameter Value range

Impact of test parameter on:

fuel dose [mg]
injection duration 

angle [°]
angle of start of 

injection [°]

Pause time �t�r�r���J�•�æ�{�r�r���J�• + + + + �æ���æ

Injection delay time �s�r�r���J�•�æ�{�r�r���J�• + + + + + + �æ���æ

Rail length (with spigot spacing 
changed proportionally) 

�s�x�r���•�•�æ�t�w�r���•�• �ª���æ �æ���æ +

Rail diameter �t���•�•�æ�t�r���•�• + + + �æ���æ + + +

Legend: 	 + + +	high impact

		  +	significant impact

		  + -	insignificant impact

		  - -	no impact
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In the current version of the program, only two parts can be made. In 
the trace of further work, the program and model should be adapted 
to current requirements and, using experimental results, empirical and 
computational models should be developed, taking into account both 
the possibility of dividing the injection into a larger number of parts 
and including a larger number of control parameters.
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1. Introduction

In traditional methods of estimating the parameters of the time-to-
failure distribution of a technical object or its components, a specific 
distribution class is assumed a priori. The purpose of this article is to 
present the results of a procedure to identify the best-fitting probabil-
ity distribution model for the time to failure of a renewable technical 
object using an aggregate criterion. The research concerns compo-

nents of currently operated rail vehicles of a uniform type that belong 
to a fleet maintained by the operator. Empirical data obtained during 
the operation of the vehicles are incomplete, since the vehicles were 
operational at the end of the data acquisition period. Thus, the authors 
did not have complete data on the times to failure of all components 
of the analysed vehicles. Therefore, it was necessary to use statistical 
methods taking account of censored data. Given a suitably prepared 
database of repairs to vehicles in the fleet, it is relatively easy to de-

SELECH J, ANDRZEjCZaK K. An aggregate criterion for selecting a distribution for times to failure of components of rail vehicles. Eksplo-
atacja i Niezawodnosc – Maintenance and Reliability 2020; 22 (1): 102–111, http://dx.doi.org/10.17531/ein.2020.1.12.

Jaros�aw SELECH
Karol ANDRZEjCZaK

AN aGGREGaTE CRITERION FOR SELECTING a DISTRIBUTION 
FOR TIMES TO FaILURE OF COMPONENTS OF RaIL VEHICLES

ZaGREGOWaNE KRYTERIUM WYBORU ROzK�aDU CzaSU 
DO USzKODzENIa ELEMENTÓW POJazDÓW SzYNOWYCH*

This paper presents an aggregate method of selecting a theoretical cumulative distribution function (CDF) for an empirical CDF. 
The method was intended to identify the time of reliable operation of a renewable technical object by applying three criteria based 
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�W�\�F�K���N�U�\�W�H�U�L�y�Z�����L�P���P�Q�L�H�M�V�]�D���Z�D�U�W�R���ü���G�O�D���G�D�Q�H�J�R���N�U�\�W�H�U�L�X�P���W�\�P���Z�\�*�V�]�D���S�R�]�\�F�M�D���Z���U�D�Q�N�L�Q�J�X�������Z�L�D�G��
�F�]���F�D���R���O�H�S�V�]�H�M���M�D�N�R���F�L���G�R�S�D�V�R�Z�D�Q�L�D���Z�H�G�á�X�J���G�D�Q�H�J�R���N�U�\�W�H�U�L�X�P�����3�R���X�V�W�D�O�H�Q�L�X���U�D�Q�N�L�Q�J�X���Z�H�G�á�X�J���N�U�\�W�H�U�L�y�Z���]�J�R�G�Q�R���F�L�����N�D�*�G�H�P�X���]��
�N�U�\�W�H�U�L�y�Z���]�J�R�G�Q�R���F�L���G�R�S�D�V�R�Z�D�Q�L�D���G�\�V�W�U�\�E�X�D�Q�W���P�R�G�H�O�R�Z�\�F�K���G�R���H�P�S�L�U�\�F�]�Q�H�M���Q�D�G�D�Q�R���Z�D�J�L�����1�D�V�W�
�S�Q�L�H���Q�D���S�R�G�V�W�D�Z�L�H���X�]�\�V�N�D�Q�\�F�K��
�W�U�]�H�F�K���U�D�Q�N�L�Q�J�y�Z���R�U�D�]���Z�D�J���Q�D�G�D�Q�\�F�K���S�R�V�]�F�]�H�J�y�O�Q�\�P���N�U�\�W�H�U�L�R�P���]�J�R�G�Q�R���F�L���Z�\�]�Q�D�F�]�D�Q�D���M�H�V�W���]�D�J�U�H�J�R�Z�D�Q�D���P�L�D�U�D���]�J�R�G�Q�R���F�L�����R�]�Q�D��
�F�]�R�Q�D���'�(�6�9������ �N�W�y�U�D���V�á�X�*�\�� �G�R���Z�\�]�Q�D�F�]�D�Q�L�D���Q�D�M�O�H�S�V�]�H�J�R���U�R�]�N�á�D�G�X���S�U�D�Z�G�R�S�R�G�R�E�L�H���V�W�Z�D���� �:�� �S�U�H�]�H�Q�W�R�Z�D�Q�H�M���P�H�W�R�G�]�L�H���S�U�]�\�M�
�W�R���� �*�H��
�Q�D�M�P�Q�L�H�M�V�]�D���Z�D�U�W�R���ü���'�(�6�9���Z�\�]�Q�D�F�]�D���Q�D�M�O�H�S�L�H�M���G�R�S�D�V�R�Z�D�Q�\���U�R�]�N�á�D�G���K�L�S�R�W�H�W�\�F�]�Q�\�����:���S�U�]�\�S�D�G�N�X���E�D�G�D�Q�H�J�R���H�O�H�P�H�Q�W�X���U�R�]�N�á�D�G�H�P��
�W�\�P���R�N�D�]�D�á���V�L�
���X�R�J�y�O�Q�L�R�Q�\���U�R�]�N�á�D�G���J�D�P�P�D�����3�R�N�D�]�D�Q�R�����*�H���Q�D���S�R�G�V�W�D�Z�L�H���]�D�J�U�H�J�R�Z�D�Q�H�J�R���N�U�\�W�H�U�L�X�P���X�Z�]�J�O�
�G�Q�L�D�M���F�H�J�R���W�U�]�\���V�W�D�W�\�V�W�\�N�L��
�]�J�R�G�Q�R���F�L���G�R�S�D�V�R�Z�D�Q�L�D���]�Z�L�
�N�V�]�D���V�L�
���Z�L�D�U�\�J�R�G�Q�R���ü���H�V�W�\�P�D�F�M�L���U�R�]�N�á�D�G�X���F�]�D�V�X���S�U�D�F�\���G�R���X�V�]�N�R�G�]�H�Q�L�D�����X�Q�L�N�D�M���F���W�\�P���V�D�P�\�P���E�á�
�G�y�Z��
�M�D�N�L�H���P�R�*�Q�D���S�R�S�H�á�Q�L�ü���X�]�D�O�H�*�Q�L�D�M���F���V�L�
���W�\�O�N�R���R�G���M�H�G�Q�H�M���]���Q�L�F�K��

�6�á�R�Z�D���N�O�X�F�]�R�Z�H��	�F�]�D�V���G�R���X�V�]�N�R�G�]�H�Q�L�D�����H�V�W�\�P�D�F�M�D���U�R�]�N�á�D�G�X���S�U�D�Z�G�R�S�R�G�R�E�L�H���V�W�Z�D�����Q�L�H�]�D�Z�R�G�Q�R���ü���S�R�M�D�]�G�y�Z��
szynowych.
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Table 1. Density functions and parameters to be estimated

Distribution model Probability density function Distribution parameters

Exponential f t e tt; , ,� O � O �O�O� � � ��  � t�!�� 0 0 1
�O

 – scale parameter

Two-parameter 
exponential

f t e tt; , , ,� O � J� O � J�O� O � J� � � ��  � t�!� � � �� � � � 0
1
�O

 – scale parameter 

�� – location parameter

Normal f t e t

t

; , , , ,� P � V
�V

� P � V

�P
�V� � � ��  � •� • � !

��
���§

�©
�¨

�·
�¹
�¸1

2
0

1
2

2

�S
� � � �

�� – expected value
�1 – standard deviation 

Lognormal f t
t

e t

t

; , , , ,

ln

� c � c
�c

� c � c� � � �� 
�˜

� ! � •�!
��

� � � ����§

�©
�¨

�·

�¹
�¸

�c

�c� P � V
� V � S

� P � V

�P

�V1

2
0 0

1
2

2

� � � I
 

���
 – expected value of normally 
distributed ln T
�1�
 – standard deviation of ln T

Two-parameter 
Weibull f t

t
e t

t

; , , , ,� E � K
�E
� K � K

� E � K
�E

�K

�E

� � � ��  � ˜
�§

�©
�¨

�·

�¹
�¸ � ˜ � t� ! � !

�� ��
�§

�©
�¨

�·

�¹
�¸1

0 0 0
 

�� – scale parameter
�� – shape parameter 

Three-parameter 
Weibull f t

t
e t

t

; , , , , , ,� E � K�J
�E
�K

�J
�K

� J � E� K � J
�E �J

�K

�E

� � � �� 
���§

�©
�¨

�·

�¹
�¸ � t � !� ! � •

�� ��
���§

�©
�¨

�·

�¹
�¸1

0 0 ��

�� – scale parameter
�� – shape parameter 
����– location parameter

Gamma f t
t t

t
t; ,

exp (ln ) exp ln
; , ,� P � N

� N � P�P

�N
� P � N� � � �� 

� � � �� � � � � � � ���� � � �� � � �
� � � �

� ! � •�!
�*

0 0��
e�P – scale parameter 

�H – shape parameter

Generalised gamma

f t
t

e

t

; , , ,� T � E�N
�E
� N � T�T

�N�E
�T

�E

� � � �� 
� � � ��˜

� �̃§

�©
�¨

�·

�¹
�¸ �˜

�� ���§
�©
�¨

�·
�¹
�¸

�*

1

 

� T � E�N� ! � !�!0 0 0, ,
 

Reparameterisation:  � P � T
�E

� � � � ��� �§

�©
�¨

�·

�¹
�¸ln ln

1 1
2

;  �V
� E � N

� 
1

;  
1

�K
� 

 

f t
t

t

; , ,

exp

ln
ln exp

l

� P � V�O
�V

�P
�V�O

�O
�O

� � � �� 
�˜

�˜
�§

�©
�¨

�·

�¹
�¸

�˜

� � � ���
��

�§

�©
�¨�¨

�·

�¹
�¸�¸��1

1

1

2

2

�*

nn

exp
ln

t

if

t

t

� � � ����§

�©
�¨

�·

�¹
�¸

�ª

�¬

�«
�«
�«
�«
�«

�º

�¼

�»
�»
�»
�»
�»

�˜
��

� � � ����§

�©
�¨

�!

�P
�V

� V � S

�P

�V

�O
�O

2
0

1

2

1
2

�·�·

�¹
�¸

�§

�©

�¨
�¨

�·

�¹

�¸
�¸

�­

�®

�°
�°
�°
�°�°

�¯

�°
�°
�°
�°
�°

� 
2

0if �O

t � t � •� t � !0 0 0, , , ,� P � O�V� � � I   

�E – scale parameter  
�� – shape parameter
�H – shape parameter

Logistic f t

t

t
t; ,

exp

exp

, , ,� P � V

�P
�V

�V
�P

�V

� P � V� � � �� 

���§
�©
�¨

�·
�¹
�¸

��
���§

�©
�¨

�·
�¹
�¸

�§

�©
�¨

�·

�¹
�¸

� • � •

1
2

� � � I� I � ��I �!�! 0 �1��– scale parameter
�� – location parameter

Loglogistic

 

f t

t

t
t

t; ,

exp
ln

exp
ln

,� P � V

�P
�V

�V
�P

�V

� � � �� 

� � � ����§

�©
�¨

�·

�¹
�¸

��
� � � ����§

�©
�¨

�·

�¹
�¸

�§

�©
�¨�¨

�·

�¹
�¸�¸1
2

�!� ! � •�!0 0, ,� P � V� � � I

 

�����± scale parameter
�1���± shape parameter

Gumbel f t
t t

; , exp ,� P � V
�V

�P
�V

�P
�V

�V� � � �� 
���§

�©
�¨

�·

�¹
�¸��

���§

�©
�¨

�·

�¹
�¸

�§

�©
�¨

�·

�¹
�¸ �!

1
0exp �� – location parameter

�1 – scale parameter
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termine basic reliability characteristics of failed components [25]. 
However, the selection of a good criterion for the fit of a distribution 
of times to failure of the components becomes an issue. This problem 
is the subject of the research presented in this paper, which concerns 
the use of an aggregate criterion for determining the best-fitting time-
to-failure distributions for selected components of a rail vehicle [33]. 
The research results are presented in the form of a ranking of the fit of 
selected families of distributions based on the aggregate criterion.

In the study of technical objects, different probability distribu-
tion families are used as models of time to failure [17]. The most com-
monly used distributions in Life Data Analysis (LDA) are the normal, 
exponential and Weibull distributions [19, 10]. In this study, apart 
from the aforementioned distributions, the authors also verified the 
possibility of using other, less common distributions, whose goodness 
of fit to the empirical data proved superior in many cases to the more 
common distributions. These are the lognormal, gamma, generalised 
gamma, logistic, loglogistic and Gumbel distributions [22]. The den-
sity functions of these distributions and their parameters are listed in 
Table 1. In the case of the generalised gamma distribution, for 
easier parameter estimation, the density function is also given 
in reparameterised form [20].

The parameters of these distributions can be estimated 
using analytical, numerical and graphical methods [16, 26, 
29]. The most commonly used methods include the method of 
moments, Maximum Likelihood Estimation, the least squares 
method, the method of probability plotting, and the probability 
plot correlation coefficient (PPCC) method [1, 38, 32]. In en-
gineering practice, the most commonly used are numerical and 
graphic methods executed with specialised IT tools [12, 39]. 
Based on the operational data and selection of the estimation 
method, parameters (shape, scale, location) are estimated for 
selected families of probability distributions [28, 37]. Having 
estimated various distributions, it is possible to indicate which 
of them is the best fitted to the empirical data in the sense of the 
lowest sum of squares of deviations.

The proposed methodology for identifying the time to 
failure of a selected vehicle component uses all available data on 
times (mileages) between failures of the component in all vehicles of 
the analysed fleet. This includes the case where the component was 
operational at the time when data acquisition was ended; the time to 
failure of such a component is said to be right-censored. A method of 
preparing statistical data based on the operational database has been 
developed in the articles [3, 2]. 

Instead of the traditional single-criterion selection of the best-
fitting family of probability distributions, the authors propose to use 
an aggregate criterion that includes three measures of the fit of theo-
retical distributions. This criterion takes into account a ranking of the 
fit of individual probabilistic models to the empirical data, including 
right-censored operational data for the vehicle fleet. 

In the aggregate method, the choice of a distribution is preceded 
by a ranking of distributions for three goodness-of-fit criteria. The 
parameters of selected distribution families were estimated using the 
Weibull++ Distribution Wizard module, which – after performing the 
appropriate calculations – ranks the distributions starting from that 
with the highest goodness of fit. However, before the fit of the dis-
tributions is examined, the CDF or reliability function of the empiri-
cal distribution is determined by the Kaplan–Meier method, and then 
the parameters of the theoretical distributions are determined by the 
method of Maximum Likelihood Estimation (MLE).

The next step is to determine the statistics of the goodness of 

fit of the theoretical CDFs to the empirical CDF, denoted nF . On 
this basis, a ranking is made of eleven distributions, listed in Table 
1, that are used in the survival analysis [18, 30]. Provided that the as-
sumptions are met, the rankings of distributions by goodness of fit are 

compiled independently according to three criteria, using the modi-
fied Kolmogorov–Smirnov (MK-S) statistic, the statistic of the mean 
absolute deviation of the theoretical CDF from the empirical CDF, 
and the value of the log-likelihood function [23]. 

The final ranking of distributions is based on the rankings ob-
tained using these three criteria, taking into account the weights as-
signed to each of them. After assigning weights to the criteria, the 
final Distribution Estimation Values (DESV) are calculated, indicat-
ing the best-fitting distribution according to the aggregate criterion. 
The scheme of successive calculation steps in the aggregate method 
of ranking distributions is shown in Fig. 1. 

According to this scheme, in the first step, based on the obtained 
data and analysing the length of the observation time (right-censored), 
the survival function parameters were estimated with the Kaplan–
Meier estimator and an empirical CDF was determined [7]. Then, to 
determine the parameters of the eleven theoretical distributions listed 
in Table 1, the method of Maximum Likelihood Estimation was used 
[15, 11]. 

In the second step, for each of the eleven distributions, the good-
ness-of-fit statistics are used to test the null hypothesis:

	 0 :  ~H T F 	 (1)

stating that the time to failure T  of the analysed vehicle component 
has a probability distribution with the CDF F  with the estimated 
parameters. This evaluation is based on a random sample 1 2, , , nT T T�}  
concerning times to failure of the component. In this paper, the times 
to failure of the examined component are expressed in terms of kilo-
metres travelled, as in the paper [2].

2. Criteria for ranking theoretical distributions

Among the applied goodness-of-fit criteria, a particular role is 
played by the modified Kolmogorov–Smirnov statistic (AVGOF, av-
erage goodness of fit), which evaluates the statistical difference be-
tween the values of the empirical and theoretical CDFs. The particular 
role of this statistic results from the fact that it is highly sensitive to 
local deviations. In addition, it can be used even with a small amount 
of data and with unknown parameters of the theoretical distribution. 
The use of the MK-S statistic is therefore necessary when the param-
eters of the tested distributions need to be estimated. 

Because the distributions of MK-S statistics depend on a theo-
retical distribution family whose parameters are estimated, a critical 
value, at which the null hypothesis is rejected, is determined for each 
distribution [30]. Analytical determination of the critical value is of-
ten difficult or even impossible, and hence it is obtained using the 
Monte Carlo method [6, 18]. 

�)�L�J�����������$�J�J�U�H�J�D�W�H���F�U�L�W�H�U�L�R�Q���I�R�U���U�D�Q�N�L�Q�J���G�L�V�W�U�L�E�X�W�L�R�Q�V
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where:
n  is sample size;

( )n iF t  are values of the empirical CDF;

�� ��iF t  are values of the theoretical CDF.

This criterion, unlike the MK-S criterion, is not sensitive to local 
deviations, but takes into account the global difference of the distribu-
tions and is a good complement to the MK-S criterion. 

For the third criterion for testing the fit of distributions, the likeli-
hood function (LKV, Likelihood Value Test) was used as a measure of 
the fit of a probabilistic model to empirical data. The log value of the 
likelihood function (LKV) is calculated for empirical data [27, 14]. 
The likelihood function���/ depends on the random sample 1 2, , , nT T T�}  
and on parameters �Tj  for which it takes maximum values. The gen-
eral form of the likelihood function is given by the formula [33, 30]: 

	 � / � 7T T f T� N � Q
i

n

� L � N� T � T� T � T� T � T1 2 1 2
1

1 2, , , , , ; , , ,,� } � }� � � ��  � }� � � �
� 
�– 	 (8)

where:
n  is the number of failed components;

�N is the number of parameters;
�Tj � M � N, , , ,�  � }1 2  is the j-th parameter of the distribution;

, 1, 2, ,iT i n�  � } is the time to failure of the i-th component.

In the case under consideration, the function was expanded to in-
clude factors taking account of right-censored data. The log-likelihood 
function is the sum of logarithms of probability density for particular 
lifetimes of the analysed component [18, 30]:

�/ � T � T� T � T� T � T � T � T1 2 1 2 1 2
1

1 2, , , ln , , , , , , ln ; , ,�}� � � ��  � }�}� � � ��  � }
� 
�¦� N � Nn
i

n

i� / � 7T T f T ,,�T�N� � � �
	

(9)

where:
�/ is the likelihood function;
n  is the number of failed components;

f t
t

e t

t

; , , , ,

ln

� c � c
�c

� c � c� � � �� 
�˜

� ! � •�!
��

� � � ����§

�©
�¨

�·

�¹
�¸

�c

�c� P � V
� V � S

� P � V

�P

�V1

2
0 0

1
2

2

� � � I

 is the j-th parameter of the distribution;

T i ni , , , ,�  � }1 2  is the time to failure of the i-th component.

Values of estimators of the unknown parameters � T � T�T1 2, , ,�} �N 
are determined by maximising the log-likelihood function 
�/ � T � T�T1 2, , ,�}� � � ��N   . A necessary condition for the existence of an ex-
tremum of this function is that all of its partial derivatives take the 
value 0.

To determine the estimators of the unknown parameters, partial 

derivatives 
� w � }� � � �

�w

�/ � T � T�T

�T
1 2, , , �N

j
���R�I���W�K�H���I�X�Q�F�W�L�R�Q�������D�U�H���G�H�W�H�U�P�L�Q�H�G���Z�L�W�K��

respect to the parameters �Tj , 1, 2, ,� M� N�  � }. To estimate the param-

eters, each partial derivative should be equated to zero and �N equa-
tions should be solved:

	

� w � }� � � �
�w

� 
�/ � T � T�T

�T
1 2

1
0

, , , �N

	
	 �}�}�} 	 (10)

	

� w � }� � � �
�w

� 
�/ � T � T�T

�T
1 2 0
, , , �N

�N 	

The MK-S statistic used to test the fit of a theoretical distribu-
tion to the empirical distribution uses the statistic maxD , defined as 
the maximum of the absolute difference between the value of the em-
pirical CDF �� ��nF t  and a matched theoretical CDF �� ��F t , and given 
by the formula [18]:

	 �� ��
1
max ( )max n i i

i n
D F t F t

� d � d
�  � �	 (2)

where:

maxD  is the value of the statistic;
n  is the sample size;

( ) n iF t is the value of the empirical CDF;

�� ��iF t  is the value of the theoretical CDF.

The critical value �&�5�,�7D  in the modified Kolmogorov–Smirnov 
statistic is determined by the Monte Carlo method, as already men-
tioned, due to the difficulty of the calculations.

The MK-S statistic is used to determine the probability of rejection 
of the null hypothesis, i.e. the probability of the event �&�5�,�7 �P�D�[D D�� . 
Hence, in the case of the first criterion, the basis for ordering theoreti-
cal distributions is the probability: 

	 �� ��P �&�5�,�7 �P�D�[D D�� 	 (3)

The higher the value of the statistic maxD , the more significant 
is the difference between the theoretical distribution defined by the 
CDF F  and the empirical distribution with the CDF nF . Because 
the critical value �&�5�,�7D  is determined by the Monte Carlo method 
through m -tuple generation of n  time-to-failure values 1 2, ,s s snt t t�} , 
 for which simulation CDFs �� ��, 1, 2, ,s siF t s m�  � } are created, and 
maximum differences with the values of the theoretical CDF are de-
termined for each of these:

	 d F t F t s mmax s
s m

s si si, ( ) , , , ,�  � �� � � ��  � }
� d � d
max

1
1 2  	 (4)

the critical value �&�5�,�7D  is estimated as the arithmetic mean �&�5�,�7d  
defined by the formula [6]: 

	 �n
,

1

1 m

�&�5�,�7 �&�5�,�7 �P�D�[ �V
s

D d d
m � 

�  �  �¦ 	 (5)

Finally, in the MK-S criterion for the goodness of fit of distribu-
tions we assume: 

	 �� �� �� ��AVGOF , 100 P�Q �&�5�,�7 �P�D�[F F d D�  � ˜ � �	 (6)

Large values of AVGOF , close to 100, indicate that there is a 
significant difference between the theoretical distribution and the em-
pirical data. Hence, the lower the value of the statistic AVGOF , the 
better the fit of the theoretical distribution. 

In the case of the second goodness-of-fit criterion, the mean abso-
lute deviation of the theoretical CDF from the empirical CDF is exam-
ined, and the statistic used to assess goodness of fit, denoted AVPLOT 
(average plot fit), is determined according to the formula: 

	 AVPLOT F F
n

F t F tn
i

n

n i i, | ( ) |� � � ��  � �� � � �
� 
�¦100

1

1

               (7)
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In the last step, on the basis of each of the three goodness-of-fit 
criteria for all 11 distributions, ranks are assigned from the best-fit-
ting to the worst-fitting theoretical distribution. Thus, the theoretical 
distributions are ordered separately for each criterion by assigning 
them successive natural numbers. Finally, based on the three rank-
ings obtained and the weights assigned to the individual criteria, the 
aggregate criterion DESV is determined. This measure, for the i-th 
theoretical CDF (Fi ), is given by formula (11):

DESV(Fi ) = RAVGOF(Fi ���Â�:�$�9�*�2�)�����5�$�9�3�/�2�7��Fi �����Â���:�$�9�3�/�2�7����
RLKV(F i �����Â���:�/�.�9	 ��������

where:

�� ��RAVGOF iF
	
 denotes the rank of the distribution  iF  by the 

AVGOF  criterion;

�� ��RAVPLOT iF  denotes the rank of the distribution iF  by the 

AVPLOT  criterion;

�� ��RLKV iF 		   denotes the rank of the distribution iF  by the  

LKV  criterion;

WAVGOF 		   denotes the weight of the AVGOF  criterion;

WAVPLOT 		   denotes the weight of the AVPLOT  criterion;

WLKV 			    denotes the weight of the LKV  criterion.

The aggregate criterion DESV  is therefore a weighted average 
of the individual ranks of theoretical distributions. After calculating 
the DESV value for the particular theoretical distributions, their final 
ranking is determined. The distribution with the lowest DESV value 
is identified as the best-fitting according to the aggregate criterion, 
and is assigned the number 1 in the ranking. The aggregate criterion 
is used to make the final selection of the distribution that best fits the 
empirical data among the theoretical distributions considered. 

3. Subject of study

The aggregate criterion for ranking distributions of times to fail-
ure of selected vehicle components was applied based on operational 
data from a fleet of 45 urban rail vehicles of the same type, namely 
five-section low-floor Tramino S105P trams with total weight 42.5 
tonnes and length approximately 32 metres. These are articulated, 
single-compartment vehicles. The tram can carry a maximum of 229 
passengers, including 48 seated. The operational data covered the ini-
tial five years of use of the fleet, including two years covered by the 
warranty and three subsequent years under a maintenance contract 

[31, 9]. All trams were used in similar operating conditions, i.e. the 
same track infrastructure, similar daily and annual times of travel, and 
the same schedule and scope of (preventive) maintenance. 

From the database of failures in trams of the fleet under investi-
gation, the lock of the driver’s cab door was selected for testing of the 
time-to-failure distribution. This component failed 54 times during 
the first five years of operation, and generated 0.52% of all correc-
tive maintenance costs [5]. The lock is mounted on the door between 
the passenger space and the driver’s cab. To open the driver’s cab 
door from the outside, the lock has to be opened mechanically with a 
special key. It was the bolting part of the lock that failed, becoming 
blocked and thus preventing the driver from opening the door and en-
tering the cab. Depending on where the failure occurred, it was neces-
sary to call the emergency maintenance service or to open the door us-
ing force, damaging the strike plate structure. On each such occasion 
the damaged lock was replaced with a new one. The cause of failure 
of the lock was excessive wear of the internal mechanism responsible 
for bolt extension, caused by a poorly selected construction material, 
as a result of which the lock stuck and sometimes prevented removal 
of the inserted key. A photograph of the lock is shown in Fig. 3. 

4. Empirical data

The process of tram operation is a valuable source of in-
formation serving to assess the required reliability parameters 
and to forecast maintenance costs. Operational information 
should be taken to include all data on events occurring during 
the operation and maintenance of trams [13]. These data play a 
key role in the planning and day-to-day management of vehicle 
fleet operation and maintenance, as well as in improving vehicle 
technology and construction [4, 35]. Operational information 
plays a particularly important role for operating companies, as 
it enables the proper planning of costs of operation, inspections 
and repairs, as well as assessment of the use of the means of 
transport [24, 34].

Before proceeding to the estimation of the parameters of 
probabilistic models of times to failure of selected vehicle com-
ponents, the operational data should be appropriately prepared. 
For the investigated fleet of trams, operational data regarding 
individual vehicle components is right-censored of type I, which 
means that for a fixed period of use of the tram fleet the lock 

�)�L�J�����������7�U�D�P�L�Q�R���6�������3���W�U�D�P

�)�L�J�����������'�U�L�Y�H�U�¶�V���F�D�E���G�R�R�U���O�R�F�N
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failed and was replaced only in some vehicles, while in some vehi-
cles it was replaced multiple times. Because the research concerns 
vehicles that are operated intensively, times to failure of individual 
components are expressed in kilometres. The time at which each 
vehicle comes into operation is known, and tram mileages at which 

components fail are recorded [33, 2]. The mileage of trams is used 
to determine the mileage of components at failure. The method of 
determining the mileage of failed vehicle components is presented in 
the paper [3]. 

Table 2.	Right-censored times to failure of the lock in 5 years of operation

Dist. travelled [km] F/S      Dist. travelled [km] F/S     Dist. travelled [km] F/S     Dist. travelled [km] F/S

174,124 F 256,382 F 114,128 S 67,733 F

196,837 S 144,819 S 135,078 F 300,557 S

317,275 S 223,684 F 136,600 F 103,378 F

292,525 F 46,217 F 97,832 S 177,506 F

112,431 S 43,897 S 377,101 S 23,153 S

196,218 F 155,522 F 93,585 F 242,544 F

1,910 F 201,423 S 238,103 S 89,047 S

93,529 S 119,376 F 285,538 F 125,785 F

334,484 S 198,190 S 43,117 S 58,407 F

366,935 F 368,449 S 221,226 F 117,646 S

28,826 S 340,330 F 117,701 S 202,396 F

191,367 F 58,964 S 28,934 F 127,143 S

21,117 F 193,641 F 135,673 F 287,695 F

135,831 S 155,920 S 155,828 S 53,863 S

348,956 F 206,246 F 92,594 F 174,580 F

38,020 S 144,352 S 197,981 S 139,571 S

188,493 F 371,800 S 148,840 F 210,775 F

70,534 F 22,482 F 27,858 F 102,038 S

102,343 S 139,974 F 107,491 F 131,537 F

340,236 F 39,840 F 52,280 S 126,738 F

52,022 S 127,333 F 250,370 S 83,497 S

115,592 F 21,021 S 282,989 F 176,928 F

79,071 F 376,601 S 77,834 S 81,021 F

72,135 F 354,513 S 86,028 F 103,807 S

105,552 S 203,105 F 226,082 S - -

Table 3.	Estimated parameters of tested distributions

1P-Exponential 2P-Exponential Normal Lognormal

�I = 3.413E-06 �I = 3.937E-06 �J = 218,279.5 �J�9 = 12.184

�@ = 21.117 �P = 115,461.8 �P�9 = 0.819

2P-Weibull 3P-Weibull Gamma G-Gamma

�� = 1.745 ����= 1.885 �J = 11.53 �J = 12.415

�D = 255,316.9 �D = 266,209.6 �H��= 2.307 �P = 0.605

�@���±���«�s�r�á�u�r�r�ä�s�t �I��= 0.857

Logistic Loglogistic Gumbel

�J = 211,755.9 �J = 12.198 �J = 274,770.6

�P = 68,491.7 �P = 0.447 �P = 104,341.5

F – failure, S – survival

ˆˆ

ˆ ˆ

ˆˆ

ˆ

ˆ ˆ ˆ

ˆˆ

ˆ ˆ

ˆˆ

ˆ

ˆˆ

ˆ

ˆ ˆˆ
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Suitably prepared data are summarised in Table 2. They contain 
the exact time to failure of the tested component (the driver’s cab lock) 
from the fleet of 45 trams under observation, expressed in kilometres 
and marked as F (failure), and the survival time of other locks that did 
not fail, marked as S (survival), also expressed as a number of kilo-
metres travelled until the observations ended. At the time of the end 
of observations, the locks in all 45 vehicles were functional, although 
many of them had been replaced due to failure. Because the main rea-
son for the replacement of locks is failure in the opening mechanism, 
all failures of this type were classified as mechanical failure.

Based on the data in Table 2, parameters were estimated for 11 
theoretical distributions. The results of estimation for all examined 
distributions are given in tabular form (Table 3).

5. Identification of the best-fitting probability distribu -
tion

To select the best-fitting theoretical distribution out of the 11 con-
sidered, the aggregate ranking criterion described in section 2 was 
used. In determining the ranking of distributions, first the parameters 
of the theoretical distributions were estimated, and then the distribu-
tions were ranked based on the three criteria described. The results of 
this ranking procedure are summarised in Table 4. 

The first column contains the name of the probability distribution. 
The second contains the values of the Kolmogorov–Smirnov AVGOF 
statistic – the probability of rejection of the working hypothesis for the 
MK-S statistic. The third column (AVPLOT) gives the mean absolute 
deviation of the theoretical CDF from the empirical CDF. The fourth 
column (LKV) gives the measures of goodness of fit determined using 
the log-likelihood criterion [8, 36, 21]. 

After calculating the goodness-of-fit statistics for the three criteria 
and ranking the probability distributions, the next step was to assign 
weights to the criteria. In this study, the default values of weights se-
lected by the software manufacturer were used. These are determined 
on the basis of engineering practice, resulting from many analyses 
conducted in industrial applications. Using the weights assigned to 
each criterion, the weighted average was calculated for the ranks ob-
tained using the individual criteria. Finally, using the described DESV 
aggregate criterion, the final ranking of the eleven theoretical distribu-
tions was obtained. Weibull++ software was used for the estimation 
of parameters of the theoretical distributions and for constructing their 
rankings. For the analysed data, the following weights were assigned 
to the criteria: 40 for AVGOF, 10 for AVPLOT and 50 for LKV. After 
calculating the DESV value, the final ranking of distributions was de-
termined (Table 5). The distribution with the lowest DESV value was 

identified as the best-fitting according to the aggregate criterion, and 
was assigned number 1 in the ranking. As shown in Table 5, the lowest 
value of the DESV statistic was obtained for the generalised gamma 
distribution. It was calculated from formula (11) as follows: 

	 �� �� �� �� �� ��DESV 2 40 2 10 1 50 150�  � u � � � u � � � u �  	 (12)

Thus, for the data contained in Table 2 regarding lock failures 
during five years of operation of the tram fleet, using the developed 
aggregate criterion, the generalised gamma distribution was identified 
as the best-fitting. This is reflected in the last column of Table 5. 

The estimated parameters ��, �1, �� for the reparameterised form 
of this distribution took the following values: �� =12.415; �1 =0.6058;  
�� =0.8572. The calculated rate of failure of the lock was  
0.000000617/km, and the average time to failure was 229,623 km.

To illustrate how the selected distribution matches the data, in 
Fig. 4 the data are presented on a probability plot of the generalised 
gamma distribution. The following figures show the reliability func-
tion (Fig. 5), the probability density function (Fig. 6) and a histogram 
of numbers of failures (Fig. 7). 

In Fig. 4 the blue line represents the modelled probability of fail-
ure according to the generalised gamma distribution, and the red lines 
mark a two-sided 95% confidence interval. The reliability function 
graph (Fig. 5) shows the change in the reliability value over time, ex-
pressed as distance travelled in kilometres, indicating the trend in the 
behaviour of the tested component in terms of failures. The graph of 
the failure probability density function provides a visualisation of the 
distribution of data over time (Fig. 6). The histogram (Fig. 7) shows 
that a relatively large proportion of the failures occurred between 
50,000 and 200,000 km.

The graphical presentation of the estimated functional character-
istics (reliability, probability density) and the histogram of numbers of 
failures can be used to determine more easily the failure mode. This 
information is important when forecasting failures and determining 
the future cost of corrective maintenance resulting from them.

The presented analysis of the time to failure of the driver’s cab 
lock shows that the best-fitting distribution, according to the aggre-
gate criterion, is the generalised gamma distribution. It should also 
be noted that with successive failures, the aggregate method may in-
dicate a different distribution as the best-fitting, because new data, 
especially if the quantity is large relative to that previously analysed, 
may follow a different model. In this situation, analysis of the plot of 
the probability distribution is very useful for pre-evaluating the fit of 
a selected theoretical model to the appropriate case.

Table 4.	Results of individual statistics for the data in Table 1

Distribution AVGOF AVPLOT LKV

1P-Exponential 80.740 7.599 -720.16

2P-Exponential 55.253 5.666 -712.58

Normal 30.946 4.178 -715.65

Lognormal 14.276 2.790 -711.82

2P-Weibull 1.034 1.709 -709.71

3P-Weibull 2.396 1.870 -710.23

Gamma 0.045 1.585 -709.78

G-Gamma 0.289 1.589 -709.66

Logistic 36.386 3.730 -717.34

Loglogistic 1.716 1.768 -710.49

Gumbel 84.250 6.355 -723.73

Table 5.	Weighted average values and ranking of distributions

Distribution AVGOF AVPLOT LKV DESV Ranking

1P-Exponential 10 11 10 1010 9

2P-Exponential 9 9 7 800 7

Normal 7 8 8 760 6

Lognormal 6 6 6 600 5

2P-Weibull 3 3 2 250 3

3P-Weibull 5 5 4 450 4

Gamma 1 1 3 200 2

G-Gamma 2 2 1 150 1

Logistic 8 7 9 840 8

Loglogistic 4 4 5 450 4

Gumbel 11 10 11 1090 10

ˆ
ˆ ˆ
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When analysing failure data using an aggregate method, it has 
to be remembered that sometimes none of the statistical distribution 
models match the analysed data. In this case, the best of the worst 
solutions is obtained, which may poorly fit the data. In other cases, 
in which many models may be well matched to the empirical data, 
statistics alone are not enough; in such cases knowledge of the fail-
ure mechanism can be invaluable when selecting the most appropri-
ate theoretical model. It is important to remember that, although the 
aggregate method applied to small samples will also rank selected 

probability distributions depending on the number of parameters in 
a particular theoretical distribution, using it in such cases comes with 
a high level of uncertainty, and it is only recommended for use with 
larger data sets.

It should also be borne in mind that the two-parameter exponen-
tial distribution, the three-parameter Weibull distribution and the gen-
eralised gamma distribution contain a location parameter, a change 
in which causes a shift of the CDF and probability distribution func-
tion without changing their shape. On the other hand, the generalised 
gamma distribution is a complex model that can easily mimic many 
other distributions, and therefore often seems to be the best fitted to 
the analysed data. 

When analysing data on probability plots, it can often be stated 
that they reflect more than one type of failure (e.g. fatigue, opera-
tional, construction, technological, etc.). In this case, all distributions 
ordered according to the aggregate selection method may turn out to 
be mismatched, because the developed method can only be used for 
a homogeneous type of failure of the examined component. In such 
situations, it is advisable to consider the possibility of using a mixture 
of distributions, e.g. a combination of two Weibull distributions.

6. Conclusions

The results obtained constitute an important argument for the pos-
sibility of using the proposed aggregate method of selecting a theo-
retical distribution for empirical data. By taking into account three 
criteria for assessing the accuracy of the fit, mistakes resulting from 
the use of only one of them can be avoided. 

The use of only one criterion defining the quality of the fit of a 
theoretical to an empirical CDF may often prove insufficient, as it de-
pends on many variables: mainly on the quantity of data and whether 
the data are full or censored, but primarily on the type of failure.

The aggregate method of identifying a theoretical distribution, 
taking into account three criteria, is a general method and has wide 
application, provided that the appropriate conditions are met: the 
number of observations must be large enough, and should contain 
accurate data on times to failure or to the end of observations. The 
modified K-S statistic (AVGOV) is sensitive to local deviations. On 
the other hand, the mean absolute deviation of the theoretical CDF 
from the empirical CDF (AVPLOT) is not so sensitive to local devia-
tions; it takes into account the global difference of distributions, and 
is a good complement to the MK-S criterion. For the third criterion, 
the logarithm of the likelihood function (LKV), the size of the sample 
is important, because for small samples the value obtained may be 
strongly biased. 

The benefits resulting from the correct selection of a random 
variable distribution for the time to failure of a renewable technical 

�)�L�J���� ������ �3�U�H�V�H�Q�W�D�W�L�R�Q�� �R�I�� �G�D�W�D�� �R�Q�� �D�� �S�U�R�E�D�E�L�O�L�W�\�� �S�O�R�W�� �R�I�� �W�K�H�� �J�H�Q�H�U�D�O�L�V�H�G�� �J�D�P�P�D��
distribution

�)�L�J�����������5�H�O�L�D�E�L�O�L�W�\���I�X�Q�F�W�L�R�Q

�)�L�J�����������3�U�R�E�D�E�L�O�L�W�\���G�H�Q�V�L�W�\���I�X�Q�F�W�L�R�Q

Fig. 7. Histogram
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object (a rail vehicle) are significant, among others due to the costs 
generated by failing to utilise fully the potential lifetime of the com-
ponent, as well as losses resulting from unplanned corrective mainte-
nance and vehicle downtime.

�7�K�H���U�H�V�H�D�U�F�K���Z�D�V���I�L�Q�D�Q�F�H�G���I�U�R�P���W�K�H���I�R�O�O�R�Z�L�Q�J���I�X�Q�G�V�����3�8�7��������������
�6�%�$�'�������������D�Q�G���������������6�%�$�'������������
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1. Introduction

The assessment of the reliability of modern industrial systems 
has to take into account various system characters since systems are 
becoming increasingly large and complex. As an example, reliability 
models have to take into account characteristics such as dynamic be-
havior [32], multiple failure mechanisms [10], components dependent 
relationships, uncertainties, etc. [15, 18]. Several conventional combi-
natorial methods have been developed and proved to be effective tools 
for system reliability modelling and assessment, including reliability 
block diagram (RBD), fault tree analysis (FTA) [12], Markov chains, 
Bayesian network [11, 23], etc. Nevertheless, when considering mod-
el performance, computational efficiency and executive complexity, 
these traditional models present advantages, but also serious limita-
tions [3]: (i) Static fault tree and RBD model can map system com-

ponents to events, but fail to capture the dynamic behavior; dynamic 
fault tree models are needed to model time-dependent behaviors, in-
creasing significantly the complexity of the investigated model. (ii) 
Markov chain can deal with dynamic behavior, but it is limited to 
exponential distribution for failure behaviors. Markov chain is also 
faced with state space exponential explosion problems when applied 
to systems of large size, Because Markov chain method consider all 
relationships among parent nodes, children nodes, and even sharing 
nodes. (iii) Due to conditional independence assumptions between 
the random variables and dependence separation among the nodes in 
Bayesian network, a child node in a Bayesian network is only affected 
by a limited number of parent nodes [11, 12]. (iv) Otherwise, Bayes-
ian networks provide a powerful capability of probability reasoning, 
dynamic behavior modeling and multi-model synthesis [23]. These 
advantages prompt Bayesian network to be a widely used method in 
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IMPORTANCE MEASURE OF PROBABiLiSTiC COMMON CAUSE FAiLURES 
UNDER SYSTEM HYBRiD UNCERTAiNTY BASED ON BAYESiAN NETWORK

OPARTA NA SiECi BAYESOWSKiEJ MiARA WA�NO�Ci PROBABiLiSTYCZNYCH 
USZKODZE� SPOWODOWANYCH WSPÓLN� PRZYCZYN� 
W WARUNKACH NiEPEWNO�Ci HYBRYDOWEJ SYSTEMU

When dealing with modern complex systems, the relationship existing between components can lead to the appearance of various 
dependencies between component failures, where multiple items of the system fail simultaneously in unpredictable fashions. These 
�S�U�R�E�D�E�L�O�L�V�W�L�F���F�R�P�P�R�Q���F�D�X�V�H���I�D�L�O�X�U�H�V���D	ü�H�F�W���J�U�H�D�W�O�\���W�K�H���S�H�U�I�R�U�P�D�Q�F�H���R�I���W�K�H�V�H���F�U�L�W�L�F�D�O���V�\�V�W�H�P�V�����,�Q���W�K�L�V���S�D�S�H�U���D���Q�R�Y�H�O���P�H�W�K�R�G�R�O�R�J�\��
is developed to quantify the importance of common cause failures when hybrid uncertainties are presented in systems. First, the 
�S�U�R�E�D�E�L�O�L�V�W�L�F���F�R�P�P�R�Q���F�D�X�V�H���I�D�L�O�X�U�H�V���D�U�H���P�R�G�H�O�H�G���Z�L�W�K���%�D�\�H�V�L�D�Q���Q�H�W�Z�R�U�N�V���D�Q�G���D�U�H���L�Q�F�R�U�S�R�U�D�W�H�G���L�Q�W�R���W�K�H���V�\�V�W�H�P���H�[�S�O�R�L�W�L�Q�J���W�K�H���.��
factor model. Then, probability-boxes (bound analysis method) are introduced to model the hybrid uncertainties and quantify the 
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critical common cause failure events and coupling impact factors when uncertainties are expressed by probability-boxes. Finally, 
�W�K�H���H	ü�H�F�W�L�Y�H�Q�H�V�V���R�I���W�K�H���P�H�W�K�R�G���L�V���G�H�P�R�Q�V�W�U�D�W�H�G���W�K�U�R�X�J�K���D���Q�X�P�H�U�L�F�D�O���H�[�D�P�S�O�H��
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reliability modelling and assessment of a diversity of large engineer-
ing systems. 

In engineering practice, unavoidable uncertainties are of utter-
most importance for system reliability assessment. The combination 
of both aleatory (stochastic) uncertainty and epistemic (lack of knowl-
edge) uncertainty leads to the framework called “mixed uncertainty” 
or “hybrid uncertainty”, and it is ubiquitous in engineering systems 
[4]. Uncertainties mainly arise from the following aspects: observa-
tional uncertainty, model uncertainty and parametric uncertainty. The 
purpose of uncertainty analysis is developing advanced approaches to 
reduce those uncertainties, thus leading to more accurate analysis and 
assessment of system reliability [29]. The uncertainty characterization 
models can be divided into three types: classic probabilistic analysis, 
non-probabilistic models, and imprecise probability model. Imprecise 
probability models, including evidence theory [7, 14], probability-box 
(p-box) theory [8], fuzzy probability theory [25, 28], etc. have been 
proved to be more appropriate for hybrid uncertainty. In particular, 
the essence of p-box theory is the combination of classic probability 
theory and interval arithmetic, it’s a very effective tool to treat im-
precise probabilities, allowing for the comprehensive propagation of 
hybrid uncertainty [6, 24]. 

As defined by the Nuclear Energy Agency (NEA), common cause 
failures (CCFs) are the simultaneous failure events of two or more 
components in the same common cause component group (CCCG). 
CCFs are caused by shared initiating events which also called “cou-
pling impact factors” [30]. CCFs directly connect the failure event 
with root causes; thus, research work on CCFs can build the cause-
effect relationship between components failures and failure causes. 
�0�X�O�W�L�S�O�H�� �R�I�� �S�D�U�D�P�H�W�U�L�F�� �P�R�G�H�O�V���� �V�X�F�K�� �D�V�� �����I�D�F�W�R�U�� �P�R�G�H�O�� �D�Q�G�� �.���I�D�F�W�R�U��
models, generically classified as “ratio models” have been developed 
for quantification of CCFs. In addition, additional CCF models allow 
for direct representation of the CCF events, such as the square-root 
method; and shock models, such as binomial failure rate model, have 
also been proposed. For reliability analysis and assessment of system 
with CCFs, these parametric models have been extended to incorpo-
rate CCFs into system fault tree model [13, 16], Bayesian network 
model [17], etc. These methods are especially widely used in probabi-
listic safety assessment of large complex systems with high reliability 
and long lifetime requirements [9]. 

Probabilistic CCF (PCCF) is a generalized model of CCF that 
can characterize the simultaneous failures of components in CCCGs 
with different probability of occurrence. When employing ratio mod-
�H�O�V���I�R�U���3�&�&�)���D�Q�D�O�\�V�L�V�����H�Y�H�Q���L�I���W�K�H�������I�D�F�W�R�U���P�R�G�H�O���L�V���W�K�H���P�R�V�W���Z�L�G�H�O�\��
�X�V�H�G���P�H�W�K�R�G���W�K�D�Q�N�V���W�R���L�W�V���V�L�P�S�O�L�F�L�W�\�����.���I�D�F�W�R�U���P�R�G�H�O���L�V���U�H�F�H�L�Y�L�Q�J���L�Q-
creased interest as well since it can model multiplicities of CCFs and 
can build a bridge between failure events and coupling causes [31]. 
When dealing with the reliability assessment of systems taking into 
consideration PCCFs by means of static fault tree model, some ex-
plicit and implicit modelling methods were proposed by Wang, et al. 
[26] to estimate the reliability of systems with arbitrary components 
types and different component failure distributions. Thereafter, Wang, 
et al. [27] extended these models and proposed both an explicit and 
implicit method to analyze reliability of phased-mission systems with 
PCCFs. Zhu, et al. [33] proposed a stochastic computational approach 
to deal with the reliability overestimate of dynamic fault trees with 
PCCFs when dynamic behaviors are considered in redundant system. 
Additionally, when epistemic uncertainty are also present in systems, 
Zuo et al. [34] evaluated the system reliability when PCCFs are speci-
fied as interval value based on evidential network, and the Birnbaum 
importance was extended to measure the contribution of components 
to system reliability. Based on evidential network, Qiu et al. [21] pro-
posed a valuation-based system method for system reliability analysis 
with consideration of parametric uncertainty and CCFs. Mi, et al. [17] 
incorporated CCFs and uncertainties into evidential network to study 
the reliability of multi-state systems. These methods mainly focus on 

epistemic uncertainty and CCFs, and it needs to be emphasized that 
there still lack of research work on system reliability when hybrid 
uncertainties and PCCFs are both considered.  

Hence, in recent years, the research works of CCF are mainly fo-
cusing on the quantification models and method extensions, while few 
works are carried on estimation of the importance measure of differ-
ent types of CCFs and of impact factors to system reliability [1, 22], 
especially when aleatory uncertainty and epistemic uncertainty are 
unavoidably, present in systems. This research gap will be of consid-
erable significance to safety critical industrial areas seriously affected 
by CCFs, such as aerospace and nuclear industry. The ranking of CCF 
events and impact factors can give explicit guidance for system renew 
design, and also meaningful for maintenance measure formulating 
and fault eliminating.

To evaluate the importance of various CCF events to system reli-
ability, the CCF events should be modelled and expressed in system 
reliability model. Therefore, this paper is organized as follows, firstly, 
the CCF events are modelled by Bayesian network based on alpha 
factor model, and incorporated into system Bayesian network. Then 
the hybrid uncertainties are expressed by p-boxes, and the Birnbaum 
importance are extended as EBI (extended Birnbaum importance) 
which can be used to define the importance of CCF events to system 
reliability. Finally, a numerical example is used to realize the impact 
measure of CCF to system reliability.

2. Common Cause Failure Modeling Based on Bayesian 
Network

2.1.	 Parametric model for common cause failure

�.���I�D�F�W�R�U���P�R�G�H�O���L�V���D���P�X�O�W�L�S�D�U�D�P�H�W�H�U���P�H�W�K�R�G���Z�K�L�F�K���F�D�Q���E�H���X�V�H�G���W�R��
�T�X�D�Q�W�L�I�\���D�O�O���N�L�Q�G�V���R�I���&�&�)�V�����7�K�H���G�H�I�L�Q�L�W�L�R�Q���R�I���W�K�H���.���I�D�F�W�R�U�����L�Q�G�L�F�D�W�H�G���D�V��
�=k, is the fraction of the total failure probability of events that occur in 
the system and involve the failure of k components caused by a com-
mon cause. For a common cause component group (CCCG) with m 
components in the same type, which also called a CCCG of size m, the 
sum of all �=k equals to 1. After a series of experiments, the number of 
basic failure events is collected, and the number of failure events with 
k components failure based on a common cause is nk which can be 
computed by weighted impact vector method [19, 20]. Then the alpha 
factor can be estimated by using the maximum likelihood estimator 
when there are sufficient test data, and:

	
1

ˆ k
k m

kk

n

n
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� 
�¦

	 (1)

Then, a common cause vector �D�D�&�&�&�*
m  is defined to represent the 

effect degree of different CCF events on failure of each component in 
a CCCG of size m  and:

	 �D�D�&�&�&�*
m

i m� � > � @� D � D�D1,..., ,..., 	 (2)

Besides, since �� factor model can only get an approximate scope 
by engineering experiences, but �. factor model has the ability of inte-
grating experts’ judgments of system and past data, which makes it to 
be a more suitable parameter model in practice engineering. When the 
total failure probability of a component is �3t, the occurrence probabil-
ity of the corresponding failure events for staggered testing is given 
by:
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When the occurrence probability of component �3t is specified, al-
pha factors can be calculated by Eqs. (1) and (2), then the occurrence 
probabilities of different CCF scenarios can be calculated by Eq. (3).

2.2.	 Bayesian network modeling of component in common 
cause component groups

Bayesian networks are a widely used methodology for reliabil-
ity modelling; they are composed of nodes, which represent binary 
state random variables, and edges, which represent dependencies 
between these variables, respectively. In a Bayesian network with n 
nodes, where Xi is the corresponding random variable of node i, for 
any Xi (i=1,…,n), there exists �S( ) { , ..., }X X Xi i�Ž ��1 1  which causes 
variable Xi to be conditional independent from all the variables in the 
set 1 1{ ,..., }iX X �� . Thus, based on the chain rule and conditional in-
dependence of Bayesian network, the joint distribution of n variables 
can be derived by the following formula as:

	 � 3 � ; � ; � 3X X � ; � 3X Xn i i
i

n

i i
i

n

1 1 1
1 1

,..., ,...,� � � �� � � � �� � � � �� � � ���
�  �  
� – � –�S       (4)

When ( )iX�P �  � ‡, the conditional distribution ( ( ))i i� 3 � ; � ;�P  
will degrade into the marginal distribution �3(Xi). Thanks to the de-
composition of joint distribution, it is possible to greatly reduce the 
complexity of a Bayesian network model.

In this framework, the failure event of a component in a CCCG 
can be decomposed based on Eq. (3). For example, for a component 
X in a CCCG with 3 components, the failure event of a component, 
e.g. the failure event identified by the random variable X1, can be 
further characterized as independent failure, X1-ind, two components 
CCF, X12 and X13, and three components CCF, X123. Then, the Bayes-
ian network of the failure of the component can be built as shown in 
Fig. 1. Based on the conditional independence between variables and 
reasoning mechanism of Bayesian network, the probability of com-
ponent X1 is:

	

� 3 � ; � 3 � ; X X X X

� 3 � ; X

ind
X X X X

� L � M

ind

1 1 12 13 123
1 12 13 123
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� 

�¦ -
-

, , , ,

,

, , ,

�S��� � � ��  � ‡� � � ��–�¦
X X X Xind1 12 13 123- , , ,

      (5)

�)�L�J�����������%�1���R�I���G�H�F�R�P�S�R�V�H�G���F�R�P�S�R�Q�H�Q�W���L�Q���&�&�&�*���R�I���V�L�]�H����

When an arbitrary independent failure event or CCF event oc-
curs, the failure of component will be triggered. By using 0 and 1 
to represent the failure and functioning states of X, respectively, the 
conditional probability table (CPT) of node X is listed in Table 1.

In the case when 3 components of the same type are connected 
in a parallel system, the failure of each component within the CCF 
events is represented through a Bayesian network shown in Fig. 1, and 
the Bayesian network of the whole system can be further assembled 
and it is shown in Fig. 2. Finally, the probability of the system can be 
evaluated by exploiting the forward reasoning of Bayesian network 
and Eq. (4), and expressed as:
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(6)

When the CPTs and marginal distributions are given, the system 
reliability can be further evaluated.

3. Bayesian Network Reasoning and Extended Impor-
tance Measure under Hybrid Uncertainties

3.1.	 Probability-box for uncertainty expression 

The term “hybrid uncertainties” is used to identify uncertainty 
quantification and propagation procedures that include both aleatory 
uncertainty and epistemic uncertainty. The aleatory uncertainty char-
acterizes the inherent randomness typical of some physical processes 
which cannot be eliminated or reduced and is quantified by means of 
probability theory. On the other hand, epistemic uncertainty is present 
in systems due to lack of knowledge, insufficient data, etc., but it can 
be reduced by providing more data and increasing the knowledge of 
the system. P-box theory has been proved to be an effective method 

Table 1.	CPT of decomposed component

Xind X12 X23 X123

X

0 1

0 0 0 0 1 0

0 0 0 1 1 0

… … … … … …

1 1 1 1 0 1

�)�L�J�����������%�1���R�I�������F�R�P�S�R�Q�H�Q�W���S�D�U�D�O�O�H�O���V�\�V�W�H�P���Z�L�W�K���&�&�)�V
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to analyze aleatory and epistemic uncertainty in systems. The prob-
ability expression of p-box boundaries includes the aleatory uncertain 
information of system performance, while the area between the upper 
and lower bounds represent the epistemic uncertain information. 

For a random variable X affected by hybrid uncertainty, its prob-
ability distribution is not identified by a unique cumulative distribu-
tion ( )XF t , but by an upper and lower bound, consisting of a p-box 
[ ( ), ( )]X XF t F t . The overall slant of a p-box represents aleatory uncer-
tainties; while the epistemic uncertainty is represented by the breadth 
between the upper and lower bound of the p-box. Based on this defi-
nition, the p-box is extended and used in system reliability analysis, 
sensitivity analysis, risk analysis, etc. 

As an example of p-box appearing in the estimation of the re-
liability of a system, let’s consider the case when the lifetime of a 
component is assumed to follow a Weibull distribution. The shape 
parameter �� and scale parameter �� are affected by imprecise informa-
tion and defined as interval parameters, which varies in [ , ]� B� B and 
[ , ]� H � H, respectively.The lifetime of a component is described by a 
non-negative random variable Xi on the real number �\ , and ( )iR t  
and ( )iR t  are the bounding reliability functions for random variable 
X, and ( ) { }i i� 5 � W � 3 � ; � W�  � !. Then the p-box variable which is employed 
to express the system reliability can be defined as [17]:

	 �� �� �� �� �� �� �� ���^ �`,i i i i iR t t R t R t R t� ƒ �  � � � • � d � d�\ 	 (7)

For example, for a component with lifetime distribution follows 
Weibull distribution where the scale parameter is within the interval 
[1.68, 1.86] and the shape parameter is within interval [2.08, 2.32], 
the Weibull p-box is constructed by taking the envelopes of those dis-
tributions and is shown in Fig. 3.

3.2.	 Bayesian network reasoning with hybrid uncertainty

For a Bayesian network with n+m+1 nodes, the variables of n 
root nodes are represented as ix  (i=1,2,…,n), the variables corre-
spond to intermediate nodes is �My  (�M=1,2,…,m), the leaf node vari-
able is T, based on the chain rule of Bayesian network, the system 
reliability can be calculated by the following equation
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where �� ��T�P  is the parent of leaf node T, and �� ��my�P  represents the 
parent of intermediate node ym. When hybrid uncertainties are taken 
into account in the system, and the reliability of basic components is 
expressed by p-boxes in Eq. (7), then, the occurrence probability of 
decomposed independent failure events and CCF events can be ob-
tained by Eq. (3) when the alpha factors are given or estimated. Since 
the reliability function is a monotone decreasing function, the p-box 
of the system reliability can be further derived and expressed as:

	

�>�@�>�@�� ��
�>�@�� ��

�� ���� ��
�� ��

�� ���� �� �>�@�� ��

�� ���� ��
�� ��

�� ���� ��
�� ��

�� ���� �� �>�@�� ��
�� ��

�>�@�� ��

1 1

1

1 1
,..., , ,...,

1 1

1 1

1

0

,..., , ,..., , 0

0

0 ...

... ...

n m

m

�6

n m
x x y y

m n

� M � M � L
T � M� L

T y

m m n
y

� 5 � 3 � 7

� 3 � [ � [ � \ � \ � 7

� 3 � 7 � 7 � 3 � \ � \ � 3 � [

� 3 � 7 � 7 � 3 � \ � \

� 3 � \ � \ � 5 � [ � 5 � [

�P

� P� P

�P

� P� P

� P� P

�P

�  �  

�  �  

�  �  

�  �  

�  �  � u

� u � u � u � u � u

�¦

�¦ � – � –

� ¦� ¦

�¦

         (9)

After the upper and lower bound of system reliability p-
box are obtained, the hybrid uncertainty of system can be intui-
tively shown. 

3.3.	Extended Birnbaum importance measures

The Birnbaum importance measure has been commonly 
used to evaluate the contributions of components to the reli-
ability of binary coherent system. In this paper we focus on the 
dependent failure especially CCFs. The failure events of the 
components are originally not independent; however, after the 
decomposition of the component failure events by partial alpha-
factor model, the decomposed basic events are independent [2]. 
The Birnbaum importance measure can be further extended and 
employed to evaluate the contributions of CCF events and inde-
pendent events to the system reliability.

For a Bayesian network which has n root nodes and com-
posed of both CCF events and independent failure events, and 
where 1

K
kkn m� � �¦ , the system reliability is represented as 

1
( ,..., ,..., )

� M� Q� 6 � [ � [ � [R p p p . In addition, the state of component or 
event �M, indicated by x�M, is considered. x�M = 0 represents the �M-th 
component in a false state, while x�M = 1 represents the event 
�M as true. By explicitly assigning these two possible states to 

the �M-th component, the reliability of the system at where x�M is ei-
ther 0 or 1 is expressed as 

1 1 1
( ,..., ,0, ,..., )

� M� M� Q� 6 � [ � [ � [ � [R p p p p
� �� �

 and 

1 1 1
( ,..., ,1, ,..., )

� M� M� Q� 6 � [ � [ � [ � [R p p p p
� �� �

, respectively. Then, by extending 

the basic definition of BI, which is defined as the partial derivative 
of the system reliability function, the extended Birnbaum importance 
(EBI) of the event �M is defined as:

�)�L�J�����������(�[�D�P�S�O�H���U�H�O�L�D�E�L�O�L�W�\���S���E�R�[���Z�L�W�K���:�H�L�E�X�O�O���G�L�V�W�U�L�E�X�W�L�R�Q
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n

�M

� M � M � Q � M � M � Q

� 6 � [ � [
�M

x

� 6 � [ � [ � [ � [ � 6 � [ � [ � [ � [

R p p
�(�%�,

p

R p p p p R p p p p
� � � � � � � �

�w
� 

�w
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(10)

where 
�Mxp is the occurrence probability of event �M. The EBI measure 

can be used to rank the importance of failure event i when aleatory 
uncertainties are exclusively considered. However, when epistemic 
uncertainty is also present in the system, and the reliability of the 
components is represented by p-boxes (refer to Section 3.1), then p-
box which used to express the extended BI of event �M can be further 
obtained and calculated by:

�� ���^ �� �� �� �� �� ���`,
�M

� , � /� 8�6
�M �M �M �M�L �M

x
�(�%�, �(�%�, �W �W �(�%�, �W �(�%�, �W �(�%�, �W

p
�w�ƒ

�  �  � � � • � d � d
�w

�\     (11)

where the lower bound and upper bound of EBI can be further com-
puted by the following two global optimization algorithms:

�� �� �� ��
�� �� �� ��

�� �� �� �� �� ��

1 1 1 1 1 1

1 1 1 1 1 1

1 1 1

: min ,..., ,1, ,..., ,..., ,0, ,...,

: max ,..., ,1, ,..., ,..., ,0, ,...,

s.t. 1 ,..., ,1, ,..., 1

� M � M � Q � M � M � Q

� M � M � Q � M � M � Q

� M � M � M � Q � M

�M

�/
� M � 6 � [ � [ � [ � [ � 6 � [ � [ � [ � [

�8
� M � 6 � [ � [ � [ � [ � 6 � [ � [ � [ � [

� 6 � [ � 6 � [ � [ � [ � [ � 6 � [

� 6 � [

�(�%�, �5 �S �S �S �S �5 �S �S �S �S

�(�%�, �5 �S �S �S �S �5 �S �S �S �S

R p R p p p p R p

R p

� � � � � � � �
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�� �� �� �� �� ��1 1 1
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(12)

After the BIs of varieties of CCF events are obtained and ex-
pressed by p-boxes, the interval-valued BI at specific time t can also 
be derived, then the ranking of the contribution of CCF events to sys-
tem reliability can be further obtained. 

4. Case Study

4.1.	 System description

An arbitrary 13-component non-repairable complex system in 
Ref. [5] is used to illustrate the proposed method in this section. The 
compound system is further transformed into series-parallel system as 
shown in Fig. 4. All 13 components can be divided into 5 groups, and 
the components in the same group have the same lifetime distribu-
tion. The components classification and corresponding hypothetical 
lifetime distributions are defined in Table 2.

4.2.	 Reliability analysis of the system

The reliability modeling and analysis of the example system is 
carried out with the following steps:

Step 1: Develop the Bayesian network model of the system with-
out considering CCFs and hybrid uncertainty. Based on the system 

structure in Fig. 4, the Bayesian network of the system is constructed, 
as shown in Fig. 5. The nodes 1 to 13 correspond to the basic failure 
events of 13 basic components, while the nodes 14-15 are the inter-
mediate nodes and finally node 25 is the leaf node, used to represent 
the event of system failure. The CPTs of a simple 3 nodes Bayesian 
network structure under series and parallel system structure are shown 
in Table 3, and the CPTs of a Bayesian network structure with more 
nodes can be easily inferred based on the system structure and failure 
mechanisms., The system reliability can be obtained by means of in-
ference of the Bayesian network, and it is shown in Fig. 6. In order to 
validate the proposed approach, the system reliability from Bayesian 
network is compared the reliability computed by survival signature; 
the two results agree very well, proves the validity of the proposed 
method.

Step 2: System reliability without CCF events but with hybrid 
uncertainties. When aleatory uncertainty and epistemic uncertainty 
are considered in this system, the system Bayesian network is rep-
resented by the same structure as shown in Fig. 5. The upper bound 
and lower bound of system reliability can be calculated based on 
Eqs. (10) to (12), and are shown in Fig. 7. By contrast, the results 
obtained by survival signature method within those two conditions: 
(1) with consideration of hybrid uncertainties; (2) without hybrid 
uncertainties. The results are also shown in Fig. 7. It shows that 
regardless of whether or not the hybrid uncertainties are considered, 
the system reliability computed by survival signature and traditional 
Bayesian network is with consistent, and these results are within 
the upper and lower bounds which calculated by p-box method. The 

�)�L�J���������6�\�V�W�H�P���%�D�\�H�V�L�D�Q���Q�H�W�Z�R�U�N���Z�L�W�K�R�X�W���&�&�)�V

Table 2. Parameters of system components

Comp. type Dist. type Dist.  parameters Imprecise Dist. parameters CCF parameters

1 (1, 2) Wb (1.8,2.2) ([1.68,1.86], [2.08,2.32]) {0.95,0.05}

2 (3-6) Exp 1.2 [1.07,1.33] {0.8,0.1,0.05,0.05}

3 (7) Wb (2.3,1.6) ([2.12,2.51], [1.38,1.72]) {1}

4 (8, 9) Wb (3.2,2.6) ([2.99,3.41], [2.51,2.97]) {0.9,0.1}

5(10-13) Exp 2.1 [2.01,2.28] {0.75,0.1,0.1,0.05}

Fig. 4. The structure of example complex system
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trend of the system reliability contains the aleatory uncertain infor-
mation of system, and the breadth of reliability p-box can clearly 
reveal the epistemic uncertainty of system.

Step 3: Develop the Bayesian network model of system with CCF 
events. Based on the CCF modeling method illustrated in Section 2, 
a new Bayesian network model of this example system can be built 
and shown in Fig. 8. Where the nodes 1 to 37 are independent failure 
events of components and various different CCF seniors of CCFGs, 
nodes 38 to 49 correspond the basic failure events of 13 components, 
nodes 50 to 60 are the intermedia nodes, and the system failure events 
is represented by node 61. The CPTs of nodes in components layer are 
similar to Table 1.

Based on the partial alpha factor model, the probabilities of inde-
pendent failures and various CCF events can be calculated by Eqs. (1) 
to (3). Then system reliability can be further computed and shown in 

Fig. 9. The reliability of the system is decreased with a more serious 
tendency when CCFs are considered, which further shows the signifi-
cant influence of CCF events to system reliability.

�)�L�J���������6�\�V�W�H�P���U�H�O�L�D�E�L�O�L�W�\���L�J�Q�R�U�H���X�Q�F�H�U�W�D�L�Q�W�L�H�V���D�Q�G���&�&�)�V

�)�L�J�����������6�\�V�W�H�P���%�D�\�H�V�L�D�Q���Q�H�W�Z�R�U�N���Z�L�W�K���&�&�)�V

�)�L�J�����������6�\�V�W�H�P���U�H�O�L�D�E�L�O�L�W�\���Z�L�W�K���&�&�)���D�Q�G���K�\�E�U�L�G���X�Q�F�H�U�W�D�L�Q�W�L�H�V��

�)�L�J�����������6�\�V�W�H�P���U�H�O�L�D�E�L�O�L�W�\���Z�L�W�K���K�\�E�U�L�G���X�Q�F�H�U�W�D�L�Q�W�L�H�V

Table 3. The CPTs of 3 nodes Bayesian network under series and parallel system structure 

X1 X2

Y (Series)
X1 X2

Y (Parallel)

0 1 0 1

0 0 1 0 0 0 1 0

0 1 1 0 0 1 0 1

1 0 1 0 1 0 0 1

1 1 0 1 1 1 0 1
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4.3.	 Importance analysis of components and common cause 
failures

Based on Eqs. (10) to (12), the importance of all types of compo-
nents without considering CCFs can be calculated and shown in Fig. 10. 
Then the ranking of component importance is �5�,(Type5)>�5�,(Type2)> 
�5�,(Type1)>�5�,(Type4)>�5�,(Type3). In order to indicate the effect of 
uncertainties to component importance, the importance of component 
type 5 with uncertainties is shown in Fig. 11. There is a big difference 
of type 5 after considering uncertainties, and there is an intersection 
between the lower and upper bound of importance.

To indicate the importance of CCFs to system, based on the defi-
nition in Section 3.3, as shown in Fig. 12, the EBIs of various CCFs 
of component type 5 are computed. Then the importance ranking of 
various CCF events can be gotten at any specific time. Furthermore, 
after getting the impact factors of CCFs, it will give a more accurate 
guide for system design and maintenance measure making. 

5. Conclusions

This paper mainly discusses the importance measure of CCF 
events to system reliability with consideration of hybrid uncertainties. 
Firstly, considering the existing theory research of CCF and system 
modeling, we primarily model the system reliability by Bayesian net-
work, and then the CCFs are incorporated into system Bayesian net-
work model based on alpha factor model. The result compared with 
survival signature shows the validity of Bayesian network model and 
CCFs can decrease system reliability with a heavy tendency. When 
considering hybrid uncertainties in system, we extend the Birnbaum 
importance for CCF events on the basis of p-box and get the upper 
and lower bounds by global optimization algorithm. Finally, through 
a numerical study, the importance p-boxes of various CCF events are 
calculated and the changing diagrams about importance are gotten, 
the results identify the effectiveness of the proposed method. This pa-
per only measures the importance of various CCF events to system 
reliability, in the future work, the importance of coupling common 
causes to system reliability should be further investigated which can 
provide a guidance for system design and maintenance.

�$�F�N�Q�R�Z�O�H�G�J�P�H�Q�W�V
�7�K�L�V���Z�R�U�N���Z�D�V���S�D�U�W�L�D�O�O�\���V�X�S�S�R�U�W�H�G���E�\���W�K�H���1�D�W�L�R�Q�D�O���1�D�W�X�U�D�O���6�F�L�H�Q�F�H��
�)�R�X�Q�G�D�W�L�R�Q���R�I���&�K�L�Q�D���X�Q�G�H�U���F�R�Q�W�U�D�F�W���1�R�����������������������D�Q�G���8������������������

�W�K�H���&�K�L�Q�H�V�H���8�Q�L�Y�H�U�V�L�W�L�H�V���6�F�L�H�Q�W�L�I�L�F���)�X�Q�G���X�Q�G�H�U���F�R�Q�W�U�D�F�W���1�R����
�=�<�*�;���������-�����������W�K�H���6�L�F�K�X�D�Q���6�F�L�H�Q�F�H���D�Q�G���7�H�F�K�Q�R�O�R�J�\���3�U�R�M�H�F�W���X�Q�G�H�U��
�F�R�Q�W�U�D�F�W���1�R�������������-�'�-�4�������������-�L�Q�K�X�D���0�L���Z�L�V�K�H�V���W�R���D�F�N�Q�R�Z�O�H�G�J�H���W�K�H��

�I�L�Q�D�Q�F�L�D�O���V�X�S�S�R�U�W���R�I���W�K�H���&�K�L�Q�D���6�F�K�R�O�D�U�V�K�L�S���&�R�X�Q�F�L�O����

�)�L�J�������������,�P�S�R�U�W�D�Q�F�H���R�I���G�L�I�I�H�U�H�Q�W���W�\�S�H�V���R�I���F�R�P�S�R�Q�H�Q�W�V

�)�L�J�������������7�K�H���(�%�,���R�I���Y�D�U�L�R�X�V���&�&�)�V���R�I���F�R�P�S�R�Q�H�Q�W���W�\�S�H����

Fig. 11. The importance changes of component type 5 with uncertainties

References

1.  Alizadeh S, Sriramula S. Impact of common cause failure on reliability performance of redundant safety related systems subject to process 
demand. Reliability Engineering & System Safety, 2018; 172: 129-150, https://doi.org/10.1016/j.ress.2017.12.011.

�������� �%�L�U�Q�E�D�X�P���=�:�����2�Q���W�K�H���L�P�S�R�U�W�D�Q�F�H���R�I���G�L
u�H�U�H�Q�W���F�R�P�S�R�Q�H�Q�W�V���L�Q���D���P�X�O�W�L�F�R�P�S�R�Q�H�Q�W���V�\�V�W�H�P�����,�Q���0�X�O�W�L�Y�D�U�L�D�W�H���$�Q�D�O�\�V�L�V�����,�,�����$�F�D�G�H�P�L�F���3�U�H�V�V�����1�H�Z��
York 1968: 581-592, https://doi.org/10.21236/AD0670563.

3.  Boudali H, Dugan JB. A continuous-time Bayesian network reliability modeling, and analysis framework. IEEE Transactions on Reliability 



EKSPLOATACJA I NIeZAWODnOSC – MAInTenAnCe AnD ReLIABILITY VOL. 22, NO. 1, 2020 119

SCIenCe AnD TeCHnOLOGY

2006; 51(1): 86-97, https://doi.org/10.1109/TR.2005.859228.
�������� �'�D�Q�Q�H�U�W�� �0�0���� �)�D�X���$���� �)�O�H�X�U�\�� �5�0�1���� �%�U�R�J�J�L�� �0�����$�� �S�U�R�E�D�E�L�O�L�W�\���E�R�[�� �D�S�S�U�R�D�F�K�� �R�Q�� �X�Q�F�H�U�W�D�L�Q�� �F�R�U�U�H�O�D�W�L�R�Q�� �O�H�Q�J�W�K�V�� �E�\�� �V�W�R�F�K�D�V�W�L�F�� �¿�Q�L�W�H�� �H�O�H�P�H�Q�W��

method. Proceeding in Applied Mathematics and Mechanics 2018; 18(1): e201800114, https://doi.org/10.1002/pamm.201800114.
�������� �)�H�Q�J�� �*���� �*�H�R�U�J�H���:�L�O�O�L�D�P�V�� �+���� �3�D�W�H�O�O�L�� �(���� �&�R�R�O�H�Q�� �)�3�$���� �%�H�H�U�� �0���� �$�Q�� �H
v�F�L�H�Q�W�� �U�H�O�L�D�E�L�O�L�W�\�� �D�Q�D�O�\�V�L�V�� �R�Q�� �F�R�P�S�O�H�[�� �Q�R�Q���U�H�S�D�L�U�D�E�O�H�� �V�\�V�W�H�P�V��

with common-cause failures. Safety and Reliability-Safe Societies in a Changing World. CRC Press 2018: 2531-2537, https://doi.
org/10.1201/9781351174664-318.

6.  Ferson S, Hajagos J, Berleant D, Zhang J, Tucker WT, Ginzburg L, Oberkampf W. Dependence in Dempster-Shafer theory and probability 
bounds analysis. Sandia National Laboratories 2004.

7.  Ferson S, Nelsen RB, Hajagos J, Berleant DJ, Zhang J, Tucker WT, Oberkampf WL. Dependence in probabilistic modeling, Dempster-Shafer 
theory, and probability bounds analysis. Sandia National Laboratories 2015.

�������� �.�D�U�D�Q�N�L���'�5�����.�X�V�K�Z�D�K�D���+�6�����9�H�U�P�D���$�.�����$�M�L�W���6�����8�Q�F�H�U�W�D�L�Q�W�\���D�Q�D�O�\�V�L�V���E�D�V�H�G���R�Q���S�U�R�E�D�E�L�O�L�W�\���E�R�X�Q�G�V�����S�(�E�R�[�����D�S�S�U�R�D�F�K���L�Q���S�U�R�E�D�E�L�O�L�V�W�L�F���V�D�I�H�W�\��
assessment. Risk Analysis: An International Journal 2009; 29(5): 662-675, https://doi.org/10.1111/j.1539-6924.2009.01221.x.

9.  Le Duy TD, Vasseur D. A practical methodology for modeling and estimation of common cause failure parameters in multi-unit nuclear PSA 
model. Reliability Engineering & System Safety 2018; 170: 159-174, https://doi.org/10.1016/j.ress.2017.10.018.

10.  Li H, Huang HZ, Li YF, Zhou J, Mi J. Physics of failure-based reliability prediction of turbine blades using multi-source information fusion. 
Applied Soft Computing 2018; 72: 624-635, https://doi.org/10.1016/j.asoc.2018.05.015.

11.  Li YF, Huang HZ, Mi J, Peng W, Han X. Reliability analysis of multi-state systems with common cause failures based on Bayesian network 
and fuzzy probability. Annals of Operations Research 2019: 1-15, https://doi.org/10.1007/s10479-019-03247-6.

12.  Li YF, Mi J, Liu Y, Yang YJ, Huang HZ. Dynamic fault tree analysis based on continuous-time Bayesian networks under fuzzy numbers. 
Proceedings of the Institution of Mechanical Engineers, Part O: Journal of Risk and Reliability 2015; 229(6): 530-541, https://doi.
org/10.1177/1748006X15588446.

13.  Li YF, Mi J, Huang HZ, Zhu SP, Xiao N. Fault tree analysis of train rear-end collision accident considering common cause failure. Eksploatacja 
i Niezawodnosc - Maintenance and Reliability 2013; 15(4): 403-408.

14.  Mi J, Cheng Y, Song Y, Bai L, Chen K. Application of dynamic evidential networks in reliability analysis of complex systems with epistemic 
uncertainty and multiple life distributions. Annals of Operations Research 2019: 1-23, https://doi.org/10.1007/s10479-019-03211-4.

15.  Mi J, Li YF, Liu Y, Yang YJ, Huang HZ. Belief universal generating function analysis of multi-state systems under epistemic uncertainty and 
common cause failures. IEEE Transactions on Reliability 2015; 64(4): 1300-1309, https://doi.org/10.1109/TR.2015.2419620.

16.  Mi J, Li YF, Peng W, Yang YJ, Huang HZ. Fault tree analysis of feeding control system for computer numerical control heavy-duty horizontal 
lathes with multiple common cause failure groups. Journal of Shanghai Jiaotong University (Science) 2016; 21(4): 504-508, https://doi.
org/10.1007/s12204-016-1755-7.

17.  Mi J, Li YF, Peng W, Huang HZ. Reliability analysis of complex multi-state system with common cause failure based on evidential networks. 
Reliability Engineering & System Safety 2018; 174: 71-81, https://doi.org/10.1016/j.ress.2018.02.021.

18.  Mi J, Li YF, Yang YJ, Peng W, Huang HZ. Reliability assessment of complex electromechanical systems under epistemic uncertainty. 
Reliability Engineering & System Safety 2016; 152: 1-15, https://doi.org/10.1016/j.ress.2016.02.003.

19.  O'Connor AN. A general cause based methodology for analysis of dependent failures in system risk and reliability assessments, University 
of Maryland, 2013.

20.  O'Connor AN, Mosleh A. Extending the alpha factor model for cause based treatment of common cause failure events in PRA and event 
assessment. Proceedings of the 12th probabilistic safety assessment & management conference (PSAM12) 2014.

21.  Qiu S, Ming HXG, Hou Y. An evidential network-based method for common-cause failure analysis under uncertainty. In Safety and 
Reliablity-Safe Societies in a Changing World, Haugen et al. (eds), 2018: 2365-2372, https://doi.org/10.1201/9781351174664-297.

22.  Sakurahara T, Schumock G, Reihani S, Kee E, Mohaghegh Z. Simulation-informed probabilistic methodology for common cause failure 
analysis. Reliability Engineering & System Safety 2019; 185: 84-99, https://doi.org/10.1016/j.ress.2018.12.007.

���������� �6�R�Q�J���<���� �0�L�� �-���� �&�K�H�Q�J���<���� �%�D�L�� �/���� �:�D�Q�J�� �;�����$�S�S�O�L�F�D�W�L�R�Q�� �R�I�� �G�L�V�F�U�H�W�H�(�W�L�P�H�� �%�D�\�H�V�L�D�Q�� �Q�H�W�Z�R�U�N�� �R�Q�� �U�H�O�L�D�E�L�O�L�W�\�� �D�Q�D�O�\�V�L�V�� �R�I�� �X�Q�F�H�U�W�D�L�Q�� �V�\�V�W�H�P�� �Z�L�W�K��
common cause failure. Quality and Reliability Engineering International 2019; 35(4): 1025-1045, https://doi.org/10.1002/qre.2443.

24.  Tucker WT, Ferson S. Probability bounds analysis in environmental risk assessment. Applied Biomathematics, Setauket, New York, 2003.
25.  Wang C, Matthies HG, Xu M, Li Y. Dual interval-and-fuzzy analysis method for temperature prediction with hybrid epistemic uncertainties 

via polynomial chaos expansion. Computer Methods in Applied Mechanics and Engineering 2018; 336: 171-186, https://doi.org/10.1016/j.
cma.2018.03.013.

26.  Wang C, Xing L, Levitin G. Explicit and implicit methods for probabilistic common-cause failure analysis. Reliability Engineering & 
System Safety 2014; 131: 175-184, https://doi.org/10.1016/j.ress.2014.06.024.

27.  Wang C, Xing L, Levitin G. Probabilistic common cause failures in phased-mission systems. Reliability Engineering & System Safety 2015; 
144: 53-60, https://doi.org/10.1016/j.ress.2015.07.004.

28.  Wang L, Xiong C, Yang Y. A novel methodology of reliability-based multidisciplinary design optimization under hybrid interval and fuzzy 
uncertainties. Computer Methods in Applied Mechanics and Engineering 2018; 337: 439-457, https://doi.org/10.1016/j.cma.2018.04.003.

29.  Wei P, Lu Z, Song J. Variable importance analysis: a comprehensive review. Reliability Engineering & System Safety 2015; 142: 399-432, 
https://doi.org/10.1016/j.ress.2015.05.018.

30.  Xie L, Lundteigen MA, Liu YL. Safety barriers against common cause failure and cascading failure: literature reviews and modeling 
strategies, 2018 IEEE International Conference on Industrial Engineering and Engineering Management (IEEM). IEEE) 2018: 122-127, 
https://doi.org/10.1109/IEEM.2018.8607769.

31.  Zhang M, Zhang Z, Mosleh A, Chen S. Common cause failure model updating for risk monitoring in nuclear power plants based on alpha 
factor model. Proceedings of the Institution of Mechanical Engineers, Part O: Journal of Risk and Reliability 2017; 231(3): 209-220, https://
doi.org/10.1177/1748006X16689542.

32.  Zhang X, Gao H, Huang HZ, Li YF, Mi J. Dynamic reliability modeling for system analysis under complex load. Reliability Engineering & 
System Safety, 201;180: 345-351, https://doi.org/10.1016/j.ress.2018.07.025.

33.  Zhu P, Han J, Liu L, Lombardi F. A stochastic approach for the analysis of dynamic fault trees with spare gates under probabilistic common 



EKSPLOATACJA I NIeZAWODnOSC – MAInTenAnCe AnD ReLIABILITY VOL. 22, NO. 1, 2020120

SCIenCe AnD TeCHnOLOGY

cause failures. IEEE Transactions on Reliability 2015; 64(3): 878-892, https://doi.org/10.1109/TR.2015.2419214.
34.  Zuo L, Xiahou T, Liu Y. Reliability assessment of systems subject to interval-valued probabilistic common cause failure by evidential 

networks. Journal of Intelligent & Fuzzy Systems 2019; 36(4): 3711-3723, https://doi.org/10.3233/JIFS-18290.

Jinhua Mi
School of Automation Engineering,
University of Electronic Science and Technology of China,
No.2006, Xiyuan Ave, West Hi-Tech Zone, Chengdu, Sichuan, 611731, P.R. China

Yan-Feng Li
Center for System Reliability and Safety, 
University of Electronic Science and Technology of China,
No.2006, Xiyuan Ave, West Hi-Tech Zone, Chengdu, Sichuan, 611731, P.R. China

Michael Beer
Matteo Broggi
Institute for Risk and Reliability,
Leibniz University Hannover, 
Callinstr. 34, Hannover, 30167, Germany

Yuhua Cheng
School of Automation Engineering, 
University of Electronic Science and Technology of China,
No.2006, Xiyuan Ave, West Hi-Tech Zone, Chengdu, Sichuan, 611731, P.R. China

Emails: jinhuami@uestc.edu.cn, yanfengli@uestc.edu.cn, beer@irz.uni-hannover.de, 
broggi@irz.uni-hannover.de, yhcheng@uestc.edu.cn, 



EKSPLOATACJA I NIeZAWODnOSC – MAInTenAnCe AnD ReLIABILITY VOL. 22, NO. 1, 2020 121

Article citation info:

(*)	 Tekst artyku�u w polskiej wersji j�zykowej dost�pny w elektronicznym wydaniu kwartalnika na stronie www.ein.org.pl

1. Introduction

The specificity of the use of N1 motor vehicles constantly raises 
a lot of controversy, and in the area of ​​legal conditions there are still a 
number of ambiguities, which affects the existence of rather negligi-
ble amount of literature on this subject. Every month there is new in-
formation regarding the statistics of the Main Road Transport Inspec-
torate about the results of  N1 category motor vehicles inspections. 
For several years, the percentage of vehicles with a load exceeding 
their permissible capacity in relation to the category N1 vehicles in-
spected has remained on average at the 93% level (table 1) [19]. It is a 

fact that the Road Transport Inspectorate usually checks heavy goods 
vehicles over 3.5 tons, while N1 category vehicles only when it con-
siders that there is a clear suspicion of committing a specific offense. 
The number of vehicles inspected is negligible, but the percentage 
ratio of vehicles with a load exceeding their permissible load capacity 
of up to 3.5 tons may indicate the existence of a complex problem that 
should be subject to detailed analysis.

Therefore, it becomes justified to be interested in the subject of in-
creasing the profits from operation of the N1 category motor vehicles. 
Reproducing and simplifying real phenomena in the form of a model 
becomes an important element in the search for effective methods to 
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describe problems and disturbances in the process of operating and 
servicing motor vehicles. As a result, it makes it easier to find ways to 
increase the economic efficiency of transport companies.

In the article, the subject of research is the effectiveness of opera-
tion of the N1 category cars, which according to [27] are defined as 
vehicles designed and constructed for transporting loads and having a 
maximum total weight not exceeding 3.5 tons (GVW up to 3.5 t). In 
practice, this type of vehicle is referred to as delivery vehicles, which 
is why this term will be used interchangeably later in the article.

Planning and implementing the process of using motor vehicles 
in a complex transport system is associated with solving multi-criteria 
decision problems, which focus on, among the others minimizing 
costs and achieving maximum profit. This issue concerns the issues 
of two basic elements of the operation process, i.e. the use and main-
tenance of motor vehicles. Effective use of transport means in every 
enterprise is one of the main ways to achieve competitive advantage.

Extensive analyzes of the motor vehicles operation process most 
often relate to minimizing the costs associated with their use and en-
suring maximum reliability of the transport system, as well as the 
impact of operating the vehicles on the natural environment [21], or 
safety aspect [20]. Whereas the assessment of the intensity of motor 
vehicle operation is carried out taking into account, inter alia, mileage 
values, engine capacity, vehicle’s age [18], repair costs, revenues [16], 
technical availability, intensity of motor vehicle use [6]. Due to the 
random nature of vehicle failures, the knowledge of stochastic proc-
esses is necessary to maintain their efficient and safe operation [2].

Modelling and assessment of such complex processes based on 
classic mathematical models and techniques of reliability theory may 
be difficult to carry out and not bring the expected results due to the 
large amount of quantitative and qualitative data and due to the dy-
namically changing conditions of the vehicle operation system. In 
such a case, other computational methods are proposed, e.g. models 
using Markov processes or reliable phase diagrams, a Petri network 
model or Monte Carlo simulation processes [13], an algorithm of re-
sistance clonal selection [5].

Considering the degree of complexity of the studied problem and 
the increasing use of artificial intelligence methods to solve this type 
of task, the goal of this study is to assess the economic efficiency 
of transport companies using a neural network. The evaluation is fo-
cused on transport companies operating for package cargo transport in 
urban and suburban areas. The work uses several measures of revenue 
in transport activities described later in this work.

Wherever there are no grounds for linear approximation of oc-
curring phenomena and processes, usually when solving difficult and 
troublesome evaluation issues, including efficiency of car operation, 
it may be rational to refer to neural networks or other artificial intel-
ligence algorithms (i.e. models that map non-linear relationships) [7], 
[9], [10], [24]. Artificial neural networks are one of the techniques 
used by artificial intelligence. There are also other uses of artificial 
intelligence in transport. For example: for assessing the quality of 
transport means, for optimizing travel routes [11], or for evaluating 
the configuration of transport service management [23].

2. Cost analysis of a transport enterprise with a fleet of 
N1 category motor vehicles

The transport service provider is still selected by the minimum 
price criterion as the first choice. High competition and constantly 
growing requirements of the transport market force carriers to con-
stantly search for methods to minimize the costs of a transport com-
pany. Generating revenues at the transport companies is primarily 
based on the intensity of the vehicle operation. As a rule, they are 
proportional to the number of kilometers traveled, load weight or 
hours worked. The intensive operation of vehicles generates not only 
an increase in revenues, but also costs, which is why it is extremely 
important to carry out their detailed analysis.

In enterprises, including transport ones, one of the most com-
monly used cost sharing methods is their generic system, containing 
7 groups, which are also the names of synthetic accounts: deprecia-
tion, consumption of materials and energy, external services, taxes 
and fees, salaries, social insurance and other benefits, other costs (ge-
neric ones).

According to many publications, the costs of external services 
represent the largest percentage in relation to all costs of the transport 
company [15]. In this study, the research subjects are micro, small 
and medium enterprises (micro and SMEs), therefore the cost struc-
ture will be slightly different from the general classification of generic 
type of costs of the enterprises. The reason for this could be, for ex-
ample, the fact that micro and SMEs only have their own, not leased 
rolling stock, which provides transport services directly without the 
participation of outsourcing companies. Issues related in detail to the 
costs of road freight transport enterprises are of interest to many au-
thors [1], [4], [8], [12], [15], [26] who most often reduce them to four 
basic generic groups and determine their percentage values in relation 
to other costs:

depreciation of 6% - 12%,�‡��
operation 20% - 68%,�‡��
drivers’ remuneration 14% - 45%,�‡��
remaining costs 12% - 30%.�‡��

Based on the cited analysis of the literature, the fig. 1 presents the 
shares of the three basic cost groups of automotive freight transport 
enterprises from the perspective of several authors.

For the purpose of achieving the research goal, the data was col-
lected, which was classified into four groups of factors: utility, season, 
service, economic.

3. Research method and object

Tasks carried out at the transport companies that provide services 
in Poland have been examined. The operation of rolling stock, belong-
ing to 7 different transport companies from the SME sector, involves 
the implementation of transport tasks in accordance with the needs of 
customers. The research group includes 24 N1 category motor vehi-
cles, 5 models: Renault Master, Renault Mascott, Citroen Jumper and 
Fiat Ducato. The study only took into account technical data that had 
an impact on the aforementioned factors.

Table 1.	Percentage share of vehicles with a load exceeding their permissible capacity in relation to the N1 category vehicles tested [19]

2014 2015 2016 2017 

Number of all vehicles with GVW up to 3.5 t 2 399 323 2 447 764 2 515 751 2 574 312

Number of vehicles checked with GVW up to 3.5 t 6 685 6 507 7 594 10 048

Number of tickets issued for vehicles with a load 
exceeding their maximum capacity

6 135 6 172 6 172 9 396

Percentage share 92% 95% 92% 94%
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The following measures of economic efficiency have been de-
fined:

revenue �‡�� [ ] �(
�0Y  - expressed as the difference between the month-

ly value and the monthly operating costs,
relative revenue �‡�� [ ]�(

�/Y  - expressed as the ratio of the monthly 
value of orders to the monthly mileage,

relative profit �‡�� [ ]�(
�:Y  - expressed as the ratio of the revenue to the 

monthly mileage. There are 4 main groups of factors taken into 
account in the research:
Y�‡��U - a group of quantities describing the factors of operating 
motor vehicles: characterizing the manner and intensity of the 
work performed,
Y�‡��K - a group of quantities describing the seasons: defining the 
external conditions in which the vehicle is used,
Y�‡��O - a group of quantities describing the maintenance of motor 

vehicles: concerning the maintenance strategy and 
its effects,

Y�‡�� E - a group of quantities describing economic 
factors: related to the costs and profitability of car-
rying out transport tasks.

A set of factors describing the above groups 
are shown in table 2.

For such defined groups, a real data from one 
year of vehicles operation (2017) was collected 
in monthly cycles. These vehicles droved mainly 
in urban traffic with a few routes outside the city, 
within this country. The data was obtained from 
transport orders in the period under review, analy-
ses of the service expertises and interviews with 
experts (dispatchers, drivers, service technicians, 
mechanics). The 156 observations of the above 
factors were made for each vehicle. This way, 
3744 data was collected, which was used to model 
the operation process using a neural network.

4. Neural modelling

When creating the neural network, some of the 
signals from the table 2 were used, these are:

quantitative input ones: �‡�� ,�8
�'Y  ,�8

RY  �8
JY , �8

�&Y , 

,�8
�3Y  ,�8

�0Y  ,� 8� (
� (� .Y Y ,

quantitative output: �‡�� ,  � (� (
� 0� /Y Y ,  .

�(
�:Y

Use the results, among the others [22] of the 
scientific work, a Multilayer Perceptron and teach-
ing algorithms were used: conjugate gradients; the 
fastest fall and BFGS (Broyden - Fletcher - Gold-
farb - Shanno). The division of the data set into 
parts in neural modelling was adopted:

80% - teaching set used to modify weights,�‡��
10% - test set for ongoing monitoring of the �‡��

teaching process,
10% - a validation set for assessing the quality �‡��

of the network after the teaching process.

After determining the input signals, output sig-
nals and network parameters, the neural network 
teaching process was carried out using the Statisti-
ca 13.3 computer program. Examples of its results 
are presented in table 3.

Table 2. Set of factors used to modelling maintenance process 

Designation 
of groups and 

factors

Units of meas-
urement

YU Group: factors of the motor vehicles operation

1 �8
�'Y number of days of the vehicle use in a month number

2 �8
RY monthly vehicle’s mileage kilometres

3 �8
JY monthly vehicle’s driving time minutes

4 �8
�&Y monthly vehicle’s working time minutes

5 �8
�3Y average fuel consumption litres/100 km

6 �8
�0Y average daily load weight kilograms

7 �8
�(Y percentage value of the capacity utilization %

YK Group: time of year

8 �.
�:Y time of year

season 1, season 
2, season 3

YO Group: servicing activities of motor vehicles

9 O
�3Y service fluid refilling

performed, not 
performed

10 O
�.Y tire service

performed, not 
performed

11 O
HY brakes service

performed, not 
performed

YE Group: economic factors

12 �(
ZY monthly value of orders PLN

13 �(
�.Y monthly operating cost PLN

14 �(
�0Y month revenue from the implementation of trans-

port services
PLN

15 �(
�/Y relative unit revenue PLN/ km

16  
�(

�:Y relative unit profit PLN/ km

�)�L�J��������	�&�R�P�S�D�U�L�V�R�Q���R�I���W�K�H���V�K�D�U�H���R�I���V�H�O�H�F�W�H�G���F�R�V�W���J�U�R�X�S�V���R�I���U�R�D�G���I�U�H�L�J�K�W���W�U�D�Q�V-
�S�R�U�W���H�Q�W�H�U�S�U�L�V�H�V
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5. Validation of the neural network model and calcula-
tions results

The structure of the best neural network took the form of MLP 
17-19-3, which means 17 neurons in the input layer, 19 neurons in the 
hidden layer and 3 neurons in the output layer (fig. 2).

�)�L�J�����������6�W�U�X�F�W�X�U�H���R�I���W�K�H���F�U�H�D�W�H�G���0�/�3�������������������Q�H�W�Z�R�U�N

Since among the input signals, the qualitative input signals have 
appeared, the total number of neurons at the input represent the sum 
of all quantitative and qualitative signals, broken down into their in-
dividual values. table 4 shows the input signals of the selected neural 
network.

In the table 3, the MLP 17-19-3 network teaching quality was esti-
mated at around 81% probability of indicating the correct answer, i.e. 
the adopted measure of economic efficiency. Testing quality - at 75% 
level and validation quality - at 85%. The BFGS 45 algorithm turned 

Table 3. Sample results of the neural network teaching process

ID Network name Teaching quality Testing quality Validation quality
Teaching algo-

rithm
Hidden activation Output activation

1 MLP 17-11-3 0,796875 0,746498 0,874968 BFGS 28 Exponential Exponential

2 MLP 17-16-3 0,785931 0,764052 0,874283 BFGS 50 Sinus Logistic

3 MLP 17-36-3 0,775433 0,804533 0,828288 BFGS 17 Sinus Exponential

4 MLP 17-30-3 0,762021 0,760954 0,861609 BFGS 23 Sinus Linear

5 MLP 17-9-3 0,649014 0,612412 0,770544 BFGS 12 Sinus Tanh

6 MLP 17-6-3 0,755626 0,766049 0,867752 BFGS 51 Linear Tanh

7 MLP 17-8-3 0,767523 0,742646 0,876113 BFGS 66 Sinus Tanh

8 MLP 17-31-3 0,776866 0,784677 0,872670 BFGS 36 Linear Logistic

9 MLP 17-26-3 0,730811 0,783034 0,825576 BFGS 10 Exponential Sinus

10 MLP 17-9-3 0,807437 0,754784 0,865342 BFGS 38 Logistic Linear

11 MLP 17-26-3 0,794570 0,754735 0,874439 BFGS 24 Tanh Logistic

12 MLP 17-3-3 0,796772 0,816948 0,850614 BFGS 52 Logistic Sinus

13 MLP 17-29-3 0,776284 0,783517 0,874145 BFGS 31 Linear Logistic

14 MLP 17-19-3 0,813487 0,752890 0,844996 BFGS 45 Logistic Sinus

15 MLP 17-23-3 0,776775 0,783067 0,873542 BFGS 32 Linear Logistic

16 MLP 17-17-3 0,838238 0,761414 0,700263 BFGS 64 Tanh Tanh

17 MLP 17-7-3 0,768890 0,799204 0,819687 BFGS 17 Linear Exponential

18 MLP 17-6-3 0,780286 0,768095 0,886923 BFGS 28 Logistic Linear

�)�L�J�����������5�H�V�X�O�W�V���R�I���0�/�3�������������������Q�H�X�U�D�O���Q�H�W�Z�R�U�N���W�H�D�F�K�L�Q�J

�)�L�J�����������'�L�V�S�H�U�V�L�R�Q���R�I���W�K�H���G�H�S�H�Q�G�H�Q�W���Y�D�U�L�D�E�O�H���R�I���W�K�H���0�/�3�������������������Q�H�X�U�D�O���Q�H�W�Z�R�U�N
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�)�L�J�����������'�L�V�W�U�L�E�X�W�L�R�Q���R�I���W�K�H���U�H�V�L�G�X�H�V���R�I���0�/�3�������������������Q�H�X�U�D�O���Q�H�W�Z�R�U�N�)�L�J�����������*�O�R�E�D�O���V�H�Q�V�L�W�L�Y�L�W�\���D�Q�D�O�\�V�L�V���I�R�U���W�K�H���0�/�3�������������������Q�H�X�U�D�O���Q�H�W�Z�R�U�N

Table 4.	MLP 17-19-3 neural network individual input signals

Designation 
of groups and 

factors
Units of measurement ID of the neuron Value of the neuron

1 �8
�'Y number 1 �8

�'Y

2 �8
RY kilometers 2 �8

RY

3 �8
JY minutes 3 �8

JY

4 �8
�&Y minutes 4 �8

�&Y

5 �8
�3Y litres/100 km 5 �8

�3Y

6 �8
�0Y kilograms 6 �8

�0Y

7 �8
�(Y % 7 �8

�(Y

8 �.
�:Y season 1, season 2, season 3

8  1 �.
�:�< �V�H�D�]�R�Q

9   2�.
�:�< �V�H�D�]�R�Q

10   3�.
�:�< �V�H�]�D�R�Q

9 O
�3Y completed, not completed

11  O
�3�< �F�R�P�S�O�H�W�H�G

12   O
�3�< �Q�R�W �F�R�P�S�O�H�W�H�G

10 O
�.Y completed, not completed

13  O
�.�< �F�R�P�S�O�H�W�H�G

14   O
�.�< �Q�R�W �F�R�P�S�O�H�W�H�G

11 O
HY completed, not completed

15  O
H�< �F�R�P�S�O�H�W�H�G

16   O
H�< �Q�R�W �F�R�P�S�O�H�W�H�G

12 �(
�.Y PLN 17 �(

�.Y



EKSPLOATACJA I NIeZAWODnOSC – MAInTenAnCe AnD ReLIABILITY VOL. 22, NO. 1, 2020126

SCIenCe AnD TeCHnOLOGY

out to be the best teaching algorithm. The positive result of teaching 
the neural network is demonstrated, by the teaching graph (fig. 3). It 
shows that the best network structure was found in the 43-rd cycle; 
the share of incorrect answers was 19% and the error was estimated 
at 0.002. Also the course of the dispersion changes, shown in fig. 4, 
indicates a positive outcome of teaching the network.

The results of the calculations presented in fig. 4 show the disper-
sion between the forecasted revenue value (the result of the calcula-
tion in the network during teaching) and its actual value. The visible 
gathering of the dispersion value around zero is a good result of the 
model calculations.

The histogram presented in fig. 5 (distribution of residues, i.e. 
differences between the output variable and its prediction) shows 

the number of results of the scatter calculation near zero, which also 
means a high level of reproducing of the output signals.

In the next stage, a sensitivity analysis was carried out, which 
involved checking how the network error behaves when input signals 
are modified. In this calculation, the input signal values ​​are replaced 
by the average of this signal from the teaching set. After inputting 
such modified data, the network error was checked. If the error has 
increased significantly, it means that the network is very sensitive to 
the signal.

The global sensitivity analysis reflects the impact of individual 
network input variables on the output signals (fig. 6). These calcula-
tions have shown that the greatest impact on the output signals of the 
neural network have: the monthly number of days of the vehicle’s 
operation, the cost of operation, load weight and time of year.

Based on the selected neural network and the data collected for 
the neural network teaching process, the trends of changes in the 
value of efficiency measures are shown, namely: monthly revenue, 

�)�L�J�����������0�R�Q�W�K�O�\���U�H�Y�H�Q�X�H���L�Q���U�H�O�D�W�L�R�Q���W�R���W�K�H���Q�X�P�E�H�U���R�I���G�D�\�V���R�I���W�K�H���Y�H�K�L�F�O�H�¶�V���R�S�H�U�D�W�L�R�Q�� 

�)�L�J��������	�5�H�O�D�W�L�Y�H���X�Q�L�W���S�U�R�I�L�W���L�Q���U�H�V�S�H�F�W���W�R���W�K�H���Q�X�P�E�H�U���R�I���G�D�\�V���R�I���R�S�H�U�D�W�L�R�Q���R�I���W�K�H��
�Y�H�K�L�F�O�H

�)�L�J������������ �5�H�O�D�W�L�Y�H���X�Q�L�W���S�U�R�I�L�W���L�Q���U�H�O�D�W�L�R�Q���W�R���W�K�H���Q�X�P�E�H�U���R�I���G�D�\�V���R�I���R�S�H�U�D�W�L�R�Q���R�I��
�W�K�H���Y�H�K�L�F�O�H���L�Q���U�H�V�S�H�F�W���W�R���<�.��

�)�L�J����������	�5�H�O�D�W�L�Y�H���X�Q�L�W���U�H�Y�H�Q�X�H���L�Q���U�H�O�D�W�L�R�Q���W�R���W�K�H���Q�X�P�E�H�U���R�I���G�D�\�V���R�I���R�S�H�U�D�W�L�R�Q���R�I��
�W�K�H���Y�H�K�L�F�O�H���L�Q���U�H�V�S�H�F�W���W�R���<�.��

�)�L�J����������	�0�R�Q�W�K�O�\���U�H�Y�H�Q�X�H���L�Q���U�H�O�D�W�L�R�Q���W�R���W�K�H���Q�X�P�E�H�U���R�I���G�D�\�V���R�I���R�S�H�U�D�W�L�R�Q���R�I���W�K�H��
�Y�H�K�L�F�O�H���L�Q���U�H�V�S�H�F�W���W�R���<�.��

�)�L�J�����������5�H�O�D�W�L�Y�H���X�Q�L�W���U�H�Y�H�Q�X�H���L�Q���U�H�O�D�W�L�R�Q���W�R���W�K�H���Q�X�P�E�H�U���R�I���G�D�\�V���R�I���W�K�H���Y�H�K�L�F�O�H�¶�V��
�R�S�H�U�D�W�L�R�Q



EKSPLOATACJA I NIeZAWODnOSC – MAInTenAnCe AnD ReLIABILITY VOL. 22, NO. 1, 2020 127

SCIenCe AnD TeCHnOLOGY

relative unit revenue and relative unit profit in respect to the number 
of days of vehicle operation (fig. 7, fig. 8, fig. 9).

The analysis conducted also shows that the selected network cor-
rectly reproduces the selected measures of economic efficiency. In 
order to carry out a detailed analysis of the impact of this factor on the 
output signal, the impact of the time of year on the values ​​of efficiency 

measures in relation to the number of days of the vehicle operation 
was extracted (fig. 10, fig. 11, fig. 12).

Based on the interview with vehicles’ drivers, the time of year was 
determined as the general conditions for meeting the orders, as well as 
driving comfort and safety:

�‡ �V�H�D�V�R�Q �� �L�V �D�V�V�L�J�Q�H�G �W�R �P�R�Q�W�K�V�� �0�D�\�� �-�X�Q�H�� �-�X�O�\�� �$�X�J�X�V�W��
�‡ �V�H�D�V�R�Q ���� �0�D�U�F�K�� �$�S�U�L�O�� �6�H�S�W�H�P�E�H�U�� �2�F�W�R�E�H�U��

Table 5.	Example results of the calculations of revenue, unit relative income and unit relative profit for a data set not used in the teaching process

X
Y�3 �8

�'Y �8
RY �8

JY �8
�&Y �8

�3Y �8
�0Y �8

�(Y �(
�.Y �.

�:Y O
�3Y O

�.Y O
HY  �(

�0Y �(
�/Y  

�(
�:Y

1 30 11360 425 480 15 1661 1,33 12873,13 season 2 yes yes yes 5976,87 1,66 0,53

2 31 13331 516 553 15 1771 1,61 15669,06 season 2 yes yes yes 2920,94 1,39 0,22

3 24 10127 422 454 15 1408 1,14 13172,67 season 2 yes yes yes 1787,33 1,48 0,18

4 30 13750 516 581 15 1887 1,45 16232,06 season 2 yes yes yes 9537,95 1,87 0,69

5 30 9470 350 427 15 1697 1,31 14113,56 season 2 yes yes yes 3686,44 1,88 0,39

6 28 10527 376 442 15 1556 1,64 16041,24 season 2 yes yes yes 4178,76 1,92 0,40

7 17 10700 684 784 15 1588 1,22 20263,87 season 2 yes yes yes -7413,87 1,20 -0,69

8 31 16362 528 602 15 1765 1,36 19235,94 season 2 yes yes yes 4514,06 1,45 0,28

9 17 10700 684 784 15 1349 1,23 20120,94 season 2 yes yes yes -9020,94 1,04 -0,84

10 21 7824 447 484 13 743 0,99 9727,43 season 2 yes yes yes 722,57 1,34 0,09

11 21 9632 459 491 14 1114 1,11 11636,10 season 2 yes yes yes 1593,90 1,37 0,17

12 23 10560 515 635 14 1190 1,04 11430,36 season 2 yes yes yes 3319,64 1,40 0,31

13 22 6990 350 430 14 1162 1,01 9105,71 season 2 yes yes yes 3794,29 1,85 0,54

14 21 8297 395 459 14 1263 1,05 10928,23 season 2 yes yes yes 1541,78 1,50 0,19

15 21 9090 433 497 14 1036 1,04 10968,52 season 2 yes yes yes 1881,48 1,41 0,21

16 21 8000 419 520 14 771 1,03 9847,90 season 2 yes yes yes 952,10 1,35 0,12

17 31 11760 380 445 15 1454 1,32 15814,58 season  1 yes yes yes 4005,42 1,69 0,34

18 26 8600 331 378 15 1561 1,25 11779,84 season  1 yes yes no 5200,16 1,97 0,60

19 24 10570 441 538 15 1621 1,32 14242,71 season  1 yes yes yes 757,29 1,42 0,07

20 25 10980 440 503 15 1686 1,37 13236,73 season  1 yes yes no 5363,27 1,69 0,49

21 31 13230 471 552 15 1802 1,39 15843,46 season  1 yes yes yes 8356,54 1,83 0,63

22 30 11520 384 472 15 1620 1,25 16784,69 season  1 yes yes yes 2965,31 1,71 0,26

23 31 14500 468 493 15 1642 1,26 16733,81 season  1 yes yes yes 1016,19 1,22 0,07

24 31 14400 465 502 15 1513 1,16 15500,69 season  1 yes yes yes 8099,31 1,64 0,56

25 22 11290 514 571 15 1563 1,20 12614,45 season  1 yes yes yes 865,55 1,19 0,08

26 30 14930 498 603 15 1645 1,73 16990,02 season  1 yes yes yes 4509,98 1,44 0,30

27 31 17810 575 613 15 1558 1,64 19222,32 season  1 yes yes yes -672,32 1,04 -0,04

28 30 12860 429 530 15 1645 1,73 17773,67 season  1 yes yes yes 5766,33 1,83 0,45

29 30 17040 569 674 15 1807 1,39 19713,65 season  1 yes yes yes 1286,35 1,23 0,08

30 12 6850 571 663 15 1779 1,37 19805,28 season  1 yes yes yes -11055,28 1,28 -1,61

31 31 17980 580 618 15 1584 1,22 20049,37 season  1 yes yes yes -2049,37 1,00 -0,11

32 25 14400 576 680 15 1596 1,45 14674,60 season  1 yes yes yes 4325,40 1,32 0,30

33 31 10936 423 488 15 1597 1,42 15795,00 season  3 yes yes yes 5475,83 2,05 0,50

34 30 10304 405 466 15 1588 1,38 14079,57 season  3 yes yes yes 4563,86 1,77 0,44

35 29 8372 358 413 15 1679 1,41 12553,19 season  3 no no no 3348,62 1,94 0,40

36 26 11752 503 598 15 1536 1,34 13012,55 season  3 yes yes yes 2188,21 1,33 0,19

37 26 10224 430 531 15 1430 1,30 13012,55 season  3 yes yes yes 3282,31 1,53 0,32

38 25 11422 472 548 15 1609 1,39 15104,38 season  3 yes yes yes 2220,28 1,56 0,19

39 25 8985 389 486 15 1473 1,34 12577,23 season  3 yes yes yes 1037,22 1,54 0,12

40 24 9015 391 488 15 1476 1,34 12564,77 season  3 no no no 1176,01 1,54 0,13

41 23 10850 435 500 15 1614 1,39 14725,20 season  3 no no no 3184,18 1,68 0,29

42 22 8902 441 524 14 1101 1,08 10680,49 season  3 no no no 1885,16 1,45 0,21

43 21 8784 435 523 14 1112 1,09 10635,87 season  3 no no no 2458,52 1,46 0,28

44 20 8761 434 523 14 1112 1,09 10628,81 season  3 no no no 1839,10 1,47 0,21

45 23 11580 475 547 15 1646 1,40 15622,78 season 3 no no no 2371,98 1,57 0,20

46 21 9126 434 518 14 1158 1,15 11411,48 season  3 no no no 1562,54 1,46 0,17

47 22 8903 437 530 14 1066 1,10 10670,73 season  3 no no no 1702,55 1,43 0,19

48 24 9126 409 502 15 1461 1,24 12763,30 season  3 yes yes yes 801,64 1,47 0,09
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�‡ �V�H�D�V�R�Q ���� �-�D�Q�X�D�U�\�� �)�H�E�U�X�D�U�\�� �1�R�Y�H�P�E�H�U�� �'�H�F�H�P�E�H�U��

The research showed that the highest values ​​of efficiency meas-
ures are achieved during the operation of vans and fulfilling orders 
during season 3, and the lowest during season 1. This is confirmed by 
the fact of seasonality in providing transport services. Bad weather 
conditions determining the winter season is the time of increased use 
of vehicles due to the growing demand for services (season 3), with 
reduced supply of them. Good weather conditions are observed in the 
summer season, but then the demand for transport services decreases 
(season 1). The supply of services in the analyzed sector in this period 
is higher than the demand for services.

The verification of the proposed method was carried out based 
on the results of subsequent calculations made after inputting in the 
neural network a data not used in the teaching process. Examples of 
final results are presented in table 5.

Based on the global sensitivity analysis and the results obtained 
(table 5), it can be concluded that revenue increases with the increase 
in the number of days the vehicle works. Relative revenue and rela-
tive profit are calculated below in two ways: taking into account all 
variants of orders together with those generating a loss and taking into 
account only variants generating profit from order execution.

 The studies have also shown that the season 
is also an important factor influencing the rela-
tionship between the number of working days 
and revenue or profit. The season determines 
the rate of increase in relative income and rela-
tive profit. This rate is high in the range of 10-
22 days of vehicle work and becomes moderate 
in the range of 23-25 ​​days of work per month. 
However, increasing the number of working 
days above 26-27 no longer results in an in-
crease in benefits. The results presented in fig. 
13c) confirm that in order to achieve relative 
profit vehicles should be used not less than 20 
days a month, while the analysis of predictions 
without taking into account orders bringing 
losses (fig. 13d) confirms that it is over 21 days 
of work for season 2 and 22 days for season 1.

6. Summary

The results obtained and presented in the 
article allowed the statements that the adopted 
measures of economic efficiency have illus-
trated the impact of the number of vehicles’ 
working days on the revenue and profit from 
transport services, and that the developed model 
is useful for predicting monthly revenue from 
transport services.

The results of the calculations provide the basis for the statement 
that increasing the number of days of the vehicle’s work has a limited 
impact on the revenue growth process in the company. It is observed 
that positive income values are achieved with the number of working 
days over 19-20.

Both the number and type of data used in the neural network al-
lowed to achieve high analysis results at the level of 80-90% effi-
ciency.

The calculations results obtained results showed the specific fea-
tures of the impact of the number of working days on the revenue in 
a transport company. The increase in the number of working days is 
conducive to increased revenue in a limited way, and this restriction 
depends on the season of the year.

The neural network model developed supports decision making 
in the implementation of transport processes, taking into account the 
economic efficiency of the motor vehicle operation process. Thus, the 
obtained results showed the usefulness of the adopted measures of 
economic efficiency and the model built to predict the economic re-
sults of the company’s transport activities.
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1. Introduction

The push towards the reduction of fuel consumption of motor ve-
hicles equipped with internal combustion engines (and hybrid drives) 
also drives an increase in the production of vehicles with electric pro-
pulsion systems, which leads to an increase in their share in the total 
number of vehicles in use. Changes to the requirements for reducing 
fuel consumption from the vehicle fleet by 2030 should be expected 
to contribute significantly to the development of electromobility [3] 
while also reducing greenhouse gas emissions. 

Sales of electric vehicles (BEV – battery electric vehicle) on the 
global markets are increasing, however, their share in the overall car 
market is still not very large. The average European market share of 
EVs (electric vehicles) is about 2.5%, despite 200,000 units being sold 
in 2018 (Fig. 1). The most dynamic market is currently the Chinese 

market, with more than 800,000 new electric vehicle registrations in 
2018. Despite this, the share of BEVs there is about 3.5%. In Europe, 
Norway is at the forefront with 45,000 new registrations in 2018 (the 
market share of BEVs there currently stands at 29%). In Poland, the 
share of BEVs is set at a low point of 0.4% [10]; at the end of July 
2019, only 4009 electric vehicles were registered [14].

The last few years have seen a large increase in electric vehicle 
models in a whole range of segments (Fig. 2). The largest increase in 
models could be observed in the Chinese market – in all segments, 
where about 120 EV models are available. Compared to that there are 
only about 20 models on the European market – and half that on the 
American market [5]. Of the total vehicle sales in 2018 on the Chinese 
market, 90% were small cars. The development of electric crossovers 
and SUVs is, however, observed on the European market. 
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SIMULATION ANALYsIs OF ELECTRIC VEHICLEs ENERGY CONsUMPTION 
IN DRIVING TEsTs
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There are 20 BEV models officially available on the Polish mar-
ket (including vans) [14]. Their range is quite diverse and is between 
100 km to 540 km (in the NEDC test – New European Driving Cycle), 
this range is provided by batteries with capacities between 6.1 kWh 
and 90 kWh, respectively. The list does not include Tesla vehicles, as 
their official sales (on-line) only began at the end of August 2019.

The Transport & Environment [10] estimates that the share of 
electric vehicles in 2025 will reach around 8% of total sales and near-
ly 17% by 2030.

The analysis of energy consumption in conventional drive sys-
tems is based on the fuel consumption values or the carbon dioxide 
emissions. However, exhaust emission tests of motor vehicle drives 
indicate large discrepancies (between 30–40%) in fuel consumption 
and CO2 emissions between type approval tests and the real driving 
conditions [4].

The carbon dioxide emission values are also influenced by the 
vehicle operating conditions as well as any equipment designed to 

reduce fuel consumption at a standstill. The 
impact of various test routes and the use of the 
start-stop system were the subject of research 
conducted during real-world traffic tests for 
passenger cars [8]. It was stated there that the 
non-repeatable nature of the vehicle operating 
conditions on the same test route may cause a 
difference in the value of carbon dioxide emis-
sions of about 26%. Additionally, the use of the 
start stop system makes it possible to reduce this 
emission by a further 11–15%.

The impact of dynamic conditions in road 
tests on carbon dioxide emissions was also as-
sessed [6]. These tests, known as RDC (Real 
Driving Conditions), have been required since 
2018 as a part of the vehicle type approval pro-
cess. The authors concluded that there is a strong 
relationship between carbon dioxide road emis-
sions and dynamic driving conditions. It has 
been shown that doubling the value of relative 
positive acceleration results in a 3-fold increase 
in carbon dioxide road emissions.

According to Pavlovic et al. [11] CO2 emis-
sions in the WLTC test are approximately 10% 
higher than those in the NEDC test (for vehicles 
with SI engines with a curb weight of approxi-
mately 1500 kg), while energy consumption is 
increased by approximately 40% (for vehicles 
with SI engines).

Simulation tests of fuel consumption and 
CO2 emissions using AVL Cruise conducted by 
Tsokolis et al. [16] indicate differences in values 
obtained from NEDC and WLTC tests. These 
differences were observed for over 63% of test-
ed vehicles with SI engines and for 81% of ve-
hicles with CI engines. CO2 emissions were on 
average 11% higher for all vehicles in the WLTC 
test compared to the NEDC test. The average 
efficiency values were higher in the WLTC test 
(than in NEDC) and they amounted to: engine 
efficiency – 31% (compared to 25%) and vehicle 
efficiency – 26% (compared to 21%).

Electric vehicle propulsion analysis is cur-
rently considered in two forms. The first con-
cerns vehicle tests, the other – simulation tests. 
Both test variants can be combined to determine 
the energy consumption of an electric vehicle. 

Analyzes conducted by Wu et al. [18] indi-
cate a higher efficiency of electric drive system in urban traffic than 
in the conditions of highway traffic. This is due to the greater potential 
for energy recovery in urban driving conditions.

The analysis of energy flow in hybrid vehicles in real traffic had 
been carried out for several years now [12, 13, 17]. The analysis of 
such drive systems is based primarily on the analysis of electrical en-
ergy use by vehicles while excluding fuel consumption. This is due 
to the fact that the internal combustion engine works in part as an 
electric power generator, which allows increasing the energy capacity 
of the vehicle’s battery.

Current research on the electric vehicle energy consumption re-
duction relates to analyzes towards the optimization of the electric 
motors torque [19], limiting the losses generated by electric motors 
[15], the vehicles speed profile [1], the problem of route selection in 
the aspect of charging stations [7, 20], and optimization of the charg-
ing infrastructure [2, 9].
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The main aim of the research is to determine the differences in 
specific electricity consumption of motor vehicles in driving tests. 
It is therefore necessary to answer the question: to what extent dif-
ferent tests influence the estimation of specific energy consumption 
and whether it is possible to use such tests interchangeably. An 
additional factor taken into account in the tests was the variable 
vehicle mass.

2. Testing method

The research was carried out using AVL Cruise simulation 
software. It is a system enabling the simulation of a drive system 
(BEV, HEV or conventional), whose special features include: (1) 
the division of the drive system into functional elements with 
predefined characteristics of individual components; (2) the 
model structure and solution algorithm being independent; (3) 
generation of equations based on full system definition and (4) 
multi-threaded data models integrity. 

An electric vehicle with variable curb weight was modeled, 
the structural model of which was shown in Fig. 3. The technical 
characteristics of the vehicle were shown in Table 1.

Energy consumption tests were carried 
out in relation to various driving tests (NEDC, 
WLTC and RDC) and for a vehicle with differ-
ent curb weights (1000; 1500 and 2000 kg). The 
characteristics of the driving tests are shown 
in Fig. 4. The tests included the current NEDC 
driving test, the modern WLTC driving test 
and the RDC road test. These are characterized 
by a varied driving profile, different test route 
lengths and similar maximum driving speeds. 
Due to the different acceleration curves, differ-
ent total energy consumption is expected. 

3. Vehicle electric drive characteris-
tics

The electric drive tests were carried out at a 
constant initial value of the battery charge level 
(SOC = 95%). Because recharging was only 
possible during regenerative braking, this value 
has not been changed. It was found that the type 
of driving test used significantly affects the fi-
nal battery state of charge (Fig. 5). The short-
est test (NEDC) causes a few percent change 
in the battery SOC. Increasing the length and 
intensity of the test results in lower final SOC 
values. Taking into account the length of the 
driving test, the final SOC value per 100 km 
of the test distance was determined. The final 
value �'SOC/100 km in the NEDC test (taking 
into account the initial battery charge of 95%) 
was 53%, while in the WLTC test it was 42%, 
and in the RDC test – 45%. This means that the 
SOC final values ​​were not the smallest in most 
aggressive RDC driving test. The maximum 
�'SOC variations between the tests were 11% 
(NEDC and WLTC) and the values were small 
when comparing the �'SOC of the WLTC and 
RDC tests – 3%. 

In addition, an increase in vehicle curb 
weight causes a 5% change in SOC (NEDC 
test), and a 12% change for the WLTC test. 
During the RDC test, the vehicle weight re-
sults in the most significant changes the final 

SOC values. An increase in weight of 100 kg reduces battery state of 
charge by approximately 4% on average. This value is very important, 

�)�L�J�����������'�L�D�J�U�D�P���R�I���W�K�H���H�O�H�F�W�U�L�F���Y�H�K�L�F�O�H���G�U�L�Y�H���V�\�V�W�H�P�����$�9�/���&�U�X�L�V�H��

�)�L�J�����������'�U�L�Y�L�Q�J���W�H�V�W�V���X�V�H�G���L�Q���W�K�H���U�H�V�H�D�U�F�K���D�Q�G���W�K�H�L�U���F�K�D�U�D�F�W�H�U�L�V�W�L�F�V

Table 1.	Technical data of the simulated vehicle and drive system

Vehicle

Curb weight 1000; 1500; 2000 kg

Wheelbase 2467 mm

Electric circuit

Battery Li-Ion, 25 kWh

Nominal voltage 360 V

Cell capacity × number of cells 36 × 2 Ah

Electric motor

Type asynchronous

Torque 240 @ 0–3000 Nm@rpm

Transmission

Gear ratio 6.058
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because with a minimum vehicle weight (1000 
kg) the change in the SOC value in this test was 
already as high as 95 – 57 = 38%. Considering 
that the total energy of the battery is 25 kWh 
and its operating capacity lies in the real SOC 
range of 20–80%, the change in the battery's 
SOC was already 63% of its entire usable en-
ergy. This means that 1/3 of the SOC changes 
were responsible for 2/3 of the effective energy 
of a Li-Ion battery. 

In addition, it was found that the maximum 
change in SOC obtained in the NEDC test oc-
curs after just 40% of the RDC test length and 
65% of the WLTC test duration. This means that 
the driving test selection greatly influences the 
final SOC value of the battery.

To assess the range of used operating pa-
rameters of the electric motors, a fixed matrix 
was used in the coordinates Mo = f(n) under 

the following assumptions (a 
simplified diagram is shown in 
Fig. 6a):

n = 250 rpm – resulting in �‡��
30 intervals (in the range of 
0–7000 rpm),

Mo = 20 Nm – resulting in 25 �‡��
intervals (in the range of –250–
250 Nm).

An example map of the elec-
tric motor operating points in 
the RDC test for a vehicle mass 
m = 2000 kg is shown in Fig. 6b. 

�)�L�J��������	�$�Q�D�O�\�V�L�V���R�I���F�K�D�Q�J�H�V���L�Q���W�K�H���E�D�W�W�H�U�\���V�W�D�W�H���R�I���F�K�D�U�J�H���I�R�U���G�L�I�I�H�U�H�Q�W���Y�H�K�L�F�O�H���F�X�U�E���Z�H�L�J�K�W�V���������������N�J���±���V�R�O�L�G��
�O�L�Q�H���������������N�J���±���O�R�Q�J���G�D�V�K�H�G���O�L�Q�H���������������N�J���±���V�K�R�U�W���G�D�V�K�H�G���O�L�Q�H�����D�Q�G���Y�D�U�L�R�X�V���G�U�L�Y�L�Q�J���W�H�V�W�V��

�)�L�J��������	�(�[�D�P�S�O�H���P�H�W�K�R�G�R�O�R�J�\���I�R�U���G�H�W�H�U�P�L�Q�L�Q�J���W�K�H���X�V�H�I�X�O���S�D�U�D�P�H�W�H�U���U�D�Q�J�H�V���R�I���W�K�H���H�O�H�F�W�U�L�F���P�R�W�R�U���R�S�H�U�D�W�L�R�Q�����D�����I�X�O�O���R�S�H�U�D�W�L�Q�J��
�D�U�H�D�����E�����D�F�W�X�D�O���R�S�H�U�D�W�L�Q�J���D�U�H�D���R�I���W�K�H���H�O�H�F�W�U�L�F���P�R�W�R�U���L�Q���W�K�H���5�'�&���W�H�V�W��

�)�L�J�����������(�O�H�F�W�U�L�F���P�R�W�R�U���S�H�U�I�R�U�P�D�Q�F�H���F�K�D�U�D�F�W�H�U�L�V�W�L�F�V���L�Q���Y�D�U�L�R�X�V���G�U�L�Y�L�Q�J���W�H�V�W�V���D�Q�G���I�R�U���G�L�I�I�H�U�H�Q�W���Y�H�K�L�F�O�H���F�X�U�E���Z�H�L�J�K�W�V��
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A high density of maximum torque at low speeds can be observed, as 
well as unused operating ranges with high engine efficiency. Regen-
erative braking also allows the use of a large operating range (two-
quadrant operation of the electric motor), while the maximum values 
are limited especially in the middle range of the rotational speed of 
this motor.

The degree to which the full characteristic of the electric motor’s 
operating range was used was determined for such maps. The values 
for the operating intervals usage were given in Fig. 7. Each operat-
ing interval contains information on the amount of time that a given 
interval, described by the values Mo and n, was used. At the same 
time, these values were in line with the legend presented for each 
characteristic. The main percentage values on 
the top right indicate the percentage of the total 
available range of the electric motor operating 
parameters that was used in any given test. An 
increase in the use of the electric motor’s full 
range of operation for different drive tests can 
be observed. For the NEDC test, the range of 
motor operating parameters used was at most 
22% of the total range available for the electric 
motor, while for the RDC test – 78% (at vehicle 
mass m = 2000 kg). Increasing the torque of the 
electric motor is most important when increas-
ing the weight of the vehicle in a test simulating 
real driving conditions (RDC test).

4. Analysis of energy flow through the 
battery

The high-voltage battery with a nominal 
voltage of 360 V was simulated as a system consisting of 
two rows of cells with an electrical capacity of 36 Ah. This 
arrangement results in the total value of accumulated en-
ergy being about 25 kWh. 

Energy flow simulation of was made for all test routes, 
with an example of battery charging and discharging pro-
cess given in Fig. 8. Due to the high values of SOC changes 
(Fig. 5), the presented results are for the RDC test. The data 
shows that it is possible to recover only a dozen or so per-
cent of the battery charge while travelling the test route. 

Although the RDC test generates the largest SOC 
changes, it does not result in the recovery of large amounts 
of electric energy. Relative to NEDC and WLTC tests, the 
average share of battery energy from charging were only 
about 3–4 percentage points higher for each vehicle mass 
tested.

Detailed data regarding the energy flow was shown in 
Fig. 9. The conditions for charging and discharging the bat-
teries as well as their total energy change were determined. The data 

provided shows that the increase in vehicle mass, despite the increase 
in the amount of energy recovered, reduces its share in the total energy 
balance. This result indicates the need to optimize the vehicle’s mass 
in the context of the energy flow in the electric vehicle’s drive sys-
tem. Larger energy flows during the RDC test also point to the need 
to provide large energy capacities for BEV batteries and large initial 
SOC values. The total energy change values ​​were the largest for the 
RDC test and were 3–4 times the energy change amount observed in 
the WLTC test. The differences between the energy changes in the 
NEDC and RDC tests were about 8 times (in favor of the NEDC test). 
An increase in vehicle weight (by 1/3) resulted in approximately 12% 
increase of the overall energy cosumed, regardless of the test used. 

The smallest effect of mass on energy consumption was obtained in 
the NEDC test (about 6%), the largest in the RDC test – 17%.

The assessment of energy demand in the form of energy 
per 100 kg of vehicle mass and to the driving test distance was 
determined using the equation:

	      2 1i,m i,m

test, j

E E
E

n S

��
� ' �  

�˜
	 (1)

where: E – battery energy value [Wh]; i – driving phases tak-
ing into account discharge, charging and total energy flow; j – 
driving tests carried out: NEDC, WLTC, RDC, S – driving test 
distance [km]; m2 = 2000 kg, m1 = 1000 kg; n = 10 – means the 
energy per 100 kg of vehicle weight.

�)�L�J��������	�&�K�D�Q�J�H�V���L�Q���W�K�H���E�D�W�W�H�U�\���F�K�D�U�J�H���G�X�U�L�Q�J���W�K�H���5�'�&���W�H�V�W���I�R�U���G�L�I�I�H�U�H�Q�W���Y�H�K�L�F�O�H���Z�H�L�J�K�W�V����
�D�Q�G���W�K�H���F�K�D�U�D�F�W�H�U�L�V�W�L�F�V���R�I���L�W�V���F�K�D�U�J�L�Q�J���D�Q�G���G�L�V�F�K�D�U�J�L�Q�J

�)�L�J�����������%�D�W�W�H�U�\���R�S�H�U�D�W�L�Q�J���F�R�Q�G�L�W�L�R�Q�V���D�Q�G���H�Q�H�U�J�\���I�O�R�Z���L�Q���G�U�L�Y�L�Q�J���W�H�V�W�V

�)�L�J����������	�$�Q�D�O�\�V�L�V���R�I���F�K�D�Q�J�H�V���L�Q���H�Q�H�U�J�\���I�O�R�Z���W�K�U�R�X�J�K���W�K�H���E�D�W�W�H�U�\�����W�D�N�L�Q�J���L�Q�W�R���D�F�F�R�X�Q�W���W�K�H���F�K�D�Q�J�H��
�L�Q���Y�H�K�L�F�O�H���P�D�V�V���E�\���$�P��� �����������N�J



EKSPLOATACJA I NIeZAWODnOSC – MAInTenAnCe AnD ReLIABILITY VOL. 22, NO. 1, 2020 135

SCIenCe AnD TeCHnOLOGY

The results of these calculations were shown in Fig. 
10. The analysis shows that similar energy expenditure 
per 100 kg of vehicle mass and per unit test length oc-
cur for NEDC and RDC tests. Although the NEDC test 
is less dynamic compared to WLTC, the specific energy 
expenditure is much higher (by about 50%) according 
to equation (2). It should be noted that such parallels are 
similar in NEDC and RDC tests; these similarities occur 
both when discharging and charging the batteries.

5. Analysis of the vehicle’s specific energy 
consumption

Vehicle energy consumption was determined in the 
form of specific energy for each of the driving tests and 
taking into account the weight of the vehicle in the range 
from 1000 kg to 2000 kg. Specific energy consumption 
[kWh/100 km] was defined as the amount of energy 
consumed to perform a test drive length of 100 km:

	
t

t 0
j

Edt
E 100

S
� �  � ˜

�³                       (2)

where: t0 – is the start of the test, tmax – test duration, S – test drive 
distance E – the amount of energy used in the test at a given time.

This energy was determined in two ways: in the whole test (Eend) 
and as a function of time during the test – Ej (Fig. 11). The initial 
phase of each test generates large Ej values (due to the short duration 
of the test), this value stabilizes in further test phases. The amount 
of time it takes for the final energy consumption value in the test to 
stabilize depends on the dynamics of the driving test. The specificity 
of driving tests means that even during the static NEDC test, the final 
energy consumption value was obtained after 98% of its duration. It 
was assumed that the energy consumption value will have reached 
its final value when it falls within the range of 5% from the value 
observed by the end of the test:

	 %t � ±5% of Eend	 (3)

where: t% – relative stabilization time (within ±5% of the final deter-
mined total energy consumption value – Eend).

During the analysis of the more dynamic WLTC and RDC tests, 
t% values were reached at 98% and 90% of the total test duration, 
respectively (Fig. 11a). This means that for the most dynamic RDC 
test, the time to determine the final value of total energy consumption 
was the shortest (Fig. 11c). It should be noted that the modification of 
the test phases (urban, extra-urban, highway driving) may contribute 
to earlier determination of the final value (assuming that the order of 
the driving phases does not change). 

The shortest energy consumption value stabilization time was 
obtained in the RDC test. In this (most dynamic) test, the final en-
ergy consumption value was also the highest. The lowest values of 
energy consumption occurred in the NEDC test. A proportional effect 
of the vehicle mass on the final energy consumption values of each 
test should be stated. 

The total energy consumption analysis results were shown in Fig. 
12. The highest values of this consumption were obtained in the RDC 
test. They were measured to be about 20% higher than the energy 
consumption value in the NEDC test. The specific increases in this 
energy consumption also related to the increase in vehicle weight by 
100 kg were also indicated there. It was found that the increases in 
energy consumption were the same for NEDC and RDC tests and they 
were about 0.34 kWh/100 km for each additional 100 kg of vehicle 
weight. The energy consumption change depending on the weight of 
vehicles recorded for the WLTC test increased by only half the value 
for the other two tests. 

Such estimation of the energy consumption increase value allows 
to determine this consumption without the need to perform simula-
tions or real tests of the vehicle with its own weight changed.

6. Conclusions

Based on the simulation tests (using AVL Cruise software) the 
operating conditions of EV motors and the energy consumption of 
the vehicle with different curb weight values were determined in 
various driving tests. Based on them, the following conclusions 
were formulated:

Regarding the level of battery charge:1.	
The dynamic character of the RDC test resulted in the largest ◦�•
changes in battery state of charge (�'SOC). These changes are 
three times higher than in the WLTC test and 7 times higher 
than in the NEDC test. 

�)�L�J�������������&�R�Q�G�L�W�L�R�Q�V���I�R�U���G�H�W�H�U�P�L�Q�L�Q�J���W�K�H���I�L�Q�D�O���H�Q�H�U�J�\���F�R�Q�V�X�P�S�W�L�R�Q���Y�D�O�X�H���R�I���W�K�H���G�U�L�Y�L�Q�J���W�H�V�W�V

�)�L�J����������	�9�H�K�L�F�O�H���H�Q�H�U�J�\�� �F�R�Q�V�X�P�S�W�L�R�Q���Y�D�O�X�H�V���L�Q���G�U�L�Y�L�Q�J���W�H�V�W�V���� �W�D�N�L�Q�J���L�Q�W�R���D�F�F�R�X�Q�W���W�K�H���F�K�D�Q�J�H�V���L�Q��
�Y�H�K�L�F�O�H���P�D�V�V
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Taking into account the test length means that the ratio of ◦�•
changes in �'SOC per 100 km of the tests RDC; WLTC; and 
NEDC were: 1.06; 1; 1.25 respectively. This means a change 
in �'SOC/100 km in percentage values of: 53%: 42%: 45% 
respectively. The smallest differences were recorded in the 
WLTC and RDC tests – up to only 6%.

Regarding the energy flow through the battery:2.	
The values for the total change in battery charge and dis-◦�•
charge energy were highest in the RDC test; they were 3–4 
times greater than the energy changes measured in the WLTC 
test. The energy changes in the NEDC and RDC tests differed 
by about 8 times (in favor of the NEDC test).
An increase in vehicle weight (by 1/3) results in an approxi-◦�•
mately 12% increase in the overall energy consumption, 
regardless of the test used. The smallest effect of mass on 
the total energy flow through the battery was obtained in the 
NEDC test (about 6%), the largest in the RDC test – 17%.

Regarding the energy consumption in the test:3.	
The highest energy consumption values were obtained during ◦�•
the RDC test. They were about 20% greater than the energy 
consumption value in the NEDC test. During the WLTC test, 
the energy consumption values were 30 to 10% greater than 
the energy consumption in the NEDC test (corresponding to 
increasing the weight of the vehicle).

The increase in energy consumption in the NEDC and RDC ◦�•
tests was the same and amounts to approximately 0.34 
kWh/100 km for each additional 100 kg of vehicle weight. 
The increases in energy consumption depending from in-
creased weight for the WLTC test were recorded to be only 
half that value.

The obtained tests and analyzes results of electric vehicles energy 
consumption indicate the need for further simulation works and tests 
in real driving conditions. The energy consumption of such vehicles 
was strongly dependent on the test type; values obtained in driving 
tests were at the level of 10.1–13.5 kWh/100 km (NEDC test); 13–15 
kWh/100 km (WLTC test) and 12.5–16.2 kWh/100 km in the RDC 
test. The differences in controled driving tests (NEDC and WLTC) 
reached up to 25% (larger in the WLTC test for vehicles with a lower 
curb weight). Tests conducted in real conditions show similar values 
of energy consumption (for light vehicles – about 1000 kg) and an 
increase of this consumption by another 10% when vehicles with a 
mass of about 2000 kg were tested.

�$�F�N�Q�R�Z�O�H�G�J�H�P�H�Q�W�V
�7�K�H���U�H�V�H�D�U�F�K���Z�D�V���F�R�Q�G�X�F�W�H�G���X�V�L�Q�J���W�K�H���$�9�/���&�U�X�L�V�H���V�R�I�W�Z�D�U�H���W�K�D�Q�N�V���W�R��

�W�K�H���$�9�/���8�Q�L�Y�H�U�V�L�W�\���3�D�U�W�Q�H�U�V�K�L�S���3�U�R�J�U�D�P��
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1. Introduction

1.1.	 Tank chemical reactors

The basic device for the implementation of the batch processes 
are tank reactors. Batch processes are widely used in many branches 
of economy e.g. food, chemistry, pharmacy, semiconductors, biogas 
plants and so on. Due to the time-varying, non-linear and uneven na-
ture of this process, it is very difficult to determine the exact mathe-
matical model of these processes, which necessitates their monitoring. 
For this reason, to ensure a high level of reliability and trouble-free 

maintenance of tank reactors it is necessary to effectively monitor the 
processes taking place inside them.

A tank chemical reactor is, in the simplest sense, a vessel adapted 
to carry out a specific chemical reaction in it. On an industrial scale, 
the construction of a reactor and the parameters of its process should 
ensure optimal economic results. Chemical reactors and the processes 
taking place in them are usually an essential element of a technologi-
cal process aimed at producing a specific chemical product. Any other 
processes in such a sequence should be assigned a rather auxiliary 
role, consisting either in preparatory activities or in separating the 
products of the reaction and separating from them the component, 
the obtaining of which is the aim of production operations. Produc-

Grzegorz K�OSOWSkI
Tomasz RYMarCZYk
Konrad KaNIa
Antoni �WI�
Tomasz CIEPLak

MAINTENANCE OF INDUSTRIAL REACTORS SUPPORTED 
BY DEEP LEARNING DRIVEN ULTRASOUND TOmOGRAPHY

EKSPLOATACJA REAKTORÓW PRZEmYS�OWYCH ZE WSPOmAGANIEm 
TOmOGRAFII ULTRAD�WI�KOWEJ I ALGORYTmÓW G��BOKIEGO UCZENIA

Monitoring of industrial processes is an important element ensuring the proper maintenance of equipment and high level of proc-
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tion and economic results usually depend on the correct operation 
of a chemical reactor. The chemical process occurring in the reactor 
overlaps, to varying degrees and in different proportions, the proc-
esses of mass, momentum and heat transfer. This usually gives a very 
complicated picture of the total process. The description of these total 
complex processes can often be simplified if one of the mentioned 
processes plays a dominant role in it and the others can be omitted. 
The most often such a dominant elementary process is the transport 
of mass or energy. Effective monitoring of these types of processes 
requires non-invasive methods that include tomography.

In the reactor classification prepared according to the type of 
reagent cluster state, we distinguish two basic reactor groups - ho-
mogeneous and heterogeneous. In heterogeneous reactors, gas and 
solids, gas and liquid, solids and liquids can react with each other. 
The presented studies concern the monitoring of industrial two-phase 
processes of solids and liquids (crystallization) and liquids and gases 
(detection of gas bubbles in liquids or suspensions).

A specific type of chemical reactors are bioreactors. Bioreactors 
comply with the same rules as chemical reactors. The difference, how-
ever, lies in the complexity of the system which is a living organism. 
Biological reactions are more sensitive and less stable, and therefore 
require more attention to process control and analysis of more factors 
than chemical reactions. In order to ensure the proper operation of 
bioreactors, it is necessary to use an effective method of monitoring 
industrial processes. In this context, the issues of monitoring biologi-
cal processes deserve attention [1,24,34].

To rationally control the maintenance processes of technical facili-
ties, including reactors, it is necessary to know about the state of these 
objects. To this end, various monitoring methods are used. Monitoring 
allows you to solve important maintenance problems, which include 
maximizing reliability and process diagnostics [40]. Tomography is 
a cheap and non-invasive method of monitoring, but in industry, this 
method does not always allow obtaining high resolution images. For 
this reason, research is needed that will lead to the method of industri-
al tomography, which will guarantee high-resolution cross-sectional 
images of the examined objects. This article refers to a new method of 
ultrasonic tomography using deep learning algorithms [19].

1.2.	 Tomographic methods and algorithms

Tomography is used in the areas where obtaining good image 
quality involves the use of a non-invasive monitoring method [9]. 
There are many types of tomographic methods, including: computed 
tomography (CT) [3,29], radio tomographic imaging (RTI) [5], elec-
trical impedance tomography (EIT) [30,31], electrical capacitance 
tomography (ECT) [4,16,17,22,42] or ultrasound tomography (UST) 
[45].

UST enables non-invasive visualization of the interior of the test-
ed object based on measurements of the time of sound propagation 
between different points on the perimeter of the tank. The presence of 
inclusions in the object changes the time of fly of sound waves. On 
this basis, the cross-sectional image of the tested tank can be repro-
duced. The main problem of UST is the difficulty of building a physi-
cal model that would be able to take into account the full complexity 
of acoustic phenomena occurring in a relatively small space [8]. This 
causes problems in implementing classic tomographic methods. This 
work is our first attempt to verify the hypothesis that a properly con-
structed neural network is able to solve the inverse problem in ultra-
sound tomography. Positive results obtained in this work give hope 
that some problems related to modeling can be bypassed by means of 
convolutional neural networks (CNN) [38].

Considering the number and frequency of publishing new scien-
tific studies on innovative industrial solutions - the UST method is 
relatively less widespread. In the field of industrial applications, most 
innovations are created in the areas of electrical impedance tomog-

raphy [13,32], electrical capacitance tomography (ECT) [27,28,35] 
and magnetic resonance imaging [23,15]. Progress is made both in 
the field of hardware (sensors, computer distributed systems) and in 
the field of reconstruction algorithms for tomographic images. The 
classic methods of solving the inverse problem in the tomography in-
clude Gauss Newton’s (GN) method. Compared to machine learning 
methods, the GN method is more universal, which means that it can 
be used in commercial tomographs on a wider range of applications. 
When it comes to problems for which machine learning algorithms 
can be trained, the GN method is rather less precise and increasing 
precision of GN method requires the usage of iterative methods, 
which significantly slows the algorithm.

Among the statistical methods of machine learning, the follow-
ing methods have been successfully applied in the reconstruction of 
tomographic images, especially in electrical tomography: elastic net, 
lasso (least absolute shrinkage and selection operator), least-angle re-
gression (LARS) [6], k-nearest neighbors (KNN), naive Bayes, mul-
tivariate adaptive regression splines (MARS), classification tree, sup-
port vector machine (SVM), gradient boosting machine (GBM) [21], 
principal component or partial least square regression [22]. There is a 
general trend that the importance of predictive algorithms is growing 
in industrial applications [41,12,14,20,10].

Due to the specific conditions of the functioning of industrial 
systems, the use of electrical tomography is not always possible. In 
situations where the tested object cannot be completely isolated from 
the influence of other sources of electric current or when the tested 
environment is dielectric, ultrasound tomography (UST) can be used.  
There is evidence in the literature of the effective use of UST in medi-
cine which may indicate the existence of unused potential of ultra-
sound process tomography [36].

Hao et al. localized the fetal abdominal standard plane from ultra-
sound recordings using CNN [7]. In that case, the accuracy of the sys-
tem reached 90%. Zhang et al. proposed a diagnosis system based on 
the two-layer CNN architecture for the classification of breast tumors 
[43]. The accuracy of the system they developed was 93.4%. Ma et al. 
classified thyroid nodules based on ultrasound, using two CNNs si-
multaneously. The average classification efficiency was 83.02% [21]. 
In other medical studies, Arevalo et al. classified changes in breast 
cancer from hand-segmented mammography films using CNN. They 
managed to achieve an accuracy of 82% [2].

The above and other examples of successful combination of UST 
and CNN in medical applications have given rise to targeted research 
on effective technics for reconstructing tomography images based on 
the measurements of the time-of-flight of the ultrasonic waves  in an 
industrial tank.  The non-destructive UST method supported by deep 
learning algorithms is suitable for monitoring industrial processes oc-
curring not only inside closed reactors but also flow processes inside 
complicated pipe systems.

1.3.	 Convolutional neural networks

CNN has in recent years become the leading topic of technical 
progress in many areas [37].Due to the high ability to recognize spe-
cific features visible on CNN images, they are often used in various 
classification problems [26,6]. Other areas of CNN application include 
image classification [25], video analysis, natural language processing, 
city monitoring, industrial cameras and all kinds of devices providing 
images made with ordinary photographic techniques [44]. Creating 
images obtained by resolving the inverse problem, such as tomo-
graphic images, is a relatively new area of application for CNN and is 
therefore difficult [18,11].

CNNs are good in mapping complex nonlinear functions. For this 
reason, the number of attempts to use deep learning algorithm for im-
age reconstruction in  EIT/ERT (electrical impedance tomography/
electrical resistance tomography)  is increasing [39]. 
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Attempts are also made to create hybrid methods, an example of 
which is a real-time reconstruction algorithm that produces high-qual-
ity sharp EIT absolute images by combining the D‑bar algorithm with 
subsequent CNN processing [19].

1.4.	 Research objective and novelties

The main goal of the research presented in this article was to de-
velop a new algorithm capable of reconstructing monochrome (bina-
ry) 2D images of ultrasound tomography, regardless of the size, shape, 
location or number of inclusions hidden in the examined object.

High accuracy of imaging is achieved thanks to splitting the out-
puts for multiple CNNs. The higher speed of the algorithm is reached 
thanks to the use of 4-pixel clusters approach. Instead of training 
CNN networks for all 1024 pixels, there are only 256 networks to 
train, one for each cluster. As a result, we get a 4-fold increase in the 
speed of the algorithm, preserving reasonably small number of pos-
sible outcomes of the CNNs.

Fig. 1a shows the scheme of the algorithm based on the structure 
of an ordinary CNN with 496 inputs and 1024 binary outputs (0, 1). 
In Fig. 1b, for comparison, proposed multiple CNN scheme is shown. 
Each of the 256 CNNs generates a numerical classifier {1..16} at the 
output, which is the cluster identifier. Then, each cluster is converted 
to a 4-pixel monochrome pattern with dimensions of 2×2 (Table 1).

This article consists of 4 sections. Section 1 presents the 
state of art regarding tomographic methods and algorithms used in 
the reconstruction of tomographic images. Specific examples of UST 
applications combined with deep learning are presented. Section 2 
contains a detailed description of the test stand, the data used, the mul-
tiple CNN algorithm, as well as information on the learning process. 
Section 3 presents examples of reconstructions obtained by using the 

multiple CNN method. In addition, the quality of this method was 
compared with 5 other classical machine learning algorithms.

2. Hardware, Algorithms and Methods

2.1.	 The hardware

The research used a tomographic system developed by the au-
thors of this publication. Fig. 2a shows the mesh of lines indicating 
measurements of the speed of the sound wave. The densities of the 
lines at the periphery of the tank cross section are determined by 32 
transducers. Fig. 2b demonstrates the test stand. Based on measure-
ments from this stand, effective algorithm for generating simulation 
data was developed.

The tomograph is built on the STM32F103VCT6 processor (Fig. 
3a) which is responsible for the managing of a measurement sequence 
and setting transducers in the transmitting or receiving mode. Measure-
ment data acquisition system cooperates with dedicated transducers, as 
shown in Fig. 3b. Measurements data  can be transmitted to the PC in 
real time (Fig. 3c).

The transducers performs measurements using one piezoelectric 
unit using the absorption method. The transducer can work both as a 
transmitter and an ultrasonic wave receiver. The transducer has an in-
tegrated signal processing system and a microcontroller with a built-in 
A/C converter. By using a programmable digital potentiometer, the gain 
of the received signal can be regulated. The PCB transducer also pro-
vides the option of filtering out the signal using an active filter. A small 
diode is used to signal the operating status of the device. 

Control and reading of measurements made by the transducer 
is carried out via the CAN 2.0A bus. Due to the special design, the 
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Fig. 2.	 (a) - A mesh of measurements carried out by 32 transducers arranged 
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�)�L�J��������	���D���� ���� �&�R�Q�W�U�R�O�O�H�U�� �U�X�Q�Q�L�Q�J�� �R�Q�� �W�K�H�� �6�7�0�����)�������9�&�7���� �S�U�R�F�H�V�V�R�U�� 
���E���������9�L�H�Z���R�I���F�R�P�S�R�V�L�W�H���������3�&�%�V���R�I���X�O�W�U�D�V�R�X�Q�G���W�U�D�Q�V�G�X�F�H�U�V�������F���������%�O�R�F�N��
diagram of the system
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transducers can be installed in close proximity to each other. 
RJ-12 cables were used to make the communication buses and 
to provide power supply. Each transducer was divided into two 
parts - digital and analog. The task of the digital part is to send 
the measurement results to the tomographic controller. The ana-
log part of the transducer was adapted to work with a 40 kHz 
piezoelectric unit (Fig. 4a and 4b).

2.2.	 Algorithms and Methods

In order to solve the inverse problem, classification con-
volutional neural networks (CNNs) were used. During the re-
search, it turned out that a single convolution network powered 
by 496 measurements and generating 1024 binary elements 
learns very long and the obtained results are not good enough. 
The novel element of the presented solution is to use CNN to 
classify 4-pixel clusters.

During a single measurement series, each of the transducers acts 
as an emitter, while the other transducers receive ultrasound signals at 
that time. When the number of transducers is 32, the number of meas-
urements can be calculated as (322 – 32). Since the time the sound 
wave needs to travel from A to B is the same as from B to A, the 
number of measurements M can be reduced by half. Hence, we get 
the relationship (1).

	
2

2
n n

M
��

� 	 (1)

where n  is the number of transducers.

So the measurement vector establishing the MCNN input set that 
consists of 496 measurements. Each measurement means the so-called 
sound wave flight time between a specific pair of transducers. To en-
sure correct measurements, a reference measurement in an inclusion-
free environment should be performed before actual measurements 
can begin. This is to determine the background values. Inclusions dis-
tort measured times, so that images can appear on the basis of contrast 
to the background. Based on different measurements of times, the lo-
cations and size of inclusions are determined.

An industrial tank filled with tap water played the role of the ex-
amined object. Various objects were immersed in water, followed by 
ultrasonic measurements. Thanks to the knowledge of the location and 
dimensions of the immersed objects, as well as the knowledge of the 
number of all inclusions, it was possible to develop a simulation algo-
rithm that generated 20,000 learning cases. Fig. 5 shows a simula-
tion example of generating one of 20,000 measurement cases.

The left side of the drawing illustrates the exemplary cross-
section of the tank interior with visible inclusions. The right side 
is a graph of 496 measurements (horizontal axis), along with the 
corresponding transition times of ultrasound waves between pairs 
of transducers. In the simulation algorithm, Gaussian noise has 
been implemented with a distinct level for each measurement in 
the frame. The level of the noise was determined by the standard 
deviation set to 5% of the value of each measurement. The al-
gorithm based on convolutional neural networks was developed 
using the Deep Learning Toolbox of Matlab.

As mentioned before, each learning case consisted of 496 
input measurements and one monochrome output image with a 
resolution of 32×32. The number of measurements is the result 

of using 32 transducers.  The full matrix of measurements counts 992 
(32×31) measurements, of which half of the measurements concern the 
same transducers. Because the sound wave moves at the same speed 
regardless of the direction (1 2 2 1v v� �� �� ), the measurement matrix tend 
to be symmetrical one. Therefore by averaging symmetrical measure-
ments we obtain 496 inputs for one measurement cycle. The 32×32 
monochrome image can be represented by a 1024-point vector with 
binary values 0 or 1. The method of converting pixels into clusters is 
shown in Fig. 6.

The Fig. 6 distinguishes three sample clusters with identifiers: 1, 51 
and 137, as well as the method of changing pixels into the array of clus-
ters. For example, cluster [1] contains pixels [1, 2; 33, 34]. After trans-
�I�R�U�P�L�Q�J���S�L�[�H�O�V���:���F�O�X�V�W�H�U�V�����D���P�D�W�U�L�[���R�I�������������S�L�[�H�O�V���Z�L�W�K���G�L�P�H�Q�V�L�R�Q�V���R�I��
32×32 is reduced to a 16×16 matrix composed of 256 clusters.

Formally, a distinct block of four pixels from a full image can be 
expressed as (2):
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assuming that n is an odd number. This block is transformed into a 
cluster with a number�� ��n� N� % (3):
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Table 1.	Pattern indexes pi = {1,2,…,16}

pi 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

pattern
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where %a b  means the remainder of division a by b for �� ��1a n�  � �, 
32b �  and �Á���Â���Â is the floor function.

Since the clusters have dimensions of 2×2 that means that there are 
42 16�  combinations of binary patterns for each cluster. The possible 

binary patterns of clusters are presented in Table 1.
Transforming pixels into clusters reduces number of output vari-

ables to 256. We were decided to train 256 separate CNNs, each of 
which generated a value from 1 to 16, corresponding to the given cluster 
pattern. So in this case we are talking about multiple convolu-
tional neural networks (MCNNs), where each of the distinct CNN 
solves the classification problem. Table 2 shows the structure of 
the convolutional neural network. Each of 256 CNNs has the 
same structure including 15 layers. 

CNNs work in the same way as typical convolutional net-
works used for image recognition with the input vector of 496 
measurements converted into a 31x16 matrix. 

Table 2.	The structure of the convolutional neural network

Fig. 7 shows the course of training the CNN, which task was to 
classify the pattern for cluster No. 137. It was noted that the cluster 
No. 137 is a case that makes reconstruction more difficult than other 
clusters - hence the choice. The mini-batch size for CNN was set to 
64. Validation frequency was 30 and number of epochs was 10.

Validation accuracy equals 95.9%. Accuracy is calculated as the 
ratio of accurately guessed classifiers to all validation cases. Maxi-
mum iterations limit was 2960. Training finished because it reached 
final iteration, not due to the lack of a decrease of the validation error 
in the next 6 iterations.

Fig. 6 corresponds with Fig. 8. It shows training progress through 
loss indicator for cluster No. 137. The Validation loss is calculated as 
the ratio of incorrectly guessed classifiers to all validation cases.

By analyzing the shapes of the graphs presented in Fig. 7 and 8 we 
can conclude that the CNN learning process for the cluster No. 137 
proceeded correctly. The initial, large increase in accuracy and the 
subsequent lack of fluctuations indicate the lack of overfitting. Also, 
the validation loss at 0.1398 allows us to conclude that CNN has a 
high generalization capability.

The above results are confirmed in Table 3, where selected itera-

tions, from the CNN learning process for the cluster No. 137, are pre-
sented. Base Learning Rate is variable and decreases with subsequent 
epochs. The algorithm updates the learning speed by reducing the 
Learning Rate, multiplying it by a specific fractional learn-rate drop 
factor within a certain number of epochs.

Table 3.	Training CNN for cluster No. 137 on single GPU

3. Results and discussion

3.1.	 Reconstructions with simulation data

Fig. 9 presents 5 cases of reconstruction, made by applying our al-
gorithm on    simulation data for the ultrasound tomography. In order 
to make an objective assessment of the quality of the reconstruction, 
the accuracy indicator was used (4):

	 100%c�1
Accuracy

�1
�  � ˜	 (4)

where: �1c – number of pixels reconstructed correctly, �1 – total 
number of pixels.

Individual cases in Fig. 9 were sorted according to the 
number of inclusions. The first case concerns a single, large 
inclusions. Its accuracy is the highest and amounts to 99.32%. 
With the exception of samples 3 and 4, one can see a regularity 
that the more inclusions, the worse the accuracy of the map-
pings. This is a typical phenomenon in tomography, which can 
be observed not only in relation to UST, but in EIT and ECT as 
well.
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The general observation of the reconstructed samples 
shows that in all cases MCNN correctly reflects the size 
and location of the inclusions. Slightly more difficult are 
the cases of reconstruction many small objects. Sample 5 in 
Fig. 9 shows that despite some imperfections, one can still 
correctly determine both the location and size of the objects hidden 
in the tank.

Table 4 presents a comparison of the results of a single cluster (No. 
137) reconstruction. Because the comparison was for a single cluster, 
not for the whole image, there was no need to use multiple CNN or 
multiple ANN. 

All six methods listed in Table 4 have 496 measurements at the in-
put, and at the output a classifier generating the numbers pi = {1,2, ..., 
16}. Cluster 137 is located in the central part of the observation field, 
which means that it is remote from all transducers. In the case of using 
CNN, the reconstruction accuracy of the cluster No. 137 is about 2.7% 
lower than the average accuracy of all reconstructed images listed in 
Fig. 9, hence the classification for that particular cluster seems to be 
slightly more difficult than for others. For comparative reconstruction 

of the cluster No. 137, the following classification technics belonging 
to the group of machine learning methods were used: Convolutional 
Neural Network (CNN), Artificial Neural Network (ANN), Linear 
Support Vector Machine (LSVM), Classification Tree, Medium k-
Nearest Neighbor classification (KNN) and Naive Bayes.

Fig. 10 shows confusion matrices of the cluster No. 137 for two 
types of neural network: deep CNN (a) and shallow ANN (b) (Table 
4, ID 1-2). Fig. 11 shows confusion matrices for four statistical ma-
chine learning methods (Table 4, ID 3-6). The comparison of the ac-
curacy indicator showed that the method based on CNN algorithms 
is the most exact.

Cases correctly reconstructed are marked in green. They are located 
along the diagonal of the matrix. The number of validation cases used 
to test accuracy was 4999.

Fig. 10 and 11 should be analyzed in relation to Table 1. The most 
accurate reconstruction concerned 
cluster No. 1 (pi=1 in Table 1). 

It is a cluster without inclusions, 
completely white. This cluster oc-
curs most often at any reconstruction 
because it depicts the background. 
Cluster No. 2 is the second most ac-
curate classification (pi=2 in Table 1). 
This cluster contains one black pixel 
in the lower left corner of the 4-pixel 
area. This cluster can be used for re-
construction of small inclusions, or for 
imaging the edges of larger inclusions. 
It can be seen that, for the rest of the 
cluster, the CNN confusion matrix has 
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the most correct hits, as evidenced by the high numbers along the 
diagonal (Fig. 10a). 

Analyzing the results of classical confusion matrices, it should be 
taken into account that erroneous cases do not have to mean a total 
mistake in the means of quality of full image. For example two dis-
tinct patterns of clusters can differ only by one pixel, thus the whole 
image can still be reconstructed relatively correctly despite the mis-
take in classification.

3.2. Reconstructions with real data

Fig. 12 shows the test stand that was used to verify the MCNN 
algorithm based on real measurements. The measurements obtained 
from this setup were processed using MCNN trained on the simulation 
generated data. An adjustable frame was mounted on top of the bucket 
filled with tap water, allowing variable arrangement of vertical air-filled 
plastic tubes.

Fig. 13 presents the results of reconstructions based on real meas-
urements. Five cases were tested, which involved a varying number of 
objects immersed in water. For real reconstructions, reference images 
were developed based on geometric measurements. 

Then the pattern images were applied to a 32×32 pixel matrix. In 
this way, accuracy was estimated based on relationship (4). Case 1 in-
cludes a single centrally located object equidistant from all 32 transduc-
ers. The reconstruction of this case is clear. The object has been cor-
rectly located, but its shape and dimensions are not reflected with high 
accuracy. In the tomographic image, the object has a larger diameter and 
its shape is not rounded.

Case 2 concerned a single object located close to the tank wall. Also 
in this case the position of the inclusions has been correctly illustrated, 
but the shape and dimensions are not perfect. In addition, the image of 
the object is heterogeneous. In fact, these are 2 objects located close to 
each other. This can be a problem during identifying the real number of 

inclusions.
Case 3 shows the reconstruction of two objects spaced apart. 

As in previous cases, the complaints concern the shape and size 
of reconstructed inclusions. In addition, one of the objects is rep-
resented as two separate objects that are close together, one of 
which is much larger than the other.

Cases 4 and 5 show reconstructions of 3 and 4 inclusions lo-
cated near the walls of the tank, respectively. Assumptions from 
the observations are similar to those in previous cases. It is worth 
noting, however, that although the shapes and dimensions of the 
objects are not properly reconstructed, their location is deter-
mined relatively precisely and the reconstructed image is actually 
noise free.  Based on the conducted experiments, it seems that the 
UST system works similarly regardless of the number of inclu-
sions and irrespectively from the distance of hidden objects from 
the transducers.

4. Discussion

Because UST is a method rarely used in process tomography, it is 
reasonable to ask about the reasons for this. The answer is undoubtedly 
complex, but the main reasons are two.

The first reason is due to the difficulties in developing the appro-
priate physical model of sound’s interaction [8]. The second reason is 
the imperfections of data processing algorithms. This work focuses on 
algorithms, although the UST tomograph used was designed and made 
by electronic engineers in Netrix SA laboratories. The developed hard-
ware system proved to be good enough to provide sufficient quality data 
for efficient processing by the deep learning and training algorithm of 
a multi-convolutional neural network (MCNN) system. The developed 
method is a new proposal in the field of tomographic algorithms, and al-
though it cannot be said that its use will always outweigh the effective-
ness of other known methods, in all tested cases the MCNN algorithm 
proved to be the most effective.

Tracking the progress of research on algorithms, it can be seen that 
the unequivocal indication of one method that definitely outweighs the 
other methods of imaging efficiency in each case is impossible. Re-
viewing the research results presented by scientists, it can be stated 
that they depend on specific restrictions related mainly to the details 
of the research object. It is also known that for the algorithm to work 
properly, measurements must provide data on sizes and formats closely 
tailored to given requirements. This fact is the basic barrier hindering 
the construction of universal tomographs, suitable for a wide range of 
applications.

In these studies, experiments were conducted using a bucket of wa-
ter in which plastic pipes were immersed. Simulation algorithms were 
validated based on the data obtained from measurements at the test 
stand (Fig. 2b). Thanks to simulation cases, including both precise ref-
erence images and their corresponding measurements, it was possible to 
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compare the effectiveness of several selected algorithms (CNN, ANN, 
LSVM, Classification Tree, KNN and Naive Bayes). The evaluation 
criterion was an objective indicator - Accuracy.

In addition to simulation tests, reconstructions of UST images were 
also made based on real data captured directly from the test stand. Due 
to the lack of precise reference images, a quantitative assessment of 
these cases was not possible. On the other hand, it was possible to visu-
ally compare the reconstruction with the arrangement diagrams of the 
inclusions in the individual cases studied. It turned out that despite the 
expected noise resulting from the presence of many unsteady factors 
accompanying processes carried out in complex electronic systems, the 
obtained reconstructions are legible and basically correctly reflect the 
positions of the inclusions relative to the examined cross-section. This 
is particularly important taking under consideration the binary specifi-
city of imaging. The binary nature of imaging means that every error is 
visible in the image as an incorrectly displayed pixel what is a relevant 
issue due to small resolution of the image. 

The limitation of MCNN may be a relatively low reconstruction 
speed. Although the speed of calculations depends on many factors, the 
need for a large number of separately working CNNs means that the 
presented method may not be used in flow systems or systems with high 
dynamics of change inside the tested tank. Therefore, potential areas 
of application for UST systems with MCNN algorithms relate to static 
2-phase systems, e.g. tanks and reactors with liquid-solid phases, can 
be limited.

The advantage of MCNN is the ability to properly reconstruct the 
inclusion position and resistance to noise. Comparing the reconstructed 
images based on simulation and real data, it can be concluded that the 
algorithm effectively deals with noise. This is undoubtedly strength of 
MCNN especially due to the fact that the  neural networks was trained 
on simulation data which are much more easier to collect, in the amount 
necessary for training process, than the real measurement data. 

5. Conclusions

The article presents a new algorithmic method of deep learning, 
enabling accurate image reconstruction using ultrasound tomography 
(UST). Known and currently used methods of monitoring tank re-
actors are still burdened with problems resulting in a relatively low 
resolution of reconstructed images, hence it was necessary to take up 
the analyzed subject. The presented tomographic method contributes 
to improving the diagnostics of technical facilities such as reactors. 
It enables both early detection of process parameters deviations ena-
bling effective control and detection of hazards resulting in failure. In 
this context, a higher level of reliability can be achieved by using the 
developed algorithm.

An important achievement of the research is the noise-resistant 
algorithm based on multiple convolutional neural networks (MCNN), 
which, despite being trained on simulation data, effectively recon-
structs objects hidden inside the tank, regardless of their shape, quan-
tity, location or dimensions, based on real measurements. The factor 
that allows achieving good tomographic reconstruction is the training 
of many neural networks with one cluster output instead of one CNN 
with multiple outputs. Simulation experiments carried out for selected 
UST cases have shown that the newly developed MCNN method can 
be successfully used to generate 2D monochrome images based on the 
ultrasonic wave time-of-flight measurements.

In order to better verify the quality of the resulting solutions, the 
CNN was compared with five popular classification methods that 
could be used interchangeably (Table 4). The comparative analysis of 
the accuracy indicators for CNN, ANN, LSVM, Classification Tree, 
KNN and Naive Bayes showed that the newly developed algorithmic 
method of CNN most accurately reconstructs a single cluster of the 
image.

As a result of the tests, both based on simulation and real data, it 
can be concluded that the reconstructions correctly reflect the posi-
tion of the inclusions. Images obtained from real measurements show 
slightly too large inclusion diameters. Simulation data images do not 
have this error. The reason for problems in the correct representa-
tion of the inclusion shape is the low resolution of the output image 
(32x32). It is worth noting that the MCNN algorithm is able to equally 
well image objects located both in the center of the tank and close to 
its walls. The algorithm also has the advantage of being able to im-
age both single and multiple inclusions. It is worth noting that the 
obtained imaging efficiency exceeds 95%.

A way to increase the effectiveness of the algorithm could be to 
combine EIT methods with UST. This requires the installation of both 
types of sensors around the reactor under test: electrodes for EIT and 
transducers for UST. This idea requires some technical problems to 
be resolved to deploy a large number of different sensors in close 
proximity.

The topic of the research is up to date, which has been appro-
priately substantiated with reference to the present state of knowl-
edge. Thanks to the conducted research, it was possible to develop 
a tomographic algorithm, whose high resistance to noise allows for 
generating detailed images in real conditions. This was confirmed 
during special tests. The presented results are of key importance for 
the development of knowledge and innovation in the field of non-
invasive applications for monitoring methods of industrial facilities 
- especially tank reactors. It is planned to continue research towards 
the development of a hybrid method covering both the physical (EIT 
+ UST) and algorithmic layers.
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1.  Introduction

Nowadays, road pavements are subject to ever increasing traffic 
loads [4]. Taking into account both the construction, as well as main-
tenance costs [6], it is reasonable to search for solutions to optimise, 
for example, the composition of materials used for pavement struc-
ture. The analysis of the test results presented in [1, 11, 12] shows 
that one of the key factors increasing pavement rutting is the com-
position of the asphalt mixture, especially the applied asphalt binder. 
Therefore, there are studies striving to achieve the best rheological 

properties for the applied bitumens processed in the crude oil distilla-
tion. These properties can be improved by introducing various modi-
fiers to the binder structure, i.e. polymers [5], crumb rubber from car 
tyres [6] or natural asphalts [7]. Many scientific papers have analysed 
the effects of bitumen modification with the most commonly used 
polymers, including plastomers (e.g. polyethylene, polypropylene, 
ethylene vinyl acetate [17]), thermoplastic elastomers:  SBS (styrene-
butadiene-styrene)) [1, 16]; SIS (styrene-isoprene-styrene) or mixed 
modifiers consisting of various polymers [2, 12]. Binders modified 
with polymers show an improvement in rheological properties com-

MIELCZaREK M, S�OWIK M, ANDRZEJCZaK K. The assessment of in�uence of styrene-butadiene-styrene elastomer’s content on the 
functional properties of asphalt binders. Eksploatacja i Niezawodnosc – Maintenance and Reliability 2020; 22 (1): 148–153, http://dx.doi.
org/10.17531/ein.2020.1.17.
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THE ASSESSMENt OF INFLUENCE OF StYRENE�BUtADIENE�StYRENE 
ELAStOMER’S CONtENt ON tHE FUNCtIONAL PROPERtIES 

OF ASPHALt BINDERS 

OCENA WP�YWU ZAWARtO�CI ELAStOMERU StYREN�BUtADIEN�StYREN 
NA W�A�CIWO�CI FUNKCJONALNE LEPISZCZY ASFALtOWYCH*

This paper discusses the issue of improving the functional properties of road asphalt pavements by modifying bituminous binder 
with SBS copolymer. The main purpose of the paper is to assess the resistance to permanent deformations and the temperature 
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pavements. The bitumens subject to the study originate from various crude oil deposits (Russian and Venezuelan). They were modi-
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�6�á�R�Z�D���N�O�X�F�]�R�Z�H��	�U�H�R�P�H�W�U���G�\�Q�D�P�L�F�]�Q�H�J�R�����F�L�Q�D�Q�L�D�����Z�V�N�D�(�Q�L�N���R�G�N�V�]�W�D�á�F�D�O�Q�R���F�L�����N�R�S�R�O�L�P�H�U���6�%�6�����D�V�I�D�O�W�����G�\�Q�D�P�L�F�]-
�Q�\���P�R�G�X�á�����F�L�Q�D�Q�L�D��
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pared to unmodified bitumens [20]. The polymer most widely used in 
road construction is the block copolymer SBS, which, when added to 
hot bitumen, increases its volume several times in relation to its ini-
tial value [21]. When the concentration of the polymer in a modified 
bitumen is about 6%, the polymer becomes the dispersion phase and 
forms a continuous network in the structure of the bitumen. In case 
of a lower SBS concentration, the polymer network does not have to 
be continuous. Therefore, it is vital, both for the technical and eco-
nomical reasons, to set the boundary content of the SBS copolymer in 
the asphalt binder in which the polymer network can form. Elastomer 
modified bitumens at operating temperatures are characterised by im-
mediate elasticity (elastic deformation) and delayed (creep) elasticity 
[19, 21]. The papers [1, 12, 21] present modification methods and 
benefits of using SBS copolymer to modify binder, i.e. higher sof-
tening point, decrease in temperature susceptibility (expansion of the 
temperature-related viscoelasticity range), increase in cohesion at low 
temperature, significant improvement to elastic properties (observed 
e.g. in the elastic recovery test). Improving the rheological proper-
ties of binders results in better characteristics of the asphalt mixtures 
treated with the modified binder [13], that is increase in the resistance 
to permanent deformation and thermally induced cracking.

Airey in paper [1] analysed bitumens originating from two crude 
oil deposits (Russian and Venezuelan). The bitumens were modified 
with SBS copolymer, the concentration of the polymer in the modi-
fied bitumen amounting to 3%, 5%, and 7%, respectively. He noticed 
a significant influence of the polymer on rheological properties of 
the modified bitumen, i.e. increase of dynamic shear modulus and 
a higher proportion of the elastic part in the bitumen, especially at 
high temperature. He has also demonstrated the compatibility prob-
lem of the bitumen-polymer system. Airey [1] proved that bitumens 
with paraffin wax (of the Russian origin), due to higher content of the 
aromatic group, are better at binding the polymer in the modified bitu-
men structure. Behnood and Olek [6] performed a comparative analy-
sis of three types of modifiers: SBS copolymer, crumb rubber and 
polyphosphoric acid. The low-temperature properties were studied 
with a bending beam rheometer (BBR), while the rheological proper-
ties at high temperatures were determined with a dynamic shear rhe-
ometer (DSR). At high temperatures, they observed an increase in the 
value of dynamic shear modulus for all the bitumens tested. Bitumen 
used in the production of asphalt mixtures, in road pavements, is ex-
posed to ageing processes both during storage, production of asphalt 
mixtures, transport, paving and operation of the pavement [22]. Age-
ing phenomenon occurring during the production of asphalt mixtures 
and paving process [24] is considered to be the most unfavourable 
danger due to high temperatures. During short-term (technological) 
ageing occurring in the production and construction process of the 
asphalt pavement, bitumen is exposed to high temperatures (140 – 
�������Û�&�����D�Q�G���R�[�\�J�H�Q���L�Q���W�K�H���D�L�U�����$�L�U�H�\���>���@���D�Q�G���6�D�U�Q�R�Z�V�N�L���>�����@���K�D�Y�H���G�H�P-
onstrated the problem concerning the ageing of modified bitumen. 
Modified binders show improved rheological properties in the wide 
viscoelastic range. The authors observed that once modified bitumen 
has undergone the process of ageing, it shows a higher proportion of 
viscous part in relation to the elastic part, which may be caused by 
partial degradation of the polymer at high temperature, which occurs 
during the technological processes of coating the aggregate with bitu-
men, and the transport, paving and compaction of asphalt mixtures 
[1]. The next stage of ageing takes place during pavement operation 
(long-term ageing). In this case, binders are exposed to temperatures 
�R�I���X�S���W�R�������Û�&���L�Q���W�K�H���V�X�P�P�H�U���V�H�D�V�R�Q�����Z�L�W�K���V�L�P�X�O�W�D�Q�H�R�X�V���H�[�S�R�V�X�U�H���W�R��
oxygen, sunlight, water and chemicals [16,22]. Bai [6] performed a 
study on the influence of short-term and long-term ageing on rheo-
logical properties of asphalt binder modified with SBS copolymer. 
The tests were run on three bitumens with different polymer content, 
that is 3%, 6% and 9%. Based on the tests using the dynamic shear 
rheometer, Fraass Breaking Point apparatus and penetrometer, they 

proved the negative influence of ageing on low-temperature proper-
ties of polymer modified bitumen.

The needs for maintenance and repair of the road network are very 
high. The systematically increasing traffic loads have adverse effect 
on the condition of the pavements, quickening their degradation [15]. 
Examining pavement condition encompasses such important means as 
pavement diagnostics and functional properties testing, i.e. longitudi-
nal evenness, transverse evenness (ruts) [8], friction coefficient, load 
capacity, etc. [14, 15, 23]. Basic types of asphalt pavement destruction 
include: rutting, fatigue cracking, and low-temperature cracking [10, 
13]. The formation of permanent deformations (ruts) in road pave-
ments is influenced by many factors [13, 14], including the applied 
aggregate, binder, asphalt mixture, climate conditions, traffic load [9], 
and the applied pavement structure. 

The purpose of the presented research work was to analyse the 
functional properties of binders modified with SBS copolymer, with 
special consideration of its temperature susceptibility, as the type of 
the applied binder is one of the key factors affecting the resistance 
to permanent deformation (ruts) in asphalt pavements. The resistance 
to rutting of asphalt mixtures is one of the basic preconditions for 
proper road pavement operation, affecting both safety and comfort of 
road users. This paper puts forth an original achievement of applying 
temperature susceptibility analysis of the modified binders tested at a 
wide range of temperatures.

2. Properties of the studied binders

Modification of bitumens with SBS copolymer is usually per-
formed in the refineries, and rarely in the road construction compa-
nies’ installations. Polymer modified bitumen used for the production 
of asphalt mixture can be obtained by purchasing a ready-made modi-
fied binder from a refinery, producing bitumen modified in a special 
technological installation, or purchasing bitumen with a known mass 
content of SBS copolymer, e.g. 9%, and mixing it in appropriate pro-
portions with petroleum bitumen (road bitumen) [21]. 

The research was carried out using 50/70 penetration grade bitu-
mens of similar hardness, expressed as penetration value determined 
�D�W�������Û�&�����7�D�E�O�H�����������S�U�R�G�X�F�H�G���I�U�R�P���F�U�X�G�H���R�L�O���I�U�R�P���9�H�Q�H�]�X�H�O�D���D�Q�G���5�X�V-
sia. In the conducted studies, bitumens were combined with a con-
centrate of bitumen modified with SBS copolymer (block copolymer 
with linear structure) with 9% polymer content by composing in the 
proportions 5:1, 2:1, 1:1, and 1:2 to obtain asphalt binders with SBS 
copolymer content: 1.5%; 3.0%; 4.5% and 6.0% (in relation to the 

Table 1.	Basic properties of the tested asphalt binders

Properties
Tested material

TR&B [°C] Pen25 [mm/10]

V50/70 47.4 ± 0.2 66.0 ± 0.8

V1.5%SBS 47.9 ± 0.3 69.5 ± 0.4

V3%SBS 52.8 ± 1.3 71.3 ± 0.8

V4.5%SBS 74.5 ± 2.0 66.4 ± 0.6

V6%SBS 87.9 ± 1.3 66.3 ± 0.8

R50/70 47.8 ± 0.4 69.3 ± 0.3

R1.5%SBS 48.8 ± 0.3 70.3 ± 0.3

R3%SBS 49.5 ± 0.3 71.3 ± 0.4

R4.5%SBS 77.0 ± 1.1 69.5 ± 0.5

R6%SBS 83.8 ± 06 71.9 ± 1.0

K9%SBS 100.3 ± 1.4 74.3 ± 1.0

where: TR&B - softening point determined acc. to PN-EN 1427:2015-08, 

Pen25 - penetration in 25°C determined acc. to PN-EN1426:2015-08
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weight of the obtained modified bitumen), respectively. The speci-
mens of the asphalt binders have been marked in the paper by the bitu-
men’s origin, and then the percentage content of SBS polymer, e.g.:

R6%SBS – means bitumen produced from Russian crude oil �‡	
with a content of 6.0% of SBS copolymer,
V50/70 – means 50/70 bitumen from Venezuelan crude oil, con-�‡	
taining no SBS copolymer,
K9%SBS – means modified bitumen concentrate containing �‡	
9.0% SBS.

Bitumen was analysed both in its initial state and after the proc-
ess of technological (short-term) ageing simulated with the RTFOT 
(Rolling Thin Film Oven Test) method according to PN-EN 12607-
1:2014. 

The analysis of the results presented in Table 1 shows that the 
asphalt binders were selected so as to obtain bitumens of similar hard-
�Q�H�V�V���� �H�[�S�U�H�V�V�H�G�� �W�K�U�R�X�J�K�� �S�H�Q�H�W�U�D�W�L�R�Q�� �G�H�W�H�U�P�L�Q�H�G�� �D�W�� �����ƒ�&�� ���3�H�Q25 was 
obtained in the range 66.0 mm/10 to 74.3 mm/10). Therefore, all mod-
ified binders subjected to the study can be classified as 45/80 modi-
fied bitumens, which are available on the Polish market, although they 
have different percentages of SBS copolymer content.

3. Purpose and methodology of the studies

The main aim of the study was to evaluate the resistance to per-
manent deformation and temperature susceptibility of road bitumens 
modified with SBS copolymer on the basis of tests carried out with 
�G�\�Q�D�P�L�F���V�K�H�D�U���U�K�H�R�P�H�W�H�U�����'�6�5�����R�I���W�K�H���3�K�\�V�L�F�D���0�&�5�����������W�\�S�H�����3�H�U-
manent deformation and sensitivity to temperature changes in the 
Polish climate zone are of key importance in the use of asphalt pave-
ments.

The tests were performed in compliance with the norm: PN-EN 
14770:2012 “Determination of complex shear modulus and Phase 
Angle - Dynamic Shear Rheometer”. They employed two methods 
involving kinematic (sinusoidal) coercion:

at different angular frequency ranges from 100 rad/s to 0.1 a)	
�U�D�G���V�����D�Q�G���D���F�R�Q�V�W�D�Q�W���W�H�V�W���W�H�P�S�H�U�D�W�X�U�H���R�I�������ƒ�&�“���������Û�&����
with a deflection angle amplitude of 10 mrad and variable b)	
�W�H�P�S�H�U�D�W�X�U�H�����L���H�����I�U�R�P���������ƒ�&���W�R�������ƒ�&�����D�Q�G���D���W�H�P�S�H�U�D�W�X�U�H���G�H-
�F�U�H�D�V�H���R�I�����ƒ�&���H�Y�H�U�\�������P�L�Q�X�W�H�����7�K�H���W�H�V�W���S�U�R�F�H�G�X�U�H���L�Q�Y�R�O�Y�H�G��
an assumption of a constant angular frequency value equal 
to 10 rad/s. 

A sample of the asphalt binder was placed between two circular 
parallel plates with a diameter of Ø25 mm, maintaining the required 
gap height of 1 mm (Fig. 1).

According to the American Superpave specification, the suscepti-
bility of bitumen binders to permanent deformation in road pavements 
is determined by the rutting factor, expressed as a value of |G*|/sin 
�/�����,�Q���W�K�L�V���S�D�S�H�U�����W�K�H���D�E�R�Y�H���P�H�Q�W�L�R�Q�H�G���F�R�H�I�I�L�F�L�H�Q�W���Z�D�V���G�H�W�H�U�P�L�Q�H�G���I�R�U��
bitumens subjected to the RTFOT short-term ageing method, as well 
as for bitumens not subjected to it.

The analysis also included the values of the Shear Modulus Index 
(SMI), a measure of the temperature susceptibility of the binders stud-
ied, calculated according to the formula [20]:

	 �� �� �� ��
1 2

2 1

* *
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1 2

log log log log
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T T
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where: 
SMI	 -	 Shear Modulus Index 

1 2
* *;T TG G  - dynamic shear modulus at temperature 1T , 2T , 

respectively, [Pa]

1 2; T T 	 –	 extreme temperatures of the measurements taken 
using DSR, where 1 2T T�! �������>�ƒ�&�@

It was assumed in this paper that 1 2100 ; 40 .� 7 � & � 7 � &�  � q �  � q

4. Analysis of test results

Figure 3 shows a graph of the relation of the angular frequency to 
the dynamic shear modulus of the tested bitumen (range from 0.1 rad/s 
to 100 rad/s). For all tested bitumens, the dynamic shear modulus val-
ues increases with the growth of angle frequency. The highest value 
of |G*| at an angular frequency of 0.1 rad/s has been observed for the 
bitumen with the content of SBS copolymer equal to 9%, while the 
lowest value has been found for the R50/70 bitumen. With an angular 
frequency of 100 rad/s, the dynamic shear module achieves values 
close to from 23680Pa for K9%SBS to 41010Pa for V50/70 bitumen.

�)�L�J��������	�$�� �V�L�G�H���Y�L�H�Z�� �R�I�� �W�K�H�� �W�H�V�W�H�G�� �E�L�W�X�P�H�Q��
sample

Fig. 2.	Dynamic Shear Rheome-
�W�H�U�����'�6�5�����R�I���W�K�H���3�K�\�V�L�F�D��
�0�&�5�����������W�\�S�H

�)�L�J��������	�*�U�D�S�K���V�K�R�Z�L�Q�J���W�K�H���U�H�O�D�W�L�R�Q���R�I���W�K�H���D�Q�J�X�O�D�U���I�U�H�T�X�H�Q�F�\���W�R���W�K�H���G�\�Q�D�P�L�F��
�V�K�H�D�U���P�R�G�X�O�X�V���R�I���W�K�H���E�L�W�X�P�H�Q�V���W�H�V�W�H�G���D�W�������Û�&

�)�L�J��������	�$���J�U�D�S�K���V�K�R�Z�L�Q�J���W�H�P�S�H�U�D�W�X�U�H���G�H�S�H�Q�G�H�Q�F�H���R�I���_�*�
�_���G�\�Q�D�P�L�F���V�K�H�D�U���P�R�G-
�X�O�X�V���I�R�U���X�Q�D�J�H�G���9�H�Q�H�]�X�H�O�D�Q���E�L�Q�G�H�U�V�����D�W���D���F�R�Q�V�W�D�Q�W���D�Q�J�X�O�D�U���I�U�H�T�X�H�Q�F�\��
�Y�D�O�X�H���R�I���������U�D�G���V
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�)�L�J��������	�$���J�U�D�S�K���V�K�R�Z�L�Q�J���W�H�P�S�H�U�D�W�X�U�H���G�H�S�H�Q�G�H�Q�F�H���R�I���_�*�
�_���G�\�Q�D�P�L�F���V�K�H�D�U���P�R�G-
�X�O�X�V���I�R�U���9�H�Q�H�]�X�H�O�D�Q���E�L�Q�G�H�U�V���V�X�E�M�H�F�W�H�G���W�R���5�7�)�2�7���D�J�H�L�Q�J�����D�W���D���F�R�Q�V�W�D�Q�W��
�D�Q�J�X�O�D�U���I�U�H�T�X�H�Q�F�\���Y�D�O�X�H���R�I���������U�D�G���V

�)�L�J��������	�$�� �J�U�D�S�K�� �V�K�R�Z�L�Q�J�� �W�H�P�S�H�U�D�W�X�U�H�� �G�H�S�H�Q�G�H�Q�F�H�� �R�I�� �_�*�
�_�� �G�\�Q�D�P�L�F�� �V�K�H�D�U��
�P�R�G�X�O�X�V���I�R�U���X�Q�D�J�H�G���5�X�V�V�L�D�Q���E�L�Q�G�H�U�V�����D�W���D���F�R�Q�V�W�D�Q�W���D�Q�J�X�O�D�U���I�U�H�T�X�H�Q�F�\��
�Y�D�O�X�H���R�I���������U�D�G���V

Asphalt binders are materials with viscoelastic properties. The 
�D�Q�D�O�\�V�L�V�� �R�I�� �W�K�H�� �Y�D�O�X�H�V�� �R�I�� �W�K�H�� �S�K�D�V�H�� �D�Q�J�O�H�� �/�� �F�D�Q�� �E�H�� �X�V�H�G�� �W�R�� �H�Y�D�O�X�D�W�H��
changes in the rheological properties of bitumen across the entire tem-
perature spectrum during the production process, paving and opera-
tion of the asphalt pavement. Viscous materials are characterised by 
�W�K�H���G�D�P�S�L�Q�J���I�D�F�W�R�U���W�J�/���:���’�����/��� �������ƒ�������Z�K�H�U�H�D�V���L�Q���W�K�H���F�D�V�H���R�I���H�O�D�V�W�L�F��
�P�D�W�H�U�L�D�O�V���W�J�/��� ���������/��� �����ƒ�������Y�L�V�F�R�H�O�D�V�W�L�F���P�D�W�H�U�L�D�O�V���K�D�Y�H���D���S�K�D�V�H���D�Q�J�O�H��
�Y�D�O�X�H�V���R�I�����ƒ�������/�����������ƒ�����,�Q���)�L�J�X�U�H�V�����������W�K�H�U�H���D�U�H���J�U�D�S�K�V���V�K�R�Z�L�Q�J���W�H�P-
perature dependence of |G*| dynamic shear modulus of the studied 
bitumen binders of Venezuelan and Russian origin, both submitted 
to, and not having been subject to RTFOT ageing. The value of the 
|G*| dynamic shear modulus decreases with the increase of the test 
temperature for all analysed bitumens.

�)�L�J��������	�$�� �J�U�D�S�K�� �V�K�R�Z�L�Q�J�� �W�H�P�S�H�U�D�W�X�U�H�� �G�H�S�H�Q�G�H�Q�F�H�� �R�I�� �� �_�*�
�_�� �G�\�Q�D�P�L�F�� �V�K�H�D�U��
�P�R�G�X�O�X�V���I�R�U���5�X�V�V�L�D�Q���E�L�Q�G�H�U�V���V�X�E�M�H�F�W�H�G���W�R���5�7�)�2�7���D�J�H�L�Q�J�����D�W���D���F�R�Q�V�W�D�Q�W��
�D�Q�J�X�O�D�U���I�U�H�T�X�H�Q�F�\���R�I���������U�D�G���V

In view of the high summer temperatures, the elastic component 
�L�V�� �H�V�S�H�F�L�D�O�O�\�� �L�P�S�R�U�W�D�Q�W���� �Z�K�L�F�K�� �L�V�� �D�V�V�R�F�L�D�W�H�G�� �Z�L�W�K�� �O�R�Z�� �W�J�/�� �Y�D�O�X�H�V���� �,�W��
was observed that in the case of unmodified bitumens (R and V) and 
bitumens with a low content of SBS copolymer (up to 3%), there is a 
regularity that the higher the values of the dynamic shear modulus, the 
�O�R�Z�H�U���W�K�H���Y�D�O�X�H�V���R�I���W�K�H���S�K�D�V�H���D�Q�J�O�H���/�����D�V���V�K�R�Z�Q���L�Q���W�K�H���%�O�D�F�N���G�L�D�J�U�D�P��
(Fig.8.). Based on the graphs showing the relation of the dynamic 
shear modulus to the phase angle, called Black’s graphs, it is possi-
ble to perform an analysis of two basic parameters determined in the 

dynamic shear rheometer [1,3,20]. In the case of asphalt binders with 
6% and 9% SBS copolymer content, small phase angle values are 
obtained, both at very low and high |G*| values. The highest variation 
in phase angle was observed for reference 50/70 penetration grade 
bitumens and low-modified binders (with up to 3% copolymer con-
tent). Their values at high temperatures are close to 90°, so it can be 
assumed that these binders at the high temperature range have proper-
ties similar to those of a viscous liquid. The increase in the content 
�R�I���W�K�H���6�%�6���F�R�S�R�O�\�P�H�U���L�Q���W�K�H���E�L�W�X�P�H�Q���P�D�N�H�V���W�K�H���Y�D�U�L�D�W�L�R�Q���L�Q���/���Y�D�O�X�H�V��
�H�Y�H�U���V�P�D�O�O�H�U�����$�E�R�Y�H�������ƒ�&�����W�K�H���/���Y�D�O�X�H�V���D�U�H���U�H�G�X�F�H�G���I�R�U���E�L�W�X�P�H�Q�V���Z�L�W�K��
a copolymer content of 4.5%, 6%, and 9% SBS concentrate, which 
shows the beneficial effect of applying the polymer for modification, 
since modified binders have a higher share of the elastic part at high 
temperatures, which may indicate greater resistance to permanent de-
formation.

�)�L�J��������	�%�O�D�F�N�¶�V���J�U�D�S�K���V�K�R�Z�L�Q�J���W�K�H���U�H�O�D�W�L�R�Q���R�I���W�K�H���S�K�D�V�H���D�Q�J�O�H���W�R���W�K�H���G�\�Q�D�P�L�F��
shear modulus in the tested asphalt binders

As an effect of conducted tests, the rutting factor was determined 
(defined as the ratio of the |G*| dynamic shear modulus to the sinus of 
�W�K�H���S�K�D�V�H���D�Q�J�O�H���/�����_�*�
�_�V�L�Q�/�������D�W���W�K�H���W�H�P�S�H�U�D�W�X�U�H���R�I�������ƒ�&�����D�V�V�X�P�H�G���D�V��
the extreme temperature occurring in asphalt pavements in Poland (in 
which the rutting test for asphalt mixtures according to PN-EN 12697-
22:2008 is also performed). 

The Superpave specification indicates a relation between the 
resistance to permanent deformation in bitumen pavements and the 

�)�L�J���������9�D�O�X�H�V���R�I���_�*�
�_���V�L�Q�/���U�X�W�W�L�Q�J���I�D�F�W�R�U���R�I���W�K�H���D�V�S�K�D�O�W���E�L�Q�G�H�U�V���W�H�V�W�H�G���D�W�������Û�&��

�)�L�J�������������6�K�H�D�U���0�R�G�X�O�X�V���,�Q�G�H�[���R�I���W�K�H���W�H�V�W�H�G���E�L�W�X�P�H�Q���E�L�Q�G�H�U�V��
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properties of the tested binders determined by the DSR method, with 
the following requirements:
	 �_�*�
�_���V�L�Q�/���•�����������N�3�D���±���I�R�U���X�Q�D�J�H�G���E�L�W�X�P�H�Q���Q�R�W���V�X�E�P�L�W�W�H�G���W�R���D�J�H�L�Q�J
	 �_�*�
�_���V�L�Q�/���•�����������N�3�D���±���I�R�U���E�L�W�X�P�H�Q���V�X�E�M�H�F�W�H�G���W�R���V�K�R�U�W���W�H�U�P���D�J�H�L�Q�J��
simulated with the RTFOT method.

The results shown in Figure 9 show that all the binders tested meet 
the above requirements of the Superpave specifications. A higher val-
ue of the rutting factor of the bitumen characterised with the resist-
ance to permanent deformation of the asphalt pavement is obtained by 
a higher value of the dynamic shear modulus |G*| and a lower value 
�R�I���W�K�H���S�K�D�V�H���D�Q�J�O�H���/��

The lowest value of the rutting factor was observed for unmodi-
fied bitumens of Russian origin, both before and after ageing with 
RTFOT method. Special attention should be paid to the value of  |G*|/
�V�L�Q�/�� �R�I�� �W�K�H�� �F�R�Q�F�H�Q�W�U�D�W�H�� �F�R�Q�W�D�L�Q�L�Q�J�� ������ �R�I�� �6�%�6�� �F�R�S�R�O�\�P�H�U�� �F�R�Q�W�H�Q�W����
since the difference in the rutting factor before and after ageing is only 
0.2 kPa; which may indicate that the effect of ageing on the values of 
the rutting factor is low.

The measure of temperature susceptibility is expressed with the PI 
penetration index. It can be calculated on the basis of penetration re-
sults determined at two various temperatures or by means of an indirect 
�P�H�W�K�R�G���X�V�L�Q�J���Y�D�O�X�H�V���R�I���S�H�Q�H�W�U�D�W�L�R�Q���G�H�W�H�U�P�L�Q�H�G���D�W�������ƒ�&���D�Q�G���V�R�I�W�H�Q�L�Q�J��
point. The above methods make it possible to estimate the penetra-
tion index of unmodified bitumens. However, in the case of bitumens 
modified with elastomers, the results obtained with each method may 
significantly differ [20]. In this study, the temperature susceptibility 
was determined on the basis of formula (1). It can be stated that the as-
sumptions for penetration at softening point (800 mm/10) and Fraass 
breaking point (1.25 mm/10) for bitumen modified with elastomers 
are not correct [20]. The analysis of the obtained SMI values showed 
a remarkable influence of the copolymer content on the reduction of 

bitumen sensitivity to changes in stiffness to temperature. Bitumen 
R50/70 proved to be the most sensitive to changes in properties due to 
temperature changes. The lowest SMI value at the temperature range 
�������ƒ�&���±�������ƒ�&���Z�D�V���D�F�K�L�H�Y�H�G���I�R�U���W�K�H���E�L�W�X�P�H�Q���Z�L�W�K���6�%�6���F�R�Q�W�H�Q�W���H�T�X�D�O��
to 6% in the unaged state, while upon RTFOT ageing, the SMI value 
increased for this group of bitumens (both of Venezuelan and Russian 
origin), which may indicate partial polymer degradation under the in-
�I�O�X�H�Q�F�H���R�I���K�L�J�K���W�H�P�S�H�U�D�W�X�U�H�����������ƒ�&�����D�Q�G���R�[�\�J�H�Q����

5. Conclusions

By comparing the values of the dynamic shear modulus of the 
tested bitumens it can be stated that with the increase in the content 
of SBS copolymer the value of |G*| increases, which may indicate 
a higher resistance of asphalt pavements made with SBS copolymer 
modified bitumens to deformations caused by repeated shear stress 
(which illustrates repeated load cycles caused by traffic in real con-
ditions).

With the increase in the content of SBS copolymer in the tested 
bitumens, the value of phase angle decreases, which results in the im-
provement of elastic properties of the binders. 

SMI (Shear Modulus Index) analysis showed a considerable ef-
fect of styrene-butadiene-styrene copolymer (SBS) content on the 
reduction of the sensitivity of asphalt binders to changes in stiffness 
at variable temperatures. Reducing the susceptibility to temperature 
changes illustrates the significantly favourable effect of using SBS 
copolymer as a modifier of asphalt binders. 

The use of binders modified with SBS copolymer in asphalt mix-
tures improves the functional properties of flexible pavements (which 
is confirmed by the values of the rutting factor and SMI), thus, im-
proving the operational parameters of road pavements and their du-
rability.
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Table 3.	Steady state availability versus  for Case 2

�A 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

1
+
1

MMM .8312 .8228 .8152 .8082 .8017 .7958 .7903 .7852 .7805 .7761 .7719

DDD .8829 .8774 .8724 .8678 .8636 .8597 .8562 .8529 .8498 .8470 .8443

DDW .8829 .8756 .8688 .8627 .8571 .8519 .8472 .8427 .8386 .8348 .8313

WWD .8652 .8519 .8398 .8288 .8187 .8095 .8012 .7936 .7866 .7803 .7746

WWW .8652 .8501 .8362 .8235 .8119 .8013 .7916 .7827 .7746 .7672 .7603

2
+
1

MMM .6462 .6360 .6270 .6191 .6120 .6057 .6000 .5948 .5901 .5858 .5818

DDD .7154 .7088 .7031 .6981 .6937 .6898 .6862 .6831 .6802 .6775 .6752

DDW .7154 .7055 .6969 .6894 .6828 .6769 .6716 .6668 .6625 .6585 .6549

WWD .6888 .6709 .6555 .6424 .6310 .6213 .6129 .6056 .5993 .5938 .5891

WWW .6888 .6676 .6494 .6337 .6200 .6082 .5979 .5889 .5810 .5741 .5680

3
+
1

MMM .5123 .5034 .4958 .4891 .4832 .4780 .4734 .4693 .4655 .4621 .4590

DDD .5717 .5669 .5628 .5593 .5563 .5536 .5513 .5492 .5473 .5456 .5440

DDW .5717 .5633 .5563 .5502 .5449 .5402 .5361 .5324 .5291 .5262 .5235

WWD .5479 .5324 .5196 .5090 .5001 .4927 .4864 .4812 .4767 .4730 .4698

WWW .5479 .5290 .5132 .4999 .4888 .4793 .4713 .4644 .4585 .4534 .4490
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1. Introduction

Vehicles equipped with hybrid drive system are becoming more 
and more popular. The technological solutions used in them are sub-
ject to continuous development. Both individuals and companies are 
increasingly willing to purchase this type of vehicles. One of the ad-
vantages of purchasing a hybrid is mainly the lower fuel consumption 
in comparison to conventional vehicles, which translates into lower 
maintenance costs [5, 15, 21]. 

Recognition and specification of the operating conditions of a hy-
brid vehicle allows for more precise estimation of fuel and energy 
consumption as well as emissions of harmful compounds in exhaust 
fumes. This is important, because the traffic intensity and type of road 
(city centre streets, suburban streets, highways), topography or ambi-
ent temperature affect the values of the aforementioned performance 
parameters. Research paper [23] features a study of the impact of the 
aforementioned factors on the effectiveness of using hybrid vehicles 
in the traffic conditions of the Quebec province (Canada). The authors 
collaborated with 95 vehicle owners: 74 – with conventional drive 
units equipped with gasoline engines and 24 – with hybrid drive units. 

The vehicles were fitted with instrumentation (data loggers) that re-
corded the instant speed, fuel consumption and idle downtimes. The 
data was collected for a year. The presented results demonstrated that 
the fuel consumption in operating conditions recorded by the hybrids 
were 28% lower on average than in the case of conventional vehicles. 
Works [2, 22] present the methodology of selection of the optimal 
vehicle hybrid system by studying the mobility and travel tendencies 
of the analysed city’s residents. The data was collected by mounting 
GPS recorders in private vehicles for 1-18 months. The conducted 
studies and the analysis of the data collected allowed for estimating 
the average energy used per test drive. The calculations were used to 
determine the energy capacity of the hybrid vehicle’s energy storage 
and distribution of the charging stations.

The ability to study the operating parameters of a vehicle in 
specific conditions is very troublesome. Due to the above, there is 
a need to use other methods of conducting the measurements. The 
estimation of energy consumption, emissions of harmful substances 
in exhaust gases or fuel consumption of the selected vehicle in spe-
cific driving conditions can be conducted during stationary tests on a 
chassis dynamometer or obtained as result of simulation conducted 
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using vehicle simulation computer programs. Firstly, it is necessary to 
determine the vehicle’s operation conditions. One of the methods of 
reflecting vehicle performance is the speed profile recording during 
the real-world test drive. The recording is usually conducted using 
the GPS satellite navigation system receivers mounted in the vehicle. 
The obtained speed profile reflects the dynamic properties of the se-
lected vehicle in specific conditions. The examples and methodology 
of conducting measurements in real-world conditions can be found in 
the following works [6, 12, 16].

Another method of representing the real-world traffic conditions 
of a specific city or region is to develop a driving cycle. It is the speed 
profile consisting of the sequences of acceleration, constant speed 
driving, braking and idling time. The cycle is substantially affected 
by: infrastructure, e.g. distribution and set-up of traffic lighting, type 
of intersections, distribution of bus stops, type of road (urban, sub-
urban, highway), the route’s vertical profile as well as the traffic in-
tensity. The methodology of the drive cycle structures based on the 
speed profiles of real-world test drives is specified in a broader man-
ner in the following works [4, 10, 11, 25]. Recorded speed profiles or 
developed drive cycles can be used for testing vehicles on a chassis 
dynamometer or in simulation testing. 

The aim of this paper was to evaluate the effectiveness of hybrid 
passenger cars equipped with batteries of different capacities. The 
analysis was based on the simulation carried out using the speed pro-
files collected in real-world condition in various times of the day.

2. Vehicle test methods

Chassis dynamometers allow for simulating the vehicle’s drive 
unit operating conditions in stationary conditions. The essence of the 
dynamometer’s operation is the replacement of a static road pavement 
by a movable track. Smooth speed adjustment and motion resistance 
allows for conducting tests in steady and transient states. As result 
of the tests conducted with the use of the chassis dynamometer, it is 
possible to obtain an evaluation of the drive unit’s technical condi-
tion, fuel consumption and emission of toxic compounds included in 
exhaust gases using additional instrumentation (e.g. the AFR – Air 
to Fuel Ratio sensor). The measurement can also utilize the On-
Board Diagnostics. The advantage of conducting tests on a chassis 
dynamometer is ensuring the repeatability of measurements and the 
ability to check the vehicle in the conditions of particular load which 
is difficult to obtain during normal operation.  

When conducting tests on a chassis dynamometer, it is possible to 
realize any selected speed profile. It allows for testing the fuel con-
sumption and emission of harmful compounds included in exhaust 
gases in specific drive conditions. Using the results of tests conducted 
on a chassis dynamometer, the authors of papers [3,18] have com-
pared the fuel consumption and emissions in speed profiles reflecting 
urban, suburban and highway driving. Research paper [9] presents 
fuel consumption and CO emission values recorded by a hybrid ve-
hicle during chassis dynamometer tests. The testing was conducted 
based on the standard ECE-15 cycle and the Loughborough Universi-
ty Urban Drive Cycle (LUUDC) developed on the basis of real-world 
test drives. The measurement results demonstrated fuel consumption 
higher by 12% in the LUUDC cycle than in the ECE-15 cycle.

Vehicle testing on a chassis dynamometer allows comparison of 
the fuel consumption and emission of harmful substances included in 
exhaust gases for vehicles with various types of drive systems. For 
example, paper [17] presents the analysis of fuel consumption as well 
as CO and NOx emissions of hybrid and conventional delivery trucks. 
The testing was conducted on a chassis dynamometer. The studies 
were carried out using the drive cycle developed on the basis of real-
world operating routes of vehicles from one of the companies dealing 
in package deliveries in Los Angeles (USA). The presented analyses 
show that in the set speed profiles, hybrid vehicles demonstrate lower 

CO and NOx emissions by as much as 43.9% when compared to con-
ventional vehicles. Hybrids also demonstrate lower fuel consumption 
by as much as 59.8%.

During chassis dynamometer tests, it is also possible to evaluate 
the impact of ambient temperature of the drive system’s operating pa-
rameters. Paper [8] features the estimation of the impact of tempera-
ture on energy consumption and range of an electric vehicle. The test-
ing featured three electric passenger cars. Tests conducted on a chassis 
dynamometer in the temperature of -20°C demonstrated increased en-
ergy consumption of up to 9% when compared to energy consumption 
during testing in the temperature of +23°C. It was estimated that in the 
Finnish Road Cycle carried out in the temperature of -20°C, the range 
of an electric vehicle decreased by 51% in comparison to the range 
specified by the manufacturer. 

Another method that allows estimating the vehicle’s operating pa-
rameters in specific driving conditions is simulation testing. Computer 
programs and software provide the ability of modeling and simulat-
ing new solutions in vehicles drivetrain without the need to construct 
prototypes. A hybrid drive is a complex system that combines elec-
trical, mechanical, electrochemical and electronic components. The 
tools intended for modeling and simulation of hybrid drive support 
complex interactions between the drive unit’s mechanical and elec-
trical elements. The functionalities of vehicle modeling and simula-
tion programs allow for using existing solutions and available vehicle 
models, drive units and their elements or developing new concepts 
and models. The most popular programs intended for simulating hy-
brid vehicles are: AVL Cruise, Autonomie/PSAT, GT-SUITE, LMS 
AMESim, ADVISOR, DYNA4 Advanced Powertrain.

Computer simulation programs allow for analyzing the operation 
of particular drive unit components in the set drive profile. They allow 
conducting simulation testing in terms of analyzing the dynamics (e.g. 
ability to accelerate, overcome elevations, reach maximum speed); 
forecasting, evaluation and optimization of fuel consumption; analyz-
ing the control system and diagnostics; analyzing the structure’s cohe-
sion to facilitate the testing and validation of components; preliminary 
evaluation and analysis of a new concept or solution; estimation of 
predicted emission.

The vast majority of simulation programs allows for implement-
ing customized drive cycles. This allows analyzing the level of fuel 
and energy consumption as well as emissions of harmful compounds 
in exhaust gases and the operating effectiveness of the drive system 
in real-world traffic conditions. Research papers [14,19] present the 
comparison of fuel consumption and emission of harmful compounds 
included in exhaust gases. The simulation testing of vehicles with 
various type of drivetrain was conducted in drive cycles based on 
real-world test drives. Paper [7] presents the model of a hybrid com-
mercial vehicle developed in the Autonomie program. The simulation 
was carried out using the speed profiles recorded during real-world 
operating routes. The author demonstrated the impact of the vehicle’s 
load on the fuel consumption in the analyzed operating cycles.

Vehicle simulation tests allow for analyzing the operating effec-
tiveness of particular drive elements. By using the vehicle simulation 
programs, it is possible to conduct an evaluation and determine the 
operating characteristics of the following:

combustion engine, �‡��
exhaust gases treatment system,�‡��
cooling system,�‡��
temperature distribution among the drive system’s components,�‡��
lubrication system,�‡��
fuel injection system,�‡��
hydraulic and pneumatic systems,�‡��
analysis of the energy storage performance,�‡��
electric engine,�‡��
energy management system.�‡��
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The paper [1] presents an analysis of the performance parameters of 
a combustion engine as well as the fuel consumption and CO2 emissions 
of vehicles with conventional and parallel hybrid drive. The simulation 
was conducted for three standard cycles: UDDS, FTP and US06HWY, 
as well as for the drive cycle developed for the city of Baqubah (Iraq). 
The presented results demonstrate that the use of a hybrid drive in the 
driving conditions of the analyzed city can reduce fuel consumption by 
up to 68%. Paper [13] presents the simulation results of conventional, 
series hybrid and plug-in hybrid vehicle in the drive cycle developed for 
Kansas (USA). The authors conducted a comparative analysis of fuel 
consumption and the performance of the energy storage in the analyzed 
driving conditions. Work [24] presents an analysis of the effectiveness 
and the operating parameters of selected elements of a city bus’ hybrid 
drive. The simulation testing was conducted in the AVL Cruise program 
by using the speed profile recorded during an real-world test drive of 
a city bus in Madrid (Spain). Paper [20] presents an analysis of opera-
tion of a plug-in hybrid vehicle’s energy storage. The purpose of the 
simulation was to investigate various methods of battery charging and 
configuration of the energy management system.

3. Research methodology 

3.1.	 Tests in real-world conditions

Kielce is a medium sized city located in south-central part of Po-
land. The measurement route went along centre streets in the city of 
Kielce. The length of the test route was 5.4 km. The route and its 
vertical profile was presented on Fig. 1. The route started in the point 
marked as A, went through dual carriageway streets and ended in 
point B. Due to the city’s location in upland areas, the route was char-
acterized by a rather substantial disparity in elevation that amounted 
to approx. 35 m. The route’s maximum gradient of the road amounted 
to 6%. 

The test vehicle was Ford Transit. The recording of the movement 
parameters was done by using measurement equipment mounted in 
the vehicle, consisting of:

the S-350 Aqua Datron® optoelectronic sensor for measuring ––
longitudinal speeds (Fig. 2a),
the uEEP-12 Datron® data acquisition station (Fig. 2b), with ––
the ARMS® data analysis software.
GPS DATA LOGGER KISTLER® (Fig. 2c),––
the TAA Datron® three-directional linear acceleration sensor.––

The test vehicle was equipped with vehicle tracking system us-
ing global positioning system (GPS) and the system for mobile com-
munication (GSM) produced by Globtrak company. System provided 
detailed information of location, speed, and fuel consumption of the 
vehicle. Its functionalities allow management of the vehicle fleet and 
monitoring of the drivers.

The recording of the real-world vehicle movement parameters 
was conducted during test drives on a working day in four selected 
times of day: morning, noon, afternoon and evening. During the tests 
the following parameters were recorded: instantaneous speed, instan-
taneous acceleration and deceleration, drive time, distance travelled, 
instantaneous vehicle location. An exemplary speed profile, recorded 
during a test drive in the morning, between 7:00 - 8:00 A.M., is pre-
sented in Fig 3.

�)�L�J��������	�(�[�H�P�S�O�D�U�\�� �V�S�H�H�G�� �S�U�R�I�L�O�H�� �U�H�F�R�U�G�H�G�� �G�X�U�L�Q�J�� �D�� �W�H�V�W�� �G�U�L�Y�H�� �E�H�W�Z�H�H�Q�� ����������
�D�Q�G�������������$���0��

As demonstrated on the chart in Fig. 3, in urban traffic conditions, 
the movement parameters (e.g. instantaneous speed) change quite 
substantially. The recorded speed profiles change depending on the 
time of day. Large traffic intensity during the morning (9:00-10:00 
A.M.) and afternoon (3:00-4:00 P.M.) rush hours elongates the trav-
elled time. Driving is more smooth during other times of day and is 
characterized by higher average speed. The selected parameters of the 
recorded test drives are presented in Tab. 1.

Based on the conducted measurement studies, it is possible to state 
that test drives during morning and noon hours are characterized by 
similar average speed and similar travelled time. During the afternoon 

rush hours (3:00-4:00 P.M.), the average speed is clearly lower 
and the share of stop phase amounts to 40% of the total time of 
test drive. In late afternoon (6:00-7:00 P.M.) or evening (8:00-
9:00 P.M.), after the rush hours, the time of test drive is substan-
tially shorter, which results in an increase in the average speed. 
The test drives are characterized by high smoothness, which is 
caused by lower traffic intensity. They feature an increase in 
average speed and the share of stop phase can constitute little 
more than 9% of the total time of test drive.

3.2.     Simulation tests

The speed profiles recorded during real-world measurements 
tests were implemented into the vehicle simulation program – 

ADVISOR (ADvanced Vehicle SImulatOR). The program operates 
in the Matlab/Simulink. ADVISOR is a popular tool for simulating 
vehicles with various drive configurations. It was developed by the 
scientists from the American National Renewable Energy Laboratory 
(NREL). The program features built-in models of vehicles with con-
ventional, series and parallel hybrid, electric and hydrogen cell drive. 

With the use of complex database, the user develops vehicle mod-
el with the help of drop-down menus in the dialogue box. Firstly, the 
user selects the vehicle type, drive system and particular elements of 
the drive by specifying their capacity, efficiency and weight. Then, the 

�)�L�J�����������/�R�F�D�W�L�R�Q���D�Q�G���H�O�H�Y�D�W�L�R�Q���S�U�R�I�L�O�H���R�I���W�K�H���W�H�V�W���U�R�X�W�H

�)�L�J��������	�0�H�D�V�X�U�H�P�H�Q�W���H�T�X�L�S�P�H�Q�W���X�V�H�G���W�R���F�R�Q�G�X�F�W���W�K�H���W�H�V�W�V���L�Q���U�H�D�O���Z�R�U�O�G���F�R�Q�G�L-
tions
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user selects the drive cycle. With the assumed drive unit configura-
tion and specified drive cycle, the program estimates the energy con-
sumption and the performance of analysed type of drive train. Fig. 4 
presents a parallel hybrid vehicle model developed in the ADVISOR.

�)�L�J�����������0�R�G�H�O���R�I���S�D�U�D�O�O�H�O���K�\�E�U�L�G���Y�H�K�L�F�O�H���L�Q���$�'�9�,�6�2�5

ADVISOR allows to modify the models by importing files with 
the vehicle’s data, characteristics and parameters of the drive compo-
nents and energy storage or developing and implementing new mod-
els. It is also possible to add new drive cycle by importing files with 
such parameters as speed determined as a function of time or road 
elevation profile determined as a function of road distance. 

The vehicle models available in the ADVISOR program were 
modified and passenger car models with conventional and parallel 
hybrid (HEV) drive were developed. The front area of the analysed 
vehicles amounts to 2.66 m2, rolling resistance coefficient amounts to 
0.009 and the aerodynamic resistance coefficient amounts to 0.44. For 
all simulation cases, the curb weight was 1,200 kg increased by a load 
of 150 kg was used. In the case of a hybrid vehicle, the weight was 
additionally increased by the battery weight. The selected parameters 
of the vehicles used in the simulation are presented in Tab. 2.

In the case of the hybrid vehicle (HEV), simulation was conduct-
ed for various capacities of energy storages. The initial battery state of 
charge prior to any trip amounted to 70%.

The fuel consumption results obtained from simulation of conven-
tional vehicle were compared with data derived from vehicle monitor-
ing system based on GPRS and GPS technology – Globtrak. The fuel 
consumption values acquired from ADVISOR indicated values nearly 
10% higher than those given by Globtrak system.

4. Results

Based on the results of simulation of selected vehicles, the follow-
ing parameters were used for further analysis: average fuel consump-
tion and emission: PMx, CO and NOx. Exemplary simulation results 
are presented in Fig. 5 and Fig. 6. They include the instantaneous 
emission of PMx, CO and NOx as well as fuel consumption during a 
test drive at 3:00-4:00 P.M.

�)�L�J��������	�5�H�V�X�O�W�V���R�I���V�L�P�X�O�D�W�L�R�Q�V���R�I���D���F�R�Q�Y�H�Q�W�L�R�Q�D�O���G�U�L�Y�H���X�Q�L�W���I�R�U���W�K�H���W�H�V�W���G�U�L�Y�H���D�W��
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Table 2.	Parameters of vehicles used in simulation tests

Conventional HEV 

engine power 
[kW]

96  74

electric machine 
power [kW]

- 62 

battery capacity 
[kWh]

- 8,8 6,5 4,6 2,2

weigh [kg] - 127 95 64 32

Table 1.	Selected parameters of the recorded test drives

7:00-8:00 A.M. 9:00-10:00 A.M.
11:00-12:00 

A.M.
3:00-4:00 P.M. 6:00-7:00 P.M. 8:00-9:00 P.M.

time [s] 868 942 921 1073 773 593

average speed [km/h] 22.06 21.83 22.40 18.05 24.75 33.08

stop phase duration [s] 212 264 282 424 152 56

percentage time of stop phase in 
total travelled time [%]

24.40 28.00 30.60 39.50 19.70 9.40
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The average fuel consumption of the analysed vehicles is present-
ed in Fig 7. Regardless of the time of day, the conventional vehicle 
recorded the highest average fuel consumption.

�)�L�J�����������$�Y�H�U�D�J�H���F�R�Q�V�X�P�S�W�L�R�Q���G�X�U�L�Q�J���W�K�H���D�Q�D�O�\�V�H�G���W�H�V�W���G�U�L�Y�H

The average fuel consumption obtained by hybrid vehicles clearly 
demonstrate that the higher the energy storage capacity is, the lower 
is the fuel consumption. In the analysed cases, the hybrid vehicle, 
equipped with energy storage system with the capacity of 8.8 kWh, 
recorded lower fuel consumption by 24% on average in relation to a 
conventional vehicle. It is worth noting that the differences in aver-
age fuel consumption recorded by hybrid and conventional vehicles 
were the highest during test drives at 3:00-4:00 P.M. It is caused by 
the road conditions. During the stop time, HEV using the electric en-
gine only, did not used fuel, thereby the idling was eliminated. At that 
time there was no emission of harmful substances included in exhaust 
gases. Percentage reduction of the fuel consumption of the hybrid ve-
hicle in comparison to a conventional vehicle in analysed test drives 
is presented in Tab. 3.

Fig. 8 presents the emission of particulate matter (PMx) obtained 
as result of the simulations of hybrid and conventional vehicles. The 
highest PMx emission during test drives in the analysed times of day 
were recorded for the conventional vehicle. In the case of hybrids, the 
values were similar in each of the analysed test drives.

The lowest emission of particulate matter was recorded during 
test drives in the afternoon and evening (6:00-7:00 P.M. and 8:00-
9:00 P.M.). In comparison to conventional vehicles, hybrid vehicles 
demonstrated even 42% lower PMx emission on average (Tab. 4). It 
is worth noting that the biggest differences in particulate matter emis-
sion recorded by hybrid and conventional vehicles took place during 
test drives at 3:00-4:00 P.M. At that time, the hybrids demonstrate 
lower PMx emission by up to 48%.

Fig. 9 presents the CO emission, obtained as the simulation re-
sult, recorded for the analysed vehicles. The highest CO emission in 
the analysed road conditions was demonstrated by the conventional 
vehicle.

In each of the analysed test drives, the hybrid vehicles demon-
strated substantially lower CO emissions, regardless of the energy 
storage capacity. The lowest carbon oxide emissions were recorded 
during the afternoon test drive (Tab. 5). During the test drive at 3:00-
4:00 P.M., the CO emissions recorded by the hybrids were lower by 
42% in comparison to the conventional vehicle.

Fig. 10 presents the nitrogen oxides emission during test drives in 
the selected times of day. The conducted simulation tests demonstrate 

that in each of the analysed test drives, the highest NOx emission 
was achieved by the conventional vehicle. The traffic conditions 
substantially affect the nitrogen oxide emission. This is especially 
clear in the case of the conventional vehicle. The NOx emission 
achieved during the test drive at 3:00 – 4:00 P.M. is nearly twice as 
high as during the evening test drive at 8:00-9:00 P.M.

The hybrids demonstrate a 16-19% lower NOx emission on 
average in comparison to the conventional vehicle (Tab. 6). It is 
worth noting that the nitrogen oxides emissions change depend-
ing on the traffic conditions. When comparing the NOx emission 
achieved by the hybrid and conventional vehicles, the smallest 
differences occur during test drives with relatively small traf-
fic intensity. The biggest differences can be observed during test 
drives in the afternoon rush hours (3:00-4:00 P.M.). The nitrogen 

Table 3.	Percentage reduction in hybrid vehicle fuel consumption in comparison to 
a conventional vehicle

HEV 8,8 kWh HEV 6,5 kWh HEV 4,6 kWh HEV 2,2 kWh

7:00-8:00 A.M. 24% 24% 22% 16%

9:00-10:00 A.M. 25% 24% 21% 16%

11:00-12:00 A.M. 24% 23% 22% 17%

3:00-4:00 P.M. 28% 26% 25% 17%

6:00-7:00 P.M. 22% 21% 20% 15%

8:00-9:00 P.M. 21% 20% 19% 15%

average 24% 23% 22% 16%
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oxide emission recorded by the hybrids at that time is lower by up to 
45% in comparison to the conventional vehicle.

5. Conclusion
The presented results demonstrate that the biggest differences 

in the emission and the average fuel consumption between the con-
ventional and hybrid vehicles occur during the afternoon rush hours 
(3:00-4:00 P.M.). During that specific test drive, as much as 40% of 
the total test drive times are stop phases. The use of an electric en-
gine in hybrid vehicles eliminated the idling. Thanks to this solution, 
hybrids do not emit harmful exhaust gases compounds during a stop 
phase. The presented results demonstrated that the use of a hybrid 
drive contributes substantially to the reduction in fuel consumption 

and emission. This applies especially when driving with low speed in 
high traffic intensity conditions. 

The energy capacity of the battery used in the hybrid drive sig-
nificantly affects the vehicle’s performance parameters. The higher 
is the capacity of the energy storage devices, the bigger amount of 
the energy electric drive delivers for traction purposes. This translates 
into lower fuel consumption and emissions.

The conducted simulations confirm the possibility of verifying 
the effectiveness of use of a hybrid vehicle with specific parameters 
in relation to the specificity of a particular city traffic condition. This 
can facilitate specific configuration of an hybrid drive system to make 
its use as optimal as possible in terms of emission and fuel consump-
tion in real-world conditions.

Table 5.	Percentage reduction in a hybrid vehicle’s CO emission in comparison to a conventional vehicle (conventional CO = 100%)

HEV  8,8 kWh HEV 6,5 kWh HEV 4,6 kWh HEV 2,2 kWh

7:00-8:00 A.M. 34% 38% 47% 40%

9:00-10:00 A.M. 43% 43% 44% 45%

11:00-12:00 A.M. 45% 45% 45% 47%

3:00-4:00 P.M. 47% 47% 47% 48%

6:00-7:00 P.M. 33% 33% 34% 37%

8:00-9:00 P.M. 34% 34% 35% 37%

Average 34% 38% 47% 40%

Table 6.	Percentage reduction in a hybrid vehicle’s NOx emission in comparison to a conventional vehicle (conventional NOx = 100%)

HEV  8,8 kWh HEV 6,5 kWh HEV 4,6 kWh HEV 2,2 kWh

7:00-8:00 A.M. 16% 17% 19% 19%

9:00-10:00 A.M. 10% 12% 16% 17%

11:00-12:00 A.M. 30% 31% 30% 24%

3:00-4:00 P.M. 44% 45% 45% 38%

6:00-7:00 P.M. 22% 24% 28% 25%

8:00-9:00 P.M. 5% 6% 9% 11%

Average 16% 17% 19% 19%

Table 4.	Percentage reduction in a hybrid vehicle’s PMx emission in comparison to a conventional vehicle (conventional PMx = 100%)

HEV 8,8 kWh HEV 6,5 kWh HEV 4,6 kWh HEV 2,2 kWh

7:00-8:00 A.M. 42% 42% 42% 39%

9:00-10:00 A.M. 42% 42% 43% 41%

11:00-12:00 A.M. 45% 45% 46% 44%

3:00-4:00 P.M. 48% 48% 45% 41%

6:00-7:00 P.M. 44% 44% 43% 42%

8:00-9:00 P.M. 40% 40% 37% 35%

average 42% 42% 42% 39%
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COMPOUND FAULT DETEcTION IN GEARBOX BASED ON TIME SYNcHRONOUS 
RESAMPLE AND ADAPTIVE VARIATIONAL MODE DEcOMPOSITION

WYKRYwANIE Z�O�ONYcH B��DÓ w PRZEK�ADNI NA PODSTAwIE 
SYNcHRONIcZNEGO PRÓBKOwANIA wTÓRNEGO ORAZ 

ADAPTAcYJNEJ METODY wARIAcYJNEJ DEKOMPOZYcJI MODALNEJ

Compound fault detection of gearboxes is an ambitious matter considering its interconnection and complication. An innovative 
means for compound fault detection based on time synchronous resample (TSR) and adaptive variational mode decomposition 
(AVMD) is put forward in this work. TSR used in the method can enhance fault signals of synchronous shaft gears by eliminating 
signal components independent of synchronous shaft. Therefore, the TSR is used to separate the synchronous shaft signal cor-
responding to the gear fault from the raw compound fault signal. Then a series of mode components are obtained by decomposing 
the synchronous shaft signals of all faults by AVMD. The variational mode decomposition (VMD) can overcome the mode alias-
�L�Q�J���S�U�R�E�O�H�P���R�I���H�P�S�L�U�L�F�D�O���P�R�G�H���G�H�F�R�P�S�R�V�L�W�L�R�Q�����(�0�'�������E�X�W���W�K�H���G�H�F�R�P�S�R�V�L�W�L�R�Q���H	ü�H�F�W���R�I���9�0�'���L�V���D	ü�H�F�W�H�G���E�\���L�W�V���S�D�U�D�P�H�W�H�U���V�H�W�W�L�Q�J����
Thus, the paper proposes an AVMD algorithm based on whale optimization algorithm (WOA). In the AVMD, the WOA is used to 
optimizes the parameters of the VMD. After AVMD decomposition, the correlated kurtosis of the mode components obtained by 
AVMD decomposition is calculated. Then the mode components with the maximum correlated kurtosis are selected to carry out 
envelope analysis. Finally, the compound fault feature can be found from the envelope spectrum to get the diagnosis results. In 
order to test the validity of the proposed method, a compound fault experiment is implemented in a gearbox. Through the analysis 
of the experimental data, it is proved that the method shows a good performance in the compound fault detection of gearbox.

Keywords:	compound fault; gearbox; time synchronous resample; adaptive variational mode decomposition.
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1. Introduction

Gearboxes are vital elements that are extensively used in auto-
mobile, aeroplanes and energy equipment. The gearboxes fault ac-
count for 80% in the shutdown malfunction of the transmission 
machinery[20, 22]. Therefore, it is essential to carry out gearbox fault 
diagnosis to prevent the gearbox from malfunction and reduce the 
economic loss[27]. Due to the long running time and poor working 
conditions, the faults of gearbox often occur in the form of compound 
fault simultaneously. Compound fault of gearbox may cause more se-
rious consequences or unnecessary economic losses in maintenance 
activities. Thus, it is essential to develop the study on compound fault 
detection technology of gearbox. At present, the compound fault vi-

bration signals collected from gearbox usually have the following 
characteristics: (a) In the original signal collected from the gearbox, 
the fault component belongs to the weak signal buried in the strong 
signal such as gear meshing component and noise; (b) Various faults 
may exist at the same time and interfere with each other. This causes 
the fault signal to be more complex and non-stationary[4]. Therefore, 
the above characteristics make it inconvenient to diagnose the com-
pound fault of gearboxes.

At present, many technologies have been introduced to compound 
fault diagnosis of gearbox. Guo et al.[6] put forward the gear vibra-
tion model for the planetary gear compound fault detection. Neverthe-
less, owing to the non-linearity, non-stationarity and complexity of 
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the compound fault signal and the complexity of the internal structure 
of the gearbox, it is laborious to raise an available model for com-
pound fault detection. Blind Source Separation (BSS) algorithm has 
been applied to compound fault diagnosis of rotating machinery[7, 
15], but the high requirement for raw signals limits the application 
of BSS algorithm. The sparse decomposition[31], spectral kurtosis[1] 
and morphological component analysis[30, 3] have also been intro-
duced for compound fault detection of gearbox and have shown good 
performance. Wavelet transform (WT) is a commonly used and effec-
tive time-frequency analysis method. So many scholars have been put 
forward some compound fault diagnosis methods of gearbox based 
on WT. Purushotham et al.[19] proposed a compound fault means 
for rolling bearing based on WT. Similarly, many improved wavelet 
transforms have been proposed and introduced for compound fault 
detection, such as multiwavelet transform[13, 8], multiwavelet packet 
transform[25, 11], dual-tree complex wavelet transform[21, 26, 28] 
and empirical wavelet transform[5, 12]. However, the selection of 
wavelet basis function will determine the performance of WT, which 
is also a major disadvantage of WT. As an adaptive time-frequency 
analysis method, empirical mode decomposition[10] (EMD) can 
adaptively decompose the signal into a certain number intrinsic mode 
functions satisfying certain conditions. EMD is suitable for processing 
nonlinear and non-stationary signals because of its self adaptability. 
For this reason, EMD is introduced into the analysis of gearbox mixed 
fault signal, which have shown good performance[9]. But the EMD 
has the disadvantage of mode aliasing, which will affect the effect 
of compound fault feature extraction. The ensemble empirical mode 
decomposition (EEMD) is an improved signal analysis method based 
on EMD, which can alleviate the disadvantages of modal aliasing in 
EMD[29]. Sandip et al.[23] have put forward a compound fault de-
tection approach based on EEMD and Convolution Neural Networks 
(CNN)[33]. It is found that there is still a certain degree of modal 
aliasing in EEMD and the method is sensitive to the noise existing in 
the signal[18]. The local mean decomposition (LMD) was proposed 
by Jonathan S. Smith and has been used to analyze electroencephalo-
gram signal[24]. Jiao et al. carried out multi-faults diagnosis of rotor 
system using LMD-based time-frequency representation. However, 
LMD still has a certain degree of mode aliasing, which affects the 
diagnostic results.

The variational mode decomposition (VMD) method is a 
novel adaptive signal processing method proposed by Konstantin 
Dragomiretskiy[32]. It can overcome some shortcomings of EMD, 
such as mode aliasing and endpoint effect. VMD is completely dif-
ferent from the recursive decomposition algorithm of EMD. Its over-
all framework is a constrained variational problem and has a solid 
theoretical foundation. The VMD suppose that each mode element 
is closely surrounded by a central frequency, and transforms deter-
mination of mode bandwidth into a constrained variational problem. 
Separation of mode elements is achieved by solving the constrained 
variational problem. VMD can segment the signal frequency domain 
flexibly and extract the latent feature information effectively. The 
number of mode components and penalty factors are two critical pa-
rameters of VMD, which can influence the performance of VMD in 
decomposition signal. The better decomposition results of VMD need 
appropriate parameters. Aiming at this problem, the paper proposes an 
adaptive variational mode decomposition (AVMD) algorithm based 
on whale optimization algorithm (WOA). WOA is a new intelligent 
optimization algorithm put forward by Mirjalili[17], which imitates 
the hunting strategy of humpback whales. The advantages of WOA al-
gorithm include less parameter settings and fast optimization speed.

In addition, the raw vibration signals collected from gearbox often 
contain noise and other interference signals besides fault signals[14]. 
Compared with other interference signals, fault signals belong to 
weak signals. Therefore, it is necessary to preprocess the original sig-
nal and enhance the fault signal. Time synchronous average (TSA)[2] 

is an effective technique in signal preprocessing for gearbox. TSA can 
enhance fault signals of synchronous shaft gears and their meshing 
gears by eliminating signal components independent of synchronous 
shaft, such as bearing vibration, motor vibration, gear meshing vi-
bration independent of synchronous shaft and vibration from other 
mechanical equipment[16]. However, TSA will filter out the bearing 
fault signal in gearbox, and the signal length will be greatly shortened 
after the average synchronization, so the algorithm has requirements 
on the signal length. Therefore, a signal preprocessing method based 
on TSR is presented in this work.

The remainder of this article is arranged as follows. The funda-
mental theory of the proposed method is elaborated in the Section 
2. In Section 3, the procedure of AVMD is presented. The flow chart 
of compound fault detection approach based on TSR-AVMD is illus-
trated in the Section 4. In Section 5, the performance of TSR-AVMD 
is validated by using compound fault experimental data of gearbox, 
and results are compared with other methods. The conclusions are 
given in the Section 6.

2. Materials and Methods 

2.1.	 Time synchronous resample

For continuous signal g(t), if it satisfies the Dirichlet condition, its 
Fourier transform is shown as follows:

	 X g t i t dt( ) ( )exp( )� Z � Z�  � �
���f

���f
�³ 	 (1)

Further assume that the signal is a limited bandwidth signal:

	 X fg( )� Z � Z�S�  � !0 2 	 (2)

The sampling frequency band {z(p)} can be obtained by sampling 
the signal g(t) at the starting time tz with the sampling frequency fs > 
2fg:

	 z( ) ( ) , , ,p g
P
f

t p p
s

z�  � �� � ˜ � ˜ � �̃�0 1 1	 (3)

where tz is the beginning time of sampling.

�1 data segments of R sampling points can be obtained through the 
same method:

	 x r g
r
f

t r R n �1n
s

n( ) ( ) , , , , , ,�  � �� � ˜ � ˜ � �̃ � �  � ˜ � ˜ � ˜��0 1 1 01 1      (4)

where tn is the sampling beginning time of the nth sampling data seg-
ment, and �1 is called the average segment number. If it is assumed 
that the start times of these data segments correspond to the same 
signal flag, and these data segments are synchronized, then new data 
segments can be obtained on average for these data segments:

	 y r
�1

x r r Rn
n

�1
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� 

��

�¦
1

0 1 1
0

1
	 (5)

where y(r) is called time synchronized averaging signal, and the 
above procedure is called time synchronous average. But after TSA 
processing, the signal related to bearing fault will be filtered out, and 
the bearing fault in gearbox cannot be detected. In addition, the length 
of signal is greatly reduced after TSA processing, which affects the 
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subsequent analysis. For this reason, the input signal of TSA needs 
enough length, which limits the application of this technology. There-
fore, this paper only carries out synchronous resampling without aver-
age processing to overcome these shortcomings, which is called time 
synchronous resample.

2.2.	 Variational mode decomposition

The theory of VMD will be illustrated in this section. The intrinsic 
mode function in VMD refers to an amplitude modulation-frequency 
modulation signal, which is shown as follows:

	 u t A t tk k k( ) ( )cos( ( ))� �M 	 (6)

where Ak(t) indicates the signal amplitude, �Mk t( )  is the phase of the 

signal. �Z
�M

k t
d t

dt
( )

( )
= stands for instantaneous frequency. The mode 

mentioned here is assumed to be a finite bandwidth component with a 
central frequency. The VMD is to seek the intrinsic mode function, 
which the sum of K estimation bandwidth is the smallest. The con-
straint condition is the sum of IMFs equal to the primary signal f (t). 
The specific measures to constructing constrained variational models 
are shown below:

Hilbert transform is performed for each IMF, as shown in the fol-
lowing formula:
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 	 (7)

For each IMF component, the corresponding center frequency �Zk  
is estimated and multiplied with the exponent signal e � M � Wk�� �Z , and the 
corresponding mode spectrum of each fundamental band is modu-
lated:
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The square of the norm of the gradient L2 above the modulation 
signal is calculated. The bandwidth of each IMF component is evalu-
ated. The following constraint variational model is constructed:
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where �G( )t  is unit impulse function, �M��is imaginary unit, * indicates 
the convolution operation, t�w indicates partial derivation of func-
tions, 1 2{ } { , , , }k Ku u u u�  � ˜ � ˜ � ˜ indicates the decomposed K IMFs ele-
ments. { } ={ , , , }k 1 2 K� Z � Z� Z � Z� ˜ � ˜�˜  represents the central frequency of 
each IMF component.

To solve the problem of Eq (9), penalty factor �D and Lagrange 
multiplier �O are introduced to transform the constrained variational 
problems into unconstrained ones. The augmented Lagrange expres-
sion is obtained in the following form:
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The alternate direction method of multipliers are used to itera-
tively update uk, �Zk  and �O to search the saddle point of augmented 
Lagrange expression. Specific implementation steps are shown as fol-
lows:

Initialize the (1)	 1 1 1ˆˆ{ },{ }, ,k ku n� W� L 
Repeat cycle: (2)	 n=n+1
For all (3)	 0�W�t , update the ˆˆ , ,k ku � W� L 
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Repeat the (2) and (3) steps unless the iteration termination (4)	
condition is met.
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End the iteration and get K IMFs components.

2.3.	 Theory of whale optimization algorithm

The whale optimization algorithm is an innovative intelligent 
optimization algorithm which is mainly formed by simulating the 
process of humpback whale’s predation. The predatory behavior of 
humpback whales can be summarized as the following three behav-
iors: randomly searching for prey, surrounding target prey and prey-
ing on target prey. In WOA, the position of each humpback whale is 
expressed as a feasible solution to the research problem.

2.3.1.	Randomly searching for prey

Searching for a feasible solution to a problem can be modeled on 
the process of whale swarm randomly searching for target prey. The 
mathematical model is as follows:

1�M �U�D�Q�G�� �  � � � uX X A D (15)

�U�D�Q�G �M�  � u � �D C X X (16)

where �M is the current number of iterations, A and C are coefficient 
vectors, Xrand is the position vector randomly selected from the cur-
rent whale group, which is the possible solution.

The A and C in Eq. (15) and Eq. (16) can be obtained as follows:

12�  � u� �A a r a (17)
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22� C r (18)
where a is a vector that falls linearly from 2 to 0, the r1 and r2 are 
random vectors in the range 0 to 1.

2.3.2.	Surrounding target prey

The process of humpback whales approaching the target prey can 
be seen as the process of approaching the feasible solution in the algo-
rithm. If the target prey is the best individual location for the current 
population, the location will be updated as follows:

1� M� M�� �  � � � uX X A D (19)

*
� M� M�  � u � �D C X X (20)

where X�M is the position vector of current whale, *�MX is currently the best 
whale position vector. 

2.3.3.	Preying on target prey

Humpback whales prey on the target through the following two 
strategies:

Shrinking encircling mechanism: This mechanism is realized 1.	
by reducing the value of a, where a is a random value between 
[- 2, 2]; When a is in the range of [- 1,1], the position the 
whales are looking for is the position of the target prey. At 
this time, the whale group is close to the target prey, on the 
contrary, whales stay away from the prey. 
Spiral updating position: The humpback whales approach 2.	
their prey in a spiral motion. According to the motion mode, a 
mathematical model can be constructed as follows:

	 X D X�M
bl

�Me l�� �  � �1 2' *cos( )�S 	 (21)

where ' *
� M� M�  � �D X X  is the distance between the current best position 

of the ith whale group and its prey, b is a constant for defining the shape 
of the logarithmic spiral, l is a random number in [-1, 1].

The above two mechanisms are carried out at the same time in 
the process of whale predation. In order to simulate this situation, a 
50% probability is selected between them to update the position of 
the whale group. It can be realized by the following mathematical 
model:
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where p is a random number in [0, 1].

2.4.	 Adaptive variational mode decomposition

The procedure of AVMD is illustrated in this section. According to 
the description of VMD in the previous section, the number of com-
ponents K and the penalty factor �. are two critical parameters that in-
fluence the decomposition effect of VMD. If the value of K is much 
smaller than the number of natural modes of the signal, all modes in the 
signal will not be separated completely. On the contrary, some modal 
components in the signal may be over decomposed and finally some 
non-existent modes will appear. The penalty factor �. mainly affects the 
bandwidth of the mode components decomposed by VMD. If the pen-
alty factor is too small, the spectrum of component will be very wide, 
and the mode aliasing problem will occur easily. Conversely, the band-
width of the component is narrowed, and the information contained in 

the mode component may be insufficient. At present, the determina-
tion of the above two parameters mainly depends on human subjective 
experience, which may lead to unsatisfactory decomposition effect of 
VMD. Therefore, this paper proposes an AVMD, which employs the 
WOA to optimize the parameters of VMD.

A fitness function must be determined when using WOA to opti-
mize influence parameters of VMD. The fitness function values under 
different parameters are calculated, and the influence parameters are 
selected and updated by comparing fitness function values. The fit-
ness function is the maximum correlation kurtosis of modes received 
by VMD decomposition. Correlated kurtosis can detect the existence 
of periodic impact signals. In engineering practice, the original sig-
nal collected from the equipment contains some noise impact signals, 
which is not periodic. However, the traditional kurtosis can only re-
flect the impact characteristics of the signal. The traditional kurtosis 
may reflect only the impact signal of the noise rather than the fault 
impact signal. Therefore, the correlated kurtosis is used to select the 
IMF which contains fault impact component. The first order corre-
lated kurtosis can be computed as follows:
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where the y(t) is the vibration signal, �T represents the sampling point 
length corresponding to the fault frequency to be detected. The M or-
ders correlated kurtosis can be get as follows:
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The first order correlation kurtosis is mainly suitable for detecting 
early faults, and high order correlation kurtosis is mainly suitable for 
detecting serious faults.

Fig. 1. Frame diagram of the AVMD
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The Fig. 1 is presented the flow path of AVMD. Firstly, the op-
timization range for parameters and WOA algorithm parameters are 
set, and then the whale groups locations (optimization parameters) are 
initialized. Then VMD decomposition is performed to get a series of 
mode components. Then the fitness function is calculated, and the op-
timal results are chosen by evaluating fitness function. Finally, output 
optimization parameters when the termination condition of WOA is 
satisfied, otherwise the parameters are updated to continue the above 
operation.

2.5.	 Compound fault diagnosis method based on TSR-AVMD

A compound fault detection approach based on TSR-AVMD is 
presented in this work. The process of the proposed approach is il-
lustrated in this section. The compound fault signals collected from 
gearbox include not only compound fault components, but also motor 
vibration signal, gear meshing vibration signal and vibration signal 
from other machinery and equipment. These irrelevant signals will 
affect the efficiency of compound fault diagnosis, so the TSR is intro-
duced to process the original signal in this paper. TSR can enhance the 
fault signal of synchronous shaft gear and its meshing by removing 
the frequency component independent of synchronous shaft, which 
makes it easy to detect the fault located in synchronous shaft gear. To 
get the fault features and overcome the limitations of traditional VMD 
methods, AVMD is put forward to extract gear fault characteristic. 
The flow chart of proposed method for hybrid fault detection is shown 
as Fig. 2. The specific steps are described as follows.

Collect the original signal from the gearbox through the vibra-(1)	
tion acceleration sensor.
The original vibration signal is preprocessed by TSR technol-(2)	
ogy, which enhances the synchronous shaft signal of each fault 
and eliminates the interference of the non-synchronous shaft 
signal component.
A series of mode components are obtained by decomposing the (3)	
synchronous shaft signals of all faults by AVMD.
Calculate the correlated kurtosis of the mode components ob-(4)	
tained by AVMD decomposition for all the fault synchronous 

shaft signals. Then the mode components with the maximum 
correlated kurtosis are selected for the next step.
Finally, the envelope analysis of mode components with maxi-(5)	
mum correlation kurtosis is performed, and the envelope spec-
trum is obtained to realize fault detection.

3. Experimental analysis

The performance of the proposed method is testified by using 
experiment signal of compound fault of gearbox in this section. The 
setup of the experiment is illustrated in the follows.

3.1.	 Experimental setup

The structure of the experimental platform is shown in the Fig. 3. 
The experimental data is collected by the acceleration sensor installed 
on the gearbox. The structure of the test gearbox and the specific lay-
out of four acceleration sensors are shown as Fig 4. In this experi-
ment, there are 1mm crack fault in Gear 1 and 2mm broken tooth fault 
in Gear 2 which is preset in the gearbox. The location of the gear 
fault is shown in the Fig. 5. In the experiment, the motor speed is set 
to 1200rpm and the load is set to 20nm. The sampling frequency of 
data is 20kHz.

3.2.	 Experimental result analysis

The experimental data of 1mm crack fault in Gear 1 and 2mm bro-
ken tooth fault in Gear 2 is employed to test the validity of proposed 
method. The wave form of raw compound fault signal is presented in 
the Fig 6. The rotational speed of input shaft is 2000rpm. According 
to the gear parameters shown in the Fig.4, the rotational frequency of 
output shaft and intermediate shaft is 2.43Hz and 10.94Hz respective-
ly. The two gears with crack fault and broken tooth fault are located 
in the output shaft and intermediate shaft respectively, so the corre-
sponding fault frequencies of the two faults are 2.43Hz and 10.94Hz 
respectively. 

The proposed approach is employed to perform the compound fault 
data. Firstly, the original data is preprocessed by TSR. The interfer-
ence of signal components independent of synchronous axis is elimi-

nated, and the synchronous shaft signals corresponding to crack 
fault and broken tooth fault are obtained respectively. Then the 
WOA is employed find the optimal parameters of VMD. The pa-
rameter settings of WOA are shown in the Table 1. Fig 7 shows 
the change curve of fitness function during the iteration of pa-
rameter optimization with WOA. As can be seen from the Fig 7 
(a), the fitness is stable when the number of iterations reaches 
7 generations, which shows that the optimal solution is found 
for broken tooth fault signal. Similarly, the optimal solution for 
crack fault is found when the number of iterations reaches 16 
generations as shown in the Fig 7 (b). Thus, the optimal param-
eters of VMD are found, and the result is presented in Table 2. 
VMD decomposition of synchronous shaft signal corresponding 
to crack fault and broken tooth fault is carried out respectively. 
The VMD decomposition result of synchronous shaft signal cor-
responding to broken tooth fault and crack fault is presented in 
the Fig 8 and Fig 9 respectively. Then the correlated kurtosis of 
all mode components is computed and the modes with maxi-
mum correlated kurtosis are chosen for envelope analysis. The 
IMF with maximum 15 orders correlated kurtosis for synchro-
nous shaft signal corresponding broken tooth fault is the second 
IMF, and the IMF with maximum 4 orders correlated kurtosis 
for synchronous shaft signal corresponding gear crack fault is 
the first IMF. The envelope spectrums of above two IMFs are 
obtained as presented in Fig 10.

Fig. 2. Procedure of proposed method for compound fault detection
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As shown in the Fig 10 (b), the prominent peak related to the fault 

Fig. 3. Structure diagram of test rig

Fig. 5. Location of compound fault in gears

Fig. 7.	The iterative of process of optimization (a) iterative process for broken 
tooth fault signal (b) iterative process for crack fault signal

Fig. 9.	Decomposition result of AVMD for synchronous shaft signal corre-
sponding gear crack fault

Fig. 11. Diagnosis results obtained by TSR-EMD (a) IMF of signal with broken 
tooth fault (c) IMF of signal with gear crack fault; (b) & (d) Envelop 
spectrum of (a) and (c)

Fig. 4. Gearbox structure and sensor position

Fig. 6. The wave form of raw signal

Fig. 8.	Decomposition result of AVMD for synchronous shaft signal corre-
sponding broken tooth fault

Fig. 10.	The diagnosis results obtained by proposed method (a) IMF of signal 
with broken tooth fault (c) IMF of signal with gear crack fault; (b) & 
(d) The envelop spectrum of (a) and (c)

Fig. 12. Diagnosis results obtained by TSR-EEMD (a) IMF of signal with broken 
tooth fault (c) IMF of signal with gear crack fault; (b) & (d) Envelop 
spectrum of (a) and (c)
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frequency of broken tooth (Fb) and its harmonics can be identified ev-
idently. As shown in the Fig 10 (d), the prominent peak corresponding 
to the fault characteristic frequency of crack (Fc) and its harmonics 
are evident clearly. In conclusion, the TSR-AVMD is able to separate 
the compound fault of broken tooth and gear crack in different shaft, 
and the corresponding fault can be detected effectively.

4. Discussion

In order to prove that the performance of TSR-AVMD is better 
than that of traditional methods, the EMD, EEMD and LMD are em-
ployed to perform the same data. Firstly, the compound fault signal is 
decomposed into a series of IMFs by using EMD, EEMD and LMD 
respectively. Then the IMFs with maximum 15 orders correlated kur-
tosis and maximum 4 orders correlated kurtosis are selected from the 
decomposition results. Finally, the selected IMFs which contains dif-
ferent gear fault are carried out envelope analysis and the envelope 
spectrums are shown in the Fig 11, Fig 12 and Fig 13. 

As for envelop spectrum shown in the Fig 11 (b), the peak related 
to Fb is identified clearly. Partial harmonics of Fb appear in envelope 
spectrum, but compared to Fig 10 (b), the harmonic of some Fb is an-
nihilated by other interference components. As for envelop spectrum 
presented in the Fig 11 (d), the prominent peak related to the Fc and 
its harmonics are identified, but not clearly. In the envelop spectrum, 
there are many interference components around Fc and its harmonics 
compared with Fig 10 (d). It shows that the performance of TSR-
AVMD is more competitive than the TSR-EMD. 

As shown in the Fig 12 (b), the peak related to Fb and its harmon-
ics are identified. But in the spectrum, there are some interference 
components around Fb and its harmonics compared with the Fig 10 
(b). In the Fig 12 (d), the peak related to Fc and its harmonics are iden-
tified clearly. It shows that the TSR-EEMD can detect the gear crack 
fault clearly. Nevertheless, the fault frequency of broken tooth cannot 
be extracted clearly enough, there are some interference components 
around Fb and its harmonics.

As for envelop spectrum shown in the Fig 13 (b), the peak related 
to Fb and its harmonics can be found, but there are disturbing com-
ponents near the harmonics. It can be seen from the Fig 13 (d), the 

peak related to Fc and its harmonics are disturbed seriously. It shows 
that the TSR-LMD can detect the broken tooth fault, and the perform-
ance of TSR-AVMD is more competitive than the TSR-LMD. But the 
TSR-LMD cannot detect the gear crack fault effectively.

In conclusion, the performance of TSR-AVMD in compound fault 
detection is more competitive than the TSR-EMD, TSR-EEMD and 
TSR-LMD. 

To prove the necessity of TSR in the presented approach, the 
AVMD is employed alone to analyze the raw signals that are not proc-
essed by TSR. Then the envelop spectrums of IMFs with 15 orders 
maximum correlated kurtosis and 4 orders maximum correlated kur-
tosis are shown as Fig 14. As shown in the Fig 14 (b), the prominent 
peak related to the fault frequency of broken tooth (Fb) and its har-
monics are clearly identified. However, the prominent peak related to 
the characteristic frequency of crack (Fc) and its harmonics cannot 
be found in the Fig 14 (d) clearly. Thus, the gear broken tooth fault 
can be detected and the gear crack fault cannot be detected. In sum-
mary, it shows that the gear crack fault cannot be detected by only 
using AVMD, and it proves the necessity of the TSR in the proposed 
method.

5. Conclusions

An innovative compound fault detection approach based on TSR 
and AVMD is presented in this paper. In the implementation of the 
presented approach, the TSR is used to preprocess the raw signal 
to eliminate the interference of asynchronous shaft signal. Then the 
AVMD is employed to process the fault synchronous shaft signals ob-
tained by TSR to extract fault features. The AVMD introduces WOA 
to optimize the main parameters of VMD, which overcomes the prob-
lem that the decomposition effect of VMD is affected by parameters. 
Then the optimal mode components that represent the fault features of 
gears are selected based on the principle of the maximum correlated 
kurtosis. Finally, the compound fault features can be extracted from 
the envelop spectrum of the optimal mode components. The com-
pound fault experiment of gearbox is performed to test the validity of 
the TSR-AVMD. After the analysis and comparison of the experimen-
tal results, the following conclusions can be obtained.

Fig. 13.	Diagnosis results obtained by TSR-LMD (a) IMF of signal with broken 
tooth fault (c) IMF of signal with gear crack fault; (b) & (d) Envelop 
spectrum of (a) and (c)

Table 2.	Optimal parameters of VMD for different fault

K of VMD for broken tooth fault K of VMD for gear crack fault �= of VMD for broken tooth fault �= of VMD for gear crack fault

2 12 7248 9247

Table 1.	Initial parameter settings of WOA

Number of 
search agents

Maximum genera-
tions

Number of parame-
ters to be optimized

Floor of param-
eter K

Toplimit of param-
eter K

Floor of param-
eter �=

 Toplimit of param-
eter �=

100 50 2 2 15 1000 10000

Fig. 14.	Diagnosis results obtained only using AVMD (a) IMF of signal with 
broken tooth fault (c) IMF of signal with gear crack fault; (b) & (d) 
Envelop spectrum of (a) and (c)
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TSR is an available approach for extracting synchronous shaft (1)	
fault signals and eliminating other interference signals. The 
experimental results show that TSR can eliminate the inter-
ference of non-synchronous shaft signal and enhance the fault 
signal of gearbox.
AVMD can effectively overcome the shortcomings of mode (2)	
aliasing in EMD. Through comparative analysis of experimen-
tal results, it can be proved that the performance of extracting 

fault features by AVMD is more competitive than traditional 
time frequency analysis methods such as EMD, EEMD and 
LMD. 
Through the experiment of compound faults in gearbox, the (3)	
compound fault detection approach based on TSR and AVMD 
presented in this work can detect compound faults of gearbox 
effectively.
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A NOVEL RELIaBILITY ESTIMaTION METHOD OF MULTI�STaTE 
SYSTEM BaSED ON STRUCTURE LEaRNING aLGORITHM

NOWaTORSKa METODa OCENY NIEZaWODNO�CI SYSTEMÓW 
WIELOSTaNOWYCH W OPaRCIU O aLGORYTM UCZENIa STRUKTURY

Traditional reliability models, such as fault tree analysis (FTA) and reliability block diagram (RBD), are typically constructed 
�Z�L�W�K���U�H�I�H�U�H�Q�F�H���W�R���W�K�H���I�X�Q�F�W�L�R�Q���S�U�L�Q�F�L�S�O�H���J�U�D�S�K���W�K�D�W���L�V���S�U�R�G�X�F�H�G���E�\���V�\�V�W�H�P���H�Q�J�L�Q�H�H�U�V�����Z�K�L�F�K���U�H�T�X�L�U�H�V���V�X�E�V�W�D�Q�W�L�D�O���W�L�P�H���D�Q�G���H	ü�R�U�W�����,�Q��
addition, the quality and correctness of the models depend on the ability and experience of the engineers and the models are dif-
�¿�F�X�O�W���W�R���Y�H�U�L�I�\�����:�L�W�K���W�K�H���G�H�Y�H�O�R�S�P�H�Q�W���R�I���G�D�W�D���D�F�T�X�L�V�L�W�L�R�Q�����G�D�W�D���P�L�Q�L�Q�J���D�Q�G���V�\�V�W�H�P���P�R�G�H�O�L�Q�J���W�H�F�K�Q�L�T�X�H�V�����W�K�H���R�S�H�U�D�W�L�R�Q�D�O���G�D�W�D���R�I���D��
�F�R�P�S�O�H�[���V�\�V�W�H�P���F�R�Q�V�L�G�H�U�L�Q�J���P�X�O�W�L���V�W�D�W�H�����G�H�S�H�Q�G�H�Q�W���E�H�K�D�Y�L�R�U���F�D�Q���E�H���R�E�W�D�L�Q�H�G���D�Q�G���D�Q�D�O�\�]�H�G���D�X�W�R�P�D�W�L�F�D�O�O�\�����,�Q���W�K�L�V���S�D�S�H�U�����Z�H���S�U�H�V�H�Q�W��
a method that is based on the K2 algorithm for establishing a Bayesian network (BN) for estimating the reliability of a multi-state 
�V�\�V�W�H�P���Z�L�W�K���G�H�S�H�Q�G�H�Q�W���E�H�K�D�Y�L�R�U�����)�D�F�L�O�L�W�D�W�H�G���E�\���%�1���W�R�R�O�V�����W�K�H���U�H�O�L�D�E�L�O�L�W�\���P�R�G�H�O�L�Q�J���D�Q�G���W�K�H���U�H�O�L�D�E�L�O�L�W�\���H�V�W�L�P�D�W�L�R�Q���F�D�Q���E�H���F�R�Q�G�X�F�W�H�G��
�D�X�W�R�P�D�W�L�F�D�O�O�\�����$�Q���L�O�O�X�V�W�U�D�W�L�Y�H���H�[�D�P�S�O�H���L�V���X�V�H�G���W�R���G�H�P�R�Q�V�W�U�D�W�H���W�K�H���S�H�U�I�R�U�P�D�Q�F�H���R�I���W�K�H���P�H�W�K�R�G��

Keywords:	reliability analysis, Bayesian network, structure learning, multi-state system (MSS), dependent 
�I�D�L�O�X�U�H��

�7�U�D�G�\�F�\�M�Q�H���P�R�G�H�O�H���Q�L�H�]�D�Z�R�G�Q�R���F�L�����W�D�N�L�H���M�D�N���D�Q�D�O�L�]�D���G�U�]�H�Z�D���E�á�
�G�y�Z�����)�7�$�����F�]�\���V�F�K�H�P�D�W���E�O�R�N�R�Z�\���Q�L�H�]�D�Z�R�G�Q�R���F�L�����5�%�'�������E�X�G�X�M�H��
�V�L�
�� �]�D�]�Z�\�F�]�D�M���Z�� �R�S�D�U�F�L�X���R���W�Z�R�U�]�R�Q�H���S�U�]�H�]�� �L�Q�*�\�Q�L�H�U�y�Z�� �V�\�V�W�H�P�R�Z�\�F�K���V�F�K�H�P�D�W�\�� �]�D�V�D�G���G�]�L�D�á�D�Q�L�D���V�\�V�W�H�P�X���� �N�W�y�U�\�F�K���S�U�]�\�J�R�W�R�Z�D�Q�L�H��
�Z�\�P�D�J�D���G�X�*�\�F�K���Q�D�N�á�D�G�y�Z���F�]�D�V�X���L���S�U�D�F�\�����-�D�N�R���ü���L���S�R�S�U�D�Z�Q�R���ü���W�\�F�K���P�R�G�H�O�L���]�D�O�H�*�\���R�G���X�P�L�H�M�
�W�Q�R���F�L���L���G�R���Z�L�D�G�F�]�H�Q�L�D���L�Q�*�\�Q�L�H�U�y�Z�����D��
�V�D�P�H���P�R�G�H�O�H���V�����W�U�X�G�Q�H���G�R���]�Z�H�U�\�¿�N�R�Z�D�Q�L�D�����'�]�L�
�N�L���U�R�]�Z�R�M�R�Z�L���W�H�F�K�Q�L�N���D�N�Z�L�]�\�F�M�L���L���H�N�V�S�O�R�U�D�F�M�L���G�D�Q�\�F�K���R�U�D�]���P�R�G�H�O�R�Z�D�Q�L�D���V�\�V�W�H�P�y�Z����
�G�D�Q�H���R�S�H�U�D�F�\�M�Q�H���]�á�R�*�R�Q�H�J�R���V�\�V�W�H�P�X���X�Z�]�J�O�
�G�Q�L�D�M���F�H���M�H�J�R���]�D�O�H�*�Q�H�����Z�L�H�O�R�V�W�D�Q�R�Z�H���]�D�F�K�R�Z�D�Q�L�D���P�R�J�����E�\�ü���S�R�]�\�V�N�L�Z�D�Q�H���L���D�Q�D�O�L�]�R�Z�D�Q�H��
�D�X�W�R�P�D�W�\�F�]�Q�L�H�����:���D�U�W�\�N�X�O�H���S�U�]�H�G�V�W�D�Z�L�R�Q�R���P�H�W�R�G�
���N�R�Q�V�W�U�X�N�F�M�L���V�L�H�F�L���E�D�\�H�V�R�Z�V�N�L�H�M�����%�1�����R�S�D�U�W�����Q�D���D�O�J�R�U�\�W�P�L�H���.�������N�W�y�U�D���S�R�]�Z�D�O�D��
�Q�D���R�F�H�Q�
���Q�L�H�]�D�Z�R�G�Q�R���F�L���V�\�V�W�H�P�X���Z�L�H�O�R�V�W�D�Q�R�Z�H�J�R���R���]�D�F�K�R�Z�D�Q�L�D�F�K���]�D�O�H�*�Q�\�F�K�����'�]�L�
�N�L���Q�D�U�]�
�G�]�L�R�P���%�1�����P�R�G�H�O�R�Z�D�Q�L�H���L���V�]�D�F�R�Z�D�Q�L�H��
�Q�L�H�]�D�Z�R�G�Q�R���F�L���P�R�*�H���R�G�E�\�Z�D�ü���V�L�
���D�X�W�R�P�D�W�\�F�]�Q�L�H�����'�]�L�D�á�D�Q�L�H���R�P�D�Z�L�D�Q�H�M���P�H�W�R�G�\���]�L�O�X�V�W�U�R�Z�D�Q�R���Q�D���S�R�G�V�W�D�Z�L�H���S�U�]�\�N�á�D�G�X��

�6�á�R�Z�D���N�O�X�F�]�R�Z�H��	�D�Q�D�O�L�]�D���Q�L�H�]�D�Z�R�G�Q�R���F�L�����V�L�H�ü���E�D�\�H�V�R�Z�V�N�D�����X�F�]�H�Q�L�H���V�W�U�X�N�W�X�U�\�����V�\�V�W�H�P���Z�L�H�O�R�V�W�D�Q�R�Z�\�����X�V�]�N�R�G�]�H�Q�L�H��
�]�D�O�H�*�Q�H��

1. Introduction

For estimating the reliability of a complex system, constructing 
an accurate reliability model of the system is essential. A variety of 
popular reliability models are available, such as fault trees, reliability 
block diagrams, and Bayesian networks [28]. Unfortunately, they re-
quire professional knowledge and experience in modeling, along with 
a detailed understanding of the system structure and of how the sys-
tem operates. Moreover, substantial effort is required for constructing 
these models for complex systems, even if the systems are medium-
scale. Two main difficulties are encountered in building these models. 
(1) Modern systems consist of hardware and software with complex 
interactions, which are becoming increasingly difficult to model. (2) 
Reliability models and function principle graphs describe different 
aspects of the system. Although the designers know how the systems 
work, they lack the skills and experience in reliability modeling and 
analysis. There is a gap between system functional models and reli-
ability models.

To overcome these problems, researchers proposed automatic 
transformation methods for converting the function principle graphs 
to fault trees [1, 20] or RBDs [11]. In addition, Bucci attempted to con-

struct dynamic fault tree and event tree from corresponding Markov 
models such that time-dependent failure can be considered [2]. More-
over, the dynamic reliability models such as the dynamic fault tree 
(DFT) or dynamic reliability block diagram can be transformed into 
a dynamic Bayesian network to estimate the reliability of a dynamic 
system [17, 19, 21]. Even if reliability models could be automatically 
generated from function principle graphs, they would not reflect the 
changes that occur when the system is operating. In addition, when 
human factors are involved, it is difficult to incorporate these factors 
into the reliability models.

Methods such as the GO methodology and the Altarica project 
have been proposed for overcoming the problem of models not match-
ing the specifications of the systems under study. The GO methodol-
ogy uses a straightforward inductive logic to construct system models 
[18]. Enhanced methods improve the performance of the GO meth-
odology and provide additional analysis results about the systems. A 
new quantification algorithm that is based on BDD is proposed in [5]. 
The quality analysis method, in combination with FMEA, is discussed 
in [12] and the dynamic behavior can be modeled via the extended 
GO methodology [25]. Altarica is a high-level modeling language 
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that can describe the hierarchies of the system and the behaviors of 
components of the system [7, 23]. The model can be compiled into 
lower-level formalisms for analysis of the reliability and dependabil-
ity of the systems. The methods that are discussed above can provide 
models that are similar to the function principle graph; however, these 
methods are diffcult to use in practice due to their complexity.  

Data-driven system reliability estimation methods such as the 
prognostics and health management (PHM) method were proposed 
many years ago. However, the traditional PHM methods are designed 
for specified operational conditions and the analysis results are lim-
ited to the systems that are in operation [30]. Hence, researchers stud-
ied how to obtain a generic model from data. Zaitseva [31] presented 
an approach that is based on a decision tree and learns the structure 
function of the system that represents the states of the system and 
components from the source data. The method is used not only to 
construct reliability models of the general system but also to estimate 
the reliability of the corresponding human factor system [13]. Zait-
seva extended this method to multi-state systems [32]. However, the 
approach is only suitable for relatively simple systems that have no 
complicated interactions among components. Doguc [4] proposed a 
structure learning method that is based on Bayesian networks for con-
structing the reliability model. However, he only utilized a binary sys-
tem and did not consider the interactive effects between components.

Dependent failure is an important behavior that can substantially 
affect the reliability of a system. Two types of dependent failure were 
identified in [27]: The first type can be described by the function-
al-dependent gate in DFT. The second type is found in multi-state 
systems. Thus, dependent failure should be considered in reliability 
models. Unfortunately, it is difficult to identify the dependencies be-
tween components and the interactive effects between components 
and subsystems.

In this paper, we propose a method that is based on the struc-
ture learning algorithm for modeling and estimating the reliability of 
multi-state systems while considering dependent failures. We focus 
on the dependency behavior between components.

The remainder of this paper is organized as follows: Section 2 
briefly summarizes the multi-state system with correlative behavior. 
Section 3 presents a methodology for modeling the cause and effect 
relationships of multi-state systems that is based on the K2 algorithm 
[3] and evaluating conditional probability tables (CPTs). In Section 4, 
an example is used to demonstrate the entire modeling process. Sec-
tion 5 presents the experimental analysis results on the accuracy and 
performance of the methodology. Finally, in Section 6, the conclu-
sions of this work are presented and discussed.

2. Multi-state system with dependency behavior

Multi-state systems were introduced in 1968. Many researchers 
gradually contributed to the reliability theory of multi-state systems 
and developed a variety of methods for evaluating the reliability of 
multi-state systems. The related works are referenced in [14, 29]. 

For simplicity, traditional reliability modeling methods assume 
that the components are independent. However, this assumption is not 
practical for real engineering systems. In [27], the authors described 
several dependent failure scenarios, such as common cause failure, 
load-sharing, cascade failure [24], sequential failure, cross-system 
dependencies and interaction between components. These dependent 
failures would severely affect the reliability estimation of the sys-
tems.

Thus, researchers improved the traditional models to include de-
pendent failures. A stochastic process [16] is an intuitive model for 
representing the correlations between components. Song [26] pre-
sented stochastic multivalued models for evaluating the reliability of 
an MSS with dependent multistate components. However, the space 
explosion problem poses substantial challenges for large-scale multi-

state systems. So researchers explored the combinatorial methods to 
model the multi-state system with dependent failure. Levitin [15] ex-
tended the universal generating function approach to multi-state sys-
tems with dependent elements. The dependent failure is of the second 
type [26]. Nagayama [22] analyzed the reliability of a multi-state sys-
tem with partially dependent components based on the multi-valued 
decision diagrams. 

In the works that are discussed above, the dependencies between 
components are formulated as conditional probabilities. The problem 
can be more easily represented by a Bayesian network, which can 
describe complicated relationships. Thus, BN is an alternative way 
of modeling a multi-state system with dependency behavior. Various 
BN tools such as BNT [6] support BN inference and implement many 
learning algorithms. Consequently, BN is a more suitable method for 
modeling multi-state systems with consideration of the dependency 
behavior.

3. Methodology

In this section, a reliability estimation method for multi-state sys-
tems that is based on the K2 algorithm [3] and the point estimation 
method is proposed. The dependent relationships among components, 
subsystems and the system are learned from data via the K2 algo-
rithm. The parameters of the BN are estimated via the point estimation 
method. Then, the reliability of the multi-state system with consid-
eration of the customer demand can be evaluated. Facilitated by BN 
tools, the whole process can be conducted automatically.

3.1.	 Structure learning algorithm K2

The K2 algorithm was proposed in [3] as a heuristic-search meth-
od. This algorithm assumes the following: 1) the variables are ordered 
and 2) all structures are equally likely. According to the assumptions, 
high-rank variables will not be the parents of low-rank variables. 
Hence, the search space of the parent sets of a variable can be reduced 
substantially.

The K2 algorithm consists of two main components: 
A scoring function that quantifies the associations and ranks 1)	
the parent sets according to their scores:

	 g i
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i : 					    index of the components.
�Si : 					   set of parents of components ix .

iq : �Ii .

�Ii : 					   list of all possible instantiations of the parents of ix  in data-
base D, namely, if 1x ,…, sx  are the parents of ix , then �Ii  is 
the Cartesian product 

110 11 1 1 0 1{ , , , , } { , , , , }
sj n s s sj snx x x x x x x x� u � u� " � " � " � " � ". 1n ,

sn  represent the numbers of the states of the components.

i ir V� .

iV :					    list of all possible state values of the components xi .
�Dijk :			  	 the number of cases in D in which component ix  is instanti-

ated with its kth value and the parents of ix  in �Si  are instan-
tiated with the jth instantiation in �Ii .

Nij ijk
k

ri
� 

� 
�¦ �D

1
: the number of instances in the database in which 

the parents of ix  in �Si  are instantiated with the jth instantiation in 
�Ii  .
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To improve the run-time speed of K2, the logarithmic version of 
the equation above is implemented in this paper. The equation is de-
scribed as follows:
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     (2)

where ( )� *� ˜ denotes the gamma function and the other parameters are 
as defined above;

A greedy-search method that incrementally adds nodes to the 2)	
parent set to reduce the search space.

With the heuristic, the K2 algorithm does not need to consider all 
possible parents sets; it adds incrementally the parent whose addition 
most increases the probability of the resulting structure. If the addition 
of no single parent can increase the probability, no additional parents 
are added to the node: Initially, node ix  has no parents and the nodes 

1 2 1, , , ix x x���"  are candidates of the parent sets. The parent sets may 
be �I,{ }, { } , ,{ } ,{ , } , ,{ , }, ,{ , , , }x x x x x x x x x xi i i1 2 1 1 2 1 1 1 2 1� " � "� " � "� � � ��� . 

Hence, the parent set space is reduced substantially. In addition, to 
increase the efficiency of the algorithm, the K2 algorithm uses a pa-
rameter u to restrict the maximum number of parents. The pseudo-
code of the K2 algorithm can be found in [3].

According to the description above, to use the K2 algorithm to 
learn the exact Bayesian network, the variables’ ordering should cor-
respond to the practical operational mode of the system. For example, 
a subsystem should be higher in the ordering than its child nodes. In 
addition, the parameter u should be set reasonably to balance the ef-
ficiency and the correctness of the Bayesian network. In [3], several 
suggestions are proposed for obtaining the most probable structure.

3.2.	 Probability distribution estimation

Via the K2 algorithm, the relationships among the components, 
subsystems and system can be obtained. To evaluate the reliability 
of MSS, the parameters of the Bayesian network should be estimated 
using the data.

Traditional reliability methods typically assume that the failure 
times of the components follow a probability distribution. However, 
this assumption may not hold in practice. Researchers considered inte-
grating data from various levels of the system to reduce the uncertainty 
in the system reliability assessment. These methods [8, 9] can use the 
data to estimate the parameters of multi-state components. However, 
these approaches require prior knowledge about the system structure 
and about the cause and effect between components. These conditions 
are difficult to satisfy when we only have the function principle graph 
and the operation data of the system. Consequently, statistical estima-
tion theory is used to determine the probability distribution.

There are two main types of estimation procedures in statistics: 
point and interval estimation. For convenience, point estimation is 

applied in this paper. Interval estimation is also applicable in our 
method.

First, according to the BN model that was learned from the data, 
the nodes without parents can be identified. The probability distribu-
tions of these nodes can be calculated easily. For nodeiX , denotes the 
number of times that state j  of component iX  occurs in the data as 

ijH  and the number of all instances in the data as iH . The state prob-
ability distribution of iX  is presented in Table 1, where in  denotes 
the number of states of component iX .

Second, the conditional probability distributions of the nodes 
that have parents are estimated. For example, the structure of nodes 

, ,i j kX X X  is illustrated in Fig. 1.

�)�L�J�����������,�O�O�X�V�W�U�D�W�L�Y�H���H�[�D�P�S�O�H

The CPT of  Xk  can be estimated via the following formula:
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	 (3)

{ , , }�N �N�U �L �L�Z �M �M�YH X c X c X c�  �  �   denotes the number of instances 

when , ,�N �N�U �L �L�Z �M �M�YX c X c X c�  �  �  . { , }�L �L�Z �M �M�YH X c X c�  �   is also 
available.

According to the method above, a BN that represents the depend-
ent relationships and all parameters that represent the logical relation-
ships can be obtained. Hence, the reliability of the MSS can be evalu-
ated. Assume the system has M unique states. The reliability of the 
multi-state system can be expressed by the following formula:

	
(t)

( ) { (t) }
i

M

i
s w

R t P S s
�t

�  �  �¦ 	 (4)

where (t)S   denotes the current state of the system and (t)w  de-
notes the demand for the system at time t. According to the 
model that is obtained above, the joint probability distribution 

1( , , , , , )j mP S X X X� "� " can be calculated. Thus, the marginal prob-
ability distribution { (t) }

ii sP S s p�  �    is also obtained.

4. Illustrative example

4.1.	 Classi�cation of Failure Conditions

In this paper, the task processing system example from [15] is 
used to demonstrate our method. The system logic diagram is shown 
as Fig. 2.

Table 1.	Probability distribution of component

iX 1 2 �" j �" in

P 1iH
H

2iH
H

�" ijH

H
�" iinH

H
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�)�L�J�����������6�\�V�W�H�P���O�R�J�L�F���G�L�D�J�U�D�P���R�I���W�K�H���W�D�V�N���S�U�R�F�H�V�V�L�Q�J���V�\�V�W�H�P

The system consists of three independent computing blocks: 
A, B and C. Blocks A and B are constructed in parallel. Then, 
the parallel structure P and block C are arranged in series. Each 
block is composed of two processing units that differ in terms 
of priority. Elements 1, 3 and 5 have high priorities in blocks A, 
B and C. When the high-priority unit accesses a database, the 
low priority unit must to wait for the operation to be completed. 
Thus, the processing speed of the low-priority unit is affected 
by the load of the high-priority unit. The perform-
ance distributions of elements 1, 3 and 5 and the con-
ditional performance distributions of elements 2, 4 
and 6 can be found in [15].

The Bayesian network model of the task process-
ing system is illustrated in Fig. 3. Nodes G��, G2, G3, 
G4, G5, and G6 represent processing units 1, 2, 3, 4, 5, 
and 6. Nodes A, B and C represent computing blocks 
A, B and C. Node P represents the subsystem that con-
sists of blocks A and B. Node S represents the task 
processing system.

The BN is used to evaluate the performance in model learning 
from the data. In the next section, the logic sampling method [10] 
is used to randomly generate virtual instances to demonstrate the 
relationship between accuracy of the BN and the number of obser-
vations.

�)�L�J�����������%�D�\�H�V�L�D�Q���Q�H�W�Z�R�U�N���R�I���W�K�H���W�D�V�N���S�U�R�F�H�V�V�L�Q�J���V�\�V�W�H�P

The performance of each element is discrete; hence, we treat the 
performance as the state of the element, namely, the performance and 
the state of the element have the same meaning in this paper.

The performance distributions of elements 1, 3 and 5 are present-
ed in Table 2. The conditional performance distributions of elements 
2, 4 and 6 are presented in Table 3, Table 4 and Table 5.

The conditional performance distributions of block A are present-
ed in Table 6. Similarly, the conditional performance distributions of 
nodes B, C, P and S can be obtained.

The data obtained based on the monitoring and presented in Ta-
ble 7, which collected 200 samples of the task processing system. 
The data set demonstrates some combinations of component states 
and the corresponding performance levels of the system. Though 
the data set is small, the relationships among the components and 
system can be inferred partially. The detail process is illustrated in 
the next subsection.

4.2.	 Reliability estimation of the task processing system

According to the system logic diagram in Fig. 2, the ranking of 
the nodes depends on the hierarchy of the nodes, which will affect the 
efficiency of the K2 algorithm. The ranks and the number of  perform-
ance value of the components are listed in Table 10.

Using the K2 algorithm, the associations among the components, 
subsystems and system can be identified and the score function values 
that correspond to parents can be obtained. The results are listed in 

Table 2.	Performance distributions of elements 1, 3 and 5

G1 0 10 20 30 40 50

P1 0.05 0.05 0.1 0.1 0.5 0.2

G3 0 20 60

P3 0.1 0.7 0.2

G5 0 80 100

P5 0.1 0.2 0.7

Table 3. Conditional performance distribution of element 2

G1 0 10 20 30 40 50

G2

0 0.05 0.05 0.05 0.05 0.1 0.1

15 0.15 0.15 0.55 0.55 0.9 0.9

30 0.8 0.8 0.4 0.4 0 0

Table 4.	Conditional performance distribution of element 4

G3 0 20 60

G4

0 0.05 0.05 0.05

15 0.15 0.35 0.95

30 0.8 0.6 0

Table 5.	Conditional performance distribution of element 6

G5 0 80 100

G6

0 0.05 0.1 0.1

30 0.15 0.4 0.6

50 0.8 0.5 0.3
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Table 6.	Conditional probability distribution of block A

G1 0 10 20 30 40 50

G2 0 15 30 0 15 30 0 15 30 0 15 30 0 15 30 0 15 30

0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

10 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0

15 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

20 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0

25 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0

30 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0

35 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0

40 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0

45 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0

50 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0

55 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0

60 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0

65 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0

70 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0

80 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

Table 7.	Data obtained based on the monitoring of the task processing system

No. G1 G2 A G3 G4 B P G5 G6 C S

1 40 15 55 60 15 0 55 100 30 130 55

2 40 15 55 20 30 50 105 0 50 50 50

3 50 15 65 20 15 35 100 0 50 50 50

4 20 30 50 0 30 30 80 100 30 130 80

5 40 15 55 60 15 75 115 80 50 130 115

6 10 30 40 20 30 50 90 80 30 110 80

7 20 15 35 0 30 30 65 80 50 130 65

8 10 30 40 20 30 50 90 80 30 110 90

9 0 15 15 20 30 50 65 100 0 100 65

10 0 0 0 20 30 50 50 0 50 50 50

… … … … … … … … … … … …

200 30 30 60 20 30 50 110 100 50 150 110

Table 10.	Ranks and the number of performance value of the components

Rank Component/Subsystem The number of performance value

1 G1 6

2 G2 3

3 A 15

4 G3 3

5 G4 3

6 B 9

7 P 33

8 G5 3

9 G6 3

10 C 8

11 S 30
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Table 11 and the raw system structure inferred from the data is shown 
in Fig. 4. The system structure lacks of the relationship between com-
ponent C and the system and the reason is that the data in Table 7 just 
represents partial state combinations of the system. The correlation of 
accuracy and data volume is analyzed in the next section. 

�)�L�J�����������7�K�H���V�\�V�W�H�P���V�W�U�X�F�W�X�U�H���L�Q�I�H�U�U�H�G���I�U�R�P���W�K�H���G�D�W�D

The performance distribution parameters of the components 
or subsystems can be estimated by the data obtained based on the 
monitoring. The approximate performance distributions of elements 
G�� and G2 in the data are presented in Table 12 and Table 13. The 
performance distributions for the other elements can be obtained via 
the same approach.

Then, the reliability of the task processing system with considera-
tion of the demand can be evaluated and the system reliability as a 
function of the demand is plotted in Fig. 5. The result is compared 
with the reliability that was calculated via the UGF method in Fig. 5. 

�)�L�J�����������5�H�O�L�D�E�L�O�L�W�\���F�R�P�S�D�U�L�V�R�Q���E�H�W�Z�H�H�Q���R�X�U���P�H�W�K�R�G���D�Q�G���W�K�H���8�*�)���P�H�W�K�R�G

5. Experimental analysis

5.1.	 Generating random instances

The logic sampling generates an instance by randomly selecting 
values from the probability tables or conditional probability tables. 
The nodes are visited from the root nodes to the leaves; hence, all 
nodes in the BN can be instantiated once all nodes have been tra-
versed. The detailed algorithm is available in [10].

Next, let us work through one round of simulation for the task 
processing system. Consider the root node G�� of this network as an 
example. The random number generator produces a value between 0 
and 1. Assume that the random number is 0.56. Then, the correspond-
ing performance of unit 1 is 40, as illustrated in Fig. 6.

�)�L�J�����������&�X�P�X�O�D�W�L�Y�H���S�H�U�I�R�U�P�D�Q�F�H���F�X�U�Y�H���I�R�U���S�U�R�F�H�V�V�L�Q�J���X�Q�L�W����

Table 11.	Associations and score function values

Component/Sub-
system

Parent set Score function value

G1 �I �í292.63

G2 { G1} �«�s�s�t�ä�z�w

A {G1, G2 } �«�s�z�v�ä�z�{

G3 �I �«�s�x�w�ä�s�y

G4 {G3} �«�s�v�t�ä�s�w

B {G3, G4 } �«�{�u�ä�v�{

G5 �I �«�s�y�u�ä�v�t

G6 {G5 } �«�s�{�s�ä�r�v

C {G5, G6 } �«�s�r�y�ä�z�z

P {A, B} �«�v�t�y�ä�u�v

S {P} �«�v�t�{�ä�r�x

Table 12.	Probability estimator of component G1

G1 0 10 20 30 40 50

p 0.04 0.05 0.06 0.11 0.515 0.225

Table 13.	Conditional probability distribution estimator of component G2

G1 0 10 20 30 40 50

G2

0 0 0 0 0 0.1165 0.1111

15 0.25 0.2 0.25 0.5 0.8835 0.8889

30 0.75 0.8 0.75 0.5 0 0
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The performance values of other root nodes can be obtained as 
well. The performance instances of all root nodes are listed in Table 7.

Next, the value for child node G2 should be generated. According 
to Table 3, the conditional cumulative performance curve for process-
ing unit 2 can be calculated. The random number is 0.72; hence, the 
performance value of unit 2 is 15. The performance instances of units 
2, 4 and 6 are listed in Table 8.

Then, the performance values of other nodes in the BN can be 
computed via the method that is demonstrated above. Finally, the full 
combinations of values in this simulation round are listed in Table 9.

The simulation is repeated 20000 times and 20000 sets of cases 
are generated as the operation data of the system. These cases form 
the training data set.

5.2.	 The correlation between accuracy and data volume

The number of observations that are used to discover the associa-
tions among nodes affects the efficiency of the K2 algorithm and the 
accuracy of the constructed BN. The error rate that is defined in [4] 
was used here to analyze the relationship between accuracy of the BN 
and the number of observations. The error rate can be calculated as 
follows:

	 �U� 
��A A
A

FP FN

T
	 (5)

FPA :	the number of associations that do not exist in the actual BN.

FNA :	the number of associations in the actual BN that are missed.

TA :		  the number of the associations in the constructed BN.

As the amount of data increases, structure learned from data ap-
proximates the actual BN with increasing accuracy. The BN models 
that correspond to various numbers of instances are illustrated in 
Fig. 6.

The last Bayesian network has same structure as the model that is 
illustrated in Fig. 3. The BN that is constructed using a dataset with 
1000 instances is similar to the actual BN of the task processing sys-
tem. The BN that was built with 2500 instances has the same associa-
tions as the BN with 1000 instances. Hence, the additional data do not 
provide more information regarding the associations between block 

C and the system. With 
the increase in the amount 
of data, node G5 becomes 
associated with node S. 
However, the performance 
of the system depends on 
block C and not on ele-
ment 5. Although the ad-
ditional data provide new 
information about the rela-

tion between the system and block C, the associations do not represent 
the real relationship. Moreover, the error rates of the BNs with 3000 
and 12000 instances become higher than that of the BN with 2500 
instances. In the course of training, the error rate may fluctuate with 
the increase in the amount of data before finally converging. The error 
rate curve is plotted in Fig. 7

According to Fig. 6 and Fig. 7, the dependent relationships of 
computing blocks A and B and the system are easily constructed; 
however, more data are required for accurately establishing the as-
sociations of computing block C and the system. That is because the 
task processing system is a series system and its performance depends 
on the minimal performance of subsystem P and block C. Hence, the 
accuracy may vary with the structure of the system.

6. Conclusions and Discussion

Traditional reliability methods strongly depend on the ability and 
experience of the engineers, which results in differences among reli-
ability models that model the same system. With the development of 
data acquisition and data mining techniques, the operational data of 

Table 7.	Performance values of all root nodes

G1 G3 G5

40 20 80

Table 8.	Performance instances of units 2, 4 and 6

G2 G4 G6

15 30 30

Table 9.	Full combinations of values in this simulation round

G1 G2 G3 G4 G5 G6 A B C P S

40 15 20 30 80 30 55 50 110 105 105

�)�L�J�����������%�1���P�R�G�H�O�V���I�R�U���Y�D�U�L�R�X�V���Q�X�P�E�H�U�V���R�I���L�Q�V�W�D�Q�F�H�V

�)�L�J�����������(�U�U�R�U���U�D�W�H���Y�H�U�V�X�V���W�K�H���Q�X�P�E�H�U���R�I���R�E�V�H�U�Y�D�W�L�R�Q�V
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the systems can be monitored and analyzed for reliability estimation 
and system optimization. In this paper, a new method that is based 
on the K2 algorithm is proposed for constructing a reliability model 
of a system and for estimating the parameters of components from 
data. In the illustrative example, the Bayesian network model that is 
learned from the data is the same as the Bayesian network model that 
we constructed. Moreover, comparing with the universal generating 
function method, the results of the two methods are very close. Hence, 
this approach is effective.  

According to experimental results, the efficiency of the method 
may depend on the structure of the systems. Thus, determining how 
to integrate the structure of the systems as prior knowledge into the 
process of structure learning will constitute our future work. This pa-

per does not consider the scenario of missing data, which is common 
in practice. Determining how to handle missing data will be left for 
future work.

In conclusion, this method is suitable for reliability estimation of 
complex systems while considering multi-state and dependency be-
havior. Facilitated by BN tools, reliability modeling and reliability es-
timation can be conducted automatically without human intervention.
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Abstract: The growing share of medium voltage cable lines in distribution networks challenges 
distribution network operators in terms of proper mode of operation of these lines. It is related to the 
reduction of energy losses in cable conductors and metallic cable screens. The article focuses on energy 
losses in metallic cable screens of cable lines and substation busbar bridges composed of single-core 
cables with metallic screens and possible ways of their reduction. Simulation and measurement analysis 
of the level of energy losses in the metallic screens of cables is presented together with the economic 
analysis of various variants of losses reduction through the change of the way these screens are operated 
in relation to the traditional bilateral earthing at both ends of cable. Technical problems and threats 
connected with the use of considered modifications of metallic screens operation during earth fault 
disturbances in distribution networks are also presented. 
 
1. �:�V�W�
�S�� 

 
�:�V�N�D�(�Q�L�N�L���6�$�,�'�,��(ang. System Average Interruption Duration Index) �F�K�D�U�D�N�W�H�U�\�]�X�M���F�H��

�Q�L�H�]�D�Z�R�G�Q�R���ü���G�R�V�W�D�Z���H�Q�H�U�J�L�L���H�O�H�N�W�U�\�F�]�Q�H�M���]  �V�L�H�F�L���G�\�V�W�U�\�E�X�F�\�M�Q�H�M�����U�H�G�Q�L�H�J�R���Q�D�S�L�
�F�L�D���]�Q�D�F�]�Q�L�H��
�R�G�E�L�H�J�D�M����w Polsce od �Z�V�N�D�(�Q�L�N�y�Z���S�D���V�W�Z���H�X�U�R�S�H�M�V�N�L�F�K���Z�L�R�G���F�\�F�K���Z���W�\�F�K���V�W�D�W�\�V�W�\�N�D�F�K�����-�H�G�Q����
z istotnych przyczyn tego stanu rzeczy jest stosunkowo niski stopi�H�� skablowania odcink�y�Z��
�V�L�H�F�L�� ���U�H�G�Q�L�H�J�R�� �Q�D�S�L�
�F�L�D��(SN) nie�S�U�]�H�N�U�D�F�]�D�M���F�\��w Polsce 25% [4]. Spodziewane zyski ze 
�V�N�D�E�O�R�Z�D�Q�L�D���V�L�H�F�L���6�1���P�R�*�Q�D���R�F�H�Q�L�ü���S�R�U�y�Z�Q�X�M���F�����U�H�G�Q�L�H���Z�D�U�W�R���F�L���Z�V�N�D�(�Q�L�N�D���6�$�,�'�,���R�V�L���J�D�Q�H��
w polskich sieciach dystrybucyjnych oraz �Z�� �V�L�H�F�L�D�F�K�� �]�D�J�U�D�Q�L�F�]�Q�\�F�K�� �R�� �]�Q�D�F�]�Q�L�H�� �Z�L�
�N�V�]�\�P 
stopniu skablowania. Sieci dystrybucyjne Szwajcarii, Danii, Luksemburga, Niemiec i Holandii, 
�Z�\�N�R�U�]�\�V�W�X�M���F�H���]�D�V�D�G�Q�L�F�]�R���V�L�H�ü���N�D�E�O�R�Z�������R�V�L���J�D�M�����S�R�]�L�R�P���W�H�J�R���Z�V�N�D�(�Q�L�N�D���Z�L�H�O�R�N�U�R�W�Q�L�H���Q�L�*�V�]�\��
�Z���S�R�U�y�Z�Q�D�Q�L�X���]���V�L�H�F�L�Dmi o znacznym udziale linii napowietrznych, co zobrazowano na rys. 1.  

 

 
Rys. 1. �:�V�N�D�(�Q�L�N�L���6�$�,�'�,���Z���]�Hstawieniu z �X�G�]�L�D�á�H�P���O�L�Q�L�L���Q�D�S�R�Z�L�H�W�U�]�Q�\�F�K���Z���F�D�á�N�R�Z�L�W�H�M���G�á�X�J�R���F�L��

�V�L�H�F�L���G�\�V�W�U�\�E�X�F�\�M�Q�H�M�����U�H�G�Q�L�H�J�R���Q�D�S�L�
�F�L�D���Q�D���S�R�G�V�W�D�Z�L�H���G�D�Q�\�F�K���]���>4]  
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W celu poprawy tej sytuacji w Polsce przygotowywany jest szeroki plan skablowania 
�R�G�F�L�Q�N�y�Z�� �V�L�H�F�L�� �F�K�D�U�D�N�W�H�U�\�]�X�M���F�\�F�K�� �V�L�
�� �Z�\�V�R�N�L�P�L���V�W�D�W�\�V�W�\�F�]�Q�\�P�L�� �Z�V�N�D�(�Q�L�N�D�P�L�� �X�V�]�N�R�G�]�H����
�R�E�H�M�P�X�M���F�\�� �Z�� �G�X�*�H�M�� �P�L�H�U�]�H�� �R�G�F�L�Q�N�L�� �S�U�]�H�E�L�H�J�D�M���F�H�� �S�U�]�H�] lasy lub tereny zadrzewione. 
W �Q�D�F�K�R�G�]���F�\�P�� �G�Z�X�G�]�L�H�V�W�R�O�H�F�L�X�� �Q�D�O�H�*�\�� �]�D�W�H�P�� �V�S�R�G�]�L�H�Z�D�ü�� �V�L�
�� �]�Q�D�F�]���F�H�J�R�� �S�U�]�\�U�R�V�W�X�� �V�L�H�F�L��
kablowej ���U�H�G�Q�L�H�J�R���Q�D�S�L�
�F�L�D����SN) na poziomie 40 000 km [40�@�����3�U�]�H�E�X�G�R�Z�D���L�V�W�Q�L�H�M���F�\�F�K���O�L�Q�L�L��
�Q�D�S�R�Z�L�H�W�U�]�Q�\�F�K�� �Q�D�� �O�L�Q�L�H�� �N�D�E�O�R�Z�H�� �S�R�]�Z�R�O�L�� �Z�L�
�F�� �Z�\�H�O�L�P�L�Q�R�Z�D�ü�� �R�G�G�]�L�D�á�\�Z�D�Q�L�H�� �N�O�L�P�D�W�\�F�]ne 
i �]�Z�L�
�N�V�]�\�� �Q�L�H�]�D�Z�R�G�Q�R���ü�� �H�N�V�S�O�R�D�W�D�F�\�M�Q���� �W�\�F�K�� �R�G�F�L�Q�N�y�Z�� �>17, 29]. Ponadto, linie kablowe 
�F�H�F�K�X�M���� �V�L�
�� �P�Q�L�H�M�V�]�\�P�� �R�G�]�L�D�á�\�Z�D�Q�L�H�P�� �Q�D�� �N�U�D�M�R�E�U�D�]�� �L�� �V���� �á�D�W�Z�L�H�M�� �D�N�F�H�S�W�R�Z�D�Q�H�� �S�U�]�H�]��
�V�S�R�á�H�F�]�H���V�W�Z�R���>49]. 

�:�� �R�V�W�D�W�Q�L�P�� �G�Z�X�G�]�L�H�V�W�R�O�H�F�L�X�� �Q�D�V�W���S�L�á�\�� �W�H�*�� �]�Q�D�F�]���F�H�� �]�P�L�D�Q�\�� �Z�� �W�H�F�K�Q�R�O�R�J�L�L�� �O�L�Q�L�L��
kablowych. Najbardziej powszechnym �P�D�W�H�U�L�D�á�H�P�� �L�]�R�O�D�F�\�M�Q�\�P�� �V�W�R�V�R�Z�D�Q�\�P�� �M�H�V�W�� �S�R�O�L�H�W�\�O�H�Q��
usieciowany, a do budowy linii kablowych �V�W�R�V�X�M�H�� �V�L�
�� �N�D�E�O�H�� �M�H�G�Q�R�*�\�á�R�Z�H�� �]�� �*�\�á���� �S�R�Z�U�R�W�Q����
�P�D�M���F�����]�D�S�H�Z�Q�L�ü���V�N�X�W�H�F�]�Q�H odprowadzenia �S�U���G�X���]�Z�D�U�F�L�R�Z�H�J�R���L �X�P�R�*�O�L�Z�L�ü���V�]�\�E�N�L�H �G�]�L�D�á�D�Q�L�D��
�]�D�E�H�]�S�L�H�F�]�H����w linii �S�U�]�H�G���G�á�X�J�R�W�U�Z�D�á�\�P �R�G�G�]�L�D�á�\�Z�D�Q�L�H�P �W�H�J�R���S�U���G�X���Q�D���S�R�]�R�V�W�D�á�H���*�\�á�\���N�D�E�O�D 
oraz otoczenie [37, 43]���� �:�� �S�U�]�\�S�D�G�N�X�� �E�U�D�N�X�� �*�\�á�\�� �S�R�Z�U�R�W�Q�H�M�� �Z�� �S�R�E�O�L�*�X�� �P�L�H�M�V�F�D��zwarcia 
�P�R�J�á�\�E�\���Z�\�V�W���S�L�ü���W�D�N�*�H���L�V�W�R�W�Q�H���]�D�J�U�R�*�H�Q�L�D���S�R�U�D�*�H�Q�L�R�Z�H�� �6�]�F�]�H�J�y�á�R�Z�H���Z�\�P�D�J�D�Q�L�D���Z���]�D�N�U�H�V�L�H��
�R�F�K�U�R�Q�\���S�R�U�D�*�H�Q�L�R�Z�H�M��w sieciach SN przedstawiono w [14-16]. 

�3�U�]�H�G�V�W�D�Z�L�R�Q�H���R�N�R�O�L�F�]�Q�R���F�L���V�N�á�D�Q�L�D�M�����G�R���S�R�G�M�
�F�L�D���E�D�G�D�����Q�D�G���S�U�D�Z�L�G�á�R�Z���� �H�N�V�S�O�R�D�W�D�F�M����
�V�L�H�F�L�� �G�\�V�W�U�\�E�X�F�\�M�Q�H�M�� ���U�H�G�Q�L�H�J�R�� �Q�D�S�L�
�F�L�D�� �]�D�Z�L�H�U�D�M���F�H�M�� �F�R�U�D�]�� �Z�L�
�N�V�]�\�� �X�G�]�L�D�á�� �R�G�F�L�Q�N�y�Z�� �O�L�Q�L�L��
kablowych wykonanych w nowej technologii przy zastosowaniu trzech kabli jed�Q�R�*�\�á�R�Z�\�F�K��
z �*�\�á�D�P�L�� �S�R�Z�U�R�W�Q�\�P�L. Problemem przedstawionym w niniejsz�\�P�� �D�U�W�\�N�X�O�H�� �V���� �V�W�U�D�W�\�� �H�Q�H�U�J�L�L��
w �*�\�á�D�F�K�� �S�R�Z�U�R�W�Q�\�F�K�� �S�R�Z�V�W�D�M���F�H�� �Q�D�� �V�N�X�W�H�N�� �V�W�R�V�R�Z�Dnia ich obustronnego uziemienia oraz 
�V�S�R�V�R�E�\�� �]�D�S�R�E�L�H�J�D�Q�L�D�� �W�D�N�L�P�� �V�W�U�D�W�R�P�� �Q�D�� �V�N�X�W�H�N�� �P�R�G�\�I�L�N�D�F�M�L�� �W�U�D�G�\�F�\�M�Q�H�J�R�� �V�S�R�V�R�E�X�� �S�U�D�F�\�� �*�\�á��
powrotnych. Przedyskutowano zalety i wady proponowanych modyfikacji. Zagadnienie to 
przedstawiono �Z�\�N�R�U�]�\�V�W�X�M���F�� �N�R�P�S�X�W�H�U�R�Z�H symulacj�H�� �S�U�D�F�\�� �O�L�Q�L�L�� �N�D�E�O�R�Z�\�F�K���� �N�W�y�U�H��
zweryfikowano na podstawie �S�R�P�L�D�U�y�Z�� �S�U�]�H�S�U�R�Z�D�G�]�R�Q�\�F�K�� �Z�� �R�G�F�L�Q�N�D�F�K�� �U�]�H�F�]�\�Z�L�V�W�\�F�K�� �O�L�Q�L�L��
�N�D�E�O�R�Z�\�F�K�� �V�L�H�F�L�� ���U�H�G�Q�L�H�J�R�� �Q�D�S�L�
�F�L�D�� �M�H�G�Q�H�J�R�� �]��polsk�L�F�K�� �R�S�H�U�D�W�R�U�y�Z sieci dystrybucyjnych. 
�=�D�J�D�G�Q�L�H�Q�L�H�� �Z�S�L�V�X�M�H�� �V�L�
�� �Z�� ���Z�L�D�W�R�Z�H�� �W�U�H�Q�G�\�� �R�J�U�D�Q�L�F�]�D�Q�L�D�� �V�W�U�D�W�� �H�Q�H�U�J�Li w sieciach 
dystrybucyjnych [7]. 

�6�W�U�D�W�\���H�Q�H�U�J�L�L���Z���N�D�E�O�D�F�K���]�Z�L���]�D�Q�H���V�����]���Z�\�V�W�
�S�R�Z�D�Q�L�H�P���*�\�á�\���U�R�E�R�F�]�H�M�����L�]�R�O�D�F�M�L���R�U�D�]���*�\�á�\��
powrotnej lub innych metalowyc�K�� �S�R�Z�á�R�N�� �N�D�E�O�D���� �5�R�]�U�y�*�Q�L�ü�� �P�R�*�Q�D�� �V�W�U�D�W�\�� �Z�� �*�\�O�H��roboczej 
�]�Z�L���]�D�Q�H z �M�H�M���U�H�]�\�V�W�D�Q�F�M�������V�W�U�D�W�\���G�L�H�O�H�N�W�U�\�F�]�Q�H���]�Z�L���]�D�Q�H���]���S�R�M�H�P�Q�R���F�L���� �N�D�E�O�D��i parametrami 
�L�]�R�O�D�F�M�L�� �R�U�D�]�� �V�W�U�D�W�\�� �Z�� �*�\�á�D�F�K�� �S�R�Z�U�R�W�Q�\�F�K�� �]�Z�L���]�D�Q�H�� �]�� �S�U�]�H�S�á�\�Z�H�P�� �S�U���G�X�� �S�U�]�H�]�� �W�H�� �S�R�Z�á�R�N�L��
i �S�U���G�D�P�L�� �Z�L�U�R�Z�\�P�L�� �>2, 35]. �6�W�U�D�W�\�� �]�Z�L���]�D�Q�H�� �]�� �S�U���G�D�P�L�� �Z�L�U�R�Z�\�P�L�� �V���� �]�D�]�Z�\�F�]�D�M�� �]�Q�D�F�]�Q�L�H��
�P�Q�L�H�M�V�]�H�� �Z�� �*�\�á�D�F�K�� �S�R�Z�U�R�W�Q�\�F�K�� �Q�L�*�� �V�W�U�D�W�\�� �]�Z�L���]�D�Q�H�� �]�� �S�U�]�H�S�á�\�Z�H�P�� �S�U���G�X�� �S�U�]�H�]�� �R�E�Z�y�G���*�\�á�\��
�S�R�Z�U�R�W�Q�H�M���L���Q�L�H���]�D�O�H�*�����R�G���X�N�á�D�G�X���S�R�á���F�]�H�����Z���W�\�P���R�E�Z�R�G�]�L�H���>37].  

�6�W�U�D�W�\���H�Q�H�U�J�L�L���Z���O�L�Q�L�D�F�K���N�D�E�O�R�Z�\�F�K���]�D�O�H�*�����R�G��przekroju znamionowego �*�\�á�\�� �U�R�E�R�F�]�H�M��
i powrotnej, �V�S�R�V�R�E�X���X�á�R�*�H�Q�L�D���N�D�E�O�L�����X�N�á�D�G���S�á�D�V�N�L���O�X�E���W�U�y�M�N���W���� �D���W�D�N�*�H���Z���G�X�*�H�M���P�L�H�U�]�H���R�G���X�N�á�D�G�X��
�S�R�á���F�]�H����i sposobu uzi�H�P�L�H�Q�L�D���*�\�á���S�R�Z�U�R�W�Q�\�F�K���N�D�E�O�L���>32, 34, 38, 52]. �,�P���Z�L�
�N�V�]�H���R�G�O�H�J�á�R��ci 
�S�R�P�L�
�G�]�\���N�D�E�O�D�P�L���M�H�G�Q�R�*�\�á�R�Z�\�P�L�� �Q�L�H�]�D�O�H�*�Q�L�H���R�G���J�U�X�E�R���F�L���S�R�V�]�F�]�H�J�y�O�Q�\�F�K���*�\�á�����W�\�P���Z�L�
�N�V�]�H��
�R�E�V�H�U�Z�X�M�H�� �V�L�
�� �V�W�U�D�W�\�� �Z�� �W�\�F�K�� �X�N�á�D�G�D�F�K�� �N�D�E�O�L���� �V�W���G�� �]�Q�D�F�]�Q�L�H�� �Z�L�
�N�V�]�H�� �V�W�U�D�W�\�� �Z�\�V�W�
�S�R�Z�D�ü�� �E�
�G����
w �S�U�]�\�S�D�G�N�X�� �N�D�E�O�L�� �Z�� �X�N�á�D�G�]�L�H�� �S�á�D�V�N�L�P���� �Q�L�*�� �Z�� �X�N�á�D�G�]�L�H�� �W�U�y�M�N���W�Q�\�P�� �>20, 37]. W przypadku 
�Z�\�V�W�
�S�R�Z�D�Q�L�D���Z�L�
�F�H�M���Q�L�*���M�H�G�Q�H�J�R���V�\�V�W�H�P�X���N�D�E�O�R�Z�H�J�R�����S�U�]�\�N�á�D�G�R�Z�R���G�Z�y�F�K���N�D�E�O�L���W�U�y�M�I�D�]�R�Z�\�F�K��
�R�E�R�N���V�L�H�E�L�H�����V�W�U�D�W�\���H�Q�H�U�J�L�L���]�D�O�H�*�H�ü���E�
�G�����U�y�Z�Q�L�H�*���R�G���N�R�O�H�M�Q�R���F�L���I�D�]���Z �S�R�V�]�F�]�H�J�y�O�Q�\�F�K���N�D�E�O�D�F�K��
jednofazowych [38].  

�1�D�M�E�D�U�G�]�L�H�M���S�R�S�X�O�D�U�Q�H���Z���V�L�H�F�L�D�F�K���6�1���Z���3�R�O�V�F�H���M�H�V�W���R�E�X�V�W�U�R�Q�Q�H���S�R�á���F�]�H�Q�L�H���L���X�]�L�H�Pienie 
�*�\�á���S�R�Z�U�R�W�Q�\�F�K���Q�D���R�E�\�Gw�X���N�R���F�D�F�K���R�G�F�L�Q�N�D���O�L�Q�L�L kablowej�����:���X�N�á�D�G�D�F�K���W�D�N�L�F�K�����Z���Z�D�U�X�Q�N�D�F�K��
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�S�U�D�F�\���Q�R�U�P�D�O�Q�H�M���S�R�G���R�E�F�L���*�H�Q�L�H�P�����Q�D���*�\�á�D�F�K���S�R�Z�U�R�W�Q�\�F�K���Z�\�V�W�
�S�X�M�H���S�R�P�L�M�D�O�Q�L�H���Q�L�V�N�L�H���Q�D�S�L�
�F�L�H����
�D�O�H�� �S�á�\�Q���� �S�U�]�H�]�� �Q�L�H�� �S�U���G�\�� �L�Q�G�X�N�R�Z�D�Q�H�� �S�U�]�H�]�� �S�U���G�\�� �Z�� �*�\�á�D�F�K�� �U�R�E�R�F�]�\�F�K���� �S�U�]�H�]�� �F�R�� �Z�\�V�W�
�S�X�M����
�G�R�G�D�W�N�R�Z�H�� �V�W�U�D�W�\�� �Z�� �*�\�á�D�F�K�� �S�R�Z�U�R�W�Q�\�F�K���� �D�� �R�E�F�L���*�D�O�Q�R���ü�� �S�U���G�R�Z�D�� �N�D�E�O�L�� �P�R�*�H�� �X�O�H�F �R�E�Q�L�*�H�Q�L�X����
�6�W�U�D�W�\�� �Z�� �*�\�á�D�F�K���S�R�Z�U�R�W�Q�\�F�K�� �N�D�E�O�L�� �Z�\�Z�R�á�D�Q�H�� �S�U�]�H�]�� �L�Q�G�X�N�R�Z�D�Q�H�� �S�U���G�\�� �]�D�O�H�*���� �R�G�� �L�P�S�H�G�D�Q�F�Mi 
�V�S�U�]�
�J�D�M���F�\�F�K���*�\�á���U�R�E�R�F�]�\�F�K���L �*�\�á���S�R�Z�U�R�W�Q�\�F�K���N�D�E�O�D���>52�@�����'�O�D���V�W�D�Q�G�D�U�G�R�Z�\�F�K���N�D�E�O�L�����U�H�G�Q�Lego 
�Q�D�S�L�
�F�L�D�� �G�R�G�D�W�N�R�Z�H�� �V�W�U�D�W�\�� �Z �*�\�á�D�F�K�� �S�R�Z�U�R�W�Q�\�F�K�� �V�W�D�Q�R�Z�L���� ��-�������� �F�D�á�N�R�Zitych strat 
�Z�\�V�W�
�S�X�M���F�\�F�K�� �Z�� �N�D�E�O�X�� �>20]. �=�H�� �Z�]�J�O�
�G�X�� �Q�D�� �G�X�*���� �O�L�F�]�E�
�� �F�]�\�Q�Q�L�N�y�Z�� �Z�D�U�X�Q�N�X�M���F�\�F�K�� �V�W�U�D�W�\��
w �*�\�á�D�F�K���S�R�Z�U�R�W�Q�\�F�K�����Z���Q�D�M�E�D�U�G�]�L�H�M���Q�L�H�N�R�U�]�\�V�W�Q�\�F�K���S�U�]�\�S�D�G�N�D�F�K���V�W�U�D�W�\���Z���*�\�á�D�F�K���S�R�Z�U�R�W�Q�\�F�K��
�P�R�J���� �E�\�ü�� �Z�L�
�N�V�]�H�� �Q�L�*�� �V�W�U�D�W�\�� �Z�� �*�\�á�D�F�K�� �U�R�E�R�F�]�\�F�K�� �N�D�E�O�D�� �>18]. Redukcja st�U�D�W�� �S�R�Z�V�W�D�M���F�\�F�K��
w �*�\�á�D�F�K�� �S�R�Z�U�R�W�Q�\�F�K�� �M�H�V�W�� �P�R�*�O�L�Z�D�� �S�R�S�U�]�H�]�� �V�W�R�V�R�Z�D�Q�L�H�� �D�O�W�H�U�Q�D�W�\�Z�Q�\�F�K�� �X�N�á�D�G�y�Z�� �S�R�á���F�]�H����
i �X�]�L�H�P�L�H�Q�L�D�� �*�\�á�� �S�R�Z�U�R�W�Q�\�F�K���� �W�D�N�L�F�K�� �M�D�N�� �M�H�G�Q�R�V�W�U�R�Q�Q�H�� �X�]�L�H�P�L�H�Q�L�H�� �*�\�á�� �S�R�Z�U�R�W�Q�\�F�K�� �V�W�R�V�R�Z�D�Q�H��
w ka�E�O�D�F�K�� �Z�\�V�R�N�L�H�J�R�� �Q�D�S�L�
�F�L�D�� �>6, 11, 52�@�� �L�� �G�R�á���F�]�D�Q�L�H���R�J�U�D�Q�L�F�]�Q�L�N�y�Z�� �S�U�]�H�S�L�
�ü�� �>20, 30], 
�S�U�]�H�S�O�H�F�H�Q�L�D���*�\�á���S�Rwrotnych (ang. cross-bonding) [6, 11, 21, 33] lub przeplecenia �Z���S�R�á���F�]�H�Q�L�X��
�]�� �W�U�D�Q�V�S�R�]�\�F�M���� �N�D�E�O�L�� �>44]���� �G�R�á���F�]�D�Q�L�H�� �G�R�G�D�W�N�R�Z�\�F�K�� �U�H�]�\�V�W�D�Q�F�M�L �O�X�E�� �L�Q�G�X�N�F�\�M�Q�R���F�L w miejscu 
uzi�H�P�L�H�Q�L�D���*�\�á���S�R�Z�U�R�W�Q�\�F�K���N�D�E�O�L��lub w miejscu uziemienia muf przepleceniowych [24, 32, 46] 
�O�X�E���]�P�Q�L�H�M�V�]�D�Q�L�H���S�U�]�H�N�U�R�M�X���*�\�á���S�R�Z�U�R�W�Q�\�F�K�����N�W�y�U�H���E�D�U�G�]�R���F�]�
�V�W�R���V�����S�U�]�H�Z�\�P�L�D�U�R�Z�D�Q�H���>3, 27, 
28, 50�@�����5�R�]�Z�L���]�D�Q�L�D���W�H���U�]�D�G�N�R���V�����M�H�G�Q�D�N���V�W�R�V�R�Z�D�Q�H���Z���V�L�H�F�L�D�F�K�����U�H�G�Q�L�H�J�R���Q�D�S�L�
�F�L�D���]�H���Z�]�J�O�
�G�X��
na obawy przed �]�D�J�U�R�*�H�Q�L�H�P�� �S�R�U�D�*�H�Q�L�R�Z�\�P�� �O�X�E�� �S�U�]�H�S�L�
�F�L�R�Z�\�P�� �>11, 20] oraz spodziewane 
�S�U�R�E�O�H�P�\�� �H�N�V�S�O�R�D�W�D�F�\�M�Q�H�� �]�� �Z�\�N�U�\�Z�D�Q�L�H�P�� �X�V�]�N�R�G�]�H���� �N�D�E�O�L�� �]�H�� �]�P�R�G�\�I�L�N�R�Z�D�Q�\�P�L�� �X�N�á�D�G�D�P�L��
�S�R�á���F�]�H����[10, 23] i �P�R�*�O�L�Z�R���ü���X�V�]�N�R�G�]�H�����G�R�G�D�W�N�R�Z�\�F�K���P�X�I���O�X�E���V�]�D�I�H�N���N�D�E�O�R�Z�\�F�K���Z���S�U�]�\�S�D�G�N�X��
�S�U�]�H�S�O�H�F�H���� �*�\�á�� �Sowrotnych [48]. �:�� �Q�L�Q�L�H�M�V�]�\�P�� �E�D�G�D�Q�L�X�� �S�R�G�M�
�W�R�� �Q�R�Z�H�� �]�D�G�D�Q�L�H�� �Z�\�]�Q�D�F�]�D�Q�L�D��
�R�S�á�D�F�D�O�Q�R���F�L�� �V�W�R�V�R�Z�D�Q�L�D�� ���U�R�G�N�y�Z�� �R�J�U�D�Q�L�F�]�D�M���F�\�F�K�� �V�W�U�D�W�\�� �Z�� �*�\�á�D�F�K�� �S�R�Z�U�R�W�Q�\�F�K�� �L�� �E�D�G�D�Q�R�� �W�
��
�R�S�á�D�F�D�O�Q�R���ü�� �Z�� �U�H�D�O�Q�\�F�K�� �Z�D�U�X�Q�N�D�F�K�� �U�\�Q�N�R�Z�\�F�K�� �Z�� �]�D�O�H�*�Q�R���F�L�� �R�G�� �R�E�F�L���*�H�Q�L�D�� �O�L�Q�L�L��
i zastosowanego sposobu �S�U�]�H�F�L�Z�G�]�L�D�á�D�Q�L�D���V�W�U�D�W�R�P���Z���*�\�á�D�F�K���S�R�Z�U�R�W�Q�\�F�K.  

�3�U�R�S�R�Q�R�Z�D�Q�H�� �P�H�W�R�G�\�� �U�H�G�X�N�F�M�L�� �V�W�U�D�W�� �Z�� �*�\�á�D�F�K�� �S�R�Z�U�R�W�Q�\�F�K�� �N�D�E�O�L�� �Z�\�P�D�J�D�M���� �U�y�Z�Q�L�H�*��
�D�Q�D�O�L�]�\�� �S�R�G�F�]�D�V�� �V�W�D�Q�y�Z�� �]�D�N�á�y�F�H�Q�L�R�Z�\�F�K���� �$�Q�D�O�L�]�D�� �]�D�J�U�R�*�H���� �S�R�U�D�*�H�Q�L�R�Z�\�F�K��w sieciach 
kablowych [41] powinna �X�Z�]�J�O�
�G�Q�L�D�ü �Z�S�á�\�Z���O�L�F�]�E�\���V�W�D�F�M�L���6�1���Q�Q���S�U�D�F�X�M���F�\�F�K���Z���V�L�H�F�L���6�1���L���L�F�K��
�X�]�L�H�P�L�H�����R�U�D�]���U�H�]�\�V�W�D�Q�F�M�L���S�R�Z�á�R�N���N�D�E�O�L���Q�D���U�R�]�S�á�\�Z���S�U���G�X���]�L�H�P�Q�R�]�Z�D�U�F�L�R�Z�H�J�R�����5�R�]�S�á�\�Z���S�U���G�X��
�]�Z�D�U�F�L�R�Z�H�J�R�� �Z�� �L�Q�V�W�D�O�D�F�M�L�� �X�]�L�H�P�L�D�M���F�H�M�� �M�H�V�W�� �U�y�Z�Q�L�H�*�� �S�U�]�H�G�P�L�R�W�H�P analizy w [42], gdzie 
�X�Z�]�J�O�
�G�Q�L�D���V�L�
���Z�S�á�\�Z���P�H�W�D�O�R�Z�\�F�K���H�O�H�P�H�Q�W�y�Z���]�Q�D�M�G�X�M���F�\�F�K���V�L�
���Z���]�L�H�P�L�� W [5�@���D�Q�D�O�L�]�X�M�H���V�L�
��
�Z�S�á�\�Z���S�D�U�D�P�H�W�U�y�Z���S�R�Z�á�R�N���N�D�E�O�R�Z�\�F�K���L���X�]�L�H�P�L�H�����Q�D���U�R�]�S�á�\�Z���S�U���G�X���]�Z�D�U�F�L�D���M�H�G�Q�R�I�D�]�R�Z�H�J�R��
i �]�D�J�U�R�*�H�Q�L�D���S�R�U�D�*�H�Q�L�R�Z�H���]���W�\�P���]�Z�L���]�D�Q�H�����1�R�Z�\�P���S�R�G�H�M���F�L�H�P���]�D�S�U�H�]�H�Q�W�R�Z�D�Q�\�P���Z��niniejszym 
artykule �V����badania symulacyjne i �S�R�O�L�J�R�Q�R�Z�H�� �U�R�]�S�á�\�Z�X�� �S�U��du zwarcia jednofazowego 
w przypadkach odziemiania �*�\�á powrotnych w celu identyfikacji stopnia wzrostu �]�D�J�U�R�*�H�Q�L�D 
�S�R�U�D�*�H�Q�L�R�Z�H�J�R���Z���W�Dkich przypadkach.  

�,�V�W�R�W�Q�\�P�� �H�O�H�P�H�Q�W�H�P�� �D�Q�D�O�L�]�\�� �S�U�D�F�\�� �N�D�E�O�D�� �Z�� �V�\�W�X�D�F�M�D�F�K�� �]�D�N�á�y�F�H�Q�L�R�Z�\�F�K�� �M�H�V�W�� �U�y�Z�Q�L�H�*��
�E�D�G�D�Q�L�H���S�U�]�H�S�L�
�ü�����N�W�y�U�H���P�R�J�����Z�\�V�W�
�S�R�Z�D�ü���Q�D���R�G�]�L�H�P�L�R�Q�\�F�K���N�U�D���F�D�F�K���*�\�á���S�R�Z�U�R�W�Q�\�F�K��kabla. 
�=�D�J�D�G�Q�L�H�Q�L�D���G�R�W�\�F�]���F�H���S�U�]�H�S�L�
�ü���V�����Q�D�M�F�]�
���F�L�H�M���D�Q�D�O�L�]�R�Z�D�Q�H��dla linii �Z�\�V�R�N�L�H�J�R���Q�D�S�L�
�F�L�D���>6, 20, 
48�@���� �U�]�D�G�]�L�H�M�� �G�O�D�� �O�L�Q�L�L�� ���U�H�G�Q�L�H�J�R�� �Q�D�S�L�
�F�L�D�� �>19], jednak ich analiza jest niezwykle istotna dla 
zapewnienia �R�G�S�R�Z�L�H�G�Q�L�H�J�R�� �V�W�D�Q�X�� �L�]�R�O�D�F�M�L�� �*�\�á�� �S�R�Z�U�R�W�Q�\�F�K�� �N�D�E�O�L. W niniejszym artykule 
�]�Z�U�y�F�R�Q�R���Z�L�
�F �X�Z�D�J�
�� �Q�D�� �P�R�*�O�L�Z�H���Z�\�V�W�
�S�R�Z�D�Q�L�H���S�U�]�H�S�L�
�ü przy stosowaniu proponowanych 
metod redukcji strat w �*�\�á�D�F�K���S�R�Z�U�R�W�Q�\�F�K���N�D�E�O�L���� 

�:�� �Q�L�Q�L�H�M�V�]�\�P�� �D�U�W�\�N�X�O�H�� �S�R�G�M�
�W�R�� �W�
�� �W�H�P�D�W�\�N�
�� �Z�� �F�H�O�X�� �Z�\�S�U�D�F�R�Z�D�Q�L�D�� �S�U�R�S�R�]�\�F�M�L��
�H�N�V�S�O�R�D�W�D�F�M�L���O�L�Q�L�L���N�D�E�O�R�Z�\�F�K���E�X�G�R�Z�D�Q�\�F�K���Z���R�P�y�Z�L�R�Q�H�M���W�H�F�K�Q�R�O�R�J�L�L���S�R�]�Z�D�O�D�M���F�H�M���Q�D���U�H�G�X�N�F�M�
��
�V�W�U�D�W���Z���*�\�á�D�F�K powrotnych, w uzasadnionych ekonomicznie przypadkach, przy jednoczesnym 
�]�D�F�K�R�Z�D�Q�L�X�� �Z�\�P�R�J�y�Z�� �Z�� �]�D�N�U�H�V�L�H �R�F�K�U�R�Q�\�� �S�U�]�H�S�L�
�F�L�R�Z�H�M���� �M�D�N�� �U�y�Z�Q�L�H�*��ochrony 
�S�U�]�H�F�L�Z�S�R�U�D�*�H�Q�L�R�Z�H�M�� �Q�D�� �V�W�D�F�M�D�F�K��SN/nn �W�U�D�Q�V�I�R�U�P�X�M���F�\�F�K�� �H�Q�H�U�J�L�
�� �G�R�� �Q�L�*�V�]�H�J�R�� �S�R�]�L�R�P�X��
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�Q�D�S�L�
�F�L�D�����:���W�\�P���F�H�O�X���S�U�]�H�S�U�R�Z�D�G�]�R�Q�R���V�]�H�U�R�N�L�H���E�D�G�D�Q�L�D���V�\�P�X�O�D�F�\�M�Q�H���V�L�H�F�L�����U�H�G�Q�L�H�J�R���Q�D�S�L�
�F�L�D��
�]�� �R�G�F�L�Q�N�D�P�L�� �N�D�E�O�R�Z�\�P�L���� �E�D�G�D�Q�L�D�� �Q�D�� �P�R�G�H�O�D�F�K�� �]�D�Z�L�H�U�D�M���F�\�F�K�� �R�G�F�L�Q�N�L�� �U�]�H�F�]�\�Z�L�V�W�\�F�K�� �O�L�Q�L�L��
�N�D�E�O�R�Z�\�F�K���R�U�D�]���S�R�P�L�D�U�\���Q�D���R�G�F�L�Q�N�D�F�K���N�D�E�O�L���S�U�D�F�X�M���F�\�F�K���Z���V�L�H�F�L���G�\�V�W�U�\�E�X�F�\�M�Q�H�M�����N�W�y�U�H���R�S�L�V�D�Q�R��
�S�R�Q�L�*�H�M��  

 
2. Modelowanie linii kablowych  

 
Analizowane odcinki linii kablowych �S�U�D�F�X�M���F�\�F�K���Z���V�L�H�F�L���G�\�V�W�U�\�E�X�F�\�M�Q�H�M��modelowano 

przy wykorzystaniu oprogramowania PowerFactory firmy DIgSILENT. W procedurze 
modelowania linii kablowych tworzony jest najpierw typ kabla �M�H�G�Q�R�*�\�á�R�Z�H�J�R, �N�W�y�U�H�J�R���R�G�F�L�Q�N�L��
�V�N�á�D�G�D�M���� �V�L�
�� �Q�D��kabel �W�U�y�M�I�D�]�R�Zy���� �'�D�Q�H�� �Z�S�U�R�Z�D�G�]�D�Q�H�� �G�R�W�\�F�]����wszystkich warstw 
�S�U�]�H�Z�R�G�]���F�\�F�K���� �L�]�R�O�D�F�\�M�Q�\�F�K�� �L�� �S�y�á-�S�U�]�H�Z�R�G�]���F�\�F�K�����N�W�y�U�H���Z�\�V�W�
�S�X�M������ �:�S�U�R�Z�D�G�]�D�Q�H�� �V����
wszystkie parametry �J�H�R�P�H�W�U�\�F�]�Q�H�� �G�H�I�L�Q�L�X�M���F�H�� �S�U�]�H�N�U�y�M�� �S�R�S�U�]�H�F�]�Q�\�� �R�U�D�]�� �G�D�Q�H�� �G�H�I�L�Q�L�X�M���F�H��
�Z�á�D�V�Q�R���F�L���Z�V�]�\�V�W�N�L�F�K���P�D�W�H�U�L�D�á�y�Z���V�N�á�D�G�R�Z�\�F�K��  

�3�R�V�á�X�J�X�M���F�� �V�L�
�� �]�G�H�I�L�Q�L�R�Z�D�Q�\�P�� �W�\�S�H�P�� �N�D�E�O�D�� �P�R�*�Q�D�� �X�W�Z�R�U�]�\�ü�� �P�R�G�H�O��symulacyjny 
�V�\�V�W�H�P�X�� �N�D�E�O�R�Z�H�J�R�� �V�á�X�*���F�H�J�R�� �G�R�� �G�\�V�W�U�\�E�X�F�M�L�� �H�Q�H�U�J�L�L przedstawiony na rys. 2. Danymi 
�X�Z�]�J�O�
�G�Q�L�D�Q�\�P�L �Z�� �W�\�P�� �F�H�O�X�� �V������typ �N�D�E�O�D�� �M�H�G�Q�R�*�\�á�R�Z�H�J�R�� �Z�\�N�R�U�]�\�V�W�\�Z�D�Q�H�J�R�� �G�R�� �E�X�G�R�Z�\��
�V�\�V�W�H�P�X���N�D�E�O�R�Z�H�J�R�����S�R�á�R�*�H�Q�L�H���N�D�*�G�H�M���]���*�\�á���N�D�E�O�D���Z���V�W�R�V�X�Q�N�X���G�R���S�R�]�L�R�P�X���]�L�H�P�L���R�U�D�]���S�R�á�R�*�H�Q�L�H��
�N�D�*�G�H�M�� �]�� �*�\�á�� �Z�� �V�W�R�V�X�Q�N�X�� �G�R�� �S�R�]�R�V�W�D�á�\�F�K�� �*�\�á�� �D�� �W�D�N�*�H�����U�R�G�R�Z�L�V�N�R�� �X�á�R�*�H�Q�L�D�� �N�D�E�O�D�� ���]�L�H�P�L�D����
powietrze), �F�]�
�V�W�R�W�O�L�Z�R���ü�� rezys�W�\�Z�Q�R���ü�� �J�U�X�Q�W�X�� czy �O�L�F�]�E�D�� �U�y�Z�Q�R�O�H�J�á�\�F�K�� �V�\�V�W�H�P�y�Z��
kablowych.  

 

 
Rys. 2. Model systemu kablowego w sieci 

 
�2�E�O�L�F�]�H�Q�L�D�� �G�O�D�� �V�\�V�W�H�P�X�� �N�D�E�O�R�Z�H�J�R�� �X�W�Z�R�U�]�R�Q�H�J�R�� �S�U�]�H�]�� �W�U�]�\�� �N�D�E�O�H�� �M�H�G�Q�R�*�\�á�R�Z�H�� �V�� 

prowadzone w oparciu o �U�R�]�Z�L�D�]�\�Z�D�Q�L�H�� �P�D�F�L�H�U�]�R�Z�\�F�K�� �U�y�Z�Q�D���� �U�y�*�Q�L�F�]�N�R�Z�\�F�K���Z�L���*���Fych 
�S�U���G�\�� �Z�� �*�\�á�D�F�K��roboczych i powrotnych �N�D�E�O�D�� �]�� �Q�D�S�L�
�F�L�D�P�L�� �Z�]�G�á�X�*�� �Z�D�U�V�W�Z�� �S�U�]�H�Z�R�G�]���F�\�F�K��
kabla [2, 8, 9]. Pozwala to �V�\�P�X�O�R�Z�D�ü���S�U�D�F�
 �V�\�V�W�H�P�X���N�D�E�O�R�Z�H�J�R���Z���]�D�N�U�H�V�L�H���S�U���G�y�Z���L���Q�D�S�L�
�ü��
w �*�\�á�D�F�K�� �U�R�E�R�F�]�\�F�K�� �L �S�R�Z�U�R�W�Q�\�F�K�� �Z�� �V�W�D�Q�D�F�K�� �X�V�W�D�O�R�Q�\�F�K�� �L�� �S�U�]�H�M���F�L�R�Z�\�F�K��podczas normalnej 
pracy oraz przy zwarciach. �0�R�G�H�O���S�U�]�H�G�V�W�D�Z�L�R�Q�\���Q�D���U�\�V���������X�P�R�*�O�L�Z�L�D���V�\�P�X�O�R�Z�D�Q�L�H���H�N�V�S�O�R�D�W�D�F�M�L��
�N�D�E�O�D���S�U�]�\�� �U�y�*�Q�\�F�K���V�S�R�V�R�E�D�F�K���S�R�á���F�]�H�Q�L�D���*�\�á���S�R�Z�U�R�W�Q�\�F�K���]�H���V�R�E���� �L�� �]�� �]�L�H�P�L���� �R�U�D�]�� �V�\�P�X�O�D�F�M�H��
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�Z�\�V�W�
�S�X�M���F�\�F�K�� �U�H�]�\�V�W�D�Q�F�M�L�� �X�]�L�R�P�y�Z����W �S�U�]�\�S�D�G�N�X�� �P�R�V�W�y�Z�� �N�D�Elowych modelowano system 
kablowy, jako �]�á�R�*�R�Q�\���] trzech lub czterech �Z�L���]�H�N���N�D�E�O�L��w po�á���F�]�H�Q�L�X���U�y�Z�Q�R�O�H�J�á�\�P���S�R�P�L�
�G�]�\��
transformatorem WN/SN a szynami zbiorczymi stacji SN. W analizowanym przypadku kable 
�R�U�D�]�� �P�R�V�W�\�� �N�D�E�O�R�Z�H�� �]�D�P�R�G�H�O�R�Z�D�Q�H�� �]�R�V�W�D�á�\�� �]�J�R�G�Q�L�H�� �]�H�� �V�W�D�Qdardem kablowych sieci 
dystrybucyjnych SN przedstawionym w [12]. 

 
�������0�R�G�H�O�R�Z�D�Q�L�H���R�E�F�L���*�H�����L���V�W�U�D�W���H�Q�H�U�J�L�L���Z���F�L���J�D�F�K���N�D�E�O�R�Z�\�F�K���6�1 

 
Zasadniczo celem prowadzonych bada�� �E�\�á�R�� �Z�\�]�Q�D�F�]�H�Q�L�H�� �V�W�U�D�W�� �Z�� �*�\�á�D�F�K��roboczych 

i powrotnych �G�O�D�� �]�D�U�H�M�H�V�W�U�R�Z�D�Q�\�F�K�� �R�E�F�L���*�H����dla wybranych rzeczywistych �R�G�F�L�Q�N�y�Z�� �O�L�Q�L�L 
kablowych w celu zaproponowania �U�R�]�Z�L���]�D�����W�H�F�K�Q�L�F�]�Q�\�F�K�� �X�P�R�*�O�L�Z�L�D�M���F�\�F�K�� �R�J�U�D�Q�L�F�]�D�Q�L�H 
straty �H�Q�H�U�J�L�L���Z���*�\�á�D�F�K���S�R�Z�U�R�W�Q�\�F�K���N�D�E�O�D�����:���V�L�H�F�L���P�L�H�M�V�N�L�H�M���Z�\�]�Q�D�F�]�R�Q�R���G�Z�D���F�L���J�L���N�D�E�O�R�Z�H��
�Z�\�S�U�R�Z�D�G�]�D�M���F�H�� �P�R�F�� �]�H�� �V�W�D�F�M�L�� �:�1���6�1���� �R�N�U�H���O�Dnych jako �*�á�y�Z�Q�H�� �3�X�Q�N�W�\�� �=�D�V�L�O�D�M���F�H�� ��GPZ), 
�]�á�R�*�R�Q�H�� �]�� �W�U�]�H�F�K�� �R�G�F�L�Q�N�y�Z�� �N�D�E�O�R�Z�\�F�K�� �S�R�á���F�]�R�Q�\�F�K�� �V�]�H�U�H�J�R�Z�R �Z�� �X�N�á�D�G�]�L�H�� �W�U�y�M�N���W�Q�\�P. Dla 
odcink�y�Z �Z�\�F�K�R�G�]���Fych z GPZ �]�D�U�H�M�H�V�W�U�R�Z�D�Q�R���U�]�H�F�]�\�Z�L�V�W�H���Z�D�U�W�R���F�L���S�U���G�y�Z���R�E�F�L���*�H�Q�L�D���S�y�O��
liniowych, przekazanych przez Centraln�����'�\�V�S�R�]�\�F�M�
���0�R�F�\�����&�'�0�����Z�\�N�R�U�]�\�V�W�X�M���F�� centralny 
system nadzoru na�G�� �S�U�D�F�� GPZ-t�y�Z, dla wybranych dni 2017 roku w okresie zimowym, 
wiosennym, letnim oraz jesiennym �G�O�D�� �R�N�U�H�V�y�Z�� �R�G�� ���U�R�G�\�� �G�R�� �Q�L�H�G�]�L�H�Oi. Na podstawie 
�Z�]�J�O�
�G�Q�\�F�K�� �]�P�L�D�Q�� �]�X�*�\�F�L�D��energii �Z�� �S�R�V�]�F�]�H�J�y�O�Q�\�F�K�� �W�\�J�R�G�Q�L�D�F�K�� �U�R�N�X�� �Z�\�]�Q�D�F�]�R�Q�\�� �]�R�V�W�D�á��
�U�R�F�]�Q�\���S�U�R�I�L�O���R�E�F�L���*�H�Q�L�D���G�O�D���E�D�G�D�Q�H�J�R��obiektu. Utworzony roczny profil zapotrzebowania na 
�H�Q�H�U�J�L�
���� �G�O�D�� �S�U�]�\�S�D�G�N�X�� �P�D�N�V�\�P�D�O�Q�H�J�R�� �R�E�F�L���*�H�Q�L�D�� �U�]�
�G�X�� �������� �0�9�$���S�U�]�H�G�V�W�D�Z�L�R�Q�\�� �]�R�V�W�D�á�� �Q�D��
rys. 3.  

 

 
Rys. 3. �5�R�F�]�Q�\���S�U�R�I�L�O���R�E�F�L���*�H�Q�L�D���G�O�D���O�L�Q�L�L���N�D�E�O�R�Z�H�M���Z�\�S�U�R�Z�D�G�]�D�M���F�H�M���P�R�F��z badanego GPZ-tu 

 
Zobrazowany �S�U�R�I�L�O���R�E�F�L���*�H�Q�L�D���G�R�W�\�F�]�\���M�H�G�\�Q�L�H���R�G�F�L�Q�N�D���N�D�E�O�R�Z�H�J�R���Z�\�S�U�R�Z�D�G�]�D�M���F�H�J�R��

moc z GPZ �R���S�U�]�H�N�U�R�M�X���*�\�á���U�R�E�R�F�]�\�F�K�����[�������P�P2 �R�U�D�]���S�U�]�H�N�U�R�M�X���*�\�á���S�R�Z�U�R�W�Q�\�F�K��������mm2. Dla 
kole�M�Q�\�F�K���R�G�F�L�Q�N�y�Z���N�D�E�O�R�Z�\�F�K���S�U�]�H�N�U�y�M���*�\�á���U�R�E�R�F�]�\�F�K���X�O�H�J�á���]�P�Q�L�H�M�V�]�H�Q�L�X���G�R�����[���������P�P2, na 
�V�N�X�W�H�N���]�P�Q�L�H�M�V�]�H�Q�L�D���R�E�F�L���*�H�Q�L�D���]�H���Z�]�J�O�
�G�X���Q�D���R�E�H�F�Q�R���ü���G�R�G�D�W�N�R�Z�\�F�K���R�G�S�á�\�Z�y�Z���Z  stacjach 
SN/nn, �S�U�]�\���]�D�F�K�R�Z�D�Q�L�X���W�H�J�R���V�D�P�H�J�R���S�U�]�H�N�U�R�M�X���*�\�á���S�R�Z�U�R�W�Q�\�F�K�����8�Z�]�J�O�
�G�Q�L�D�M���F���O�L�F�]�E�
���L���P�R�F�H��
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�W�U�D�Q�V�I�R�U�P�D�W�R�U�y�Z���6�1���Q�Q���Q�D���Z�\�E�U�D�Q�\�P���F�L���J�X���]�D�V�L�O�D�Q�L�D���P�R�*�O�L�Z�H���M�H�V�W���Z�\�]�Q�D�F�]�H�Q�L�H���Z�]�J�O�
�G�Q�H�J�R��
�R�E�F�L���*�H�Q�L�D��kolejnych �R�G�F�L�Q�N�y�Z��linii kablowych �W�Z�R�U�]���F�\�F�K�� �F�L���J���S�U�]�\�� �]�D�á�R�*�H�Q�L�X��
�U�y�Z�Q�R�P�L�H�U�Q�H�J�R�� �R�E�F�L���*�H�Q�L�D�� �W�U�D�Q�V�I�R�U�P�D�W�R�U�y�Z�� �U�R�]�G�]�L�H�O�F�]�\�F�K SN/nn, proporcjonalnego do ich 
mocy znamionowych. Wyznaczono �Z�� �W�H�Q�� �V�S�R�V�y�E�� �R�E�F�L���*�H�Q�L�H�� �G�U�X�J�L�H�J�R�� �R�G�F�L�Q�N�D�� �F�L���J�X��na 
poziomie 72�����R�E�F�L���*�H�Q�L�D pierwszego odcinka�����$�Q�D�O�R�J�L�F�]�Q�L�H�����X�Z�]�J�O�
�G�Q�L�D�M���F���N�R�O�H�M�Q�H��miejskie 
�V�W�D�F�M�H���]�D�V�L�O�D�M���F�H �R�G�F�L�Q�H�N���W�U�]�H�F�L���E�\�á���R�E�F�L���*�R�Q�\���Q�D���S�R�]�L�R�P�L�H��63% o�E�F�L���*�H�Q�L�D pierwszego odcinka. 
�:���P�L�D�U�
���U�R�]�Z�R�M�X���V�\�V�W�H�P�y�Z���L�Q�W�H�O�L�J�H�Q�W�Q�H�J�R���R�S�R�P�L�D�U�R�Z�D�Q�L�D���G�R�N�á�D�G�Q�L�H�M�V�]�����P�H�W�R�G�����Z�\�]�Q�D�F�]�H�Q�L�D��
�R�E�F�L���*�H�����S�R�V�]�F�]�H�J�y�O�Q�\�F�K���R�G�F�L�Q�N�y�Z���O�L�Q�L�L���N�D�E�O�R�Z�H�M���E�\�á�R�E�\���Z�\�N�R�U�]�\�V�W�D�Q�L�H���G�D�Q�\�F�K���G�R�W�\�F�]���F�\�F�K��
�R�E�F�L���*�H�����V�W�D�F�M�L���6�1���Q�Q���Q�D���S�R�G�V�W�D�Z�L�H���G�D�Q�\�F�K���]���O�L�F�]�Q�L�N�y�Z���E�L�O�D�Q�V�X�M���F�\�F�K���]�D�L�Q�V�W�D�O�R�Z�D�Q�\�F�K���Q�D���W�\�F�K��
stacjach�����O�H�F�]���G�D�Q�H���W�D�N�L�H���Q�L�H���E�\�á�\���G�R�V�W�
�S�Q�H���Z���F�]�D�V�L�H���S�U�R�Z�D�G�]�H�Q�L�D���S�U�]�H�G�V�W�D�Z�L�D�Q�\�F�K���E�D�G�D��. 

�'�O�D���S�L�H�U�Z�V�]�H�J�R���]���U�R�]�Z�D�*�D�Q�\�F�K���F�L���J�y�Z�����] �X�Z�D�J�L���Q�D���G�X�*�H���U�y�*�Q�L�F�H���Z���G�á�X�J�R���F�L���R�G�F�L�Q�N�y�Z��
kabla, �V�W�U�D�W�\�� �Z�� �R�G�F�L�Q�N�X�� �,�,�� �R�U�D�]�� �,�,�,�� �E�\�á�\�� �]�Q�D�F�]�Q�L�H�� �P�Q�L�H�M�V�]�H�� �Q�L�*�� �Z�� �R�G�F�L�Q�N�X�� �,����Straty 
w �S�R�V�]�F�]�H�J�y�O�Q�\�F�K���R�G�F�L�Q�N�D�F�K���E�D�G�D�Q�H�J�R���F�L���J�X���N�D�E�O�R�Z�H�J�R���Z�\�N�D�]�X�M�����V�L�
���]�P�L�H�Q�Q�R���F�L�����V�H�]�R�Q�R�Z������
�]�J�R�G�Q�L�H���]�H���]�P�L�H�Q�Q�R���F�L�����R�E�F�L���*�H�Q�L�D���]�D�P�R�G�H�O�R�Z�D�Q�����Q�D���U�\�V�����������:�\�N�R�Q�D�Q�H���D�Q�D�O�L�]�\���S�R�]�Z�D�O�D�á�\���Q�D��
�R�N�U�H���O�D�Q�L�H���V�W�U�D�W���Z���*�\�á�D�F�K���S�R�Z�U�R�W�Q�\�F�K kabla, przedstawionych w formie wykresu na rys. 4. jako 
�U�R�F�]�Q�H�� �E�H�]�Z�]�J�O�
�G�Q�H�� �Z�D�U�W�R���F�L�� �V�W�U�D�W w kWh oraz jako �X�G�]�L�D�á�� �Z �F�D�á�N�R�Z�L�W�\�F�K�� �V�W�U�D�W�D�F�K�� �H�Q�H�U�J�L�L��
w kablu �G�O�D���D�Q�D�O�L�]�R�Z�D�Q�\�F�K���R�G�F�L�Q�N�y�Z. �=���D�Q�D�O�L�]�\���Z�\�Q�L�N�D�����*�H�����U�H�G�Q�L���X�G�]�L�D�á���V�W�U�D�W���H�Q�H�U�J�L�L���Z �*�\�á�D�F�K��
powrotnych wynosi�á 3,5% s�W�U�D�W���F�D�á�N�R�Z�L�W�\�F�K���Z���N�D�E�O�X���� 

 

 
Rys. 4. �3�R�]�L�R�P���V�W�U�D�W���H�Q�H�U�J�L�L���Z���*�\�á�D�F�K���S�R�Z�U�R�W�Q�\�F�K���E�D�G�D�Q�\�F�K���R�G�F�L�Q�N�y�Z���O�L�Q�L�L���N�D�E�O�R�Z�H�M 

 
�'�O�D���G�U�X�J�L�H�J�R���E�D�G�D�Q�H�J�R���F�L���J�X���N�D�E�O�R�Z�H�J�R���S�U�]�H�S�U�R�Z�D�G�]�R�Q�R���D�Q�D�O�R�J�L�F�]�Q�H���V�\�P�X�O�D�F�M�H�����0�R�F��

�U�R�F�]�Q�D�� �P�D�N�V�\�P�D�O�Q�D�� �Z�\�S�U�R�Z�D�G�]�D�Q�D�� �W�\�P�� �F�L���J�L�H�P�� �]�� �*�3�=���� �S�U�]�\�� �W�\�P�� �V�D�P�\m przekroju linii 
kablowej �M�D�N�� �G�O�D�� �S�L�H�U�Z�V�]�H�J�R�� �F�L���J�X�����E�\�á�D�� �]�Q�D�F�]���F�R�� �Q�L�*�V�]�D�� �U�]�
�G�X�� �������� �0�9���� �O�H�F�]�� �G�U�X�J�L�� �R�G�F�L�Q�H�N��
�F�L���J�X�� �E�\�á�� �R�E�F�L���*�R�Q�\�� �W�D�N�� �V�D�P�R�� �M�D�N�� �S�L�H�U�Z�V�]�\�� �Q�D�W�R�P�L�D�V�W�� �W�U�]�H�F�L�� �Z�� �V�W�R�S�Q�L�X�� �Q�L�H�]�Q�D�F�]�Q�L�H�� �Q�L�*�V�]�\�P��
�U�]�
�G�X�� ������ �R�E�F�L���*�H�Q�L�D pierwszego odcinka. �=�H�� �Z�]�J�O�
�G�X�� �Q�D�� �P�Q�L�H�M�V�]�H�� �R�E�F�L���*�H�Q�L�H�� �G�U�X�J�L�H�J�R��
�E�D�G�D�Q�H�J�R���F�L���J�X���N�D�E�O�R�Z�H�J�R �Z�D�U�W�R���F�L���E�H�]�Z�]�J�O�
�G�Q�H���V�W�U�D�W���Z �*�\�á�D�F�K���S�R�Z�U�R�W�Q�\�F�K���N�D�E�O�D���V�����P�Q�L�H�M�V�]�H��
�L�� �G�O�D�� �F�D�á�H�J�R�� �R�G�F�L�Q�N�D�� �Z�\�Q�R�V�]���� �R�N���� ������ �N�:�K�� �U�R�F�]�Q�L�H���� �8�G�]�L�D�á�� �V�W�U�D�W�� �Z�� �*�\�á�D�F�K�� �S�R�Z�U�R�W�Q�\�F�K��
w �F�D�á�N�R�Z�L�W�\�F�K�� �V�W�U�D�W�D�F�K�� �Z�� �S�R�V�]�F�]�H�J�y�O�Q�\�F�K��odcinkach kabli wynosi 2,3% dla pierwszego 
odcinka, 1,1% dla drugiego oraz 0,5% dla trzeciego, �Z�\�Q�R�V�]���F�����U�H�G�Q�L�R������������ 

�3�U�]�H�D�Q�D�O�L�]�R�Z�D�Q�R�� �U�y�Z�Q�L�H�*�� �S�R�G�� �Z�]�J�O�
�G�H�P�� �V�W�U�D�W�� �Z�� �*�\�á�D�F�K�� �S�R�Z�U�R�W�Q�\�F�K�� �V�W�U�D�W�\�� �Z�� �P�R���F�L�H��
�N�D�E�O�R�Z�\�P���]�E�X�G�R�Z�D�Q�\�P���]���W�U�]�H�F�K���R�G�F�L�Q�N�y�Z���N�D�E�O�L���W�U�y�M�I�D�]�R�Z�\�F�K�����[3x240/50 mm2 �S�R�á���F�]�R�Q�\�F�K��
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�U�y�Z�Q�R�O�H�J�O�H�����R�� �G�á�X�J�R���F�L�� ���� m. �6�F�K�H�P�D�W�� �X�á�R�*�H�Q�L�D�� �S�R�V�]�F�]�H�J�y�O�Q�\�F�K�� �N�D�E�O�L�� �M�H�G�Q�R�*�\�á�R�Z�\�F�K��
w �E�D�G�D�Q�\�P���P�R���F�L�H���N�D�E�O�R�Z�\�P���S�U�]�H�G�V�W�D�Z�L�R�Q�R���Q�D���U�\�V�������� �:�D�U�W�R���]�D�X�Z�D�*�\�ü�����*�H���S�R�G�R�E�Q�H���X�N�á�D�G�\��
�S�U�D�F�\�� �O�L�Q�L�L�� �N�D�E�O�R�Z�\�F�K�� �P�R�*�Q�D�� �V�S�R�W�N�D�ü�� �Z�� �O�L�Q�L�D�F�K���Z�\�S�U�R�Z�D�G�]�D�M���F�\�F�K�� �P�R�F�� �]�� �G�X�*�\�F�K�� �O�R�N�D�O�Q�\�F�K��
�(�U�y�G�H�á���H�Q�H�U�J�L�L���>19]. �2�E�F�L���*�H�Q�L�H���P�D�N�V�\�P�D�O�Q�H���P�R�V�W�X���Z�\�S�U�R�Z�D�G�]�D�M���F�H�J�R moc z transformatora 
25 MVA wynos�L�á�R�� ������ �0�9�$���� �3�R�� �X�Z�]�J�O�
�G�Q�L�H�Q�L�X�� �V�H�]�R�Q�R�Z�\�F�K�� �]�P�L�D�Q�� �R�E�F�L���*�H�Q�L�D�� �U�R�F�]�Q�H�� �Vtraty 
w �*�\�á�D�F�K���S�R�Z�U�R�W�Q�\�F�K��na podstawie symulacji obliczeniowych �R�N�U�H���O�Rno na poziomie 150 kWh, 
�F�R���V�W�D�Q�R�Z�L���R�N���������������F�D�á�N�R�Z�L�W�\�F�K���V�W�U�D�W���Z���U�R�]�S�D�W�U�\�Z�D�Q�\�P���P�R���F�L�H���N�D�E�O�R�Z�\�P���� 
 

 
Rys. 5. Schemat budowy mostu kablowego 

 
�������:�H�U�\�I�L�N�D�F�M�D���S�R�P�L�D�U�R�Z�D���Z�\�Q�L�N�y�Z���V�\�P�X�O�D�F�M�L 

 
�:�H�U�\�I�L�N�D�F�M�D�� �S�R�P�L�D�U�R�Z�D�� �P�R�G�H�O�L�� �R�E�O�L�F�]�H�Q�L�R�Z�\�F�K�� �O�L�Q�L�L�� �N�D�E�O�R�Z�\�F�K�� �6�1�� �Z�\�P�D�J�D�á�D��

�S�U�]�H�S�U�R�Z�D�G�]�D�Q�L�D���V�H�U�L�L���S�R�P�L�D�U�y�Z���G�O�D���S�U�]�\�N�á�D�G�R�Z�\�F�K���R�G�F�L�Q�N�y�Z���O�L�Q�L�L���N�D�E�O�R�Z�\�F�K���R�U�D�]�� �P�R�V�W�y�Z��
kablowych �]�E�X�G�R�Z�D�Q�\�F�K���]���W�U�]�H�F�K���N�D�E�O�L���M�H�G�Q�R�*�\�á�R�Z�\�F�K�����&�H�O�H�P���Z�H�U�\�I�L�N�D�F�M�L���E�\�á�R stwierdzenie 
poziomu ro�]�E�L�H�*�Q�R���F�L���Z���Z�D�U�W�R���F�L�D�F�K���S�U���G�y�Z���Z���*�\�á�D�F�K���S�R�Z�U�R�W�Q�\�F�K���Z�\�Q�L�N�D�M���F�\�F�K���]���S�R�P�L�D�U�y�Z 
�S�U���G�y�Z �Z���*�\�á�D�F�K���U�R�E�R�F�]�\�F�K�����Z���V�W�R�V�X�Q�N�X���G�R���Z�\�Q�L�N�y�Z���V�\�P�X�O�D�F�\�M�Q�\�F�K���R�W�U�]�\�P�\�Z�D�Q�\�F�K���S�R�S�U�]�H�]��
�P�R�G�H�O�R�Z�D�Q�L�H�� �S�U���G�y�Z�� �Z�� �*�\�á�D�F�K�� �S�R�Z�U�R�W�Q�\�F�K�� �S�U�]�\�� �Z�\�N�R�U�]�\�V�W�D�Q�L�X�� �R�S�U�R�J�U�D�P�R�Z�D�Q�L�D�� �I�L�U�P�\��
DIgSILENT.  

Pomi�D�U�\�� �Z�H�U�\�I�L�N�D�F�\�M�Q�H�� �]�R�V�W�D�á�\�� �Z�\�N�R�Q�D�Q�H�� �Q�D�� �W�U�]�H�F�K�� �R�G�F�L�Q�N�D�F�K�� �O�L�Q�L�L�� �N�D�E�O�R�Z�\�F�K��
�X�á�R�*�R�Q�\�F�K���Z���X�N�á�D�G�]�L�H���W�U�y�M�N���W�Q�\�P���R�U�D�]���Q�D���P�R���F�L�H���N�D�E�O�R�Z�\�P na stacjach �]���á�D�W�Z�����G�R�V�W�
�S�Q�R���F�L����
�*�\�á�� �S�R�Z�U�R�W�Q�\�F�K�����'�O�D�� �N�D�*�G�H�J�R�� �]�� �S�R�Z�\�*�V�]�\�F�K�� �R�G�F�L�Q�N�y�Z�� �]�P�L�H�U�]�R�Q�H�� �]�R�V�W�D�á�\�� �Z�D�U�W�R���F�L�� �S�U���G�y�Z 
w �*�\�á�D�F�K�� �U�R�E�R�F�]�\�F�K�� �N�D�E�O�D�� �R�U�D�]�� �S�U���G�y�Z�� �Z�� �*�\�á�D�F�K�� �S�R�Z�U�R�W�Q�\�F�K���� �'�R�� �Z�\�N�R�Q�D�Q�L�D�� �S�R�P�L�D�U�y�Z��
�Z�\�N�R�U�]�\�V�W�D�Q�H���]�R�V�W�D�á�\���Q�D�V�W�
�S�X�M���F�H���X�U�]���G�]�H�Q�L�D���S�R�P�L�D�U�R�Z�H�� 

�� �D�Q�D�O�L�]�D�W�R�U���M�D�N�R���F�L���]�D�V�L�O�D�Q�L�D���L���H�Q�H�U�J�L�L���)�O�X�N�H�����������G�O�D���*�\�á���U�R�E�R�F�]�\�F�K���E�D�G�D�Q�\�F�K���R�G�F�L�Q�N�y�Z��
�N�D�E�O�R�Z�\�F�K���Z�\�S�R�V�D�*�R�Q�\���Z���F�H�Z�N�L���5�R�J�R�Z�V�N�L�H�Jo �± �G�R�N�á�D�G�Q�R���ü���S�R�P�L�D�U�X������,  

�� �P�L�H�U�Q�L�N�L�� �F�
�J�R�Z�H�� �%�5�<�0�(�1�� �%�0�������V�� �G�O�D�� �*�\�á�� �S�R�Z�U�R�W�Q�\�F�K�� �E�D�G�D�Q�\�F�K�� �R�G�F�L�Q�N�y�Z��
kablowych �± �G�R�N�á�D�G�Q�R���ü���S�R�P�L�D�U�X������,  

�� �Z�� �S�U�]�\�S�D�G�N�X�� �P�R�V�W�y�Z��kablowych, jako �Z�D�U�W�R���ü�� �S�U���G�X�� �Z�� �*�\�á�D�F�K�� �U�R�E�R�F�]�\�F�K�� �S�U�]�\�M�
�W�R��
�Z�D�U�W�R���F�L���S�U���G�y�Z rejestrowane w systemie nadzoru nad �S�U�D�F���� �*�3�=����podawane 
z �G�R�N�á�D�G�Q�R���F�L�����G�R���F�]�Z�D�U�W�H�M���F�\�I�U�\���]�Q�D�F�]���F�H�M. 

 
�%�á���G���R�N�U�H���O�D�Q�R���]�J�R�G�Q�L�H���]���S�R�Q�L�*�V�]�����]�D�O�H�*�Q�R���F�L���� 

    (1) 
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gdzie: I �S�R�P�B�*�S �± �Z�D�U�W�R���ü���S�U���G�X���Z���*�\�O�H���S�R�Z�U�R�W�Q�H�M���N�D�E�O�D���Z�\�]�Q�D�F�]�R�Q�D���]���S�R�P�L�D�U�y�Z�������U�H�G�Q�L�D���Z�D�U�W�R���ü��
�Z�� �F�L���J�X�� �P�L�Q�X�W�\���� I �V�\�P�B�*�S �± �Z�D�U�W�R���ü�� �S�U���G�X�� �Z�� �*�\�O�H�� �S�R�Z�U�R�W�Q�H�M�� �N�D�E�O�D�� �G�O�D�� �D�Q�D�O�R�J�L�F�]�Q�H�J�R�� �V�W�D�Q�X��
�R�E�F�L���*�H�Q�L�D���X�]�\�V�N�D�Q�D���Z���S�U�R�J�U�D�P�L�H���3�R�Z�H�U�)�D�F�W�R�U�\�� 

�=�D�U�H�M�H�V�W�U�R�Z�D�Q�H���S�R�P�L�D�U�\���S�U���G�y�Z���Z���*�\�á�D�F�K���U�R�E�R�F�]�\�F�K���L���S�R�Z�U�R�W�Q�\�F�K���S�U�]�H�D�Q�D�O�L�]�R�Z�D�Q�R���G�O�D��
�S�R�V�]�F�]�H�J�y�O�Q�\�F�K���V�W�D�Q�y�Z���R�E�F�L���*�H�������R�N�U�H���O�R�Q�\�F�K���] �F�]�
�V�W�R���F�L�� u���U�H�G�Q�L�D�Q�L�D���Z�D�U�W�R���F�L���V�N�X�W�H�F�]�Q�\�F�K��
�]�D�V�W�R�V�R�Z�D�Q�\�F�K���P�L�H�U�Q�L�N�y�Z�����3�U�]�\�N�á�D�G�R�Z�H���Z�\�Q�L�N�L���U�H�M�H�V�W�U�D�F�M�L���S�U�]�H�G�V�W�D�Z�L�R�Qo na rys. 6.  

 

 
Rys. 6. �3�U���G�\���Z���*�\�á�D�F�K���U�R�E�R�F�]�\�F�K���L���S�R�Z�U�R�W�Q�\�F�K���Z���G�U�X�J�L�P���R�N�U�H�V�L�H���S�R�P�L�D�U�y�Z�����)�5- �*�\�á�D��

�U�R�E�R�F�]�D�����*�S - �*�\�á�D���S�R�Z�U�R�W�Q�D�����X�]  �± �X�]�L�R�P���*�\�á���S�R�Z�U�R�W�Q�\�F�K�� 
 
�6�W�Z�L�H�U�G�]�R�Q�R�� �]�Q�D�F�]���F���� �U�R�]�E�L�H�*�Q�R���ü�� �Z�\�Q�L�N�y�Z�� �V�\�P�X�O�D�F�M�L�� �R�U�D�]�� �Z�D�U�W�R���F�L�� �S�U���G�y�Z��

pomierzonych dla �D�Q�D�O�L�]�R�Z�D�Q�\�F�K���R�E�L�H�N�W�y�Z�� �Z�\�Q�R�V�]���F�� dla p�U���G�y�Z���U�]�H�F�]�\�Z�L���F�L�H���P�L�H�U�]�R�Q�\�F�K��
w �*�\�á�D�Fh powrotnych kabli od +20% do +35%. �%�L�R�U���F�� �S�R�G�� �X�Z�D�J�
�� �Z�H�U�\�I�L�N�D�F�M�
�� �S�R�P�L�D�U�R�Z����
symulacji komput�H�U�R�Z�\�F�K�� �S�U���G�y�Z�� �Z �*�\�á�D�F�K�� �S�R�Z�U�R�W�Q�\�F�K�� �R�U�D�]�� �E�á���G�� �S�R�P�L�D�U�X��zastosowanych 
�S�U�]�\�U�]���G�y�Z�� �S�R�P�L�D�U�R�Z�\�F�K�� �Z�� �G�D�O�V�]�\�F�K�� �U�R�]�Z�D�*�D�Q�L�D�F�K�� �G�R�W�\�F�]���F�\�F�K�� �R�S�á�D�F�D�O�Q�R���F�L�� �V�W�R�V�R�Z�D�Q�L�D��
���U�R�G�N�y�Z���]�D�U�D�G�F�]�\�F�K���G�O�D���R�J�U�D�Q�L�F�]�D�Q�La �S�R�]�L�R�P�X���V�W�U�D�W���Z���*�\�á�D�F�K���S�R�Z�U�R�W�Q�\�F�K���]�D�á�R�*�R�Q�R�����*�H���S�U���G�\��
�S�á�\�Q���F�H���Z���*�\�á�D�F�K���S�R�Z�U�R�W�Q�\�F�K���N�D�E�O�L���V�����R�����������Z�L�
�N�V�]�H���Z���V�W�R�V�X�Q�N�X���G�R���Z�\�Q�L�N�y�Z���R�W�U�]�\�P�D�Q�\�F�K��
w symulacjach komputerowych. Na rysunku 7 przedstawiono wzrost strat rocznych, w wyniku 
�S�U�]�\�M�
�W�H�J�R�� �Q�D�� �S�R�G�V�W�D�Z�L�H�� �S�R�P�L�D�U�y�Z�� �R�G�F�K�\�O�H�Q�L�D�� �U�]�H�F�]�\�Z�L�V�W�H�J�R���S�U���G�X w �*�\�á�D�F�K powrotnych 
w stosunku do symulowanego (dla odcinka linii kablowej analizowanego na rys. 3). 

�-�H�G�Q���� �]�� �S�U�]�\�F�]�\�Q���S�R�Z�V�W�D�á�\�F�K���E�á�
�G�y�Z���P�R�*�H���E�\�ü���]�D�Z�D�U�W�R���ü���K�D�U�P�R�Q�L�F�]�Q�\�F�K���Z���S�U���G�D�F�K��
�*�\�á��roboczych, �S�U�]�H�Q�R�V�]���F�D���V�L�
���Q�D���*�\�á�\��powrotne przedstawiona na rys. 8�����D���Q�L�H�X�Z�]�J�O�
�G�Q�L�D�Q�D��
w obliczeniach symulacyjnych. �.�R�O�H�M�Q���� �S�U�]�\�F�]�\�Q���� �P�R�J�� �E�\�ü�� �S�U���Gy �S�á�\�Q���Fe �S�U�]�H�]�� �*�\�á�\��
powrotne, �E�
�G���Fe �Z�\�Q�L�N�L�H�P���U�y�*�Q�L�F���S�R�W�H�Q�F�M�D�á�y�Z���V�W�D�F�M�L���á���F�]�R�Q�\�F�K���S�U�]�H�]���R�G�F�L�Q�H�N���E�D�G�D�Q�\�����3�U���G��
�S�á�\�Q���F�\�� �S�U�]�H�]�� �X�]�Lom, przedstawiony na rys. 6, jest sum�� �W�\�F�K�� �S�U���G�y�Z�� �L��obejmuje �S�U���Gy 
harmoniczn�H���V�S�á�\�Z�D�M���F�H���G�R���X�]�L�R�P�X. 

 



10 
 

 
�5�\�V�����������3�R�U�y�Z�Q�D�Q�L�H��rocznych �Z�D�U�W�R���F�L���V�W�U�D�W���Z���*�\�á�D�F�K���S�R�Z�U�R�W�Q�\�F�K���E�D�G�D�Q�\�F�K���R�G�F�L�Q�N�y�Z��linii 

kablowych otrzymanych z symulacji oraz po weryfikacji pomiarami 
 

 
Rys. 8�������U�H�G�Q�L�D���P�L�H�V�L�
�F�]�Q�D���]�D�Z�D�U�W�R���ü���K�D�U�P�R�Q�L�F�]�Q�\�F�K���S�U���G�X���Z���*�\�O�H���S�R�Z�U�R�W�Q�H�M���N�D�E�O�D��

�Z�\�S�U�R�Z�D�G�]�D�M���F�H�J�R���P�R�F���]���M�H�G�Q�H�J�R���]���*�3�=�� 
 

5. �'�R�E�y�U���S�U�]�H�N�U�R�M�X���L���P�R�G�\�I�L�N�D�F�M�H���V�S�R�V�R�E�X���X�]�L�H�P�L�D�Q�L�D���*�\�á���S�R�Z�U�R�W�Q�\�F�K��kabla �S�U�R�Z�D�G�]���F�H��
do ograniczania strat mocy czynnej  

 
�:�\�V�W�
�S�X�M���F�H���V�W�U�D�W�\���Z���*�\�á�D�F�K���S�R�Z�U�R�W�Q�\�F�K���R�G�F�L�Q�N�y�Z���O�L�Q�L�L���N�D�E�O�R�Z�\�F�K���P�R�*�Q�D���R�J�U�D�Q�L�F�]�\�ü��

�Q�D�V�W�
�S�X�M���F�\�P�L���V�S�R�V�R�E�D�P�L�� 
�� przeplecenia, 
�� odziemienia jednostronne, 
�� �]�D�V�W�R�V�R�Z�D�Q�L�H���Q�L�*�V�]�H�J�R���S�U�]�H�N�U�R�M�X���Z���V�W�R�V�X�Q�N�X���G�R���S�U�]�\�M�P�R�Z�D�Q�H�J�R���V�W�D�Q�G�D�U�G�R�Z�R�� 

�3�L�H�U�Z�V�]�\���]���Z�\�P�L�H�Q�L�R�Q�\�F�K���V�S�R�V�R�E�y�Z�����Z���S�U�]�\�S�D�G�N�X���]�D�V�W�R�V�R�Z�D�Q�L�D���G�Z�y�F�K���S�U�]�H�S�O�H�F�H�����Q�D��
�M�H�G�Q�H�M�� �W�U�]�H�F�L�H�M�� �L�� �G�Z�y�F�K�� �W�U�]�H�F�L�F�K�� �G�á�X�J�R���F�L�� �N�D�E�O�D���� �]�D�S�H�Z�Q�L�D�� �R�J�U�D�Q�L�F�]�H�Q�L�H strat praktycznie do 
�Z�D�U�W�R���F�L�� �S�R�P�L�M�D�O�Q�\�F�K�� �S�U�]�\�� �S�U���G�D�F�K�� �Q�L�H�R�G�N�V�]�W�D�á�F�R�Q�\�F�K���� �:�\�P�D�J�D�� �R�Q�� �M�H�G�Q�D�N�� �]�D�V�W�R�V�R�Z�D�Q�L�D��
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specjalnych muf przepleceniowych lub budowy skrzynek kablowych dla dokonywania 
�S�U�]�H�S�O�H�F�H������ �F�R���M�H�V�W���N�R�V�]�W�R�Z�Q�H���� �6�á�X�*�E�\�� �H�N�V�S�O�R�D�W�D�F�\�M�Q�H���N�D�E�O�L���R�E�D�Z�L�D�M�����V�L�
�� �W�D�N�*�H���S�U�]�H�S�O�H�F�H���� �]�H��
�Z�]�J�O�
�G�X�� �Q�D�� �R�F�]�H�N�L�Z�D�Q�H�� �X�W�U�X�G�Q�L�H�Q�L�D�� �Z�� �S�U�R�Z�D�G�]�H�Q�L�X�� �H�N�V�S�O�R�D�W�D�F�\�M�Q�H�M�� �G�L�D�J�Q�R�V�W�\�N�L�� �O�L�Q�L�L��
kablowych. 

Odziemianie �M�H�G�Q�R�V�W�U�R�Q�Q�H�� �*�\�á�� �S�R�Z�U�R�W�Q�\�F�K�� �R�J�U�D�Q�L�F�]�D�� �V�W�U�D�W�\���� �O�H�F�]�� �Z�\�P�D�J�D�� �D�Q�D�O�L�]�\��
i �V�W�Z�L�H�U�G�]�H�Q�L�D�� �G�R�S�X�V�]�F�]�D�O�Q�R���F�L�� �Z�\�V�W�
�S�X�M���F�\�F�K�� �Z�D�U�W�R���F�L�� �S�U�]�H�S�L�
�ü���L�]�R�O�D�F�M�L�� �*�\�á�\�� �S�R�Z�U�R�W�Q�H�M��na 
�R�G�]�L�H�P�L�R�Q�\�F�K���N�R���F�D�F�K���N�D�E�O�D���Z���S�U�]�\�S�D�G�N�X���S�U���G�y�Z���]�Z�D�U�F�L�R�Z�\�F�K���S�á�\�Q���F�\�F�K���S�U�]�H�]���*�\�á�\���U�R�E�R�F�]�H����
Ponadto uzi�H�P�L�H�Q�L�H�� �*�\�á�� �S�R�Z�U�R�W�Q�\�F�K�� �V�W�R�V�R�Z�D�Q�H�� �M�H�V�W�� �G�O�D�� �R�J�U�D�Q�L�F�]�H�Q�L�D�� �S�U���G�X�� �X�]�L�R�P�R�Z�H�J�R��
�V�S�á�\�Z�D�M���F�H�J�R���S�U�]�H�]���X�]�L�R�P���U�R�E�R�F�]�\���V�W�D�F�M�L���6�1���Q�Q���]�D�V�L�O�D�Q�\�F�K���O�L�Q�L�D�P�L���N�D�E�O�R�Z�\�P�L�����F�R���S�U�]�\�F�]�\�Q�L�D��
�V�L�
�� �G�R�� �S�R�S�U�D�Z�\�� �E�H�]�S�L�H�F�]�H���V�W�Z�D�� �S�R�U�D�*�H�Q�L�R�Z�H�J�R�� �Q�D�� �V�W�D�F�M�D�F�K�� �6�1���� �=�D�W�H�P���� �Z�� �S�U�]�\�S�D�G�N�X�� �O�L�Q�L�L��
kablowych�����N�R�Q�L�H�F�]�Q�D���M�H�V�W���W�D�N�*�H���Z�H�U�\�I�L�N�D�F�M�D���Z�D�U�W�R���F�L���Q�D�S�L�
�ü���U�D�*�H�Q�L�R�Z�\�F�K���Z�\�V�W�
�S�X�M���F�\�F�K���S�U�]�\��
�]�Z�D�U�F�L�D�F�K���M�H�G�Q�R�I�D�]�R�Z�\�F�K���Q�D���W�\�F�K���R�E�L�H�N�W�D�F�K���Z���S�U�]�\�S�D�G�N�X���R�G�]�L�H�P�L�H�Q�L�D���M�H�G�Q�H�M���F�]�\���G�Z�y�F�K���*�\�á��
powrotnych. 

�0�Q�L�H�M�V�]�\���S�U�]�H�N�U�y�M���*�\�á���S�R�Z�U�R�W�Q�\�F�K�����W�R���U�R�]�Z�L���]�D�Q�L�H���W�H�F�K�Q�L�F�]�Q�H��do zastosowania na etapie 
budowy nowych �R�G�F�L�Q�N�y�Z�� �O�L�Q�L�L�� �N�D�E�O�R�Z�\�F�K���� �N�W�y�U�H prowa�G�]�L�� �G�R�� �]�Q�D�F�]�Q�\�F�K�� �R�V�]�F�]�
�G�Q�R���F�L��
w �Q�D�N�á�D�Gach �L�Q�Z�H�V�W�\�F�\�M�Q�\�F�K���� �3�R�Q�D�G�W�R�� �Z�\�*�V�]�D�� �Z�D�U�W�R���ü�� �U�H�]�\�V�W�D�Q�F�M�L�� �*�\�á�\�� �S�R�Z�U�R�W�Q�H�M�� �S�R�Z�R�G�X�M�H��
�R�J�U�D�Q�L�F�]�H�Q�L�H�� �S�U���G�X�� �L�Q�G�X�N�R�Z�D�Q�H�J�R�� �Z�� �*�\�á�D�F�K�� �G�Z�X�V�W�U�R�Q�Q�L�H�� �X�]�L�H�P�L�R�Q�\�F�K���� �F�R�� �S�U�R�Z�D�G�]�L do 
�R�J�U�D�Q�L�F�]�H�Q�L�D���V�W�U�D�W�����=�D�J�U�R�*�H�Q�L�H�P���G�O�D���*�\�á���R���]�P�Q�L�H�M�V�]�R�Q�\�P���S�U�]�H�N�U�R�M�X���P�R�*�H �E�\�ü���Q�L�H�G�R�S�X�V�]�F�]�D�O�Q�\��
�Z�]�U�R�V�W�� �W�H�P�S�H�U�D�W�X�U�\�� �S�U�]�\�� �]�Z�D�U�F�L�D�F�K�� �G�Z�X�I�D�]�R�Z�\�F�K�� �]�� �X�G�]�L�D�á�H�P�� �]�L�H�P�L��na odcinku 
�Z�\�S�U�R�Z�D�G�]�D�M���F�\�P���P�R�F���]���*�3�= [26]�����0�R�*�Q�D���M�H�G�Q�D�N���Z���W�D�N�L�P���S�U�]�\�S�D�G�N�X�����G�O�D���]�D�S�R�E�L�H�*�H�Q�L�D���L�F�K��
�V�]�N�R�G�O�L�Z�H�P�X�� �R�G�G�]�L�D�á�\�Z�D�Q�L�X�� �F�L�H�S�O�Q�H�P�X�� �Q�D�� �*�\�á�\�� �S�R�Z�U�R�W�Q�H, �X�U�X�F�K�R�P�L�ü�� �Q�D�� �W�D�N�L�P�� �R�G�F�L�Q�N�X��
�E�H�]�]�Z�á�R�F�]�Q�H���]�D�E�H�]�S�L�H�F�]�H�Q�L�D���Q�D�G�S�U���G�R�Z�H���� 

�=�D�V�W�R�V�R�Z�D�Q�L�H�� �M�H�G�Q�H�J�R�� �]�� �Z�\�*�H�M�� �Z�\�P�L�H�Q�L�R�Q�\�F�K�� �V�S�R�V�R�E�y�Z�� �R�J�U�D�Q�L�F�]�H�Q�L�D�� �V�W�U�D�W�� �H�Q�H�U�J�L�L��
w �*�\�á�D�F�K�� �S�R�Z�U�R�W�Q�\�F�K�� �N�D�E�O�L�� �S�R�Z�L�Q�Q�R�� �E�\�ü�� �H�I�H�N�W�\�Z�Qe ekonomicz�Q�L�H���� �6�W�D�Q�H�P�� �Z�\�M���F�L�R�Z�\�P��
�S�R�]�Z�D�O�D�M���F�\�P�� �R�F�H�Q�L�ü�� �X�]�\�V�N�D�Q�H�� �R�V�]�F�]�
�G�Q�R���F�L�� �V���� �V�W�U�D�W�\�� �Z�\�V�W�
�S�X�M���F�H�� �Z�� �R�E�H�F�Q�L�H�� �V�W�R�V�R�Z�D�Q�\�P��
�V�W�D�Q�G�D�U�G�]�L�H�� �S�U�D�F�\�� �N�D�E�O�D�� �S�U�]�\�� �R�E�X�V�W�U�R�Q�Q�L�H�� �X�]�L�H�P�L�R�Q�\�F�K�� �*�\�á�D�F�K�� �S�R�Z�U�R�W�Q�\�F�K���� �2�V�]�F�]�
�G�Q�R���F�L��
�X�]�\�V�N�D�Q�H���G�]�L�
�N�L���]�D�V�W�R�V�R�Z�D�Q�H�M���P�R�G�H�U�Q�L�]�D�F�M�L���S�R�Z�L�Q�Q�\���Z���R�N�U�H�V�L�H���H�N�V�S�O�R�D�W�D�F�M�L���N�D�E�O�D���S�U�]�H�Z�\�*�V�]�D�ü��
�Q�D�N�á�D�G�\�� �L�Q�Z�H�V�W�\�F�\�M�Q�H�� �S�R�]�Z�D�O�D�M���F�H�� �Q�D�� �Z�G�U�R�*�H�Q�L�H�� �R�N�U�H���O�R�Q�H�J�R�� ���U�R�G�N�D�� �]�D�U�D�G�F�]�H�J�R�� �V�á�X�*���F�H�J�R��
�R�J�U�D�Q�L�F�]�D�Q�L�X���S�R�]�L�R�P�X���V�W�U�D�W�����F�R���P�R�*�Q�D���Z�\�U�D�]�L�ü���S�R�Q�L�*�V�]�����]�D�O�H�*�Q�R���F�L���� 

     (2) 

gdzie: �©ELmd �± �]�G�\�V�N�R�Q�W�R�Z�D�Q�H���� �]�D�� �U�R�]�Z�D�*�D�Q�\�� �F�]�D�V�� �H�N�V�S�O�R�D�W�D�F�M�L���� �R�V�]�F�]�
�G�Q�R���F�L�� �Q�D�� �V�N�X�W�H�N��
�P�R�G�\�I�L�N�D�F�M�L�� �V�S�R�V�R�E�X�� �S�U�D�F�\�� �*�\�á�� �S�R�Z�U�R�W�Q�\�F�K�� �N�D�E�O�D����Vi �± �Q�D�N�á�D�G�\�� �Q�D�� �P�R�G�H�U�Q�L�]�D�F�M�
 �S�U�D�F�\�� �*�\�á��
powrotnych kabla. 

Podejmowanie decyzji o zastosowaniu konkretnego sposobu ograniczania strat 
w �*�\�á�D�F�K�� �S�R�Z�U�R�W�Q�\�F�K�� �S�R�Z�L�Q�Q�R�� �E�\�ü�� �X�]�Dsadnione uproszczonymi analizami ekonomicznymi 
�Z�\�N�R�U�]�\�V�W�X�M���F�\�P�L�� �V�W�R�V�X�Q�N�R�Z�R�� �á�D�W�Z�R�� �G�R�V�W�
�S�Q�H�� �G�D�Q�H�� �G�R�W�\�F�]���F�H�� �D�Q�D�O�L�]�R�Z�D�Q�H�M��linii kablowej. 
W �F�H�O�X���R�F�H�Q�\���P�R�*�O�L�Z�\�F�K���G�R���R�V�L���J�Q�L�
�F�L�D���R�V�]�F�]�
�G�Q�R���F�L���Q�D���V�W�U�D�W�D�F�K���Z���*�\�á�D�F�K���S�R�Z�U�R�W�Q�\�F�K���N�D�E�O�D��
�S�U�]�H�S�U�R�Z�D�G�]�R�Q�R���V�\�P�X�O�D�F�M�H���R�E�O�L�F�]�H�Q�L�R�Z�H���V�W�U�D�W���Z���*�\�á�D�F�K���S�R�Z�U�R�W�Q�\�F�K���Z���]�D�O�H�*�Q�R���F�L���R�G���V�W�R�S�Q�L�D��
�R�E�F�L���*�H�Q�L�D���N�D�E�O�L���Z���S�U�]�\�S�D�G�N�X���]�D�V�W�R�V�R�Z�D�Q�L�D���S�U�]�H�S�O�H�F�H�������R�G�]�L�H�P�L�D�Q�L�D���M�H�G�Q�R�V�W�U�R�Q�Q�H�J�R���W�\�F�K���*�\�á��
�R�U�D�]�� �]�D�V�W�R�V�R�Z�D�Q�L�D�� �]�P�Q�L�H�M�V�]�R�Q�H�J�R�� �S�U�]�H�N�U�R�M�X���� �8�Z�]�J�O�
�G�Q�L�R�Q�R�� �Z�\�Q�L�N�L�� �Z�H�U�\�I�L�N�D�F�M�L�� �S�R�P�L�D�U�R�Z�H�M��
�Z�\�N�D�]�X�M���F�H�M�����������]�Z�L�
�N�V�]�H�Q�L�H���S�U���G�X���Z���*�\�á�D�F�K���S�R�Z�U�R�W�Q�\�F�K���Z���V�W�R�V�X�Q�N�X���G�R���Z�D�U�W�R���F�L���X�]�\�V�N�D�Q�\�F�K��
�Z�� �V�\�P�X�O�D�F�M�D�F�K�� �R�E�O�L�F�]�H�Q�L�R�Z�\�F�K���� �3�U�]�H�N�á�D�G�D�� �V�L�
�� �W�R�� �Q�D�� �Q�D�V�W�
�S�X�M���F�\�� �Z�]�U�R�V�W�� �V�W�U�Dt w �*�\�á�D�F�K��
powrotnych (3): 

  (3) 
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gdzie: �ûPsym �± straty mocy otrzymane z symulacji, Isym �± �S�U���G���Z���*�\�á�D�F�K���S�R�Z�U�R�W�Q�\�F�K���R�W�U�]�\�P�D�Q�\��
z symulacji, R �± rezystancja kabla, Irz �± �S�U���G���U�]�H�F�]�\�Z�L�V�W�\���Z���*�\�á�D�F�K���S�R�Z�U�R�W�Q�\�F�K���N�D�E�O�L�� �ûPrz �± 
rzeczywiste stra�W�\���Z���*�\�á�D�F�K���S�R�Z�U�R�W�Q�\�F�K���N�D�E�O�L�� 

�:���S�U�]�\�S�D�G�N�X���]�D�V�W�R�V�R�Z�D�Q�L�D���S�U�]�H�S�O�H�F�H�����V�W�U�D�W�\���Z���*�\�á�D�F�K���S�R�Z�U�R�W�Q�\�F�K���V�����S�R�P�L�M�D�O�Q�L�H���P�D�á�H����
�'�O�D�� �S�R�]�R�V�W�D�á�\�F�K�� �D�Q�D�O�L�]�R�Z�D�Q�\�F�K�� �S�U�]�\�S�D�G�N�y�Z�� �Z�\�Q�L�N�L�� �R�E�U�D�]�X�M���F�H�� �X�G�]�L�D�á�\�� �V�W�U�D�W�� �Z�� �*�\�á�D�F�K��
powrotnych w stosunku do strat w �*�\�á�D�F�K�� �U�R�E�R�F�]�\�F�K kabla dla �Z�\�E�U�D�Q�\�F�K�� �S�U�]�H�N�U�R�M�y�Z�� �N�D�E�O�L��
i �*�\�á�� �S�R�Z�U�R�W�Q�\�F�K�� �S�U�]�H�G�V�W�D�Z�L�R�Q�R�� �Q�D�� �U�\�V����9���� �:�L�G�R�F�]�Q�\�� �]�D�F�L�H�Q�L�R�Q�\�� �]�D�N�U�H�V�� �Z�\�Q�L�N�y�Z�� �G�O�D��
�S�R�V�]�F�]�H�J�y�O�Q�\�F�K�� �U�R�G�]�D�M�y�Z�� �N�D�E�O�L�� �Z�\�Q�L�N�D�� �]�� �U�y�*�Q�\�F�K�� �G�á�X�J�R���F�L�� �R�G�F�L�Q�N�y�Z�� �N�D�E�O�R�Z�\�F�K��
�D�Q�D�O�L�]�R�Z�D�Q�\�F�K�� �O�H�*���F�\�F�K�� �Z�� �]�D�N�U�H�V�L�H�� �������� �G�R�� ���� �N�P���� �'�O�D�� �S�U�]�H�S�U�R�Z�D�G�]�R�Q�\�F�K�� �V�\�P�X�Oacji 
�V�W�Z�L�H�U�G�]�R�Q�R���� �*�H�� �X�G�]�L�D�á�� �V�W�U�D�W�� �Z�� �*�\�á�D�F�K�� �S�R�Z�U�R�W�Q�\�F�K�� �Z��stratach w �*�\�á�D�F�K�� �U�R�E�R�F�]�\�F�K��kabla jest 
�V�W�D�á�\�� �G�O�D�� �S�R�V�]�F�]�H�J�y�O�Q�\�F�K�� �X�N�á�D�G�y�Z�� �N�D�E�O�L�� �Z�� �]�D�N�U�H�V�L�H�� �R�G�� ���� �G�R�� ���������� �R�E�F�L���*�H�Q�L�D�� �S�U���G�H�P��
znamionowym. 

 

 
Rys. 9�����8�G�]�L�D�á���V�W�U�D�W���P�R�F�\���Z���*�\�á�D�F�K���S�R�Z�U�R�W�Q�\�F�K���Z���V�W�U�D�W�D�F�K���Z �*�\�á�D�Fh roboczych dla kabli 240 

oraz 120 mm2 �G�O�D���S�U�]�\�S�D�G�N�y�Z���R�G�]�L�H�P�L�D�Q�L�D���L���R�J�U�D�Q�L�F�]�H�Q�L�D���S�U�]�H�N�U�R�M�X���W�\�F�K���*�\�á 
 
�:�� �S�U�]�\�S�D�G�N�X�� �N�U�y�W�N�L�F�K�� �R�G�F�L�Q�N�y�Z�� �O�L�Q�L�L�� �N�D�E�O�R�Z�\�F�K�� �S�U�D�F�X�M���F�\�F�K�� �Z�� �P�R�V�W�D�F�K�� �N�D�E�O�R�Z�\�F�K��

�S�U�]�H�S�O�H�F�H�Q�L�D�� �Q�L�H�� �P�D�M���� �]�D�V�W�R�V�R�Z�D�Q�L�D���� �Q�D�W�R�P�L�D�V�W�� �U�D�F�M�R�Q�D�O�Q�H�� �M�H�V�W�� �R�G�]�L�H�P�L�H�Q�L�H jednostronne 
�Z�V�]�\�V�W�N�L�F�K���*�\�á���S�R�Z�U�R�W�Q�\�F�K�����M�D�N�R���*�H���X�]�L�H�P�L�H�Q�L�H���*�\�á���S�R�Z�U�R�W�Q�\�F�K���Q�L�H���P�D���L�V�W�R�W�Q�H�J�R���]�Q�D�F�]�H�Q�L�D���]�H��
�Z�]�J�O�
�G�X�� �Q�D�� �E�H�]�S�L�H�F�]�H���V�W�Z�R�� �S�R�U�D�*�H�Q�L�R�Z�H�� �Q�D�� �V�W�D�F�M�L�� �:�1���6�1�� �S�R�� �S�R�S�U�D�Z�Q�\�P�� �]�D�L�]�R�O�R�Z�D�Q�L�X��
�R�G�]�L�H�P�L�R�Q�\�F�K���N�R���F�y�Z�����8�G�]�L�D�á���V�W�U�D�W���P�R�F�\���Z���*�\�á�D�F�K���S�R�Z�Uotnych w stratach w �*�\�á�D�F�K���U�R�E�R�F�]�\�F�K��
�P�R�V�W�y�Z �N�D�E�O�R�Z�\�F�K�� �G�O�D�� �U�y�*�Q�\�F�K�� �N�R�Q�I�L�J�X�U�D�F�M�L�� �S�R�á���F�]�H���� �*�\�á�� �S�R�Z�U�R�W�Q�\�F�K�� �R�U�D�]�� �D�Q�D�O�L�]�R�Z�D�Q�\�F�K��
�P�R�V�W�y�Z�� �N�D�E�O�R�Z�\�F�K�� �X�]�\�V�N�D�Q�H�� �Q�D�� �S�R�G�V�W�D�Z�L�H�� �V�N�R�U�\�J�R�Z�D�Q�\�F�K�� �S�R�P�L�D�U�R�Z�R�� �V�\�P�X�O�D�F�M�L�� �S�U�D�F�\��
�P�R�V�W�y�Z���S�U�]�\���U�y�*�Q�\�F�K���R�E�F�L���*�H�Q�L�D�F�K���S�U�]�H�G�V�W�D�Z�L�R�Q�R���Q�D���U�\�V�� 10. 
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Rys. 10�����8�G�]�L�D�á���V�W�U�D�W���P�R�F�\���Z���*�\�á�D�F�K���S�R�Z�U�R�W�Q�\�F�K���Z���V�W�U�D�W�D�F�K���Z���*�\�á�D�F�K���U�R�E�R�F�]�\�F�K���Z 

�P�R�V�W�D�F�K���N�D�E�O�R�Z�\�F�K���G�O�D���U�y�*�Q�\�F�K���N�R�Q�I�L�J�X�U�D�F�M�L���S�R�á���F�]�H�����R�U�D�] �P�R�V�W�y�Z���N�D�E�O�R�Z�\�F�K���]�á�R�*�R�Q�\�F�K��
z 3 �O�X�E�������Z�L���]�H�N���N�D�E�O�L 

 
Przedstawione wyniki �P�R�*�Q�D�� �Z�\�N�R�U�]�\�V�W�D�ü�� �G�O�D�� �R�V�]�D�F�R�Z�D�Q�L�D�� �R�V�]�F�]�
�G�Q�R���F�L�� �U�R�F�]�Q�\�F�K 

�Z�\�Q�L�N�D�M���F�\�F�K�� �]�H�� �]�P�L�D�Q�\�� �V�S�R�V�R�E�X�� �X�]�L�H�P�L�D�Q�L�D�� �*�\�á�� �S�R�Z�U�R�W�Q�\�F�K�� �]�J�R�G�Q�L�H�� �]�� �Q�L�*�H�M�� �S�U�]�H�G�V�W�D�Z�L�R�Q����
�S�U�R�F�H�G�X�U���� 

a. Wyznaczanie strat maksymalnych Pmax �Z���N�D�E�O�X���Z���*�\�á�D�F�K���U�R�E�R�F�]�\�F�K������������ 

      (4) 

gdzie: Imax �± �S�U���G���Z���*�\�O�H���U�R�E�R�F�]�H�M���R�G�F�L�Q�N�D���N�D�E�O�D���D�Q�D�O�L�]�R�Z�D�Q�H�J�R����l �± �G�á�X�J�R���ü���R�G�F�L�Q�N�D���>�P�@������ �± 
�S�U�]�H�Z�R�G�Q�R���ü���*�\�á�\���U�R�E�R�F�]�H�M���>�P�����
�P�P2)], s - �S�U�]�H�N�U�y�M���>�P�P2]. 

�'�D�Q�H�� �G�R�W�\�F�]���F�H�� �R�E�F�L���*�H�Q�L�D�� �D�Q�D�O�L�]�R�Z�D�Q�\�F�K�� �R�G�F�L�Q�N�y�Z�� �P�R�*�Q�D�� �S�R�]�\�V�N�D�ü�� �]�� �U�H�M�H�V�W�U�D�F�M�L��
�R�E�F�L���*�H�����S�y�O���Z���*�3�=���S�U�]�H�]���V�\�V�W�H�P���]�D�U�]�D�G�]�D�Q�L�D���S�U�D�F�����V�L�H�F�L�����'�0�6�����G�O�D���Z�\�S�U�R�Z�D�G�]�H�����N�D�E�O�R�Z�\�F�K��
�]���*�3�=�����G�O�D���F�L���J�y�Z���Z���J�á�
�E�L���V�L�H�F�L���P�R�*�Q�D���G�R�N�R�Q�D�ü���S�R�G�]�L�D�á�X���S�U���G�X���N�D�E�O�D���Z�\�S�U�R�Z�D�G�]�D�M���F�H�J�R���P�R�F��
�]�� �*�3�=���� �]�D�U�H�M�H�V�W�U�R�Z�D�Q�H�J�R�� �S�U�]�H�]�� �'�0�6���� �Z�J�� �X�G�]�L�D�á�X�� �V�X�P�\�� �P�R�F�\�� �W�U�D�Q�V�I�R�U�P�D�W�R�U�y�Z�� �6�1���Q�Q��
zasilanych z danego kabla do sumy mocy wszystki�F�K�� �W�U�D�Q�V�I�R�U�P�D�W�R�U�y�Z�� �]�D�V�L�O�D�Q�\�F�K��
z �D�Q�D�O�L�]�R�Z�D�Q�H�J�R���F�L���J�X���Z�\�S�U�R�Z�D�G�]�D�M���F�H�J�R���P�R�F���]���*�3�=���� 

b. �2�N�U�H���O�H�Q�L�H�� �U�R�F�]�Q�\�F�K�� �R�V�]�F�]�
�G�Q�R���F�L�� �Z�� �V�W�U�D�W�D�F�K�� �H�Q�H�U�J�L�L���©El(BEB-m)i �Z�� �*�\�á�D�F�K�� �S�R�Z�U�R�W�Q�\�F�K��
w roku i na skutek zmiany sposobu ich pracy z obustronnego uziemienia (ang. both-end 
earthing BEB�����P�D���D�Q�D�O�L�]�R�Z�D�Q�\���V�S�R�V�y�E���S�R���P�R�G�H�U�Q�L�]�D�F�M�L����m): 

   (5) 

gdzie: �©PlBEB%; �©Plm% - �Z�D�U�W�R���F�L�� �V�W�U�D�W�� �P�R�F�\�� �>���@�� �G�O�D�� �U�R�]�Z�D�*�D�Q�\�F�K�� �V�S�R�V�R�E�y�Z�� �S�U�D�F�\�� �*�\�á��
powrotnych przedstawion�H���S�U�]�\�N�á�D�G�R�Z�R���Q�D���U�\�V���� ���� �R�U�D�]�� ����; Pmax - �V�W�U�D�W�\�� �Z���*�\�á�D�F�K���U�R�E�R�F�]�\�F�K��
�R�G�F�L�Q�N�D���O�L�Q�L�L���N�D�E�O�R�Z�H�M���Z�H�G�á�X�J���]�D�O�H�*�Q�R���F�L�������������2max �± roczny czas trwania strat maksymalnych 
w analizowanym odcinku kabla, �©Pa - �S�U�]�\�U�R�V�W�� �U�R�F�]�Q�\�� �V�W�U�D�W�� �Q�D�� �V�N�X�W�H�N�� �S�U�]�\�U�R�V�W�X�� �R�E�F�L���*�H�Q�L�D��
odcinka [%]. 
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�:���F�H�O�X���R�N�U�H���O�H�Q�L�D���U�R�]�S�á�\�Z�y�Z���P�R�F�\���Z���S�R�V�]�F�]�H�J�y�O�Q�\�F�K���R�G�F�L�Q�N�D�F�K���O�L�Q�L�L���N�D�E�O�R�Z�\�F�K Pmax 
�P�R�*�Q�D���S�R�V�á�X�*�\�ü���V�L�
���P�H�W�R�G�����U�R�]�G�]�L�D�á�X���R�E�F�L���*�H�����Q�D���S�R�G�V�W�D�Z�L�H���P�R�F�\���]�Q�D�P�L�R�Q�R�Z�\�F�K��zasilanych 
�W�U�D�Q�V�I�R�U�P�D�W�R�U�y�Z���� �U�R�]�G�]�L�D�á�X�� �R�E�F�L���*�H���� �Q�D�� �S�R�G�V�W�D�Z�L�H�� �P�L�H�V�L�
�F�]�Q�\�F�K�� �R�G�F�]�\�W�y�Z���S�U�]�H�S�á�\�Z�D�M���F�H�M��
ener�J�L�L���� �D�Q�D�O�L�]�� �R�E�F�L���*�H���� �Q�D�� �S�R�G�V�W�Dwie standardowych �S�U�R�I�L�O�L�� �R�E�F�L���*�H�Q�L�D�� �O�X�E�� �Z�\�N�R�U�]�\�V�W�D�Q�L�X��
danych rejestrowanych przez liczniki inteligentne (ang. AMI , Advanced Metering 
Infrastructure) [1�@�����3�R�Z�V�]�H�F�K�Q�L�H���X�Z�D�*�D���V�L�
�����*�H���Z�\�N�R�U�]�\�V�W�D�Q�L�H���G�D�Q�\�F�K���]���V�\�V�W�H�P�X���$�0�,���S�R�]�Z�D�O�D��
�Q�D���R�V�L���J�Q�L�
�F�L�H���Q�D�M�G�R�N�á�D�G�Q�L�H�M�V�]�\�F�K���Z�\�Q�L�N�y�Z [25, 47�@�����Q�L�H�P�Q�L�H�M���M�H�G�Q�D�N���]�H���Z�]�J�O�
�G�X���Q�D���I�D�N�W�����*�H��
�V�\�V�W�H�P�� �$�0�,�� �Q�L�H�� �R�V�L���J�Q���á�� �S�H�á�Q�H�M�� �I�X�Q�N�F�M�R�Q�D�O�Q�R���F�L�� �Z�� �D�Q�D�O�L�]�D�F�K�� �Z�\�N�R�U�]�\�V�W�X�M�H�� �V�L�
�� �F�]�
�V�W�R�� �G�D�Q�H��
�Z�\�Q�L�N�D�M���F�H���]�H��standardowych �S�U�R�I�L�O�L���R�E�F�L���*�H�� [22].  

Czasy trwania strat maksymalnych �2max �G�O�D�� �R�G�F�L�Q�N�y�Z�� �V�L�H�F�L�� �G�\�V�W�U�\�E�X�F�\�M�Q�H�M�� �Z�� �3�R�O�V�F�H��
podawane �V���� �Z�� �O�L�W�H�U�D�W�X�U�]�H�� �L zgodnie z [36] dla �P�R�V�W�y�Z�� �N�D�E�O�R�Z�\�F�K�� �F�]�\���R�G�F�L�Q�N�y�Z��
�Z�\�S�U�R�Z�D�G�]�D�M���F�\�F�K���P�R�F���]���S�y�O���*�3�=���]�D�N�U�H�V���W�\�F�K���F�]�D�V�y�Z���O�H�*�\��w przedziale 1248 �± 4449 h przy 
�Z�D�U�W�R���F�L�����U�H�G�Q�L�H�M�������������K���L���R�G�F�K�\�O�H�Q�L�X���V�W�D�Q�G�D�U�G�R�Z�\�P�����������K�����:�\�E�y�U���Z�á�D���F�L�Z�H�J�R���F�]�D�V�X���W�U�Z�D�Q�L�D��
�V�W�U�D�W���P�D�N�V�\�P�D�O�Q�\�F�K���]�D�O�H�*�\���R�G���U�R�G�]�D�M�y�Z���R�E�F�L���*�H����przenoszonych danym elementem �± �Z�L�
�N�V�]�H��
�F�]�D�V�\���G�O�D���R�E�F�L���*�H�����S�U�]�H�P�\�V�á�R�Z�\�F�K�����P�Q�L�H�M�V�]�H���G�O�D���E�\�W�R�Z�R-komunalnych�����'�O�D���R�G�F�L�Q�N�y�Z���Z���J�á�
�E�L��
�V�L�H�F�L�����R�E�F�L���*�R�Q�\�F�K���V�W�D�F�M�D�P�L���6�1���Q�Q�����]�D�N�U�H�V �U�R�]�Z�D�*�D�Q�\�F�K���F�]�D�V�y�Z���O�H�*�\���Z���R�E�V�]�D�U�]�H���Z�D�U�W�R���F�L���R�G��
���������G�R�������������K���S�U�]�\�� �Z�D�U�W�R���F�L�����U�H�G�Q�L�H�M���������� h i odchyleniu standardowym 801 h. �'�O�D���F�L���J�y�Z��
�O�L�Q�L�R�Z�\�F�K�� �]�D�V�L�O�D�M���F�\�F�K�� �S�R�V�]�F�]�H�J�y�O�Q�H�� �V�W�D�F�M�H�� �6�1���Q�Q�� �Z�� �J�á�
�E�L�� �V�L�H�F�L, gdy nie dysponujemy 
�R�E�F�L���*�H�Q�L�D�P�L�� �]�� �S�R�P�L�D�U�y�Z�� racjonalne �E�
�G�]�L�H�� �S�U�]�\�M�
�F�L�H�� �Z�D�U�W�R���F�L�� �] podanego zakresu 
z �X�Z�]�J�O�
�G�Q�L�H�Q�L�H�P���X�G�]�L�D�á�X���V�X�P�\���P�R�F�\���]�Q�D�P�L�R�Q�R�Z�\�F�K���]�D�V�L�O�D�Q�\�F�K���]���G�D�Q�H�M���V�H�N�F�M�L���N�D�E�O�D���G�R���V�X�P�\��
�P�R�F�\�� �Z�V�]�\�V�W�N�L�F�K�� �V�W�D�F�M�L�� �W�U�D�Q�V�I�R�U�P�D�W�R�U�R�Z�\�F�K�� �]�D�V�L�O�D�Q�\�F�K�� �]�� �D�Q�D�O�L�]�R�Z�D�Q�H�J�R�� �F�L���J�X�� �O�L�Q�L�R�Z�H�J�R, 
a �W�D�N�*�H���U�R�G�]�D�M�X���]�D�V�L�O�D�Q�\�F�K���R�G�E�L�R�U�y�Z.  
c. �=�G�\�V�N�R�Q�W�R�Z�D�Q�D���Z�D�U�W�R���ü���V�W�U�D�W���]�D���R�N�U�H�V���H�N�V�S�O�R�D�W�D�F�M�L���N�D�E�O�D �©Elmd 

�:�� �F�H�O�X�� �Z�\�]�Q�D�F�]�H�Q�L�D�� �Z�D�U�W�R���F�L�� �]�D�R�V�]�F�]�
�G�]�R�Q�\�F�K�� �V�W�U�D�W�� �]�G�\�V�N�R�Q�W�R�Z�D�Q�\�F�K���©Elmd �Q�D�O�H�*�\��
�]�V�X�P�R�Z�D�ü�� �R�V�]�F�]�
�G�Q�R���F�L�� �U�R�F�]�Q�H�� �S�R�Z�V�W�D�á�H�� �Z�� �Z�\�Q�L�N�X�� �P�R�G�H�U�Q�L�]�D�F�M�L���� �N�W�y�U�\�F�K�� �Z�D�U�W�R���ü��
�V�S�U�R�Z�D�G�]�D�P�\���G�R���U�R�N�X���]�H�U�R�Z�H�J�R�����V�W�R�V�X�M���F���S�R�Q�L�*�V�]�����]�D�O�H�*�Q�R���ü���� 

   (6) 

gdzie: �©El(BEB-m)i - �U�R�F�]�Q�H�� �R�V�]�F�]�
�G�Q�R���F�L�� �Z�� �V�W�U�D�W�D�F�K�� �H�Q�H�U�J�L�L�� �G�D�Q�H�� �]�D�O�H�*�Q�R���F�L���� ����������Cee0, �©Ca �± 
�F�H�Q�D���U�\�Q�N�R�Z�D���H�Q�H�U�J�L�L���H�O�H�N�W�U�\�F�]�Q�H�M���Z���U�R�N�X���]�H�U�R�Z�\�P���>�]�á���N�:�K�@���L���M�H�M���V�S�R�G�]�L�H�Z�D�Q�\���U�R�F�]�Q�\���S�U�]�\�U�R�V�W��
w [%], Rd �± roczna stopa dyskonta w [%] �G�O�D���R�N�U�H���O�H�Q�L�D���Z�D�U�W�R���F�L���V�W�U�D�W���Z���U�R�N�X�������� 

�2�N�U�H�V���G�\�V�N�R�Q�W�D���S�U�]�\�M�
�W�R���Q�D���������O�D�W���W�R���]�Q�D�F�]�\���Q�L�H�]�Q�D�F�]�Q�L�H���S�R�Z�\�*�H�M���N�V�L�
�J�R�Z�H�J�R���R�N�U�H�V�X��
amortyzacji linii k�D�E�O�R�Z�H�M���Z�\�Q�R�V�]���F�H�J�R�������������U�R�N�X���>45].  

�1�D�N�á�D�G�\���L�Q�Z�H�V�W�\�F�\�M�Q�H���Q�D���P�R�G�H�U�Q�L�]�D�F�M�
���V�S�R�V�R�E�X���S�U�D�F�\���*�\�á���S�R�Z�U�R�W�Q�\�F�K���R�G�F�L�Q�N�y�Z���N�D�E�O�L��
Vi �Z�\�V�W�
�S�X�M���F�H�� �Z�� �Q�L�H�U�y�Z�Q�R���F�L�� �������� �]�D�O�H�*���� �R�G�� �]�D�V�W�R�V�R�Z�D�Q�H�J�R�� �U�R�]�Z�L���]�D�Q�L�D���� �1�D�M�W�D���V�]�\�P��
�U�R�]�Z�L���]�D�Q�L�H�P�� �M�H�V�W��jednostronne uziemienie �*�\�á�� �S�R�Z�U�R�W�Q�\�F�K���� �F�R�� �Z�L���*�H�� �V�L�
�� �]�� �N�R�V�]�W�D�P�L�� �S�U�D�F�\��
�E�U�\�J�D�G�\�� �H�N�V�S�O�R�D�W�D�F�\�M�Q�H�M�� �S�U�]�H�S�U�R�Z�D�G�]�D�M���F�H�M�� �]�D�L�]�R�O�R�Z�D�Q�L�H���R�G�]�L�H�P�L�R�Q�H�J�R�� �N�R���F�D�� �N�D�E�O�D��
i �Q�L�H�Z�L�H�O�N�L�P�L�� �N�R�V�]�W�D�P�L�� �P�D�W�H�U�L�D�á�R�Z�\�P�L���� �=�D�V�W�R�V�R�Z�D�Q�L�H�� �S�U�]�H�S�O�H�F�H���� �M�H�V�W�� �]�G�H�F�\�G�R�Z�D�Q�L�H�� �E�D�U�G�]�L�H�M��
�N�R�V�]�W�R�Z�Q�H�����S�R�Q�L�H�Z�D�*���Z�\�P�D�J�D���]�D�N�X�S�L�H�Q�L�D���L��zainstalowania muf przepleceniowych lub skrzynek 
�N�D�E�O�R�Z�\�F�K�� �G�O�D�� �U�H�D�O�L�]�D�F�M�L�� �S�U�]�H�S�O�H�F�H������ �=�D�V�W�R�V�R�Z�D�Q�L�H�� �*�\�á�\�� �S�R�Zrotnej o mniejszym przekroju, 
w �V�W�R�V�X�Q�N�X���G�R���G�R�W�\�F�K�F�]�D�V���X�]�Q�D�Z�D�Q�H�J�R���]�D���U�R�]�Z�L���]�D�Q�L�H���V�W�D�Q�G�D�U�G�R�Z�H�����S�U�R�Z�D�G�]�L���G�R���]�Q�D�F�]���F�\�F�K��
�R�V�]�F�]�
�G�Q�R���F�L���Z���Q�D�N�á�D�G�D�F�K���L�Q�Z�H�V�W�\�F�\�M�Q�\�F�K�����N�W�y�U�H���V�����W�\�P���Z�L�
�N�V�]�H���L�P���G�á�X�*�V�]�\���M�H�V�W���D�Q�D�O�L�]�R�Z�D�Q�\��
�R�G�F�L�Q�H�N���N�D�E�O�D���R�U�D�]���V�N�X�W�N�X�M�H���R�J�U�D�Q�L�F�]�H�Q�L�H�P���S�R�]�L�R�P�X���V�W�U�D�W�����D�O�H���M�H�V�W���G�R���Z�G�U�R�*�H�Q�L�D���W�\�O�N�R���Q�D���H�W�D�S�L�H��
budowy linii kablowej, bo jej wymiana na lini�
 �R���P�Q�L�H�M�V�]�\�P���S�U�]�H�N�U�R�M�X���*�\�á�\���S�R�Z�U�R�W�Q�H�M���Q�L�H���M�H�V�W��
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ekonomicznie efektywna z �S�R�Z�R�G�X�� �Z�\�V�R�N�L�F�K�� �Q�D�N�á�D�G�y�Z�� �L�Q�Z�H�V�W�\�F�\�M�Q�\�F�K�� �]�E�O�L�*�R�Q�\�F�K�� �G�R��
�U�R�]�Z�L���]�D�Q�L�D���S�L�H�U�Z�R�W�Q�H�J�R budowy linii kablowej. 

�3�U�]�H�S�U�R�Z�D�G�]�R�Q�R�� �Z�L�H�O�H�� �D�Q�D�O�L�]�� �R�S�á�D�F�D�O�Q�R���F�L�� �]�D�V�W�R�V�R�Z�D�Q�L�D�� �S�U�]�H�G�V�W�D�Z�L�R�Q�\�F�K�� �Z�\�*�H�M��
�P�R�G�H�U�Q�L�]�D�F�M�L���V�S�R�V�R�E�X���S�U�D�F�\���*�\�á���S�R�Z�U�R�W�Q�\�F�K���G�O�D���R�J�U�D�Q�L�F�]�H�Q�L�D���V�W�U�D�W �Z���*�\�á�D�F�K���S�R�Z�U�R�W�Q�\�F�K���N�D�E�O�L����
Koszty strat sprowadzano do roku zerowego, �W�]�Q���� ���������� �S�U�]�\�� �]�D�V�W�R�V�R�Z�D�Q�L�X�� �G�Z�y�F�K�� �V�W�y�S��
dyskonta: niskiej, �Z�\�Q�R�V�]���F�H�M�� ���������� �V�W�R�V�R�Z�D�Q�H�M�� �S�U�]�\�� �R�E�O�L�F�]�D�Q�L�X�� �Z�D�U�W�R���F�L�� �S�R�P�R�F�\�� �S�X�E�O�L�F�]�Q�H�M��
w przypadku �U�R�]�á�R�*�H�Q�La �S�á�D�W�Q�R���F�L�� �Q�D�� �U�D�W�\�� �R�U�D�]�� �Z�\�*�V�]�H�M, wy�Q�L�N�D�M���F�H�M�� �]�� �N�R�V�]�W�X�� �N�D�S�L�W�D�á�X��
�R�S�H�U�D�W�R�U�y�Z�� �V�L�H�F�L�� �G�\�V�W�U�\�E�X�F�\�M�Q�\�F�K�� �Z�� �3�R�O�V�F�H�� �Z�\�Q�R�V�]���F�H�M�� ���������������� �=�D�á�R�*�R�Q�R�� �Z�]�U�R�V�W�� �U�R�F�]�Q�H�J�R��
o�E�F�L���*�H�Q�L�D�� �R�G�F�L�Q�N�y�Z�� �Q�D�� �S�R�]�L�R�P�L�H��0,5% i roczny wzrost cen energii na pokrycie strat na 
poziomie 2,5% w stosunku do ceny z 2017. Wyniki przeprow�D�G�]�R�Q�\�F�K�� �D�Q�D�O�L�]�� �V�N�á�D�Q�L�D�M���� �G�R��
�V�I�R�U�P�X�á�R�Z�D�Q�L�D���Q�D�V�W�
�S�X�M���F�\�F�K���Z�Q�L�R�V�N�y�Z�� 
�� �E�U�D�N���R�S�á�D�F�D�O�Q�R���F�L���V�W�R�V�R�Z�D�Q�L�D���S�U�]�H�S�O�H�F�H�����L�V�W�Q�L�H�M���F�\�F�K���R�G�F�L�Q�N�y�Z���O�L�Q�L�L���N�D�E�O�R�Z�\�F�K���]�H���Z�]�J�O�
�G�X��

�Q�D���Q�L�V�N�����Z�D�U�W�R���ü���]�G�\�V�N�R�Q�W�R�Z�D�Q�\�F�K���V�W�U�D�W���]�D�R�V�]�F�]�
�G�]�R�Q�\�F�K�����Z�\�Q�R�V�]���F�����G�O�D���D�Q�D�O�L�]�R�Z�D�Q�\�F�K��
�R�G�F�L�Q�N�y�Z�� �O�L�Q�L�L�� �P�D�N�V�\�P�D�O�Q�L�H�� �G�R�� ���������� �]�á�� �Z�� �R�N�U�H�V�L�H�� ������ �O�D�W���� �G�O�D�� �E�L�H�*���F�\�F�K�� �R�E�F�L���*�H���� �O�L�Q�L�L��
�N�D�E�O�R�Z�\�F�K���F�K�D�U�D�N�W�H�U�\�V�W�\�F�]�Q�\�F�K���G�O�D���R�G�E�L�R�U�F�y�Z���E�\�W�R�Z�R-komunalnych, 

�� �R�S�á�D�F�D�O�Q�R���ü���]�D�V�W�R�V�R�Z�D�Q�L�D���R�G�]�L�H�P�L�D�Q�L�D���G�Z�y�F�K���*�\�á���S�R�Z�U�R�W�Q�\�F�K���G�O�D���N�D�E�O�L���R�E�F�L���*�R�Q�\�F�K���P�R�F����
�P�D�N�V�\�P�D�O�Q�����U�]�
�G�X�������0�9�$���G�O�D���R�G�E�L�R�U�F�y�Z���Eytowo-komunalnych, 

�� �E�U�D�N�� �R�S�á�D�F�D�O�Q�R���F�L�� �]�D�V�W�R�V�R�Z�D�Q�L�D�� �R�G�]�L�H�P�L�D�Q�L�D�� �*�\�á�� �S�R�Z�U�R�W�Q�\�F�K�� �Z�� �L�V�W�Q�L�H�M���F�\�F�K�� �P�R�V�W�D�F�K��
�N�D�E�O�R�Z�\�F�K���]�H���Z�]�J�O�
�G�X���Q�D���Q�L�V�N�����Z�D�U�W�R���ü���]�G�\�V�N�R�Q�W�R�Z�D�Q�\�F�K���V�W�U�D�W���Z���*�\�á�D�F�K���S�R�Z�U�R�W�Q�\�F�K���W�\�F�K��
�P�R�V�W�y�Z���R�E�F�L���*�H�Q�L�D�����F�R���Z�\�Q�L�N�D���]���L�F�K���P�D�á�H�M���G�á�X�J�R���F�L�����P�L�P�R���L�F�K���]�Q�D�F�]���F�H�J�R���R�E�F�L���*�H�Q�L�D�� 

�� �R�S�á�D�F�D�O�Q�R���ü�� �]�D�V�W�R�V�R�Z�D�Q�L�D�� �Z�� �Q�R�Z�\�F�K�� �O�L�Q�L�D�F�K�� �N�D�E�O�R�Z�\�F�K�� �*�\�á�� �S�R�Z�U�R�W�Q�\�F�K�� �R�� �S�U�]�H�N�U�R�M�X��
25 mm2 w miejsce standardowo stosowanych dotychczas 50 mm2 �L���U�R�]�Z�D�*�D�Q�L�H���R�S�á�D�F�D�O�Q�R���F�L��
odziemienia ���� �]�� ���� �*�\�á�� �S�R�Z�U�R�W�Q�\�F�K�� �W�D�N�L�F�K�� �N�D�E�O�L�� �Z�� �]�D�O�H�*�Q�R���F�L�� �R�G�� �Z�\�Q�L�N�y�Z�� �V�]�D�F�X�Q�N�R�Z�H�M��
analizy ekonomicznej, 

�� �R�S�á�D�F�D�O�Q�R���ü���]�D�V�W�R�V�R�Z�D�Q�L�D���Z���P�R�V�W�D�F�K���N�D�E�O�R�Z�\�F�K���*�\�á���S�R�Z�U�R�W�Q�\�F�K���R���S�U�]�H�N�U�R�M�X���������P�P2 przy 
�M�H�G�Q�R�V�W�U�R�Q�Q�\�P���R�G�]�L�H�P�L�H�Q�L�X���Z�V�]�\�V�W�N�L�F�K���*�\�á���S�R�Z�U�R�W�Q�\�F�K���Z���S�U�]�\�S�D�G�N�X���Q�R�Z�\�F�K���L�Q�Z�H�V�W�\�Fji.  

 
�������=�D�J�U�R�*�H�Q�L�D���Z�\�Q�L�N�D�M���F�H���]���R�G�]�L�H�P�L�D�Q�L�D���*�\�á���S�R�Z�U�R�W�Q�\�F�K���R�G�F�L�Q�N�y�Z���O�L�Q�L�L���N�D�E�O�R�Z�\�F�K�� 

 
�-�H�G�Q�R�V�W�U�R�Q�Q�H�� �R�G�]�L�H�P�L�D�Q�L�H�� �Z�\�E�U�D�Q�\�F�K�� �O�X�E�� �Z�V�]�\�V�W�N�L�F�K�� �*�\�á�� �S�R�Z�U�R�W�Q�\�F�K�� �N�D�E�O�L�� �M�H�V�W��

�Q�D�M�E�D�U�G�]�L�H�M���L�Q�W�H�U�H�V�X�M���F�\�P���V�S�R�V�R�E�H�P���]�D�S�R�E�L�H�J�D�Q�L�D���Q�D�G�P�L�H�U�Q�\�P���V�W�U�D�W�R�P w �*�\�á�D�F�K���S�R�Z�U�R�W�Q�\�F�K��
kabli. �1�L�H�V�W�H�W�\�� �]�L�G�H�Q�W�\�I�L�N�R�Z�D�Q�R�� �U�y�Z�Q�L�H�*�� �]�D�J�U�R�*�H�Q�L�D�� �Z�\�Q�L�N�D�M���F�H�� �]�� �W�H�J�R�� �V�S�R�V�R�E�X�� �S�U�D�F�\�� �*�\�á��
�S�R�Z�U�R�W�Q�\�F�K���R�P�y�Z�L�R�Q�H���S�R�Q�L�*�H�M�� 

 
6.1. �=�D�J�U�R�*�H�Q�L�D���S�R�U�D�*�H�Q�L�R�Z�H���Q�D���V�W�D�F�M�D�F�K���U�R�]�G�]�L�H�O�F�]�\�F�K���6�1���Q�Q 

 
�2�G�]�L�H�P�L�D�Q�L�H���*�\�á���S�R�Z�U�R�W�Q�\�F�K���Z�S�á�\�Z�D��na �S�U���G�\ uziomowe oraz na �Q�D�S�L�
�F�L�D �U�D�*�H�Q�L�R�Z�H 

�P�R�J���F�H���Z�\�V�W�
�S�R�Z�D�ü podczas �]�Z�D�U�ü doziemnych na stacjach SN/nn oraz w obwodach nn 
zasilanych z tych stacji [41, 42]���� �3�U���G��zwarciowy doziemny Ik1 �U�R�]�G�]�L�H�O�D�� �V�L�
�� �Q�D���V�N�á�D�G�R�Z�� 
�V�S�á�\�Z�D�M���F�� poprzez uziom stacji Ie oraz �S�U���G �S�R�Z�U�D�F�D�M���F�\���*�\�á�D�P�L���S�R�Z�U�R�W�Q�\�P�L��Is: 

      (7) 

Tylko �V�N�á�D�G�R�Z�D Ie powoduje wzrost napi�
�ü ra�*eniowych na stacjach. Zmniejszanie 
�S�U���G�X uziomowego Ie�����Q�D���V�N�X�W�H�N���R�G�S�U�R�Z�D�G�]�D�Q�L�D���F�]�
���F�L���S�U���G�X���]�Z�D�U�F�L�R�Z�H�J�R���S�U�]�H�]���*�\�á�\���S�R�Z�U�R�W�Q�H��
kabli, �Z�\�]�Q�D�F�]�D�� �V�L�
�� �Z�� �R�S�D�U�F�L�X�� �R�� �]�Q�D�M�R�P�R���ü�� �Z�D�U�W�R���F�L �Z�V�S�y�á�F�]�\�Q�Q�L�N�D�� �U�H�G�X�N�F�\�M�Q�H�J�R��r 
�S�R�Z�R�G�X�M���F�H�J�R ograniczenie �Z�D�U�W�R���F�L �S�U���G�X uziomowego, zgodnie ze wzorem: 
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      (8) 

�:�V�S�y�á�F�]�\�Q�Q�L�N�� �U�H�G�X�N�F�\�M�Q�\�� �Z�\�]�Q�D�F�]�D�Q�\ dla linii kablowej �]�á�R�*�R�Q�H�M�� �]�� �N�D�E�O�L��
�M�H�G�Q�R�*�\�á�R�Z�\�F�K���M�H�V�W���Q�D�M�F�]�
���F�L�H�M��opisywany �]�D�O�H�*�Q�R���F�L��: 

   (9) 

gdzie: ZM �± �R�]�Q�D�F�]�D���L�P�S�H�G�D�Q�F�M�
���Z�]�D�M�H�P�Q�����S�R�P�L�
�G�]�\���*�\�á�����U�R�E�R�F�]�������Z���N�W�y�U�H�M���S�U�]�H�S�á�\�Z�D���S�U���G��Ik 

�D�� �*�\�á�D�P�L�� �S�R�Z�U�R�W�Q�\�P�L�� �N�D�E�O�D, Z�)�3���± �R�]�Q�D�F�]�D�� �Z�\�S�D�G�N�R�Z���� �L�P�S�H�G�D�Q�F�M�
���Z�á�D�V�Q�����*�\�á�� �S�R�Z�U�R�W�Q�\�F�K��
kabla. 

�:�]�y�U���W�H�Q���M�H�V�W���Z���S�H�á�Q�L���X�]�D�V�D�G�Q�L�R�Q�\�� �S�U�]�\���S�R�P�L�Q�L�
�F�L�X���U�H�]�\�V�W�D�Q�F�M�L �X�]�L�H�P�L�H�Q�L�D���W�U�]�H�F�K���*�\�á��
�S�R�Z�U�R�W�Q�\�F�K�����3�R���X�Z�]�J�O�
�G�Q�L�H�Q�L�X���U�H�]�\�V�W�D�Q�F�M�L���X�]�L�H�P�L�H�� [5], �U�R�]�S�á�\�Z���S�U���G�X���]�Z�D�U�F�L�D���G�R�]�L�H�Pnego 
�E�
�G�]�L�H�� �]�J�R�G�Q�\�� �]�� �U�\�V�� 11, �Q�D�� �N�W�y�U�\�P�� �]�D�]�Q�D�F�]�R�Q�R�� �S�U�]�\�S�D�G�H�N�� �]�D�N�á�y�F�H�Q�L�D�� �G�R�]�L�H�P�Q�H�J�R�� �Z�� �V�W�D�Fji 
�6�1���Q�Q���]�D�V�L�O�D�Q�H�M���O�L�Q�L�����N�D�E�O�R�Z�����E�H�]�S�R���U�H�G�Q�L�R���]���*�3�=-tu.  

 

 
Rys. 11. �5�R�]�S�á�\�Z���S�U���G�X���]�Z�D�U�F�L�D���G�R�]�L�H�P�Q�H�J�R���Q�D���V�W�D�F�M�L���6�1���Q�Q���]���X�Z�]�J�O�
�G�Q�L�H�Q�L�H�P���*�\�á��

�S�R�Z�U�R�W�Q�\�F�K���N�D�E�O�D���]�D�V�L�O�D�M���F�H�J�R���R�U�D�]���U�H�]�\�V�W�D�Q�F�M�L���X�]�L�H�P�L�H�����R�E�X���V�W�D�F�M�L; ZN �± impedancja 
uziemienia punktu neutralnego sieci SN (rezystor lub cewka Petersena), C0 - �S�R�M�H�P�Q�R���ü��

doziemna sieci, Ik1 �± �S�U���G���]�Z�D�U�F�L�D���G�R�]�L�H�P�Q�H�J�R�����5110 �± �U�H�]�\�V�W�D�Q�F�M�D���X�]�L�H�P�L�H�Q�L�D���J�á�y�Z�Q�H�M���V�W�D�F�M�L��
�]�D�V�L�O�D�M���F�H�M�����5SN �± rezystancja uziemienia stacji odbiorczej, L �± �G�á�X�J�R���ü���U�R�]�S�D�W�U�\�Z�D�Q�H�J�R��

odcinka kabla [km] 
 
�5�y�*�Q�L�F�
���S�R�W�H�Q�F�M�D�á�y�Z���S�R�P�L�
�G�]�\���X�]�L�R�P�D�P�L���*�3�=���L���V�W�D�F�M�L���6�1���Q�Q���R�S�L�V�D�ü���P�R�*�Q�D���Q�D�V�W�
�S�X�M���F�� 

�]�D�O�H�*�Q�R���F�L��: 

  (10) 

gdzie: ZMj  i  Z�)�3j - impedancje �M�H�G�Q�R�V�W�N�R�Z�H�� �>�Ÿ/km], r �± �Z�V�S�y�á�F�]�\�Q�Q�L�N�� �U�H�G�X�N�F�\�M�Q�\����R110 �± 
�U�H�]�\�V�W�D�Q�F�M�D�� �X�]�L�H�P�L�H�Q�L�D�� �J�á�y�Z�Q�H�M�� �V�W�D�F�M�L�� �]�D�V�L�O�D�M���F�H�M����RSN �± rezystancja uziemienia stacji 
odbiorczej, L �± �G�á�X�J�R���ü���U�R�]�S�D�W�U�\�Z�D�Q�H�J�R���R�G�F�L�Q�N�D���>�N�P�@�� 
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�3�U�]�H�N�V�]�W�D�á�F�D�M���F���Z�]�y�U����10�����R�W�U�]�\�P�X�M�H���V�L�
���]�D�O�H�*�Q�R���ü���Q�D���S�U���G���X�]�L�R�Powy w postaci: 

  (11) 

�=�H���Z�]�J�O�
�G�X���Q�D���I�D�N�W�����*�H���Q�D�M�F�]�
���F�L�H�M��R110 << RSN �Z���R�E�O�L�F�]�H�Q�L�D�F�K���X�Z�]�J�O�
�G�Q�L�D���V�L�
���S�U�]�H�G�H��
�Z�V�]�\�V�W�N�L�P���U�H�]�\�V�W�D�Q�F�M�
���X�]�L�H�P�L�H�Q�L�D���V�W�D�F�M�L���R�G�E�L�R�U�F�]�H�M��RSN. 

�-�D�N���á�D�W�Z�R���]�D�X�Z�D�*�\�ü���S�R�Z�\�*�V�]�����]�D�O�H�*�Q�R���ü���P�R�*�Q�D �U�y�Z�Q�L�H�*���S�U�]�H�G�V�W�D�Z�L�ü���Z���S�R�V�W�D�F�L: 

  (12) 

lub 

  (13) 

gdzie:  

  (14) 

�D���Z�V�S�y�á�F�]�\�Q�Q�L�N���N�R�U�H�N�F�\�M�Q�\��KKOR:  

  (15) 

�:�V�S�y�á�F�]�\�Q�Q�L�N���N�R�U�H�N�W�\��KKOR we wzorze (15�����G�R�W�\�F�]�\���X�N�á�D�G�X�����Z���N�W�y�U�\�P���X�]�L�H�P�L�R�Q�H���V����
�W�U�]�\���*�\�á�\���U�R�E�R�F�]�H�����3�R���R�G�]�L�H�P�L�H�Q�L�X �M�H�G�Q�H�M���O�X�E���G�Z�y�F�K���*�\�á���S�R�Z�U�R�W�Q�\�F�K���Z���V�W�D�F�M�L���6�1���Q�Q���Z�D�U�W�R���F�L��
�W�H�J�R�� �Z�V�S�y�á�F�]�\�Q�Q�L�N�D�� �X�O�H�J�Q�����]�P�L�D�Q�L�H���� �S�R�Q�L�H�Z�D�* �]�P�L�H�Q�L�����V�L�
�� �Z�D�U�W�R���F�L impedancji Z�)�3. Zakres 
spodziewanych zmian przedstawiono w tabeli 1 �G�O�D�� �W�U�]�H�F�K�� �V�S�R�V�R�E�y�Z�� �Z�\�]�Q�D�F�]�D�Q�L�D��
�Z�V�S�y�á�F�]�\�Q�Q�L�N�D���N�R�U�H�N�F�\�M�Q�H�J�R�� 

�� z pomi�D�U�y�Z���Q�D���R�G�F�L�Q�N�X���O�L�Q�L�L���N�D�E�O�R�Z�H�M���]�D�V�L�O�R�Q�H�M���Q�D�S�L�
�F�L�H�P���R�E�Q�L�*�R�Q�\�P 230/400 V, 
�� �X�S�U�R�V�]�F�]�R�Q�\�F�K�� �R�E�O�L�F�]�H���� �D�Q�D�O�L�W�\�F�]�Q�\�F�K�� �X�Z�]�J�O�H�G�Q�L�D�M���F�\�F�K�� �X�N�á�D�G�� �S�U�]�H�V�W�U�]�H�Q�Q�\�� �R�G�F�L�Q�N�D��

linii kablowej i jej parametry, 
�� symulacji obliczeniowych przy zastosowaniu oprogramowania PowerFactory. 

 
Tabela 1. �=�P�L�D�Q�\���Z�V�S�y�á�F�]�\�Q�Q�L�N�D���U�H�G�X�N�F�\�M�Q�H�J�R���S�U�]�\���R�G�]�L�H�P�L�D�Q�L�X���*�\�á���S�R�Z�U�R�W�Q�\�F�K���Z���V�W�R�V�X�Q�N�X��

�G�R���M�H�J�R���Z�D�U�W�R���F�L���S�R�G�F�]�D�V���X�]�L�H�P�L�H�Q�L�D���W�U�]�H�F�K���*�\�á���S�U�]�\���]�D�á�R�*�H�Q�L�X���S�R�U�y�Z�Q�\�Z�D�O�Q�\�F�K���Z�D�U�W�R���F�L��
impedancji Z�)�3 i rezystancji �X�]�L�H�P�L�H�� (R110+RSN) 

Lp. 
�:�V�N�D�(�Q�L�N��

�Z�]�U�R�V�W�X���Z�D�U�W�R���F�L��
r �Z�J���S�R�P�L�D�U�y�Z 

�:�V�N�D�(�Q�L�N���Z�]�U�R�V�W�X��
�Z�D�U�W�R���F�L��r wg 

�X�S�U�R�V�]�F�]�R�Q�\�F�K���R�E�O�L�F�]�H��  

�:�V�N�D�(�Q�L�N��
�Z�]�U�R�V�W�X���Z�D�U�W�R���F�L 
r wg symulacji 

PF 

Uwagi 

1 1,20 1,28 1,20 

po odziemieniu 
w stacji SN/nn 

�M�H�G�Q�H�M���*�\�á�\��
powrotnej 

2 1,70 1,79 1,75 

po odziemieniu 
w stacji SN/nn 

�G�Z�y�F�K���*�\�á��
powrotnych 
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�3�U�]�\�� �R�F�H�Q�L�H�� �U�R�]�S�á�\�Z�X�� �S�U���G�y�Z�� �X�]�L�R�P�R�Z�\�F�K�� �Z�� �V�W�D�F�M�D�F�K�� �6�1�� �]�D�V�L�O�D�Q�\�F�K�� �O�L�Q�L�D�P�L��
�N�D�E�O�R�Z�\�P�L���Q�D�O�H�*�\���Z �R�E�O�L�F�]�H�Q�L�D�F�K���Z�V�S�y�á�F�]�\�Q�Q�L�N�D���U�H�G�X�N�F�\�M�Q�H�J�R���X�Z�]�J�O�
�G�Q�L�D�ü���U�y�Z�Q�L�H�*���Z�S�á�\�Z��
�U�H�]�\�V�W�D�Q�F�M�L���X�]�L�H�P�L�H�����V�W�D�F�M�L���� �'�O�D���S�U�]�\�M�
�W�H�M sumarycznej �U�H�]�\�V�W�D�Q�F�M�L���X�]�L�H�P�L�H����stacji (R110+RSN) 
w zakresie 0-5 �:  �N�R�U�H�N�W�D���Z�V�S�y�á�F�]�\�Q�Q�L�N�D���U�H�G�X�N�F�\�M�Q�H�J�R���]�P�L�H�Q�L�D�ü���V�L�
�� �P�R�*�H���]�J�R�G�Q�L�H���] �N�U�]�\�Z����
przedsta�Z�L�R�Q���� �Q�D�� �U�\�V����12. �:�� �F�H�O�X�� �R�N�U�H���O�H�Q�L�D�� �U�H�]�\�V�W�D�Q�F�M�L�� �X�]�L�R�P�y�Z�� �U�]�H�F�]�\�Z�L�V�W�H�M��stacji SN/nn 
�Q�D�O�H�*�\���Z�\�N�R�Q�D�ü���S�R�P�L�D�U�\���]�J�R�G�Q�L�H���]���>13, 14]. 

 
Rys. 12�����=�P�L�D�Q�\���Z�V�S�y�á�F�]�\�Q�Q�L�N�D���N�R�U�\�J�X�M���F�H�J�R���Z�D�U�W�R���F�L���Z�V�S�y�á�F�]�\�Q�Q�L�N�D���U�H�G�X�N�F�\�M�Q�H�J�R��

w �]�D�O�H�*�Q�R���F�L���R�G��sumarycznej �U�H�]�\�V�W�D�Q�F�M�L���X�]�L�H�P�L�H�����*�\�á���S�R�Z�U�R�W�Q�\�F�K���N�D�E�O�D 
 

�%�D�G�D�Q�L�D���V�\�P�X�O�D�F�\�M�Q�H���L���S�U�y�E�\�� �S�R�O�L�J�R�Q�R�Z�H���Q�D���O�L�Q�L�L���N�D�E�O�R�Z�H�M���S�U�]�\�� �Q�D�S�L�
�F�L�X�� �R�E�Q�L�*�R�Q�\�P��
�Z�\�N�D�]�D�á�\�� �]�Z�L�
�N�V�]�D�Q�L�H�� �Z�V�S�y�á�F�]�\�Q�Q�L�N�D�� �U�H�G�X�N�F�\�M�Q�H�J�R�� �Z�� �Q�D�V�W�
�S�V�W�Z�L�H�� �R�G�]�L�H�P�L�D�Q�L�D�� �*�\�á��
powrotnych. Dla analizowanego przypadku, w�D�U�W�R���F�L�� �W�H�J�R�� �Z�V�S�y�á�F�]�\�Q�Q�L�N�D�� �G�O�D�� �R�E�X�V�W�U�R�Q�Q�L�H��
�X�]�L�H�P�L�R�Q�\�F�K���*�\�á���S�R�Z�U�R�W�Q�\�F�K���V���� �Q�D���S�R�]�L�R�P�L�H���������� �L�� �Z�]�U�D�V�W�D�M���� �G�R���Z�D�U�W�R���F�L���������� �S�R odziemieniu 
jedn�H�M�� �*�\�á�\�� �S�R�Z�U�R�W�Q�H�M�� �O�X�E��do 0,85 po �R�G�]�L�H�P�L�H�Q�L�X�� �G�Z�y�F�K�� �*�\�á�����'�R�S�X�V�]�F�]�D�O�Q�R���ü stosowania 
odziemienia �*�\�á �S�R�Z�U�R�W�Q�\�F�K���S�R�Z�L�Q�Q�D���E�\�ü���]�D�W�H�P���Z�H�U�\�I�L�N�R�Z�D�Q�D���So�G���Z�]�J�O�
�G�H�P���G�R�S�X�V�]�F�]�D�O�Q�\�F�K��
�Q�D�S�L�
�ü ra�*�H�Q�L�R�Z�\�F�K���Q�D���V�W�D�F�M�L�����N�W�y�U�H���]�D�O�H�*�� �U�y�Z�Q�L�H�*���R�G��rezystancji uziemienia stacji �S�R�á��czonych 
�*�\�á�D�P�L�� �S�R�Z�U�R�W�Q�\�P�L���� �'�D�Q�H�� �G�O�D�� �W�D�N�L�F�K�� �D�Q�D�O�L�]�� �P�R�*�Q�D���X�]�\�V�N�D�ü �S�U�R�Z�D�G�]���F badania symulacyjne 
�U�R�]�S�á�\�Z�X���S�U���G�y�Z zwar�ü�� �G�R�]�L�H�P�Q�\�F�K���G�O�D�� �D�N�W�X�D�O�Q�H�J�R���V�S�R�V�R�E�X���S�U�D�F�\�� �S�X�Q�N�W�X���Q�H�X�W�U�D�O�Q�H�J�R���V�L�H�F�L��
prz�\���N�R�Q�L�H�F�]�Q�\�P���X�Z�]�J�O�
�G�Q�L�H�Q�L�X���U�H�]�\�V�W�D�Q�F�M�L���X�]�L�H�P�L�H�� �*�\�á���S�R�Z�U�R�W�Q�\�F�K, przez kt�y�U�H���S�U�]�H�S�á�\�Z�D��
�S�U���G���]�Z�D�U�F�L�R�Z�\�� 

�:�� �S�U�]�\�S�D�G�N�X�� �P�R�V�W�y�Z�� �N�D�E�O�R�Z�\�F�K���X�]�L�H�P�L�H�Q�L�H�� �R�E�X�V�W�U�R�Q�Q�H�� �*�\�á�� �S�R�Z�U�R�W�Q�\�F�K�� �O�X�E�� �L�F�K��
�M�H�G�Q�R�V�W�U�R�Q�Q�H�� �R�G�]�L�H�P�L�H�Q�L�H�� �Q�L�H�� �S�U�]�\�F�]�\�Q�L�D�� �V�L�
�� �Z�� �V�S�R�V�y�E�� �L�V�W�R�W�Q�\�� �G�R�� �]�P�L�D�Q�\�� �S�U���G�X��
�S�U�]�H�S�á�\�Z�D�M���F�H�J�R���S�U�]�H�]���X�]�L�R�P���V�W�D�F�M�L��WN/SN, �D���]�D�W�H�P���Q�L�H���P�D���L�V�W�R�W�Q�H�J�R���Z�S�á�\�Z�X���Q�D���]�D�J�U�R�*�H�Q�L�H��
�S�R�U�D�*�H�Q�L�R�Z�H���S�R�G�F�]�D�V���]�Z�D�U�ü���M�H�G�Q�R�I�D�]�R�Z�\�F�K���Q�D��tej stacji. 

 
6.2. �3�U�]�H�S�L�
�F�L�D na izolowanych �N�R���F�D�F�K �*�\�á powrotnych kabli 

 
�2�G�]�L�H�P�L�D�Q�L�H�� �*�\�á�� �S�R�Z�U�R�W�Q�\�F�K�� �Q�L�H�� �S�R�Z�R�G�X�M�H�� �Q�H�J�D�W�\�Z�Q�\�F�K�� �V�N�X�W�N�y�Z�� �S�U�]�H�S�L�
�F�L�R�Z�\�F�K��

podczas pracy norm�D�O�Q�H�M�����=�D�J�U�R�*�H�Q�L�H���V�W�Z�D�U�]�D�M�����]�Z�D�Ucia doziemne oraz wielofazowe w  kablach 
�6�1���� �J�G�]�L�H�� �M�D�N�� �Z�\�Q�L�N�D�� �]�� �S�U�]�H�S�U�R�Z�D�G�]�R�Q�\�F�K�� �V�\�P�X�O�D�F�M�L�� �R�E�O�L�F�]�H�Q�L�R�Z�\�F�K���� �Z�D�U�W�R���ü�� �V�]�F�]�\�W�R�Z�D��
�S�U�]�H�S�L�
�ü���]�L�H�P�Q�R�]�Z�D�U�F�L�R�Z�\�F�K���Z���R�G�]�L�H�P�L�R�Q�\�F�K���*�\�á�D�F�K���S�R�Z�U�R�W�Q�\�F�K���P�R�*�H���E�\�ü���U�]�
�G�X��kilkunastu 
kV, co �P�R�*�H��stanowi�ü �]�D�J�U�R�*�H�Q�L�H���S�U�]�H�S�L�
�F�L�R�Z�H��dla izolacji kabla. Na ryzyko ewentualnego 
�X�V�]�N�R�G�]�H�Q�L�D���S�R�Z�á�R�N�L���Z�S�á�\�Z�D���Q�L�H���W�\�O�N�R���Z�D�U�W�R���ü���V�]�F�]�\�W�R�Z�D���S�U�]�H�S�L�
�ü�����D�O�H���U�y�Z�Q�L�H�*���F�]�
�V�W�R�W�O�L�Z�R���ü��
�Z�\�V�W�
�S�R�Z�D�Q�L�D�� �]�Z�D�U�ü�� �Z�� �O�L�Q�L�L�� �N�D�E�O�R�Z�H�M���� �6�]�F�]�H�J�y�O�Q�L�H�� �F�]�
�V�W�H�� �Q�D�U�D�*�H�Q�L�D�� �P�R�J���� �Z�\�V�W�
�S�R�Z�D�ü��
w �F�L���J�D�F�K�� �N�D�E�O�R�Z�R�� �Q�D�S�R�Z�L�H�W�U�]�Q�\�F�K���� �S�R�Q�L�H�Z�D�*�� �P�R�*�Q�D�� �V�L�
���V�S�R�G�]�L�H�Z�D�ü�� �G�X�*�H�M�� �L�O�R���F�L�� �]�Z�D�U�ü��
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w �R�E�V�]�D�U�]�H���R�G�F�L�Q�N�y�Z���Q�D�S�R�Z�L�H�W�U�]�Q�\�F�K���L���Q�H�J�D�W�\�Z�Q�H�J�R���V�N�X�P�X�O�R�Z�D�Q�H�J�R���Z�S�á�\�Z�X���Q�D���L�]�R�O�D�F�M�
���*�\�á��
powrotnych odziemianego kabla [31, 39]. W przypadku �]�D�V�W�R�V�R�Z�D�Q�L�D���R�G�L�]�R�O�R�Z�D�Q�L�D���G�Z�y�F�K���*�\�á��
�S�R�Z�U�R�W�Q�\�F�K���N�D�E�O�D�����U�H�P�H�G�L�X�P���Q�D���P�R�*�O�L�Z�R���ü���Z�]�P�D�F�Q�L�D�Q�L�D���I�D�O�L���S�U�]�H�S�L�
�F�L�R�Z�H�M���Q�D���N�U�D���F�X���N�D�E�O�D��
�P�R�*�H���E�\�ü���S�R�á���F�]�H�Q�L�H���G�Z�y�F�K���*�\�á���S�R�Z�U�R�W�Q�\�F�K���Q�D���N�U�D���F�D�F�K���R�G�L�]�R�O�R�Z�D�Q�\�F�K�����F�R���R�J�U�D�Q�L�F�]�D���]�P�L�D�Q�
��
�L�P�S�H�G�D�Q�F�M�L���I�D�O�R�Z�H�M���*�\�á�\���S�R�Z�U�R�W�Q�H�M���L���S�R�Z�L�Q�Q�R���S�R�Z�R�G�R�Z�D�ü���R�J�U�D�Q�L�F�]�H�Q�L�D���Z�D�U�W�R���F�L���S�U�]�H�S�L�
�ü, lecz 
�S�R�Z�R�G�X�M�H���W�R���Z�]�U�R�V�W���V�W�U�D�W���Z���]�Z�D�U�W�\�F�K���*�\�á�D�F�K.  

Obustronne uziemienie jednej �O�X�E�� �G�Z�y�F�K �*�\�á�� �S�R�Z�U�R�W�Qych���� �M�D�N�� �Z�\�N�D�]�D�á�\�� �E�D�G�D�Q�L�D 
�P�R�G�H�O�R�Z�H���� �R�J�U�D�Q�L�F�]�D�� �Q�D�S�L�
�F�L�D�� �Z stanach ustalonych i nieustalonych �Q�D�� �S�R�]�R�V�W�D�á�\�F�K��
odziemio�Q�\�F�K���*�\�á�D�F�K���S�R�Z�U�R�W�Q�\�F�K���Z stosunku do napi�
�ü w stanach ustalonych i nieustalonych 
�Z�\�V�W�
�S�X�M���F�\�F�K�� �Z�� �S�U�]�\�S�D�G�N�X�� �R�G�]�L�H�P�L�H�Q�L�D�� �W�U�]�H�F�K�� �*�\�á�� �S�R�Z�U�R�W�Q�\�F�K���� �0�R�*�Q�D�� �S�U�]�\�S�X�V�]�F�]�D�ü���� �*�H��
�P�H�F�K�D�Q�L�]�P�� �R�G�G�]�L�D�á�\�Z�D�Q�L�D��obustronnie uziemionej �*�\�á�\�� �S�R�Z�U�R�W�Q�H�M�� �M�H�V�W�� �]�E�O�L�*�R�Q�\�� �G�R��
�R�G�G�]�L�D�á�\�Z�D�Q�L�D�� �R�J�U�D�Q�L�F�]�D�M���F�H�J�R�� �S�U�]�H�S�L�
�F�L�D�� �S�R�S�U�]�H�]�� �N�D�E�H�O�� �(�&�&�� �V�W�R�V�R�Z�D�Q�\�� �S�U�]�\�� �N�D�E�O�D�F�K��
�Z�\�V�R�N�L�H�J�R���Q�D�S�L�
�F�L�D [51, 52]. 

�=�D�V�W�R�V�R�Z�D�Q�L�H�� �R�G�]�L�H�P�L�D�Q�L�D�� �*�\�á�� �S�R�Z�U�R�W�Q�\�F�K�� �Z�� �S�U�]�\�S�D�G�N�X�� �O�L�Q�L�L�� �N�D�E�O�R�Z�\�F�K�� �Z�\�P�D�J�D��
przeprowadzenia �G�D�O�V�]�\�F�K���E�D�G�D�����S�R�G���Z�]�J�O�
�G�H�P���P�R�*�O�L�Z�\�F�K���S�U�]�H�S�L�
�ü���S�R�G�F�]�D�V���]�Z�D�U�ü���L���D�Q�D�O�L�]�\��
�P�R�*�O�L�Z�\�F�K�� �G�R�� �]�D�V�W�R�V�R�Z�D�Q�L�D�� �V�S�R�V�R�E�y�Z�� �]�D�S�R�E�L�H�J�D�Q�L�D �L�F�K�� �V�N�X�W�N�R�P���� �M�D�N�� �U�y�Z�Q�L�H�*�� �Z�S�á�\�Z�X��
�S�U�]�H�S�L�
�ü���Q�D���L�]�R�O�D�F�M�
���*�\�á�\���S�R�Z�U�R�W�Q�H�M�� 

�:�\�Q�L�N�L���V�\�P�X�O�D�F�M�L���Z�V�N�D�]�X�M�������*�H���S�U�]�H�S�L�
�F�L�D���Z���P�R�V�W�D�F�K���N�D�E�O�R�Z�\�F�K���Q�D�Z�H�W���S�R�G�F�]�D�V���]�Z�D�U�ü��
�Z�� �F�L���J�D�F�K�� �]�D�V�L�O�D�M���F�\�F�K�� �F�H�F�K�X�M���� �V�L�
�� �V�W�R�V�X�Q�N�R�Z�R�� �Q�L�H�G�X�*���� �Z�D�U�W�R���F�L���� �V�]�F�]�\�W�R�Z������ �D�O�H�� �Q�D�O�H�*�\��
�S�R�G�N�U�H���O�L�ü�����*�H���Z�\�V�W�
�S�X�M�����F�]�
���F�L�H�M���W�]�Q�����S�R�G�F�]�D�V���Z�V�]�\�V�W�N�L�F�K���]�Z�D�U�ü���Z���G�R�Z�R�O�Q�\�P���P�L�H�M�V�F�X���Z���V�L�H�F�L��
zasilanej z danej stacji elektroenergetycznej. Teoretycznie mosty �N�D�E�O�R�Z�H���P�R�*�Q�D���E�H�]�S�L�H�F�]�Q�L�H��
1-�V�W�U�R�Q�Q�L�H�� �F�D�á�N�R�Z�L�F�L�H�� �R�G�]�L�H�P�L�ü���� �S�R�Q�L�H�Z�D�*�� �Q�D�Z�H�W�� �Z�� �S�U�]�\�S�D�G�N�X�� �]�Z�D�U�ü��dwufazowych 
�S�R�G�Z�y�M�Q�\�F�K�� �Z�D�U�W�R���ü�� �V�]�F�]�\�W�R�Z�D�� �S�U�]�H�S�L�
�ü���� �Z�\�Q�R�V�L�� �S�R�Q�L�*�H�M�� ���� �N�9�� �L�� �M�H�V�W�� �S�R�Q�L�*�H�M�� ���� �N�9�� �Z�D�U�W�R���F�L��
�Q�D�S�L�
�F�L�D���V�W�D�á�H�J�R���S�U�y�E�\���Q�D�S�L�
�F�L�R�Z�H�M���S�U�]�H�S�U�R�Z�D�G�]�R�Q�H�M���S�U�]�\���R�G�G�D�Q�L�X��kabla do eksploatacji. 

 
7. Podsumowanie 
 

�5�R�V�Q���F�\���X�G�]�L�D�á���O�L�Q�L�L���N�D�E�O�R�Z�\�F�K�����Z�\�N�R�Q�D�Q�\�F�K���S�U�]�\���Z�\�N�R�U�]�\�V�W�D�Q�L�X���N�D�E�O�L���M�H�G�Q�R�*�\�á�R�Z�\�F�K��
z �*�\�á�D�P�L���S�R�Z�U�R�W�Q�\�P�L���� �Z���F�D�á�N�R�Z�L�W�H�M���G�á�X�J�R���F�L���O�L�Q�L�L���U�R�]�G�]�L�H�O�F�]�\�F�K�����U�H�G�Q�L�H�J�R���Q�D�S�L�
�F�L�D���V�N�á�D�Q�L�D�M����
do analiz optymalizacji sposobu eksploata�F�M�L�� �W�\�F�K�� �N�D�E�O�L�� �D�� �Z�� �V�]�F�]�H�J�y�O�Q�R���F�L�� �Z�\�E�R�U�X�� �V�S�R�V�R�E�X��
�]�D�S�R�E�L�H�J�D�Q�L�D���Q�D�G�P�L�H�U�Q�\�P���V�W�U�D�W�R�P���Z���*�\�á�D�F�K���S�R�Z�U�R�W�Q�\�F�K���W�\�F�K���N�D�E�O�L�����:���S�U�D�F�\���G�R�N�R�Q�D�Q�R���D�Q�D�O�L�]�\��
�Z�D�U�W�R���F�L�� �V�W�U�D�W�� �S�U�]�\�� �R�E�X�V�W�U�R�Q�Q�\�P�� �X�]�L�H�P�L�H�Q�L�X�� �*�\�á�� �S�R�Z�U�R�W�Q�\�F�K dla linii i �P�R�V�W�y�Z�� �N�D�E�O�R�Z�\�F�K��
w �]�D�O�H�*�Q�R���F�L���R�G���R�E�F�L���*�H�Q�L�D���L���M�H�J�R���]�P�L�H�Q�Q�R���F�L���G�O�D���S�U�R�I�L�O�X���R�E�F�L���*�H�Q�L�D���F�K�D�U�D�N�W�H�U�\�V�W�\�F�]�Q�H�J�R��dla 
�R�G�E�L�R�U�F�y�Z�� �E�\�W�R�Z�R-�N�R�P�X�Q�D�O�Q�\�F�K���� �3�U�]�H�S�U�R�Z�D�G�]�R�Q�R�� �V�\�P�X�O�D�F�M�H���N�R�P�S�X�W�H�U�R�Z�H�� �S�U�D�F�\�� �R�G�F�L�Q�N�y�Z��
�N�D�E�O�D���Z���I�X�Q�N�F�M�L���R�E�F�L���*�H�����S�U�]�H�Q�R�V�]�R�Q�\�F�K���L���R�V�L���J�Q�L�
�W�H���Z�\�Q�L�N�L���]weryfikowano w zakresie strat 
w �*�\�á�D�F�K���S�R�Z�U�R�W�Q�\�F�K���S�U�]�\ �Z�\�N�R�U�]�\�V�W�D�Q�L�X���S�R�P�L�D�U�y�Z���Q�D���R�E�L�H�N�W�D�F�K���U�]�H�F�]�\�Z�L�V�W�\�F�K�����:�H�U�\�I�L�N�D�F�M�D��
�S�R�P�L�D�U�R�Z�D�� �Z�V�N�D�]�D�á�D�� �Q�D�� �������� �Q�L�H�G�R�V�]�D�F�R�Z�D�Q�L�H�� �Z�D�U�W�R���F�L�� �S�U���G�y�Z�� �L�Q�G�X�N�R�Z�D�Q�\�F�K�� �Z�� �*�\�á�D�F�K��
powrotnych otrzymywanych w wyniku symulacji obliczeniowych. �-�H�G�Q�����]���S�U�]�\�F�]�\�Q���Z�L�
�N�V�]�\�F�K��
strat �P�R�*�H���E�\�ü���]�D�Z�D�U�W�R���ü���Z�\�*�V�]�\�F�K���K�D�U�P�R�Q�L�F�]�Q�\�F�K���S�U���G�y�Z �Z���*�\�á�D�F�K��kabla.  

Przeprowadzone symulacje�����]���X�Z�]�J�O�
�G�Q�L�H�Q�L�H�P���N�R�U�H�N�W�\���Z�\�Q�L�N�D�M���F�H�M���]���S�R�P�L�D�U�y�Z�� �P�R�J����
�E�\�ü�� �S�R�G�V�W�D�Z���� �G�R�� �R�F�H�Q�\�� �V�W�U�D�W�� �I�L�Q�D�Q�V�R�Z�\�F�K��ponoszonych przy obustronnym uziemieniu �*�\�á��
�S�R�Z�U�R�W�Q�\�F�K�� �N�D�E�O�L�� �Z�� �R�N�U�H�V�L�H�� �S�U�D�F�\�� �N�D�E�O�D���� �3�R�]�L�R�P�� �V�W�U�D�W�� �S�U�]�\�� �R�E�R�V�W�U�R�Q�Q�\�P�� �X�]�L�H�P�L�H�Q�L�X�� �*�\�á��
�S�R�Z�U�R�W�Q�\�F�K�� �P�R�*�H�� �V�N�á�D�Q�L�D�ü�� �G�R�� �P�R�G�\�I�L�N�D�F�M�L�� �V�S�R�V�R�E�X�� �S�U�D�F�\�� �W�\�F�K�� �*�\�á�� �S�R�S�U�]�H�]�� �]�D�V�W�R�V�R�Z�D�Q�L�H��
���U�R�G�N�y�Z�� �]�D�U�D�G�F�]�\�F�K�� �W�D�N�L�F�K�� �M�D�N�� �S�U�]�H�S�O�H�F�H�Q�L�D���� �R�G�]�L�H�P�L�H�Q�L�H�� �M�H�G�Q�R�V�W�U�R�Q�Q�H�� �*�\�á�� �S�R�Z�U�R�W�Q�\�Fh czy 
�]�D�V�W�R�V�R�Z�D�Q�L�H�� �P�Q�L�H�M�V�]�H�J�R�� �S�U�]�H�N�U�R�M�X�� �W�\�F�K�� �*�\�á���� �:�� �D�U�W�\�N�X�O�H�� �]�D�S�U�R�S�R�Q�R�Z�D�Q�R�� �X�S�U�R�V�]�F�]�R�Q����
�P�H�W�R�G�\�N�
�� �R�F�H�Q�\��ekonomicznej �U�H�G�X�N�F�M�L�� �W�\�F�K�� �V�W�U�D�W�� �S�R�G�D�M���F�� �]�D�O�H�*�Q�R���F�L�� �Q�D�� �R�E�O�L�F�]�H�Q�L�H��
�R�V�]�F�]�
�G�Q�R���F�L���Q�D���V�W�U�D�W�D�F�K���Z���S�R�V�W�D�F�L���Z�D�U�W�R���F�L���]�G�\�V�N�R�Q�W�R�Z�D�Q�H�M���Q�D���U�R�N���D�Q�D�O�L�]�\���W�\�F�K���R�V�]�F�]�
�G�Q�R���F�L��



20 
 

�]�D�� �R�N�U�H�V�� ������ �O�D�W�� �S�U�]�\�� �]�D�á�R�*�H�Q�L�X�� �R�N�U�H���O�R�Q�H�J�R�� �Z�]�U�R�V�W�X�� �F�H�Q�� �H�Q�H�U�J�L�L�� �R�U�D�]�� �Z�]�U�R�V�W�X�� �R�E�F�L���*�H�Q�L�D��
w �D�Q�D�O�L�]�R�Z�D�Q�\�P�� �R�N�U�H�V�L�H���� �:�\�]�Q�D�F�]�R�Q�H�� �R�V�]�F�]�
�G�Q�R���F�L�� �V�W�D�Q�R�Z�L�� �S�R�G�V�W�D�Z�
�� �G�R�� �S�R�G�M�
�F�L�D�� �G�H�F�\�]�M�L��
o zastosowaniu modyfikacji sposobu pracy czy te�* �S�U�]�H�N�U�R�M�X���*�\�á���S�R�Z�U�R�W�Q�\�F�K���� 

Podstawowym wnioskiem z przeprowadzonych symulacji jest zalecenie ograniczenia 
�S�U�]�H�N�U�R�M�X���*�\�á���S�R�Z�U�R�W�Q�\�F�K���Z���N�D�E�O�D�F�K���G�R���S�U�]�H�N�U�R�M�X���������P�P2�����3�U�]�\���R�E�H�F�Q�\�P���S�R�]�L�R�P�L�H���R�E�F�L���*�H�Q�L�D��
�O�L�Q�L�L���N�D�E�O�R�Z�\�F�K���Z���V�L�H�F�L���U�R�]�G�]�L�H�O�F�]�H�M���]�D�V�L�O�D�M���F�H�M���R�G�E�L�R�U�F�y�Z���E�\�W�R�Z�R���N�R�P�X�Q�D�O�Q�\�F�K���S�R�]�L�R�P���V�W�U�D�W��
�Q�L�H�� �X�]�D�V�D�G�Q�L�D�� �]�D�V�W�R�V�R�Z�D�Q�L�D�� �G�R���ü�� �N�R�V�]�W�R�Znego ���U�R�G�Na zaradczego �Z�� �S�R�V�W�D�F�L�� �S�U�]�H�S�O�H�F�H���� �*�\�á��
powrotnych kabli.  

�6�W�R�V�X�Q�N�R�Z�R���S�U�R�V�W�\�P�����U�R�G�N�L�H�P���]�D�U�D�G�F�]�\�P���M�H�V�W���R�G�]�L�H�P�L�D�Q�L�H���*�\�á���S�R�Z�U�R�W�Q�\�F�K���Q�D���M�H�G�Q�\�P��
�]�� �N�R���F�y�Z���� �=�D�V�W�R�V�R�Z�D�Q�L�H���W�H�J�R���U�R�]�Z�L���]�D�Q�L�D���S�R�S�U�]�H�]�� �M�H�G�Q�R�V�W�U�R�Q�Q�H���R�G�]�L�H�P�L�H�Q�L�H���Z�V�]�\�V�W�N�L�F�K���*�\�á��
�M�H�V�W���P�R�*�O�L�Z�H���Z���S�U�]�\�S�D�G�N�X���P�R�V�W�y�Z���N�D�E�O�R�Z�\�F�K���]�E�X�G�R�Z�D�Q�\�F�K���]���N�D�E�O�L���M�H�G�Q�R�*�\�á�R�Z�\�F�K. Dla linii 
�N�D�E�O�R�Z�\�F�K�����Z���S�U�]�\�S�D�G�N�D�F�K���Z�\�N�D�]�X�M���F�\�F�K���R�S�á�D�F�D�O�Q�R���ü���R�J�U�D�Q�L�F�]�D�Q�L�D���V�W�U�D�W poprzez odziemianie, 
�P�R�*�Q�D�� �U�R�]�Z�D�*�\�ü�� �R�G�]�L�H�P�L�H�Q�L�H�� �M�H�G�Q�H�M�� �O�X�E�� �G�Z�y�F�K�� �*�\�á�� �S�R�Z�U�R�W�Q�\�F�K�� �S�R�]�R�V�W�D�Z�L�D�M���F�� �X�]�L�H�P�L�R�Q����
�R�E�X�V�W�U�R�Q�Q�L�H�� �M�H�G�Q���� �*�\�á�
�� �G�O�D�� �]�D�S�H�Z�Q�L�H�Q�L�D�� �P�R�*�O�L�Z�R���F�L�� �U�H�G�X�N�F�M�L�� �S�U���G�X�� �]�Z�D�U�F�L�R�Z�H�J�R�� �S�R�S�U�]�H�]��
uziom stacji.  

W artykule p�U�]�H�G�V�W�D�Z�L�R�Q�R�� �D�Q�D�O�L�]�
�� �]�D�J�D�G�Q�L�H�Q�L�D�� �R�J�U�D�Q�L�F�]�H�Q�L�D �S�U���G�X�� �]�Z�D�U�F�L�D��
�M�H�G�Q�R�I�D�]�R�Z�H�J�R�� �Z�� �Q�D�V�W�
�S�V�W�Z�L�H�� �R�G�]�L�H�P�L�D�Q�L�D�� �*�\�á�� �S�R�Z�U�R�W�Q�\�F�K����Przedstawiono wyniki redukcji 
�S�U���G�X���V�S�á�\�Z�D�M���F�H�J�R���G�R���]�L�H�P�L���S�R�S�U�]�H�]���X�]�L�R�P���Q�D���S�R�G�V�W�D�Z�L�H���]�D�O�H�*�Q�R���F�L analitycznych, symulacji 
�N�R�P�S�X�W�H�U�R�Z�\�F�K���R�U�D�]���E�D�G�D�����N�D�E�O�L���X�á�R�*�R�Q�\�F�K���Z���]�L�H�P�L���S�U�]�\���L�F�K���]�D�V�L�O�H�Q�L�X���Q�D�S�L�
�F�L�H�P���R�E�Q�L�*�R�Q�\�P����
�3�U�R�F�H�G�X�U�\�� �Z�\�]�Q�D�F�]�D�Q�L�D�� �U�R�]�S�á�\�Z�X���S�U���G�y�Z��zwarcia powinn�\�� �X�Z�]�J�O�
�G�Q�L�D�ü�� �U�H�]�\�V�W�D�Q�F�M�H�� �Z�á�D�V�Q�H��
�*�\�á�� �S�R�Z�U�R�W�Q�\�F�K�� �R�U�D�]�� �U�H�]�\�V�W�D�Q�F�M�H�� �X�]�L�H�P�L�H���� �V�W�D�F�M�L���� �G�R�� �N�W�y�U�\�F�K�� �S�U�]�\�á���F�]�D�Q�H�� �V���� �*�\�á�\�� �S�R�Z�U�R�W�Q�H����
Na �W�H�U�H�Q�D�F�K�� �P�L�H�M�V�N�L�F�K�� �J�G�]�L�H�� �P�R�*�Q�D�� �X�]�Q�D�ü, �*�H���V�\�V�W�H�P�\�� �X�]�L�H�P�L�D�M���F�H�� �W�Z�R�U�]���� �]�L�Q�W�H�J�U�R�Z�D�Q�H��
�L�Q�V�W�D�O�D�F�M�H�� �X�]�L�H�P�L�D�M���Fe���� �]�D�J�U�R�*�H�Q�L�D�� �S�R�U�D�*�H�Q�L�R�Z�H���Q�L�H�� �S�R�Z�L�Q�Q�\�� �E�\�ü�� �S�U�]�H�V�]�N�R�G���� �Z�� �U�H�D�O�L�]�D�F�M�L��
odziemienia dla ograniczenia strat.  

Przeprowadzono symulacje komputerowe z�D�J�U�R�*�H�� �S�U�]�H�S�L�
�F�L�D�P�L���L�]�R�O�D�F�M�L���S�R�Z�á�R�N�L kabla 
�Q�D�� �R�G�]�L�H�P�L�R�Q�\�F�K�� �*�\�áach �S�R�Z�U�R�W�Q�\�F�K�� �P�R�J���F�H�� �Z�\�V�W���S�L�ü�� �S�R�G�F�]�D�V �]�Z�D�U�ü����Zaproponowano dla 
�F�H�O�y�Z���G�D�O�V�]�\�F�K �E�D�G�D�����V�S�R�V�R�E�\���P�R�J���F�H��ogranicza�ü���Z�D�U�W�R���F�L��takich �S�U�]�H�S�L�
�ü. P�U�]�\���G�Z�y�F�K���*�\�á�D�F�K��
odziemionych �S�U�R�S�R�Q�X�M�H���V�L�
 �]�Z�D�U�F�L�H���W�\�F�K���*�\�á���Q�D���R�G�]�L�H�P�L�R�Q�\�P���N�R���F�X���]���S�R�Z�R�G�X���E�U�D�N�X���]�P�L�D�Q�\��
�L�P�S�H�G�D�Q�F�M�L�� �W�\�F�K�� �*�\�á�� �G�O�D�� �I�D�O�� �S�U�]�H�S�L�
�F�L�R�Z�\�F�K, �O�H�F�]�� �]�D�� �F�H�Q�
�� �S�R�G�Q�L�H�V�L�H�Q�L�D�� �S�R�]�L�R�P�X�� �V�W�U�D�W�� �M�D�N�� �G�O�D��
�S�U�]�\�S�D�G�N�X���]�D�V�W�R�V�R�Z�D�Q�L�D���W�\�O�N�R���M�H�G�Q�H�M���*�\�á�\���R�G�]�L�H�P�L�R�Q�H�M�����$�O�W�H�U�Q�D�W�\�Z�����M�H�V�W���S�R�]�R�V�W�D�Z�L�H�Q�L�H���G�Z�y�F�K��
�X�]�L�H�P�L�R�Q�\�F�K���*�\�á���S�R�Z�U�R�W�Q�\�F�K���G�O�D���Z�]�P�R�F�Q�L�H�Q�L�D��efektu uzyskiwanego poprzez przewody ECC 
�Z���N�D�E�O�D�F�K���Z�\�V�R�N�L�H�J�R���Q�D�S�L�
�F�L�D�� 
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�Q�L�H�]�D�Z�R�G�Q�R���F�L 
 
Streszczenie: W artykule przedstawiono wyniki analizy opracowanych modeli do planowania odnowy 
pro�I�L�O�D�N�W�\�F�]�Q�H�M���]�á�R�*�R�Q�\�F�K�� �R�E�L�H�N�W�y�Z���W�H�F�K�Q�L�F�]�Q�\�F�K���� �N�W�y�U�H���R�S�D�U�W�R���R�� �G�Z�D���U�y�*�Q�L���F�H���V�L�
�� �R�G���V�L�H�E�L�H�� �]�H�V�W�D�Z�\��
�]�D�á�R�*�H������ �5�R�]�Z�L���]�\�Z�D�Q�\�� �S�U�R�E�O�H�P�� �G�R�W�\�F�]�\�� �R�N�U�H���O�H�Q�L�D���Z�V�S�y�O�Q�H�J�R��czasu odnowy profilaktycznej grupy 
�F�]�
���F�L���O�X�E���S�R�G�]�H�V�S�R�á�y�Z���]�á�R�*�R�Q�H�J�R���R�E�L�H�N�W�X�����3�L�H�U�Z�V�]�\���]���R�S�U�Dcowanych modeli (model planowej strategii 
�R�G�Q�R�Z�\���S�U�H�Z�H�Q�F�\�M�Q�H�M�����S�R�]�Z�D�O�D���R�N�U�H���O�L�ü���]�D�V�D�G�Q�R���ü���S�U�]�H�S�U�R�Z�D�G�]�H�Q�L�D���X�V�W�D�O�R�Q�H�J�R���Z�F�]�H���Q�L�H�M�����S�O�D�Q�R�Z�H�J�R��
odnowienia �S�U�H�Z�H�Q�F�\�M�Q�H�J�R�� �F�]�
���F�L�� �R�E�L�H�N�W�X���� �N�W�y�U�D�� �]�R�V�W�D�á�D�� �M�X�*�� �R�G�Q�R�Z�L�R�Q�D�� �S�R�D�Z�D�U�\�M�Q�L�H���� �'�U�X�J�L�� �P�R�G�H�O��
(model adaptacyjnej strategii odnowy �S�U�H�Z�H�Q�F�\�M�Q�H�M�����X�P�R�*�O�L�Z�L�D���Z�\�]�Q�D�F�]�H�Q�L�H���Q�D�M�E�O�L�*�V�]�H�J�R���Z�V�S�y�O�Q�H�J�R��
czasu odnowy profilaktycznej grupy cz�
���F�L�����]���N�W�y�U�\�F�K���M�H�G�Q�D���D�N�W�X�D�O�Q�L�H��podlega odnowie poawaryjnej. 
�3�R�F�]���W�N�R�Z�H�����Z�\�M���F�L�R�Z�H�����V�W�U�D�W�H�J�L�H���R�G�Q�R�Z�\���S�U�R�I�L�O�D�N�W�\�F�]�Q�H�M���N�D�*�G�H�M���F�]�
���F�L���E���G�(���S�R�G�]�H�V�S�R�á�X��wyznaczone 
�]�R�V�W�D�á�\�� �]�D�� �S�R�P�R�F���� �V�W�D�Q�G�D�U�G�R�Z�\�F�K�� �Q�D�U�]�
�G�]�L�� �G�R�� �S�O�D�Q�R�Z�D�Q�L�D�� �R�G�Q�D�Z�L�D�Q�L�D�� �S�U�R�I�L�O�D�N�W�\�F�]�Q�H�J�R�� ���P�R�G�H�O�L��
decyzyjno-losowych �Z�\�N�R�U�]�\�V�W�X�M���F�\�F�K�� �S�U�R�J�U�D�P�R�Z�D�Q�L�H�� �G�\�Q�D�P�L�F�]�Q�H�� �%�H�O�O�P�D�Q�D������ �3�R�V�á�X�J�X�M���F�� �V�L�
��
opracowanymi modelami odnowy, przeprowadzono �S�U�]�\�N�á�D�G�R�Z�H�� �R�E�O�L�F�]�H�Q�L�D�� �V�\�P�X�O�D�F�\�M�Q�H���� �N�W�y�U�\�F�K��



�Z�\�Q�L�N�L���S�U�]�H�G�V�W�D�Z�L�R�Q�R���Z���S�R�V�W�D�F�L���F�D�á�N�R�Z�L�W�\�F�K���N�R�V�]�W�y�Z���R�E�V�á�X�J�L�Z�D�Q�L�D���G�O�D���N�D�*�G�H�M���]��uzyskanych strategii. 
�3�U�]�H�G�P�L�R�W�H�P�� �D�Q�D�O�L�]�\�� �E�\�á�\�� �Z�\�E�U�D�Q�H�� �F�H�F�K�\�� �J�H�R�P�H�W�U�\�F�]�Q�H�� �N�R�á�D�� �S�R�Mazdu szynow�H�J�R���� �N�W�y�U�\�F�K�� �Z�D�U�W�R���F�L��
�]�P�L�H�Q�L�D�M�����V�L�
�� �Q�D�� �V�N�X�W�H�N�� �]�X�*�\�F�L�D�� �Z�� �S�U�R�F�H�V�L�H�� �H�N�V�S�O�R�D�W�D�F�M�L���� �1�D�� �S�R�G�V�W�D�Z�L�H�� �W�H�J�R�� �U�R�G�]�D�M�X�� �D�Q�D�O�L�]�� �P�R�*�Q�D��
�Z�\�E�U�D�ü���O�H�S�V�]�\�����Wj. efektywniejszy ekonomicznie) z modeli dla konkretnego zastosowania w praktyce.  
 
�:�\�N�D�]���R�]�Q�D�F�]�H���� 
ti* �± czas odnowy prewencyjnej i-�W�H�J�R���H�O�H�P�H�Q�W�X���X�N�á�D�G�X�� 
kai �± koszt awarii i-�W�H�J�R���H�O�H�P�H�Q�W�X���X�N�á�D�G�X�� 
koi �± koszt odnowy prewencyjnej i-�W�H�J�R���H�O�H�P�H�Q�W�X���X�N�á�D�G�X�� 
tmax

* �± �Q�D�M�Z�L�
�N�V�]�D���Z�D�U�W�R���ü���F�]�D�V�X���R�G�Q�R�Z�\���S�U�H�Z�H�Q�F�\�M�Q�H�M���M�H�G�Q�H�J�R���V�S�R���U�y�G���Z�V�]�\�V�W�N�L�F�K���H�O�H�P�H�Q�W�y�Z��
�X�N�á�D�G�X�� 
tmin

* �± �Q�D�M�P�Q�L�H�M�V�]�D�� �Z�D�U�W�R���ü�� �F�]�D�V�X�� �R�G�Q�R�Z�\�� �S�U�H�Z�H�Q�F�\�M�Q�H�M�� �M�H�G�Q�H�J�R�� �V�S�R���U�y�G�� �Z�V�]�\�V�W�N�L�F�K��
�H�O�H�P�H�Q�W�y�Z���X�N�á�D�G�X�� 
tai �± �F�]�D�V���Z�\�V�W���S�L�H�Q�L�D���D�Z�D�U�L�L��i-tego elementu, 
t* �± �Z�V�S�y�O�Q�\���F�]�D�V���S�U�D�F�\���G�R���R�G�Q�R�Z�\���S�U�H�Z�H�Q�F�\�M�Q�H�M���H�O�H�P�H�Q�W�y�Z���Z�\�]�Q�D�F�]�R�Q�\���S�U�]�H�G���D�Z�D�U�L����i-tego 
elementu, 
Fi(t) �± �Z�D�U�W�R���ü���G�\�V�W�U�\�E�X�D�Q�W�\���U�R�]�N�á�D�G�X���F�]�D�V�X���S�U�D�F�\���G�R���X�V�]�N�R�G�]�H�Q�L�D��i-tego elementu, 
kai �± koszt awarii i-�W�H�J�R���H�O�H�P�H�Q�W�X���X�N�á�D�G�X�� 
koi �± koszt odnowy prewencyjnej i-�W�H�J�R���H�O�H�P�H�Q�W�X���X�N�á�D�G�X�� 
D(tai) �± �Z�V�N�D�(�Q�L�N���G�H�F�\�]�\�M�Q�\���]�D�V�D�G�Q�R���F�L���R�G�Q�R�Z�\�� 
Th �± �V�N�R���F�]�R�Q�\���K�R�U�\�]�R�Q�W���F�]�D�V�R�Z�\���H�N�V�S�O�R�D�W�D�F�M�L���R�E�L�H�N�W�X�� 
Thmax �± �P�D�N�V�\�P�D�O�Q�\���F�]�D�V���H�N�V�S�O�R�D�W�D�F�M�L���E�H�]���R�G�Q�R�Z�\���S�U�H�Z�H�Q�F�\�M�Q�H�M���O�X�E���S�U�]�H�J�O���G�X�� 
�û�W �± �G�á�X�J�R���ü���S�U�]�H�G�]�L�D�á�X���F�]�D�V�X���Z���R�E�O�L�F�]�H�Q�L�D�F�K���Z���P�R�G�H�O�X���G�H�F�\�]�\�M�Q�R-losowym, 
nOT �± �O�L�F�]�E�D���G�]�L�D�á�D�����R�E�V�á�X�J�R�Z�\�F�K���Z���U�R�]�Z�D�*�D�Q�\�P���K�R�U�\�]�R�Q�F�L�H���F�]�D�V�R�Z�\�P�� 
n �± liczba �S�R�Z�W�y�U�]�H�� symulacji, 
dt �± krok czasowy w symulacji, 
tU �± �Z�L�H�N���X�N�á�D�G�X���R�G���S�R�F�]���W�N�X���V�\�P�X�O�D�F�M�L�� 
tEi �± wiek i-�W�H�J�R���H�O�H�P�H�Q�W�X���R�G���S�R�F�]���W�N�X���V�\�P�X�O�D�F�M�L�� 
PuEi �± �S�U�D�Z�G�R�S�R�G�R�E�L�H���V�W�Z�R���X�V�]�N�R�G�]�H�Q�L�D���L-tego elementu w symulacji, 
RNDEi �± �O�L�F�]�E�D���O�R�V�R�Z�D���]���S�U�]�H�G�]�L�D�á�X���>�������@�����]���U�R�]�N�á�D�G�X���M�H�G�Q�R�V�W�D�M�Q�H�J�R�����G�O�D���L-tego elementu, 
tO_opt �± optymalny �R�N�U�H�V���R�G�Q�R�Z�\���X�N�á�D�G�X���Z���V�\�P�X�O�D�F�M�L�� 
 
1. Wprowadzenie 
 

�=�D�S�H�Z�Q�L�H�Q�L�H���H�I�H�N�W�\�Z�Q�H�M���H�N�R�Q�R�P�L�F�]�Q�L�H���L���E�H�]�S�L�H�F�]�Q�H�M���H�N�V�S�O�R�D�W�D�F�M�L���]�á�R�*�R�Q�\�F�K���R�E�L�H�N�W�y�Z��
�W�H�F�K�Q�L�F�]�Q�\�F�K���Z�\�P�D�J�D���V�W�R�V�R�Z�D�Q�L�D���R�G�S�R�Z�L�H�G�Q�L�H�M���V�W�U�D�W�H�J�L�L���L�F�K���R�E�V�á�X�J�L�Z�D�Q�L�D���>���@�����-�D�N�R���ü���S�U�R�F�H�V�X��
�H�N�V�S�O�R�D�W�D�F�M�L�����R�S�L�V�\�Z�D�Q�D���U�y�*�Q�\�P�L���Z�V�N�D�(�Q�L�N�D�P�L���>19�@�����Z���]�Q�D�F�]�Q�H�M���P�L�H�U�]�H���]�D�O�H�*�\���R�G���S�U�D�Zi�G�á�R�Z�H�M��
�R�G�Q�R�Z�\���R�E�L�H�N�W�y�Z���W�H�F�K�Q�L�F�]�Q�\�F�K. Zagadnienie �W�R���M�H�V�W���V�]�F�]�H�J�y�O�Q�L�H���Z�D�*�Q�H�����J�G�\���G�R�W�\�F�]�\���X�N�á�D�G�y�Z����
�Z�� �N�W�y�U�\�F�K�� �X�V�]�N�R�G�]�H�Q�L�D�� �H�O�H�P�H�Q�W�y�Z�� �P�R�J���� �G�R�S�U�R�Z�D�G�]�L�ü�� �G�R�� �Z�\�V�W���S�L�H�Q�L�D�� �]�D�J�U�R�*�H�Q�L�D�� �]�G�U�R�Z�L�D�� �L��
�*�\�F�L�D�� �O�X�G�]�L�� �O�X�E�� �E�D�U�G�]�R�� �G�X�*�\�F�K�� �V�W�U�D�W�� �H�N�R�Q�R�P�L�F�]�Q�\�F�K���� �:�� �W�H�J�R�� �W�\�S�X�� �S�U�]�\�S�D�G�N�D�F�K �P�R�*�H�� �E�\�ü��
�X�]�D�V�D�G�Q�L�R�Q�H�� �R�G�Q�D�Z�L�D�Q�L�H�� �S�U�H�Z�H�Q�F�\�M�Q�H�� �H�O�H�P�H�Q�W�y�Z�� �X�N�á�D�G�X���� �D�� �R�S�W�\�P�D�O�Q�\�� �F�]�D�V�� �M�H�J�R��
�S�U�]�H�S�U�R�Z�D�G�]�D�Q�L�D���Z�\�]�Q�D�F�]�D���V�L�
���S�U�]�\���Z�\�N�R�U�]�\�V�W�D�Q�L�X���U�y�*�Q�\�F�K���P�R�G�H�O�L���R�G�Q�y�Z���S�U�H�Z�H�Q�F�\�M�Q�\�F�K���>����, 
20�@�����:�� �W�\�P���F�H�O�X���Z�\�N�R�U�]�\�V�W�X�M�H���V�L�
�� �G�D�Q�H���H�N�R�Q�R�P�L�F�]�Q�H���]�Z�L���]�D�Q�H���]�� �D�Z�D�U�L�D�P�L���L���R�G�Q�R�Z�D�P�L���R�Uaz 
�F�K�D�U�D�N�W�H�U�\�V�W�\�N�L�� �Q�L�H�]�D�Z�R�G�Q�R���F�L�R�Z�H�� �H�O�H�P�H�Q�W�y�Z�� �X�N�á�D�G�X���� �2�S�U�y�F�]�� �N�O�D�V�\�F�]�Q�\�F�K�� �P�R�G�H�O�L��
�R�G�Q�D�Z�L�D�Q�L�D���� �Z�� �O�L�W�H�U�D�W�X�U�]�H�� �G�R�V�W�
�S�Q�\�F�K�� �M�H�V�W�� �Z�L�H�O�H�� �P�R�G�H�O�L�� �R�G�Q�R�Z�\�� �>�����@�� �X�N�L�H�U�X�Q�N�R�Z�D�Q�\�F�K�� �Q�D��
�]�D�S�H�Z�Q�L�H�Q�L�H�� �Z�\�P�D�J�D�Q�H�J�R�� �S�R�]�L�R�P�X�� �Q�L�H�]�D�Z�R�G�Q�R���F�L�� �F�D�á�H�J�R�� �X�N�á�D�G�X�� �>�������� ��1�@���� �Q�L�H�N�W�y�U�H�� �]�� �Q�L�F�K��
opier�D�M���� �V�L�
�� �Q�D�� �]�D�V�W�R�V�R�Z�D�Q�L�X�� �P�H�W�R�G�� �V�\�P�X�O�D�F�M�L�� �>������ ���@���� �6�W�R�V�R�Z�D�Q�H�� �V���� �U�y�Z�Q�L�H�*�� �P�R�G�H�O�H��



�X�Z�]�J�O�
�G�Q�L�D�M���F�H���P�R�*�O�L�Z�R���ü���Z�\�N�R�Q�D�Q�L�D���R�G�Q�R�Z�\���F�]�
���F�L�R�Z�H�M�����S�R�U�����>���������@�������F�]�\���W�H�*���Z�\�N�R�U�]�\�V�W�X�M���F�H��
dane z dodatkowych kontroli stanu �W�H�F�K�Q�L�F�]�Q�H�J�R�� �R�E�L�H�N�W�X���� �M�H�*�H�O�L�� �M�H�V�W�� �P�R�*�O�L�Z�R���ü��
przeprowadz�D�Q�L�D���L�F�K���Z���W�U�D�N�F�L�H���S�U�D�F�\���X�N�á�D�G�X���>���������@�� �6�]�F�]�H�J�y�á�R�Z�����L���Z�\�F�]�H�U�S�X�M���F�����N�O�D�V�\�I�L�N�D�F�M�
��
�L�V�W�Q�L�H�M���F�\�F�K���P�R�G�H�O�L���R�G�Q�D�Z�L�D�Q�L�D���S�U�H�Z�H�Q�F�\�M�Q�H�J�R���]�D�P�L�H�V�]�F�]�R�Q�R���Z���R�S�U�D�F�R�Z�D�Q�L�X���>20].  

Model wykorzystany do wyznaczenia optymalnego czasu odnowy prewencyjnej (t* ) 
�S�R�Z�L�Q�L�H�Q���E�\�ü���G�R�V�W�R�V�R�Z�D�Q�\���G�R���V�S�H�F�\�I�L�N�L���L���Z�D�U�X�Q�N�y�Z���H�N�V�S�O�R�D�W�D�F�M�L���U�R�]�Z�D�*�D�Q�H�J�R���R�E�L�H�N�W�X�����7�\�O�N�R��
�Z�W�H�G�\���� �V�W�R�V�R�Z�D�Q�L�H�� �Z�\�]�Q�D�F�]�R�Q�H�M�� �]�� �M�H�J�R�� �X�*�\�F�L�H�P�� �V�W�U�D�W�H�J�L�L�� �R�G�Q�y�Z�� �S�U�H�Z�H�Q�F�\�M�Q�\�F�K���� �E�
�G�]�L�H��
�X�]�D�V�D�G�Q�L�R�Q�H���H�N�R�Q�R�P�L�F�]�Q�L�H���L���]�D�S�H�Z�Q�L���]�P�Q�L�H�M�V�]�H�Q�L�H���D�Z�D�U�\�M�Q�R���F�L���R�E�L�H�N�W�X���>�������������@���� 

Cel�H�P�� �D�U�W�\�N�X�á�X�� �M�H�V�W�� �R�S�U�D�F�R�Z�D�Q�L�H�� �D�G�D�S�W�D�F�\�M�Q�H�J�R�� �P�R�G�H�O�X�� �R�G�Q�D�Z�L�D�Q�L�D�� �]�á�R�*�R�Q�\�F�K��
�R�E�L�H�N�W�y�Z�� �W�H�F�K�Q�L�F�]�Q�\�F�K�� �R�U�D�]�� �V�\�P�X�O�D�F�\�M�Q�H�M�� �P�H�W�R�G�\�� �G�R�� �R�F�H�Q�\�� �H�I�H�N�W�\�Z�Q�R���F�L�� �V�W�R�V�R�Z�D�Q�L�D��
wyznaczonej tym modelem strategii odnowy. 

�:���D�U�W�\�N�X�O�H���U�R�]�Z�D�*�D�Q�R���V�S�H�F�\�I�L�F�]�Q�\���S�U�R�E�O�H�P���R�G�Q�R�Z�\���R�E�L�H�N�W�X���]�á�R�*�R�Q�H�J�R�����N�W�y�U�H�J�R���F�]�
���F�L��
�I�X�Q�N�F�M�R�Q�X�M�����Z���V�W�U�X�N�W�X�U�]�H���V�]�H�U�H�J�R�Z�H�M���L���L�F�K���X�V�]�N�R�G�]�H�Q�L�D���W�U�D�N�W�X�M�H���V�L�
���M�D�N�R���Q�L�H�]�D�O�H�*�Q�H���R�G���V�L�H�E�L�H����
�M�H�G�Q�D�N�� �]�H�� �Z�]�J�O�
�G�y�Z�� �R�U�J�D�Q�L�]�D�F�\�M�Q�\�F�K�� �L�� �H�N�R�Q�R�P�L�F�]�Q�\�F�K�� �L�Q�G�\�Z�L�G�X�D�O�Q�D�� �R�G�Q�R�Z�D�� �N�D�*�G�H�M�� �]�� �Q�L�F�K��
�P�R�*�H���E�\�ü���P�Q�L�H�M���R�S�á�D�F�D�O�Q�D���Q�L�*���R�G�Q�D�Z�L�D�Q�L�H���E�O�R�N�R�Z�H���� 

W skomplikowanych przypadkach, gdy odnowy �S�H�Z�Q�\�F�K�� �F�]�
���F�L�� �D�Q�D�O�L�]�R�Z�D�Q�\�F�K��
�]�á�R�*�R�Q�\�F�K�� �R�E�L�H�N�W�y�Z�� �W�H�F�K�Q�L�F�]�Q�\�F�K�� �]�Z�L���]�D�Q�H�� �V���� �F�]�D�V�R�Z�R�� �]�� �G�]�L�D�á�D�Q�L�D�P�L�� �R�E�V�á�X�J�R�Z�\�P�L��
�G�R�W�\�F�]���F�\�P�L�� �L�Q�Q�\�F�K�� �M�H�G�Q�R�V�W�H�N�� �O�X�E�� �X�N�á�D�G�y�Z�� �W�H�J�R�� �V�D�P�H�J�R�� �R�E�L�H�N�W�X���� �S�R�� �Z�\�V�W���S�L�H�Q�L�X�� �D�Z�D�U�L�L��
�N�R�Q�L�H�F�]�Q�H���M�H�V�W���U�R�]�Z�D�*�H�Q�L�H���P�R�G�\�I�L�N�D�F�M�L���]�D�S�O�D�Q�R�Z�D�Q�H�M���V�W�U�D�W�H�J�L�L���R�G�Q�R�Z�\���X�V�]�N�R�G�]�R�Q�H�M���F�]�
���F�L���O�X�E��
�Q�D�Z�H�W�� �F�D�á�H�J�R�� �R�E�L�H�N�W�X���� �3�U�R�E�O�H�P�� �W�H�Q�� �M�H�V�W�� �S�U�]�H�G�P�L�R�W�H�P�� �U�R�]�Z�D�*�D���� �S�R�G�M�
�W�\�F�K�� �Z�� �Q�L�Q�L�H�M�V�]�\�P��
opracowaniu.  

�2�S�U�D�F�R�Z�D�Q�H���U�R�]�Z�L���]�D�Q�L�D���V�W�D�Q�R�Z�L�����L�V�W�R�W�Q�H���X�]�X�S�H�á�Q�L�H�Q�L�H���L�V�W�Q�L�H�M���F�\�F�K���P�R�G�H�O�L���R�G�Q�R�Z�\���]�H��
�Z�]�J�O�
�G�X���Q�D���S�R�W�U�]�H�E�\���Z�\�V�W�
�S�X�M���F�H���Z���S�U�D�N�W�\�F�H���� 

�:�� �D�U�W�\�N�X�O�H�� �S�U�]�H�G�V�W�D�Z�L�R�Q�R�� �R�S�U�D�F�R�Z�D�Q���� �R�U�\�J�L�Q�D�O�Q���� �P�H�W�R�G�
�� �R�F�H�Q�\�� �H�I�H�N�W�\�Z�Q�R���F�L��
stosowania proponowanych strategii �S�U�]�H�S�U�R�Z�D�G�]�R�Q���� �S�U�]�\�� �X�*�\�F�L�X�� �D�X�W�R�U�V�N�L�H�J�R�� �S�U�R�J�U�D�P�X��
komputerowego���� �2�S�U�D�F�R�Z�D�Q���� �P�H�W�R�G�
�� �]�Z�H�U�\�I�L�N�R�Z�D�Q�R�� �S�U�]�\�� �Z�\�N�R�U�]�\�V�W�D�Q�L�X���S�U�]�\�N�á�D�G�X��
�S�U�D�N�W�\�F�]�Q�H�J�R�� �G�R�W�\�F�]���F�H�J�R�� �X�V�]�N�R�G�]�H���� �N�y�á�� �S�R�M�D�]�G�X�� �V�]�\�Q�R�Z�H�J�R�� �W�\�S�X�� �H�O�H�N�W�U�\�F�]�Q�\�� �]�H�V�S�y�á��
trakcyjny. 
 
2. �0�R�G�H�O�H���R�G�Q�D�Z�L�D�Q�L�D���S�U�H�Z�H�Q�F�\�M�Q�H�J�R���]�á�R�*�R�Q�\�F�K���X�N�á�D�G�y�Z�� 
 

�2�E�L�H�N�W�\�� �W�H�F�K�Q�L�F�]�Q�H�� �V�N�á�D�G�D�M���� �V�L�
�� �]�� �Z�L�H�O�X�� �H�O�H�P�H�Q�W�y�Z�� �N�R�Q�V�W�U�X�N�F�\�M�Q�\�F�K���� �N�W�y�U�H�� �S�R�V�L�D�G�D�M����
indywidualne chara�N�W�H�U�\�V�W�\�N�L�� �H�N�V�S�O�R�D�W�D�F�\�M�Q�H���� �(�P�S�L�U�\�F�]�Q�H�� �Z�V�N�D�(�Q�L�N�L�� �Q�L�H�]�D�Z�R�G�Q�R���F�L�� �F�]�
���F�L��
�V�N�á�D�G�R�Z�\�F�K���R�S�L�V�\�Z�D�Q�H���V�����F�]�
�V�W�R���U�y�*�Q�\�P�L���P�R�G�H�O�D�P�L���L���Z�\�N�D�]�X�M�����]�Q�D�F�]���F�R���U�y�*�Q�H���S�U�]�H�E�L�H�J�L���G�O�D��
�N�D�*�G�H�M���]���Q�L�F�K���>���@�����3�R�Z�R�G�X�M�H���W�R���S�U�R�E�O�H�P�\���G�H�F�\�]�\�M�Q�H���G�R�W�\�F�]���F�H���Z�\�]�Q�D�F�]�D�Q�L�D���W�H�U�P�L�Q�y�Z���L���]�D�N�U�H�V�X��
dokonywa�Q�H�M���]�H���Z�]�J�O�
�G�y�Z���E�H�]�S�L�H�F�]�H���V�W�Z�D���R�G�Q�R�Z�\���F�D�á�\�F�K���R�E�L�H�N�W�y�Z���O�X�E���L�F�K���]�H�V�S�R�á�y�Z���L���F�]�
���F�L����
a w konsekwencji prowadzenia ich racjonalnie i ekonomicznie uzasadnionej eksploatacji [por. 
6, 16].  
 
2.1.  �:�\�]�Q�D�F�]�D�Q�L�H���Z�V�S�y�O�Q�H�J�R���F�]�D�V�X���R�G�Q�R�Z�\���S�U�R�I�L�O�D�N�W�\�F�]�Q�H�M���H�O�H�P�H�Q�W�y�Z���X�N�á�D�G�X 
 

�:���S�U�]�\�S�D�G�N�X���R�G�Q�D�Z�L�D�Q�L�D���S�U�H�Z�H�Q�F�\�M�Q�H�J�R���X�N�á�D�G�y�Z�����N�W�y�U�H���V�N�á�D�G�D�M�����V�L�
���]���S�H�Z�Q�H�M���O�L�F�]�E�\��
�U�y�*�Q�L���F�\�F�K�� �V�L�
�� �R�G�� �V�L�H�E�L�H�� �H�O�H�P�H�Q�W�y�Z���� �]�H�� �Z�]�J�O�
�G�y�Z�� �R�U�J�D�Q�L�]�D�F�\�M�Q�\�F�K�� �L�� �H�N�R�Q�R�P�L�F�]�Q�\�F�K��
�Q�D�M�F�]�
���F�L�H�M�� �S�R�V�]�X�N�X�M�H�� �V�L�
�� �Z�V�S�y�O�Q�H�J�R�� �F�]�D�V�X�� �S�U�]�H�S�U�R�Z�D�G�]�H�Q�L�D�� �R�G�Q�R�Z�\�� �G�O�D�� �Z�V�]�\�V�W�N�L�F�K��
�H�O�H�P�H�Q�W�y�Z���± tj. �G�O�D�� �F�D�á�H�J�R�� �X�N�á�D�G�X�� �>�����@���� �-�H���O�L�� �Z�� �Z�\�N�R�U�]�\�V�W�\�Z�D�Q�\�P�� �P�R�G�H�O�X�� �R�G�Q�D�Z�L�D�Q�L�D��
�S�U�H�Z�H�Q�F�\�M�Q�H�J�R�� �S�H�Z�L�H�Q�� �]�H�V�S�y�á�� �]�á�R�*�R�Q�H�J�R�� �R�E�L�H�N�W�X�� �W�H�F�K�Q�L�F�]�Q�H�J�R�� �U�R�]�Z�D�*�D�Q�\�� �M�H�V�W���M�D�N�R�� �F�D�á�R���ü���± 
�L�V�W�Q�L�H�M�H���R�N�U�H���O�R�Q�D���G�O�D���Q�L�H�J�R���I�X�Q�N�F�M�D���Q�L�H�]�D�Z�R�G�Q�R���F�L���L���N�R�V�]�W�\���R�G�Q�R�Z�\���R�U�D�]���D�Z�D�U�L�L�����W�R���Z�\�]�Q�D�F�]�R�Q�\��



optymal�Q�\���F�]�D�V���R�G�Q�R�Z�\���R�G�Q�R�V�L���V�L�
���G�R���F�D�á�H�J�R���W�H�J�R���]�H�V�S�R�á�X���L���M�H�V�W���R�Q���R�G�Q�D�Z�L�D�Q�\���S�U�H�Z�H�Q�F�\�M�Q�L�H���L��
�S�R�D�Z�D�U�\�M�Q�L�H���]�D�Z�V�]�H���M�D�N�R���F�D�á�R���ü�����R�G�Q�R�Z�L�H���S�R�G�O�H�J�D�M�����M�H�G�Q�R�F�]�H���Q�L�H���Z�V�]�\�V�W�N�L�H���M�H�J�R���F�]�
���F�L���� 

�3�U�R�E�O�H�P���Z�\�]�Q�D�F�]�H�Q�L�D���Z�V�S�y�O�Q�H�J�R���F�]�D�V�X���R�G�Q�R�Z�\�� �S�R�M�D�Z�L�D���V�L�
���� �J�G�\���G�O�D���S�R�V�]�F�]�H�J�y�O�Q�\�F�K��
elemen�W�y�Z�� �X�N�á�D�G�X�� �Z�\�]�Q�D�F�]�R�Q�H�� �V���� �R�S�W�\�P�D�O�Q�H�� ���Z�H�G�á�X�J�� �S�U�]�\�M�
�W�H�J�R�� �P�R�G�H�O�X�� �R�G�Q�D�Z�L�D�Q�L�D��
�S�U�H�Z�H�Q�F�\�M�Q�H�J�R������ �U�y�*�Q�L���F�H�� �V�L�
�� �R�G�� �V�L�H�E�L�H�� ���D�O�H�� �]�E�O�L�*�R�Q�H���� �F�]�D�V�\�� �R�G�Q�D�Z�L�D�Q�L�D�� �S�U�H�Z�H�Q�F�\�M�Q�H�J�R����
�3�U�R�S�R�Q�R�Z�D�Q�\�� �V�S�R�V�y�E�� �X�M�H�G�Q�R�O�L�F�H�Q�L�D�� �F�]�D�V�X�� �R�G�Q�R�Z�\�� �S�U�H�Z�H�Q�F�\�M�Q�H�M�� �]�D�N�á�D�G�D�� �X�Z�]�J�O�
�G�Q�L�H�Q�L�H��
indywidualnych cz�D�V�y�Z�� �R�G�Q�R�Z�\�� �H�O�H�P�H�Q�W�y�Z�� ��ti* ������ �L�F�K�� �N�R�V�]�W�y�Z�� �R�G�Q�R�Z�\�� �S�U�H�Z�H�Q�F�\�M�Q�H�M�� ���Noi), 
�N�R�V�]�W�y�Z���D�Z�D�U�L�L����kai�����R�U�D�]���S�U�]�\�U�R�V�W�y�Z���Z�D�U�W�R���F�L���G�\�V�W�U�\�E�X�D�Q�W���Z���]�D�N�U�H�V�L�H���U�R�]�V�W�
�S�X���L�Q�G�\�Z�L�G�X�D�O�Q�\�F�K��
�F�]�D�V�y�Z�� �R�G�Q�y�Z�� �S�U�H�Z�H�Q�F�\�M�Q�\�F�K�� �G�O�D�� �Z�V�]�\�V�W�N�L�F�K�� �U�R�]�Z�D�*�D�Q�\�F�K�� �H�O�H�P�H�Q�W�y�Z���� �3�U�]�\�U�R�V�W�� �Z�D�U�W�R���F�L��
dystrybuanty �R�U�D�]���N�R�V�]�W�\���R�G�Q�R�Z�\���L���Z�\�V�W���S�L�H�Q�L�D���D�Z�D�U�L�L���E�
�G�����G�O�D���N�D�*�G�H�J�R���]���H�O�H�P�H�Q�W�y�Z���V�W�D�Q�R�Z�L�ü��
�Z�D�J�
�� �M�H�J�R�� �L�Q�G�\�Z�L�G�X�D�O�Q�H�J�R�� �F�]�D�V�X�� �R�G�Q�R�Z�\�� �S�U�H�Z�H�Q�F�\�M�Q�H�M�� ��ti* ������ �:�V�S�y�O�Q�\�� �F�]�D�V�� �R�G�Q�R�Z�\�� ��t*) 
�S�U�R�S�R�Q�X�M�H���V�L�
���Z�\�]�Q�D�F�]�D�ü���Z�J���]�D�O�H�*�Q�R���F�L�� 
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gdzie: 
ti* �± czas odnowy prewencyjnej i-�W�H�J�R���H�O�H�P�H�Q�W�X���X�N�á�D�G�X�� 
kai �± koszt awarii i-�W�H�J�R���H�O�H�P�H�Q�W�X���X�N�á�D�G�X�� 
koi �± koszt odnowy prewencyjnej i-�W�H�J�R���H�O�H�P�H�Q�W�X���X�N�á�D�G�X�� 
tmax

* �± �Q�D�M�Z�L�
�N�V�]�D���Z�D�U�W�R���ü���F�]�D�V�X���R�G�Q�R�Z�\���S�U�H�Z�H�Q�F�\�M�Q�H�M���M�H�G�Q�H�J�R���V�S�R���U�y�G���Z�V�]�\�V�W�N�L�F�K���H�O�H�P�H�Q�W�y�Z��
�X�N�á�D�G�X�� 
tmin

* �± �Q�D�M�P�Q�L�H�M�V�]�D�� �Z�D�U�W�R���ü�� �F�]�D�V�X�� �R�G�Q�R�Z�\�� �S�U�H�Z�H�Q�F�\�M�Q�H�M�� �M�H�G�Q�H�J�R�� �V�S�R���U�y�G�� �Z�V�]�\�V�W�N�L�F�K��
�H�O�H�P�H�Q�W�y�Z���X�N�á�D�G�X�� 
 

�:�V�S�y�O�Q�\�� �F�]�D�V�� �R�G�Q�R�Z�\�� �S�U�H�Z�H�Q�F�\�M�Q�H�M�� �U�R�]�S�D�W�U�\�Z�D�Q�H�J�R�� �]�H�V�S�R�á�X��(t*) �P�R�*�H�� �E�\�ü�� �U�y�Z�Q�L�H�*��
�Z�\�]�Q�D�F�]�D�Q�\�� �]�� �X�Z�]�J�O�
�G�Q�L�H�Q�L�H�P�� �X�V�W�D�O�R�Q�\�F�K�� �F�\�N�O�L�F�]�Q�\�F�K�� �S�U�]�H�J�O���G�y�Z�� �L�� �G�]�L�D�á�D���� �R�E�V�á�X�J�R�Z�\�F�K��
�U�H�D�O�L�]�R�Z�D�Q�\�F�K�� �G�O�D�� �L�Q�Q�\�F�K�� �]�H�V�S�R�á�y�Z�� �L�� �F�]�
���F�L�� �W�H�J�R�� �V�D�P�H�J�R�� �]�á�R�*�R�Q�H�J�R�� �R�E�L�H�N�W�X�� �>���@���� �7�D�N�L�H��
�S�R�G�H�M���F�L�H�� �M�H�V�W�� �F�]�
�V�W�R�� �V�W�R�V�R�Z�D�Q�H�� �Z�� �S�U�D�N�W�\�F�H�� �H�N�V�S�O�R�D�W�D�F�\�M�Q�H�M�� �Z�� �G�X�*�\�F�K �S�U�]�H�G�V�L�
�E�L�R�U�V�W�Z�D�F�K��
�W�U�D�Q�V�S�R�U�W�R�Z�\�F�K���� �J�G�]�L�H�� �Z�\�Q�L�N�D�M���F�H�� �]�� �]�D�V�W�R�V�R�Z�D�Q�H�J�R�� �P�R�G�H�O�X�� �R�G�Q�D�Z�L�D�Q�L�D�� �S�U�H�Z�H�Q�F�\�M�Q�H�J�R��
�R�S�W�\�P�D�O�Q�H���R�N�U�H�V�\���R�G�Q�R�Z�\���L���S�U�]�H�J�O���G�y�Z���S�R�V�]�F�]�H�J�y�O�Q�\�F�K���]�H�V�S�R�á�y�Z���V�����V�N�U�D�F�D�Q�H���O�X�E���Z�\�G�á�X�*�D�Q�H��
�W�D�N���� �D�E�\�� �V�W�D�Q�R�Z�L�á�\�� �F�D�á�N�R�Z�L�W���� �Z�L�H�O�R�N�U�R�W�Q�R���ü�� �S�U�]�H�S�U�R�Z�D�G�]�D�Q�\�F�K�� �]�J�R�G�Q�L�H��z harmonogramem 
�F�]�D�V�R�Z�\�P���F�]�\�Q�Q�R���F�L���R�E�V�á�X�J�R�Z�\�F�K���Z�L�
�N�V�]�H�M���O�L�F�]�E�\���]�H�V�S�R�á�y�Z���L���F�]�
���F�L���W�H�J�R���R�E�L�H�N�W�X�����'�]�L�D�á�D�Q�L�H��
�W�D�N�L�H�� �S�R�]�Z�D�O�D�� �]�P�Q�L�H�M�V�]�\�ü�� �O�L�F�]�E�
�� �S�U�]�H�V�W�R�M�y�Z�� �]�á�R�*�R�Q�H�J�R�� �R�E�L�H�N�W�X�� �W�H�F�K�Q�L�F�]�Q�H�J�R�� �S�U�]�\�Q�R�V�]���F��
wymierne efekty ekonomiczne. 
 
2.2.  Model planowej strategii odnowy pre�Z�H�Q�F�\�M�Q�H�M���X�N�á�D�G�X 
 

�3�R�� �Z�\�]�Q�D�F�]�H�Q�L�X�� �Z�V�S�y�O�Q�H�J�R�� �F�]�D�V�X�� �R�G�Q�R�Z�\�� �S�U�H�Z�H�Q�F�\�M�Q�H�M�� �G�O�D�� �Z�V�]�\�V�W�N�L�F�K�� �H�O�H�P�H�Q�W�y�Z��
�X�N�á�D�G�X��(t*)�����V�W�U�D�W�H�J�L�D���Z�V�S�y�O�Q�H�M���F�\�N�O�L�F�]�Q�H�M���L�F�K���R�G�Q�R�Z�\���S�R���S�U�]�H�S�U�D�F�R�Z�D�Q�L�X���W�H�J�R���F�]�D�V�X���P�R�*�H���E�\�ü��
�á�D�W�Z�R���V�W�R�V�R�Z�D�Q�D���G�R���F�K�Z�L�O�L�����J�G�\���N�W�y�U�\�����]���H�O�H�P�H�Q�W�y�Z���X�O�H�J�Q�L�H���D�Z�D�U�L�L�����*�G�\���W�D�N�L�H���]�G�D�U�]�H�Q�L�H���Z�\�V�W���S�L��
�S�R�M�D�Z�L�D�� �V�L�
�� �S�U�R�E�O�H�P�� �G�H�F�\�]�\�M�Q�\���� �F�]�\�� �R�G�Q�R�Z�L�R�Q�\�� �S�R�� �D�Z�D�U�L�L�� �H�O�H�P�H�Q�W�� �R�G�Q�R�Z�L�ü�� �U�y�Z�Q�L�H�*�� �Z��
�]�D�S�O�D�Q�R�Z�D�Q�\�P���Z�V�S�y�O�Q�\�P���W�H�U�P�L�Q�L�H�����P�L�P�R�����*�H���Q�L�H���R�V�L���J�Q�L�H���R�Q���M�H�V�]�F�]�H���Z�W�H�G�\���F�]�D�V�X���S�U�D�F�\��t* do 
�]�D�S�O�D�Q�R�Z�D�Q�H�M���R�G�Q�R�Z�\�������F�]�\���S�R�]�R�V�W�D�Z�L�ü���J�R���G�R���N�R�O�H�M�Q�H�J�R���Z�V�S�y�O�Q�H�J�R���W�H�U�P�L�Q�X���R�G�Q�R�Z�\�����5�\�V������������
�F�]�\�O�L�� �Z�\�G�á�X�*�\�ü�� �F�]�D�V�� �M�H�J�R�� �S�U�D�F�\�� �G�R�� �R�G�Q�R�Z�L�H�Q�L�D�� �S�U�H�Z�H�Q�F�\�M�Q�H�J�R�� �S�R�Q�R�V�]���F�� �]�Z�L�
�N�V�]�R�Q�H��ryzyko 
�Z�\�V�W���S�L�H�Q�L�D���D�Z�D�U�L�L�� 
 



 
 
 
 
 
�5�\�V�����������3�O�D�Q�R�Z�\���F�]�D�V���S�U�D�F�\���H�O�H�P�H�Q�W�X���G�R���R�G�Q�R�Z�\���S�U�H�Z�H�Q�F�\�M�Q�H�M���L���Z�\�G�á�X�*�R�Q�\���S�R���Z�\�V�W���S�L�H�Q�L�X��

uszkodzenia 
 

�5�R�]�Z�L���]�D�Q�L�H�� �S�U�R�E�O�H�P�X�� �Z�\�P�D�J�D�� �X�Z�]�J�O�
�G�Q�L�H�Q�L�D�� �]�Z�L�
�N�V�]�R�Q�H�J�R�� �S�U�D�Z�G�R�S�R�G�R�E�L�H���V�W�Z�D��
�X�V�]�N�R�G�]�H�Q�L�D�� �V�L�
�� �W�H�J�R�� �H�O�H�P�H�Q�W�X�� �Z�� �Z�\�G�á�X�*�R�Q�\�P�� �R�N�U�H�V�L�H�� �H�N�V�S�O�R�D�W�D�F�M�L�� ����t* �± tai���� �M�D�N�� �L�� �N�R�V�]�W�y�Z��
�]�Z�L���]�D�Q�\�F�K�� �]�� �M�H�J�R�� �H�Z�H�Q�W�X�D�O�Q�\�P�� �G�R�G�D�W�N�R�Z�\�P�� �R�G�Q�R�Z�L�H�Q�L�H�P�� ��koi), gdy odnowa elementu 
�]�R�V�W�D�á�D�E�\���S�U�]�H�S�U�R�Z�D�G�]�R�Q�D���Z���U�D�P�D�F�K���R�G�Q�R�Z�\���F�D�á�H�J�R���X�N�á�D�G�X���P�L�P�R�����*�H���H�O�H�P�H�Q�W���W�H�Q���Q�L�H���R�V�L���J�Qie 
jeszcze planowego czasu pracy t* do swojej odnowy prewencyjnej (przepracuje tylko czas t* �± 
tai�������:�V�N�D�(�Q�L�N���Q�D���S�R�G�V�W�D�Z�L�H���N�W�y�U�H�J�R���P�R�*�Q�D���Z���W�D�N�L�H�M���V�\�W�X�D�F�M�L���S�R�G�H�M�P�R�Z�D�ü���G�H�F�\�]�M�
�����Z���V�W�R�V�X�Q�N�X��
�G�R���X�V�]�N�R�G�]�R�Q�H�J�R���H�O�H�P�H�Q�W�X�����S�U�R�S�R�Q�X�M�H���V�L�
���Z�\�]�Q�D�F�]�D�ü���]���]�D�O�H�*�Q�R���F�L�� 
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gdzie: 
tai �± �F�]�D�V���Z�\�V�W���S�L�H�Q�L�D���D�Z�D�U�L�L��i-tego elementu, 
t* �± �Z�V�S�y�O�Q�\���F�]�D�V���S�U�D�F�\���G�R���R�G�Q�R�Z�\���S�U�H�Z�H�Q�F�\�M�Q�H�M���H�O�H�P�H�Q�W�y�Z���Z�\�]�Q�D�F�]�R�Q�\���S�U�]�H�G���D�Z�D�U�L����i-tego 
elementu, 
Fi(t) �± �Z�D�U�W�R���ü���G�\�V�W�U�\�E�X�D�Q�W�\���U�R�]�N�á�D�G�X���F�]�D�V�X���S�U�D�F�\���G�R���X�V�]�N�R�G�]�H�Q�L�D��i-tego elementu, 
kai �± koszt awarii i-�W�H�J�R���H�O�H�P�H�Q�W�X���X�N�á�D�G�X�� 
koi �± koszt odnowy prewencyjnej i-�W�H�J�R���H�O�H�P�H�Q�W�X���X�N�á�D�G�X�� 
 

�-�H���O�L���Z�D�U�W�R���ü��D(tai�����”���������W�R���X�]�D�V�D�G�Q�L�R�Q�D���M�H�V�W���R�G�Q�R�Z�D���H�O�H�P�H�Q�W�X���Z�U�D�]���]���S�R�]�R�V�W�D�á�\�P�L���P�L�P�R����
�*�H�� �R�G�� �R�G�Q�R�Z�\�� �S�R�D�Z�D�U�\�M�Q�H�M�� �Z�� �F�K�Z�L�O�L��tai �Q�L�H�� �S�U�]�H�S�U�D�F�R�Z�D�á�� �R�Q�� �M�H�V�]�F�]�H�� �F�]�D�V�X�� �U�y�Z�Q�H�J�R��t*. Gdy 
D(tai���� �!�� ������ �W�R�� �X�]�D�V�D�G�Q�L�R�Q�H�� �M�H�V�W�� �Z�\�G�á�X�*�H�Q�L�H�� �F�]�D�V�X�� �S�U�D�F�\�� �H�O�H�P�H�Q�W�X�� �L�� �Q�L�H�� �R�G�Q�D�Z�L�D�Q�L�H�� �J�R�� �S�U�]�\��
�Q�D�M�E�O�L�*�V�]�H�M �R�G�Q�R�Z�L�H�� �S�R�]�R�V�W�D�á�\�F�K�� �H�O�H�P�H�Q�W�y�Z���� �O�H�F�]�� �G�R�N�R�Q�D�Q�L�H�� �W�H�J�R�� �G�R�S�L�H�U�R�� �Z�� �W�U�D�N�F�L�H�� �N�R�O�H�M�Q�H�M��
�R�G�Q�R�Z�\���X�N�á�D�G�X�����S�R���Q�D�M�E�O�L�*�V�]�H�M���Z�V�S�y�O�Q�H�M���R�G�Q�R�Z�L�H���M�H�J�R���H�O�H�P�H�Q�W�y�Z���� 

�3�U�]�\���]�Q�D�Q�\�F�K���Z�D�U�W�R���F�L�D�F�K���N�R�V�]�W�y�Z���D�Z�D�U�L�L���L���R�G�Q�R�Z�\���R�U�D�]���G�\�V�W�U�\�E�X�D�Q�W�\���F�]�D�V�y�Z���S�U�D�F�\���G�R��
�X�V�]�N�R�G�]�H�Q�L�D�� �S�R�V�]�F�]�H�J�y�O�Q�\�F�K�� �H�O�H�P�H�Q�W�y�Z���� �G�O�D�� �N�D�*�G�H�J�R�� �]�� �Q�L�F�K�� �P�R�*�Q�D�� �Z�\�]�Q�D�F�]�\�ü�� �J�U�D�Q�L�F�]�Q����
�Z�D�U�W�R���ü��czasu tai = ti_gr�����-�H�V�W���W�R���Z�D�U�W�R���ü �F�]�D�V�X�����G�O�D���N�W�y�U�H�J�R��D(tai����� ���������-�H���O�L���D�Z�D�U�L�D���Z�\�V�W���S�L���S�U�]�H�G��
�R�V�L���J�Q�L�
�F�L�H�P�� �S�U�]�H�]�� �H�O�H�P�H�Q�W�� �W�H�M�� �Z�D�U�W�R���F�L�� �F�]�D�V�X�� �S�U�D�F�\���� �W�R�� �X�]�D�V�D�G�Q�L�R�Q�D�� �M�H�V�W�� �M�H�J�R�� �G�R�G�D�W�N�R�Z�D��
�R�G�Q�R�Z�D�� �Z�U�D�]�� �]�� �S�R�]�R�V�W�D�á�\�P�L�� �H�O�H�P�H�Q�W�D�P�L�� �Z�� �Q�D�M�E�O�L�*�V�]�\�P�� �Z�V�S�y�O�Q�\�P�� �W�H�U�P�L�Q�L�H�� �R�G�Q�R�Z�\��
�S�U�H�Z�H�Q�F�\�M�Q�H�M�����-�H���O�L���D�Z�D�U�L�D���H�O�H�P�H�Q�W�X���Z�\�V�W���S�L���M�X�*���S�R���R�V�L���J�Q�L�
�F�L�X���W�H�J�R���F�]�D�V�X���S�U�D�F�\����uzasadnione 
�M�H�V�W�� �Z�\�G�á�X�*�H�Q�L�H�� �F�]�D�V�X�� �S�U�D�F�\�� �H�O�H�P�H�Q�W�X�� �E�H�]�� �R�G�Q�R�Z�\���� �3�U�]�\�N�á�D�G�� �S�U�]�H�E�L�H�J�X�� �I�X�Q�N�F�M�L��D(tai) 
�S�U�]�H�G�V�W�D�Z�L�R�Q�R�� �Q�D�� �U�\�V�X�Q�N�X�� ������ �.�U�]�\�Z���� �Z�\�N�U�H���O�R�Q�R�� �]�J�R�G�Q�L�H�� �]�� �U�y�Z�Q�D�Q�L�H�P�� �������� �G�O�D�� �H�O�H�P�H�Q�W�X�� �R��
�Q�R�U�P�D�O�Q�\�P���U�R�]�N�á�D�G�]�L�H���F�]�D�V�X���S�U�D�F�\���G�R���X�V�]�N�R�G�]�H�Q�L�D���1��m = 21,5 [mies.]; �1��= 4,75 [mies.]), przy 
ilorazie kosztu awarii i kosztu odnowy ka/ko = 4 i wyznaczonym okresie odnowy prewencyjnej 
t* =14 [mies.]. 

 

t*  2t*  t 0 tai 

2t* - tai 
t*  t*  



 
�5�\�V�����������3�U�]�\�N�á�D�G���S�U�]�H�E�L�H�J�X���I�X�Q�N�F�M�L��D(tai) 

 
�=���Z�\�N�U�H�V�X���P�R�*�Q�D���R�G�F�]�\�W�D�ü���Z�\�]�Q�D�F�]�R�Q�����Z���W�\�P���S�U�]�\�S�D�G�N�X���Z�D�U�W�R���ü��ti_gr �Z�\�Q�R�V�]���F�� 8,5 

�>�P�L�H�V���@���� �2�]�Q�D�F�]�D�� �W�R���� �*�H�� �M�H���O�L�� �X�V�]�N�R�G�]�H�Q�L�H�� �H�O�H�P�H�Q�W�X�� �Z�\�V�W���S�L�� �G�R��8,5 �P�L�H�V�L���F�D�� �H�N�V�S�O�R�D�W�D�F�M�L����
uzasadniona jest jego dodatkowa odnowa prewencyjna z innymi elementami zaplanowana w 
�������P�L�H�V�L���F�X�����-�H���O�L���D�Z�D�U�L�D���Z�\�V�W���S�L���M�X�*���S�R�����������P�L�H�V�L���F�D�����R�N�U�H�V���M�H�J�R���H�N�V�S�O�R�D�W�D�F�M�L���P�R�*�Q�D���Z�\�G�á�X�*�\�ü��
���R�� �P�D�N�V�\�P�D�O�Q�L�H�� �������� �P�L�H�V�L���F�D���� �L�� �R�G�Q�R�Z�L�ü�� �W�H�Q�� �H�O�H�P�H�Q�W���Q�L�H�� �S�U�]�\�� �Q�D�M�E�O�L�*�V�]�H�M�� �Z�V�S�y�O�Q�H�M�� �R�G�Q�R�Z�L�H��
�H�O�H�P�H�Q�W�y�Z���X�N�á�D�G�X�����D�O�H���G�R�S�L�H�U�R���Z���U�D�P�D�F�K���N�R�O�H�M�Q�H�M���� 

�,�Q�Q�\�P�� �S�U�]�H�G�V�W�D�Z�L�R�Q�\�P�� �Z�� �O�L�W�H�U�D�W�X�U�]�H�� �>�����@���V�S�R�V�R�E�H�P�� �Z�\�]�Q�D�F�]�H�Q�L�D�� �Z�D�U�W�R���F�L��czasu ti_gr 
jest wykorzystanie modeli decyzyjno-losowych opartych na programowaniu dynamicznym i 
�]�D�V�D�G�]�L�H�� �R�S�W�\�P�D�O�Q�R���F�L�� �%�H�O�O�P�D�Q�D���� �0�R�G�H�O�H�� �W�H�� �X�P�R�*�O�L�Z�L�D�M���� �R�E�O�L�F�]�H�Q�L�H�� �R�S�W�\�P�D�O�Q�H�J�R�� �R�N�U�H�V�X��
odnowy prewencyjnej (t* ���� �Z�� �V�N�R���F�]�R�Q�\�P�� �K�R�U�\�]�R�Q�F�L�H�� �F�]�D�V�R�Z�\�P�� ��Th) eksploatacji obiektu 
technicznego, ale prz�\���L�F�K���]�D�V�W�R�V�R�Z�D�Q�L�X���P�R�*�O�L�Z�H���M�H�V�W���U�y�Z�Q�L�H�*���R�E�O�L�F�]�H�Q�L�H���Q�D�M�Z�L�
�N�V�]�H�M���Z�D�U�W�R���F�L��
Th�����G�O�D���N�W�y�U�H�M���P�R�G�H�O���W�H�Q���Z�V�N�D�]�X�M�H���Q�D���E�U�D�N���R�S�á�D�F�D�O�Q�R���F�L���S�U�]�H�S�U�R�Z�D�G�]�D�Q�L�D���R�G�Q�R�Z�\���S�U�H�Z�H�Q�F�\�M�Q�H�M��
�O�X�E�� �N�R�Q�W�U�R�O�L�� �V�W�D�Q�X�� �W�H�F�K�Q�L�F�]�Q�H�J�R�� �X�N�á�D�G�X�� �>�����@���� �F�R�� �S�R�N�D�]�D�Q�R�� �]�� �S�R�P�R�F���� �V�F�K�H�P�D�W�X�� �Q�D�� �U�\�V�X�Q�N�X�� ����
[18]. �:�D�U�W�R���ü���W�H�J�R��maksymalnego czasu (Thmax, �E�H�]���R�G�Q�R�Z�\���S�U�H�Z�H�Q�F�\�M�Q�H�M���O�X�E���S�U�]�H�J�O���G�X�����M�H�V�W��
odpowiednikiem czasu 2t* �± ti_gr w modelu �S�U�R�S�R�Q�R�Z�D�Q�\�P���Z���Q�L�Q�L�H�M�V�]�\�P���R�S�U�D�F�R�Z�D�Q�L�X�����=�Q�D�M���F��
Thmax z modelu decyzyjno-�O�R�V�R�Z�H�J�R���P�R�*�Q�D���U�y�Z�Q�L�H�*���R�E�O�L�F�]�\�ü��ti_gr = 2t* �± Thmax.  
 
 
 
 



 
�5�\�V�����������0�H�W�R�G�D���Z�\�]�Q�D�F�]�D�Q�L�D���Q�D�M�Z�L�
�N�V�]�H�J�R���S�U�]�H�E�L�H�J�X���R�E�U�
�F�]�\���]�H�V�W�D�Z�X���N�R�á�R�Z�H�J�R�����G�O�D���N�W�y�U�H�J�R��

�U�R�]�S�D�W�U�\�Z�D�Q�H���G�]�L�D�á�D�Q�L�D���R�E�V�á�X�J�R�Z�H���S�R�]�R�V�W�D�M�����Q�L�H�R�S�á�D�F�D�O�Q�H���>�����@�� 
 

�&�H�F�K���� �F�K�D�U�D�N�W�H�U�\�V�W�\�F�]�Q���� �S�U�]�H�G�V�W�D�Z�L�R�Q�H�M�� �S�O�D�Q�R�Z�H�M�� �V�W�U�D�W�H�J�L�L�� �R�G�Q�R�Z�\�� �M�H�V�W�� �I�D�N�W���� �*�H�� �Q�L�H��
�]�P�L�H�Q�L�D�M���� �V�L�
�� �X�V�W�D�O�R�Q�H�� �S�R�F�]���W�N�R�Z�R�� �Z�V�S�y�O�Q�H�� �F�K�Z�L�O�H�� �R�G�Q�R�Z�\�� �S�U�H�Z�H�Q�F�\�M�Q�H�M�� �Z�V�]�\�V�W�N�L�F�K��
�H�O�H�P�H�Q�W�y�Z�����Z�\�N�R�Q�\�Z�D�Q�H�M���Z���V�W�D�á�\�F�K���R�G�V�W�
�S�D�F�K���F�]�D�V�X���R���Z�D�U�W�R���F�L��t*. Stosowanie takiej strategii 
m�R�*�H���P�L�H�ü���V�]�F�]�H�J�y�O�Q�H���X�]�D�V�D�G�Q�L�H�Q�L�H�����J�G�\���R�G�Q�R�Z�\���U�R�]�Z�D�*�D�Q�H�J�R���X�N�á�D�G�X���S�U�]�H�S�U�R�Z�D�G�]�D�Q�H���V�����Z��
�V�W�D�á�\�F�K���R�G�V�W�
�S�D�F�K���F�]�D�V�X��t* �L���Z���M�H�J�R���Z�L�H�O�R�N�U�R�W�Q�R���F�L�D�F�K�����]�Z�L���]�D�Q�\�F�K���]���L�Q�Q�\�P�L���]�D�S�O�D�Q�R�Z�D�Q�\�P�L��
�G�]�L�D�á�D�Q�L�D�P�L���R�E�V�á�X�J�R�Z�\�P�L�����F�D�á�H�J�R���R�E�L�H�N�W�X���O�X�E���S�H�Z�Q�H�M���L�F�K���]�E�L�R�U�R�Z�R���F�L���� 
 
2.3.  Model adapta�F�\�M�Q�H�M���V�W�U�D�W�H�J�L�L���R�G�Q�R�Z�\���S�U�H�Z�H�Q�F�\�M�Q�H�M���X�N�á�D�G�X 
 

�'�U�X�J�����S�U�R�S�R�Q�R�Z�D�Q�����P�R�*�O�L�Z�R���F�L�����R�G�Q�D�Z�L�D�Q�L�D���M�H�V�W���V�W�R�V�R�Z�D�Q�L�H���V�W�U�D�W�H�J�L�L���D�G�D�S�W�D�F�\�M�Q�H�M�����Z��
�N�W�y�U�H�M���P�R�*�O�L�Z�H���M�H�V�W���P�R�G�\�I�L�N�R�Z�D�Q�L�H���R�G�V�W�
�S�X���P�L�
�G�]�\���F�K�Z�L�O�D�P�L���Z�\�N�R�Q�\�Z�D�Q�L�D���N�R�O�H�M�Q�\�F�K���R�G�Q�y�Z��
�S�U�H�Z�H�Q�F�\�M�Q�\�F�K���F�D�á�H�J�R���X�N�á�D�G�X�����2�G�V�W�
�S���W�H�Q���Z�\�]�Q�D�F�]�D�Q�\���M�H�V�W���Q�D���Q�R�Z�R���S�R���N�D�*�G�\�P���Z�\�V�W���S�L�H�Q�L�X��
�D�Z�D�U�L�L���G�R�Z�R�O�Q�H�J�R���H�O�H�P�H�Q�W�X���X�N�á�D�G�X�����:���P�R�G�H�O�X���W�\�P���V�\�W�X�D�F�M�D���Z�\�M���F�L�R�Z�D���M�H�V�W���W�D�N�D���V�D�P�D���M�D�N���Z��
�P�R�G�H�O�X���S�O�D�Q�R�Z�H�M���V�W�U�D�W�H�J�L�L�����F�]�\�O�L���L�V�W�Q�L�H�M�H���Z�\�]�Q�D�F�]�R�Q�\���V�W�D�á�\���L���Z�V�S�y�O�Q�\���G�O�D���Z�V�]�\�V�W�N�L�F�K���H�O�H�P�H�Q�W�y�Z��
�X�N�á�D�G�X���F�]�D�V���S�U�D�F�\���G�R���R�G�Q�R�Z�\���S�U�Hwencyjnej (t*). Strategia zgodna z tym czasem jest stosowana 
�G�R���F�K�Z�L�O�L���� �J�G�\���N�W�y�U�\�����]�� �H�O�H�P�H�Q�W�y�Z���X�V�]�N�R�G�]�L���V�L�
���S�U�]�H�G���R�V�L���J�Q�L�
�F�L�H�P���Z�L�H�N�X��t*. Gdy zdarzenie 
�W�D�N�L�H���Z�\�V�W���S�L�����Z���V�W�U�D�W�H�J�L�L���D�G�D�S�W�D�F�\�M�Q�H�M�����Q�D�V�W�
�S�X�M�H���R�G�Q�R�Z�D���S�R�D�Z�D�U�\�M�Q�D���X�V�]�N�R�G�]�R�Q�H�J�R���H�O�H�P�H�Q�W�X��



i przy wykorzy�V�W�D�Q�L�X�� �Z�L�H�G�]�\���� �*�H�� �S�R�]�R�V�W�D�á�H�� �H�O�H�P�H�Q�W�\�� �Q�L�H�� �X�O�H�J�á�\�� �G�R�� �W�H�M�� �F�K�Z�L�O�L�� �X�V�]�N�R�G�]�H�Q�L�X��
���P�R�G�\�I�L�N�D�F�M�D�� �U�R�]�N�á�D�G�y�Z�� �S�U�D�Z�G�R�S�R�G�R�E�L�H���V�W�Z�D�� �F�]�D�V�y�Z�� �S�U�D�F�\�� �G�R�� �X�V�]�N�R�G�]�H�Q�L�D������ �Q�D�V�W�
�S�X�M�H��
�Z�\�]�Q�D�F�]�H�Q�L�H�� �N�R�O�H�M�Q�H�J�R���� �Z�V�S�y�O�Q�H�J�R�� �G�O�D�� �Z�V�]�\�V�W�N�L�F�K�� �H�O�H�P�H�Q�W�y�Z���� �F�]�D�V�X�� �Z�\�N�R�Q�D�Q�L�D�� �R�G�Q�R�Z�\��
prewencyjnej. 

Zapr�R�S�R�Q�R�Z�D�Q�H���G�Z�L�H���V�W�U�D�W�H�J�L�H���R�G�Q�D�Z�L�D�Q�L�D���U�y�*�Q�L�����V�L�
���R�G���V�L�H�E�L�H�����D���R���W�\�P�����N�W�y�U�D���Z���G�D�Q�\�P��
�S�U�]�\�S�D�G�N�X�� �S�U�D�N�W�\�F�]�Q�\�P�� �E�
�G�]�L�H�� �E�D�U�G�]�L�H�M�� �H�I�H�N�W�\�Z�Q�D���� �P�R�*�Q�D�� �V�W�Z�L�H�U�G�]�L�ü�� �S�R�S�U�]�H�]�� �Z�\�]�Q�D�F�]�H�Q�L�H��
�Z�D�U�W�R���F�L�� �Z�V�N�D�(�Q�L�N�y�Z�� �H�N�R�Q�R�P�L�F�]�Q�\�F�K���� �Z�\�Q�L�N�D�M���F�\�F�K�� �]�� �L�F�K�� �V�W�R�V�R�Z�D�Q�L�D�� �Z�� �]�D�á�R�*�R�Q�\�P��
horyzoncie czasowym [1].  
 
3. Model symulacyjny planowej i adaptacyjnej strategii odnawiania 
 

�6�\�P�X�O�D�F�\�M�Q�\���P�R�G�H�O���R�E�O�L�F�]�H�Q�L�R�Z�\���R�S�U�D�F�R�Z�D�Q�R���Q�D���S�R�G�V�W�D�Z�L�H���]�D�á�R�*�H�����V�I�R�U�P�X�á�R�Z�D�Q�\�F�K��
dla modelu strategii planowej i modelu strategii adaptacyjnej scharakteryzowanych w rozdziale 
2. �2�S�U�D�F�R�Z�D�Q�H�� �D�O�J�R�U�\�W�P�\�� �R�E�O�L�F�]�H�Q�L�R�Z�H�� �S�R�]�Z�D�O�D�M���� �Q�D�� �Z�\�N�R�Q�D�Q�L�H�� �V�\�P�X�O�D�F�M�L�� �N�R�P�S�X�W�H�U�R�Z�\�F�K��
�S�U�D�F�\�� �X�N�á�D�G�X�� �S�U�]�\�� �V�W�R�V�R�Z�D�Q�L�X�� �N�D�*�G�H�M�� �]�� �Q�L�F�K���� �8�S�U�R�V�]�F�]�R�Q�H�� �D�O�J�R�U�\�W�P�\�� �S�U�]�H�G�V�W�D�Z�L�D�M���F�H��
�S�R�M�H�G�\�Q�F�]�����L�W�H�U�D�F�M�
���V�\�P�X�O�D�F�M�L���S�R�N�D�]�D�Q�R���Q�D���U�\�V�X�Q�N�D�F�K 4a i 4b. 

 

 
�5�\�V�������D�����8�S�U�R�V�]�F�]�R�Q�\���D�O�J�R�U�\�W�P���S�R�M�H�G�\�Q�F�]�H�M���L�W�H�U�D�F�M�L���V�\�P�X�O�D�F�M�L���S�U�D�F�\���X�N�á�D�G�X�� 

�Z�H�G�á�X�J���P�R�G�H�O�X���V�W�U�D�W�H�J�L�L���S�O�D�Q�R�Z�H�M 



 

 
�5�\�V�������E�����8�S�U�R�V�]�F�]�R�Q�\���D�O�J�R�U�\�W�P�\���S�R�M�H�G�\�Q�F�]�H�M���L�W�H�U�D�F�M�L���V�\�P�X�O�D�F�M�L���S�U�D�F�\���X�N�á�D�G�X�� 

�Z�H�G�á�X�J���P�R�G�H�O�X���V�W�U�D�W�H�J�L�L���D�G�D�S�W�D�F�\�M�Q�H�M 
 

�6�]�F�]�H�J�y�á�R�Z�����F�K�D�U�D�N�W�H�U�\�V�W�\�N�
���P�H�W�R�G�\���V�\�P�X�O�D�F�\�M�Q�H�M���Z�\�N�R�U�]�\�V�W�D�Q�H�M���G�R���R�E�O�L�F�]�H�����P�R�*�Q�D��
�]�Q�D�O�H�(�ü�� �Z�� �>���@, gdzie �S�R�N�D�]�D�Q�R�� �P�R�*�O�L�Z�R���ü�� �R�V�]�D�F�R�Z�D�Q�L�D�� �Q�L�H�]�D�Z�R�G�Q�R���F�L�� �]�á�R�*�R�Q�H�J�R�� �R�E�L�H�N�W�X��
�W�H�F�K�Q�L�F�]�Q�H�J�R�� �S�R�G�O�H�J�D�M���F�H�J�R�� �G�H�N�R�P�S�R�]�\�F�M�L���� �1�D�� �S�R�W�U�]�H�E�\�� �Q�L�Q�L�H�M�V�]�H�J�R�� �D�U�W�\�N�X�á�X�� �Petoda ta 
�V�W�D�Q�R�Z�L�� �E�D�]�
���� �N�W�y�U�D�� �]�R�V�W�D�á�D��w istotnym stopniu �X�]�X�S�H�á�Q�L�R�Q�D�� �R��nowe �I�X�Q�N�F�M�H�� �]�Z�L���]�D�Q�H�� �]��
odnowami prewencyjnymi �E�D�G�D�Q�\�F�K�� �R�E�L�H�N�W�y�Z. �'�]�L�
�N�L�� �W�H�P�X���� �S�R�]�D�� �V�]�D�F�R�Z�D�Q�L�H�P��
�Q�L�H�]�D�Z�R�G�Q�R���F�L�� �R�E�L�H�N�W�X���� �P�R�*�O�L�Z�D�� �M�H�V�W�� �U�y�Z�Q�L�H�*�� �R�F�H�Q�D�� �H�I�H�N�W�\�Z�Q�R���F�L�� �H�N�R�Q�R�P�L�F�]�Q�H�M�� �U�y�*�Q�\�F�K��
�V�W�U�D�W�H�J�L�L���R�G�Q�D�Z�L�D�Q�L�D���S�U�H�Z�H�Q�F�\�M�Q�H�J�R���M�H�J�R���F�]�
���F�L��  

�'�O�D���D�O�J�R�U�\�W�P�X���E�D�]�X�M���F�H�J�R���Q�D���P�R�G�H�O�X���V�W�U�D�W�H�J�L�L���S�O�D�Q�R�Z�H�M���S�U�]�\�M�
�W�R���]�D�á�R�*�H�Q�L�D�� 
- �Z�� �S�U�]�\�S�D�G�N�X�� �X�V�]�N�R�G�]�H�Q�L�D�� �H�O�H�P�H�Q�W�X�� �Q�D�V�W�
�S�X�M�H�� �M�H�J�R�� �R�G�Q�R�Z�D�� �E�H�]�� �R�G�Q�R�Z�\�� �H�O�H�P�H�Q�W�y�Z��
nieuszkodzonych,  
- element ten zostanie odnowiony w ramach odnowy profilaktycznej dla czasu t* ���� �M�H�*�H�Oi 
�S�U�]�H�S�U�D�F�R�Z�D�á���F�]�D�V���P�Q�L�H�M�V�]�\���Q�L�*��ti_gr.  



�'�D�Q�\�P�L���Z�H�M���F�L�R�Z�\�P�L���G�R���S�U�R�J�U�D�P�X���R�S�U�D�F�R�Z�D�Q�H�J�R���Q�D���E�D�]�L�H���W�H�J�R���D�O�J�R�U�\�W�P�X���V�������I�X�Q�N�F�M�H��
�Q�L�H�]�D�Z�R�G�Q�R���F�L�� �H�O�H�P�H�Q�W�y�Z���� �N�R�V�]�W�� �R�G�Q�R�Z�\�� �S�U�H�Z�H�Q�F�\�M�Q�H�M�� �G�O�D�� �N�D�*�G�H�J�R�� �H�O�H�P�H�Q�W�X��koi, koszt 
odnowy poawaryjnej kai���� �R�S�W�\�P�D�O�Q�\�� �R�N�U�H�V�� �R�G�Q�R�Z�\�� �H�O�H�P�H�Q�W�y�Z�� �X�N�á�D�G�X��t* ���� �Z�D�U�W�R���ü�� �J�U�D�Q�L�F�]�Q�D��
czasu ti_gr, krok czasowy dt oraz horyzont czasowy TH symulacji i liczba symulacji n. 

�'�O�D���D�O�J�R�U�\�W�P�X���E�D�]�X�M���F�H�J�R���Q�D���P�R�G�H�O�X���V�W�U�D�W�H�J�L�L���D�G�D�S�W�D�F�\�M�Q�H�M���S�U�]�\�M�
�W�R���]�D�á�R�*�H�Q�L�D�� 
- w przypadku uszkodzenia elem�H�Q�W�X���� �Q�D�V�W�
�S�X�M�H�� �M�H�J�R�� �R�G�Q�R�Z�D���� �E�H�]�� �R�G�Q�R�Z�\�� �H�O�H�P�H�Q�W�y�Z��
�Q�L�H�X�V�]�N�R�G�]�R�Q�\�F�K�� �R�U�D�]�� �R�E�O�L�F�]�H�Q�L�H�� �F�K�Z�L�O�L�� �Q�D�M�E�O�L�*�V�]�H�M�� �Z�\�P�D�J�D�Q�H�M�� �R�G�Q�R�Z�\�� �S�U�R�I�L�O�D�N�W�\�F�]�Q�H�M��
�Z�V�]�\�V�W�N�L�F�K���H�O�H�P�H�Q�W�y�Z�� 
- �Z�\�N�R�Q�\�Z�D�Q�L�H�� �R�G�Q�R�Z�\�� �S�U�H�Z�H�Q�F�\�M�Q�H�M�� �Z�V�]�\�V�W�N�L�F�K�� �H�O�H�P�H�Q�W�y�Z�� �Z�� �F�K�Z�L�O�L�� �Z�\�]�Q�D�F�]�D�Q�H�M��
�N�D�*�G�R�U�D�]�R�Z�R���S�R���D�Z�D�U�L�L���G�R�Z�R�O�Q�H�J�R���H�O�H�P�H�Q�W�X�����M�D�N���Z�\�*�H�M������ 

�:�� �W�\�P�� �S�U�]�\�S�D�G�N�X�� �M�H�G�\�Q���� �U�y�*�Q�L�F���� �Z�� �R�G�Q�L�H�V�L�H�Q�L�X�� �G�R�� �G�D�Q�\�F�K�� �Z�H�M���F�L�R�Z�\�F�K�� �M�H�V�W�� �E�U�D�N��
�N�R�Q�L�H�F�]�Q�R���F�L���R�N�U�H���O�H�Q�L�D���Z�D�U�W�R���F�L���J�U�D�Q�L�F�]�Q�H�M���F�]�D�V�X��ti_gr. 
 
4. �:�\�Q�L�N�L���R�E�O�L�F�]�H�� 
 

Obliczenia wykonano n�D���S�R�G�V�W�D�Z�L�H���G�D�Q�\�F�K���L�Q�V�S�L�U�R�Z�D�Q�\�F�K���G�R���Z�L�D�G�F�]�H�Q�L�D�P�L���]���S�U�D�N�W�\�N�L��
eksploatacyjnej monoblokowych �]�H�V�W�D�Z�y�Z�� �N�R�á�R�Z�\�F�K �H�O�H�N�W�U�\�F�]�Q�\�F�K�� �]�H�V�S�R�á�y�Z�� �W�U�D�N�F�\�M�Q�\�F�K��
���(�=�7�����V�N�á�D�G�D�M���F�\�F�K���V�L�
���]���N�L�O�N�X���Z�D�J�R�Q�y�Z�����3�U�]�\�M�
�W�R�����*�H���U�R�]�N�á�D�G ich czasu pracy do uszkodzenia 
�M�H�V�W���]�J�R�G�Q�\���]���U�R�]�N�á�D�G�H�P���:�H�L�E�X�O�O�D���R���S�D�U�D�P�H�W�U�]�H���N�V�]�W�D�á�W�X���# = 4,1 i parametrze skali �� = 170000 
[km]. Funkcj�
 �J�
�V�W�R���F�L�� �S�U�D�Z�G�R�S�R�G�R�E�L�H���V�W�Z�D�� �S�U�]�H�E�L�H�J�X�� �G�R�� �X�V�]�N�R�G�]�H�Q�L�D�� �G�O�D�� �W�H�J�R�� �U�R�]�N�á�D�G�X��
�]�D�S�L�V�D�Q�R���]�D�O�H�*�Q�R���F�L�������������L���S�U�]�H�G�V�W�D�Z�L�R�Q�R���Q�D���U�\�V�X�Q�N�X������ 
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�5�\�V�����������3�U�]�\�M�
�W�D���I�X�Q�N�F�M�D���J�
�V�W�R���F�L���S�U�D�Z�G�R�S�R�G�R�E�L�H���V�W�Z�D���F�]�D�V�X���S�U�D�F�\���G�R���X�V�]�N�R�G�]�H�Q�L�D��
�D�Q�D�O�L�]�R�Z�D�Q�\�F�K���]�H�V�W�D�Z�y�Z���N�R�á�R�Z�\�F�K 

 
�5�R�]�Z�D�*�D�Q�H�� �V���� �W�\�O�N�R�� �X�V�]�N�R�G�]�H�Q�L�D�� �Z�\�Q�L�N�D�M���F�H�� �]�H�� �]�X�*�\�F�L�D�� �N�y�á�� �S�R�M�D�]�G�y�Z�� �Z�� �F�]�D�V�L�H��

eksploat�D�F�M�L���� �S�R�O�H�J�D�M���F�H�� �Q�D�� �S�U�]�H�N�U�R�F�]�H�Q�L�X���J�U�D�Q�L�F�]�Q�\�F�K�� �Z�D�U�W�R���F�L���Z�\�P�L�D�U�y�Z�� �S�U�R�I�L�O�X�� �N�R�á�D 
�R�N�U�H���O�R�Q�\�F�K���Z���G�R�N�X�P�H�Q�W�D�F�M�L���V�\�V�W�H�P�X���X�W�U�]�\�P�D�Q�L�D���S�R�M�D�]�G�X�����'�6�8��. �5�H�D�O�L�]�R�Z�D�Q�\���X���S�U�]�H�Z�R�(�Q�L�N�D��
�S�U�R�F�H�V���H�N�V�S�O�R�D�W�D�F�M�L���]�H�V�W�D�Z�y�Z���N�R�á�R�Z�\�F�K���R�E�H�M�P�X�M�H���S�U�]�H�J�O���G�\���L���R�G�Q�R�Z�\���Z�\�N�R�Q�\�Z�D�Q�H���]�J�R�G�Q�L�H���]��



DSU. �3�U�]�H�J�O���G�\���S�U�]�H�S�U�R�Z�D�G�]�D�Q�H���V�����Z���]���J�y�U�\���X�V�W�D�O�R�Q�\�F�K���F�K�Z�L�O�D�F�K �± po �R�N�U�H���O�R�Q�\�P���S�U�]�H�E�L�H�J�X��
i czasie.  

�8�Z�]�J�O�
�G�Q�L�D�M���F���N�R�V�]ty: odnowy prewencyjnej �± na poziomie ko = 80000 [j.p. �± jednostek 
�S�L�H�Q�L�
�*�Q�\�F�K�@���L���R�G�Q�R�Z�\���S�R�D�Z�D�U�\�M�Q�H�M���± na poziomie ka = 250000 [j.p.], wyznaczono optymalny 
�R�N�U�H�V�� �R�G�Q�R�Z�\�� �S�U�H�Z�H�Q�F�\�M�Q�H�M�� �D�Q�D�O�L�]�R�Z�D�Q�\�F�K�� �]�H�V�W�D�Z�y�Z�� �N�R�á�R�Z�\�F�K���� �:�\�N�R�U�]�\�V�W�D�Q�R�� �Z�� �W�\�P�� �F�H�O�X��
modele decyzyjno-�O�R�V�R�Z�H���>�������������@���L���X�]�\�V�N�D�Q�R���Z�D�U�W�R���ü���F�]�D�V�X���R�G�Q�R�Z�\�����Z�\�U�D�*�R�Q�����Z���N�L�O�R�P�H�W�U�D�F�K��
przebiegu) t*  = 108000 [km]. 

�:�\�N�R�U�]�\�V�W�X�M���F���W�H���G�D�Q�H���Z�\�N�U�H���O�R�Q�R���Q�D�V�W�
�S�Q�L�H���N�U�]�\�Z�����R�E�U�D�]�X�M���F�����S�U�]�H�E�L�H�J���I�X�Q�N�F�M�L��D(tai) 
�Z�H�G�á�X�J���U�y�Z�Q�D�Q�L�D�������������S�U�]�H�G�V�W�D�Z�L�R�Q�����Q�D���U�\�V�X�Q�N�X���������� 

 

 
Rys. 6. Przebieg funkcji D(tai�����G�O�D���D�Q�D�O�L�]�R�Z�D�Q�H�J�R���]�H�V�W�D�Z�X���N�R�á�R�Z�H�J�R 

 
�:�\�Q�L�N�D���]�� �Q�L�H�M���� �*�H�� �J�U�D�Q�L�F�]�Q�D���Z�D�U�W�R���ü��przebiegu ti_gr dl�D���]�H�V�W�D�Z�X���N�R�á�R�Z�H�J�R���M�H�V�W���U�y�Z�Q�D��

58���������>�N�P�@�����-�H���O�L���N�R�á�R���X�O�H�J�Q�L�H���X�V�]�N�R�G�]�H�Q�L�X���S�U�]�H�G���R�V�L���J�Q�L�
�F�L�H�P���W�H�J�R���S�U�]�H�E�L�H�J�X�����P�L�D�á�R�E�\���E�\�ü��
�R�G�Q�D�Z�L�D�Q�H�� �S�R�� �X�V�]�N�R�G�]�H�Q�L�X�� �U�D�]�H�P�� �]�� �S�R�]�R�V�W�D�á�\�P�L�� �N�R�á�D�P�L�� �Z�D�J�R�Q�X�� �]�H�V�S�R�á�X�� �W�U�D�N�F�\�M�Q�H�J�R�� �L��
�S�R�Q�R�Z�Q�L�H�� �Z�U�D�]�� �]�H�� �Z�V�]�\�V�W�N�L�P�L�� �N�R�á�D�P�L�� �F�D�á�H�J�R�� �]�H�V�S�R�á�X���± �U�y�Z�Q�L�H�*�� �S�U�]�\�� �Q�D�M�E�O�L�*�V�]�H�M�� �Z�V�S�y�O�Q�H�M��
�R�G�Q�R�Z�L�H�����-�H���O�L���X�V�]�N�R�G�]�L���V�L�
���S�R���W�\�P���F�]�D�V�L�H���M�H�V�W���R�G�Q�D�Z�L�D�Q�H���S�R���X�V�]�N�R�G�]�H�Q�L�X�����D�O�H���S�U�]�\���Q�D�M�E�O�L�*�V�]�H�M��
�Z�V�S�y�O�Q�H�M�� �R�G�Q�R�Z�L�H�� �N�y�á�� �F�D�á�H�J�R�� �]�H�V�S�R�á�X�� �M�X�*�� �Q�L�H���± �M�H�J�R�� �F�]�D�V�� �S�U�D�F�\�� �M�H�V�W�� �Z�\�G�á�X�*�R�Q�\�� �G�R�� �N�R�O�H�M�Q�H�M��
�R�G�Q�R�Z�\���S�R���Q�D�M�E�O�L�*�V�]�H�M���Z�V�S�y�O�Q�H�M���R�G�Q�R�Z�Le.  

�:�\�N�R�U�]�\�V�W�X�M���F�� �R�S�U�D�F�R�Z�D�Q�H�� �P�R�G�H�O�H�� �V�\�P�X�O�D�F�\�M�Q�H�� �S�U�]�H�S�U�R�Z�D�G�]�R�Q�R�� �R�E�O�L�F�]�H�Q�L�D��
�S�U�]�\�M�P�X�M���F�� �G�R�� �Z�\�N�R�Q�D�Q�L�D�� �V�\�P�X�O�D�F�M�L�� �G�R�G�D�W�N�R�Z�R�� �Q�D�V�W�
�S�X�M���F�H�� �Z�D�U�W�R���F�L�� �S�D�U�D�P�H�W�U�y�Z����TH = 
1000000 [km], dt � �������>�N�P�@�����O�L�F�]�E�D���S�R�Z�W�y�U�]�H�����V�\�P�X�O�D�F�M�L��n = 10000.  

Wybrane wyniki uzyskane po przeprowadzeniu symulacji zestawiono w tabeli 1. Za 
najistotniejszy wynik symulacji uznano koszty odnowy. Znajduje to uzasadnienie w praktyce 
�H�N�V�S�O�R�D�W�D�F�\�M�Q�H�M�����Z���N�W�y�U�H�M���F�]�
�V�W�R���D�V�S�H�N�W���H�N�R�Q�R�P�L�F�]�Q�\���H�N�V�S�O�R�D�W�D�F�M�L���V�W�D�Q�R�Z�L���S�R�G�V�W�D�Z�
���G�R���R�F�H�Q�\��
�Z�\�N�R�U�]�\�V�W�\�Z�D�Q�H�J�R���X�N�á�D�G�X �L���S�U�]�\�M�
�W�H�M���V�W�U�D�W�H�J�L�L���R�G�Q�R�Z�\���>���@�����8�]�\�V�N�L�Z�D�Q�H���Z�\�Q�L�N�L���V�W�D�Q�R�Z�L�����Z�L�
�F��
�L�V�W�R�W�Q�H���S�U�]�H�V�á�D�Q�N�L���G�R���S�R�G�H�M�P�R�Z�D�Q�L�D���G�H�F�\�]�M�L���Z���W�U�D�N�F�L�H���N�L�H�U�R�Z�D�Q�L�D���S�U�R�F�H�V�H�P���H�N�V�S�O�R�D�W�D�F�M�L���� 

�:�� �W�D�E�H�O�L�� ���� �S�U�]�H�G�V�W�D�Z�L�R�Q�R�� ���U�H�G�Q�L�H�� �N�R�V�]�W�\�� �R�G�Q�y�Z�� �S�U�H�Z�H�Q�F�\�M�Q�\�F�K���� �S�R�D�Z�D�U�\�M�Q�\�F�K�� �L�� �L�F�K��
�Z�D�U�W�R���ü�� �V�X�P�D�U�\�F�]�Q�����± �X�]�\�V�N�D�Q�H�� �S�U�]�\�� �V�W�R�V�R�Z�D�Q�L�X�� �R�E�\�G�Z�X�� �V�W�U�D�W�H�J�L�L�� �R�G�Q�D�Z�L�D�Q�L�D�� �U�R�]�Z�D�*�D�Q�\�F�K��
�]�H�V�W�D�Z�y�Z���N�R�á�R�Z�\�F�K���Z���S�U�]�\�M�
�W�\�P���K�R�U�\�]�R�Q�F�L�H���F�]�D�V�R�Z�\�P���V�\�P�X�O�D�F�M�L���� 
 



Tab. 1. Wyniki symulacji 

�5�R�G�]�D�M���Z�D�U�W�R���F�L���N�R�V�]�W�y�Z���R�G�Q�R�Z�\ Model strategii 
planowej 

Model strategii 
adaptacyjnej 

���U�H�G�Q�L���N�R�V�]�W���R�G�Q�yw prewencyjnych [j.p.] 614480 618962 
���U�H�G�Q�L���N�R�V�]�W���R�G�Q�y�Z���S�R�D�Z�D�U�\�M�Q�\�F�K���>�M���S���@ 1093025 1069500 

���U�H�G�Q�L���N�R�V�]�W���F�D�á�N�R�Z�L�W�\���R�G�Q�y�Z���>�M���S���@ 1707505 1688462 
 

�$�Q�D�O�L�]�X�M���F�� �X�]�\�V�N�D�Q�H�� �Z�\�Q�L�N�L���� �P�R�*�Q�D�� �]�D�X�Z�D�*�\�ü���� �*�H�� �Z�� �U�R�]�S�D�W�U�\�Z�D�Q�\�P�� �S�U�]�\�S�D�G�N�X��
�P�Q�L�H�M�V�]�H�� �N�R�V�]�W�\�� �á���F�]�Q�H�� �R�W�U�]�\�P�D�Q�R�� �S�U�]�\�� �V�W�R�V�R�Z�D�Q�L�X�� �V�W�U�D�W�H�J�L�L�� �D�G�D�S�W�D�F�\�M�Q�H�M�� �R�G�Q�D�Z�L�D�Q�L�D���� �F�R��
�V�X�J�H�U�X�M�H���� �L�*�� �M�H�M�� �V�W�R�V�R�Z�D�Q�L�H�� �P�R�*�H�� �E�\�ü�� �E�D�U�G�]�L�H�M�� �H�I�H�N�W�\�Z�Q�H�� �H�N�R�Q�R�P�L�F�]�Q�L�H�� �Z�� �S�U�]�\�S�D�G�N�X��
rzeczywistej eksploatacji modelowanego obiektu technicznego.  

�,�V�W�R�W�Q�����]�D�O�H�W�����Z�\�N�R�U�]�\�V�W�D�Q�L�D���V�\�P�X�O�D�F�M�L���N�R�P�S�X�W�H�U�R�Z�H�M���G�R���D�Q�D�O�L�]�\���S�U�D�F�\���X�N�á�D�G�X���Z�H�G�á�X�J��
�S�U�]�H�G�V�W�D�Z�L�D�Q�\�F�K�� �P�R�G�H�O�L�� �M�H�V�W�� �P�R�*�O�L�Z�R���ü�� �X�]�\�V�N�D�Q�L�D�� �U�R�]�N�á�D�G�y�Z�� �N�R�V�]�W�y�Z�� �R�G�Q�R�Z�\���� �N�W�y�U�H��
zestawiono na rysunku 7.  

 
a)  

 
b)  

 
c)  

 
�5�\�V�����������5�R�]�N�á�D�G�\���N�R�V�]�W�y�Z���R�G�Q�y�Z �S�U�H�Z�H�Q�F�\�M�Q�\�F�K�����S�R�D�Z�D�U�\�M�Q�\�F�K���L���F�D�á�N�R�Z�L�W�\�F�K 

dla analizowanych strategii 



�3�U�R�Z�D�G�]�R�Q�D�� �V�\�P�X�O�D�F�M�D�� �G�D�M�H�� �]�D�W�H�P�� �P�R�*�O�L�Z�R���ü�� �R�F�H�Q�\�� �S�U�D�Z�G�R�S�R�G�R�E�L�H���V�W�Z�D���� �]�� �M�D�N�L�P��
�N�R�V�]�W���R�G�Q�R�Z�\���X�N�á�D�G�X���Q�L�H���S�U�]�H�N�U�R�F�]�\���]�D�á�R�*�R�Q�H�J�R���S�R�]�L�R�P�X�� 
 
5. Podsumowanie 
 

Ekonom�L�F�]�Q�H�� �Z�V�N�D�(�Q�L�N�L�� �S�U�R�F�H�V�X�� �H�N�V�S�O�R�D�W�D�F�M�L�� �V���� �M�H�G�Q�\�P�L�� �]�� �Q�D�M�Z�D�*�Q�L�H�M�V�]�\�F�K��
�Z�V�N�D�(�Q�L�N�y�Z���Z�\�N�R�U�]�\�V�W�D�Q�L�D���S�R�M�D�]�G�y�Z���Z���V�\�V�W�H�P�D�F�K���W�U�D�Q�V�S�R�U�W�R�Z�\�F�K�����E�R�Z�L�H�P���W�R���R�G���H�N�R�Q�R�P�L�N�L��
�H�N�V�S�O�R�D�W�D�F�M�L�� �Z�� �G�X�*�H�M�� �P�L�H�U�]�H�� �]�D�O�H�*�\�� �S�R�S�U�D�Z�Q�H�� �I�X�Q�N�F�M�R�Q�R�Z�D�Q�L�H�� �F�D�á�H�J�R�� �S�U�]�H�G�V�L�
�E�L�R�U�V�W�Z�D����
Zaproponowane w pracy �P�H�W�R�G�\�� �Z�� �]�Q�D�F�]���F�\�� �V�S�R�V�y�E�� �P�R�J���� �Z�S�á�\�Q���ü�� �Q�D�� �U�D�F�M�R�Q�D�O�Q�H��
�R�U�J�D�Q�L�]�R�Z�D�Q�H���S�U�]�H�J�O���G�y�Z���L���R�G�Q�R�Z�\�� �S�U�R�I�L�O�D�N�W�\�F�]�Q�H�M���� �:�\�E�y�U���V�W�U�D�W�H�J�L�L���R�E�V�á�X�J�L�Z�D�Q�L�D���S�R�Z�L�Q�L�H�Q��
�]�D�W�H�P�� �X�Z�]�J�O�
�G�Q�L�D�ü�� �N�U�\�W�H�U�L�X�P�� �H�I�H�N�W�\�Z�Q�R���F�L�� �H�N�R�Q�R�P�L�F�]�Q�H�M���� �3�R�P�L�P�R���� �*�H�� �G�O�D�� �D�Q�D�O�L�]�R�Z�D�Q�\�F�K��
�V�W�U�D�W�H�J�L�D�F�K�� �Z�\�V�W�
�S�X�M���F�H�� �U�y�*�Q�L�F�H �L�F�K�� �V�W�R�V�R�Z�D�Q�L�D�� �Q�L�H�� �V���� �G�X�*�H���� �W�R�� �Z�� �S�U�D�N�W�\�F�H�� �S�U�R�Z�D�G�]���� �R�Q�H�� �G�R��
�S�R�Z�D�*�Q�\�F�K�� �N�R�Q�V�H�N�Z�H�Q�F�M�L�� �H�N�R�Q�R�P�L�F�]�Q�\�F�K�� �]�H�� �Z�]�J�O�
�G�X�� �Q�D�� �]�Q�D�F�]���F�H�� �N�R�V�]�W�\�� �G�]�L�D�á�D����
�R�E�V�á�X�J�R�Z�\�F�K�� 

Opracowane i przedstawione w niniejszej pracy metody planowania odnowy 
prewencyjnej w systemach eksploatacji �S�R�M�D�]�G�y�Z���V�W�D�Q�R�Z�L�����S�U�]�\�G�D�W�Q�H���Q�D�U�]�
�G�]�L�H���Z�V�S�R�P�D�J�D�Q�L�D��
�G�H�F�\�]�M�L�� �L�� �S�U�R�Z�D�G�]�H�Q�L�D�� �U�D�F�M�R�Q�D�O�Q�H�M�� �H�N�V�S�O�R�D�W�D�F�M�L�� �R�E�L�H�N�W�y�Z�� �W�H�F�K�Q�L�F�]�Q�\�F�K���� �.�D�*�G�\�� �]��
�S�U�]�H�G�V�W�D�Z�L�R�Q�\�F�K�� �P�R�G�H�O�L�� �M�H�V�W�� �S�U�]�\�G�D�W�Q�\�� �G�R�� �]�D�V�W�R�V�R�Z�D�Q�L�D�� �Z�� �U�y�*�Q�\�F�K�� �Z�D�U�X�Q�N�D�F�K�� �H�N�V�S�O�R�D�W�D�F�M�L��
�R�U�D�]���G�O�D���]�á�R�*�R�Q�\�F�K���L���]�U�y�*�Q�L�F�R�Z�D�Q�\�F�K���N�R�Q�V�W�U�X�N�F�\�M�Q�L�H���R�E�L�H�N�W�y�Z���W�H�F�K�Q�L�F�]�Q�\�F�K���� 

�3�U�]�H�G�V�W�D�Z�L�R�Q�\�� �Z�� �D�U�W�\�N�X�O�H�� �D�G�D�S�W�D�F�\�M�Q�\�� �P�R�G�H�O�� �Z�\�]�Q�D�F�]�D�Q�L�D�� �V�W�U�D�W�H�J�L�L�� �R�G�Q�y�Z��
�S�U�H�Z�H�Q�F�\�M�Q�\�F�K�� �V�W�D�Q�R�Z�L�� �S�U�]�\�F�]�\�Q�H�N�� �G�R�� �U�R�]�Z�R�M�X�� �P�H�W�R�G�� �S�U�]�H�S�U�R�Z�D�G�]�D�Q�L�D�� �U�H�P�R�Q�W�y�Z�� �L�� �Q�D�S�U�D�Z��
�]�á�R�*�R�Q�\�F�K���R�E�L�H�N�W�y�Z���W�H�F�K�Q�L�F�]�Q�\�F�K���� 
 
�)�L�Q�D�Q�V�R�Z�D�Q�L�H���E�D�G�D�� 

 
�3�U�D�F�D�� �]�R�V�W�D�á�D�� �V�I�L�Q�D�Q�V�R�Z�D�Q�D�� �S�U�]�H�]�� �$�N�D�G�H�P�L�
�� �*�y�U�Q�L�F�]�R-�+�X�W�Q�L�F�]������ �:�\�G�]�L�D�á�� �,�Q�*�\�Q�L�H�U�L�L��

Mechanicznej i Robotyki, program badawczy nr 16.16.130.942. 
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ALGORYTM WSPARCIA STRATEGII TBM W WIELOMASZYNOWYCH 
�6�<�6�7�(�0�$�&�+���:�<�7�:�Ï�5�&�=�<�&�+ 

TIME-BASED PREDICTION OF MACHINE FAILURES IN MULTI-MACHINES 
MANUFACTURING SYSTEMS 

 
Streszczenie: Realizacja �S�U�R�F�H�V�y�Z��produkcyjnych w rzeczywistych systemach wyt�Z�y�U�F�]�\�F�K���Z�L���*�H���V�L�
 z �Z�\�V�W�
�S�R-
�Z�D�Q�L�H�P���Z�L�H�O�X���]�D�N�á�y�F�H�������G�R���N�W�y�U�\�F�K���]�D�O�L�F�]�D���V�L�
���J�á�y�Z�Q�L�H �D�Z�D�U�L�H���P�D�V�]�\�Q���W�H�F�K�Q�R�O�R�J�L�F�]�Q�\�F�K�����:���]�Z�L���]�N�X���]���W�\�P��obser-
�Z�R�Z�D�Q�\���M�H�V�W���U�R�]�Z�y�M���U�y�*�Q�R�U�R�G�Q�\�F�K��strategii �X�W�U�]�\�P�D�Q�L�D���U�X�F�K�X�����&�R�U�D�]���Z�L�
�N�V�]�\���Q�D�F�L�V�N���N�á�D�G�]�L�R�Q�\���M�H�V�W���Q�D���H�I�H�N�W�\�Z�Q�H��
�G�]�L�D�á�D�Q�L�D prewencyjne, �G�R���N�W�y�U�\�F�K���]�D�O�L�F�]�D���V�L�
���W�D�N�*�H���G�]�L�D�á�D�Q�L�D���R�N�U�H���Oone w czasie (ang. Time-Based Maintenance 
�± TBM). W niniejszej publikacji zaprezentowano algorytm predykcji awarii maszyn w wielomaszynowych 
�V�\�V�W�H�P�D�F�K�� �Z�\�W�Z�y�U�F�]�\�F�K�� �Z�V�S�L�H�U�D�M���F�\�� �S�U�H�Z�H�Q�F�\�M�Q�H�� �X�W�U�]�\�P�D�Q�L�H �U�X�F�K�X���� �1�D�� �Z�V�W�
�S�L�H�� �R�P�y�Z�L�R�Q�R�� �]�D�J�D�G�Q�L�H�Q�L�D��
�]�Z�L���]�D�Q�H�� �]�� �W�\�S�R�Z�\�P�L�� �V�W�U�D�W�H�J�L�D�P�L�� �V�W�R�V�R�Z�D�Q�\�P�L�� �Z�� �R�E�V�]�D�U�]�H�� �8�5����Ponadto o�P�y�Z�L�R�Q�R�� �W�H�P�D�W�\�N�
�� �S�U�H�G�\�N�F�M�L�� �D�Z�D�U�L�L����
�]�Z�U�D�F�D�M���F�� �X�Z�D�J�
�� �Q�D�� �X�M�
�F�L�H�� �F�]�D�V�X�� �S�U�D�F�\�� �P�D�V�]�\�Q�\�� �M�D�N�R�� �F�]�D�V�X�� �W�U�Z�D�Q�L�D���� �D�� �W�D�N�*�H �N�O�X�F�]�R�Z�� �U�R�O�
 wykorzystania 
danych hist�R�U�\�F�]�Q�\�F�K���G�R�W�\�F�]���F�\�F�K���D�Z�D�U�L�L���P�D�V�]�\�Q�����1�D�V�W�
�S�Q�L�H��zaprezentowano proponowany algorytm predykcji 
�Z�V�S�L�H�U�D�M���F�\�� �G�]�L�D�á�D�Q�L�D�� �R�N�U�H���O�R�Q�H�� �Z�� �F�]�D�V�L�H���� �3�U�H�]�H�Q�W�R�Z�D�Q�H�� �S�U�D�F�H�� �]�D�N�R���F�]�R�Q�R�� �G�Z�X�H�W�D�S�R�Z���� �Z�H�U�\�I�L�N�D�F�M����
�S�U�R�S�R�Q�R�Z�D�Q�H�M���P�H�W�R�G�\�����N�W�y�U�D���S�R�W�Z�L�H�U�G�]�L�á�D���M�H�M���V�N�X�W�H�F�]�Q�R���ü���R�U�D�]���]�D�V�D�G�Q�R���ü���Z�\�N�R�U�]�\�V�W�D�Q�L�D�� 
 
�V�á�R�Z�D���N�O�X�F�]�R�Z�H�����V�\�V�W�H�P���S�U�R�G�X�N�F�\�M�Q�\�����X�W�U�]�\�P�D�Q�L�H���U�X�F�K�X�����Q�L�H�]�D�Z�R�G�Q�R���ü�� awarie maszyn, predykcja, Time-Based 
Maintenance 
 
 
1.  �:�V�W�
�S 
 

�5�]�H�F�]�\�Z�L�V�W�R���ü��produkcyjna �]�Z�L���]�D�Q�D jest �]�� �Z�\�V�W�
�S�R�Z�D�Q�L�H�P wielu �]�D�N�á�y�F�H������ �N�W�y�Ue  
w �Q�H�J�D�W�\�Z�Q�\�� �V�S�R�V�y�E���P�R�J�����Z�S�á�\wa�ü��na realizowane procesy, �S�R�Z�R�G�X�M���F�� �L�F�K�� �G�H�]�R�U�J�D�Q�L�]�D�F�M�
 
[14]. Do �N�O�X�F�]�R�Z�\�F�K�� �F�]�\�Q�Q�L�N�y�Z �Q�L�H�S�H�Z�Q�R���F�L �Q�D�O�H�*�\�� �]�D�O�L�F�]�\�ü�� �Z�\�V�W�
�S�R�Z�D�Q�L�H��awarii maszyn 
�W�H�F�K�Q�R�O�R�J�L�F�]�Q�\�F�K���� �=���S�U�D�N�W�\�F�]�Q�H�J�R���S�X�Q�N�W�X���Z�L�G�]�H�Q�L�D�����R�N�U�H���O�H�Q�L�H���F�]�D�V�X���Z�\�V�W���S�L�H�Q�L�D���D�Z�D�U�L�L���M�H�V�W��
�Q�L�H�]�Z�\�N�O�H�� �Z�D�*�Q�\�P�� �]�D�J�D�G�Q�L�H�Q�L�H�P���� �=�Q�D�M�R�P�R���ü�� �F�]�D�V�y�Z�� �Z�\�V�W�
�S�R�Z�D�Q�L�D�� �X�V�W�H�U�H�N�� �S�R�P�D�J�D�� 
�Z�� �S�R�G�H�M�P�R�Z�D�Q�L�X�� �S�U�]�H�P�\���O�D�Q�\�F�K�� �G�]�L�D�á�D���� �S�U�H�Z�H�Q�F�\�M�Q�\�F�K���± �Q�D�O�H�*�\�� �M�H�� �E�R�Z�L�H�P�� �S�O�D�Q�R�Z�D�ü�� �W�D�N����
�D�E�\���Q�L�H���N�R�O�L�G�R�Z�D�á�\���R�Q�H���]���E�L�H�*���F�����U�H�D�O�L�]�D�F�M�����S�U�R�F�H�V�X���S�U�R�G�X�N�F�\�M�Q�H�J�R�����3�U�H�G�\�N�F�M�D���F�]�D�V�y�Z���D�Z�D�U�L�L��
znajduje zastosowanie w obszarze strategii Time-Based Maintenance (TBM), gdzie coraz 
�F�]�
���F�L�H�M���S�U�R�S�R�Q�R�Z�D�Q�H���V�����Q�D�U�]�
�G�]�L�D���L�Q�I�R�U�P�D�W�\�F�]�Q�H���Z�V�S�L�H�U�D�M���F�H���W�����V�W�U�D�W�H�J�L�
���>������16, 37]. Istotne 
�M�H�V�W�� �M�H�G�Q�D�N���� �D�E�\�� �S�U�R�S�R�Q�R�Z�D�Q�H�� �U�R�]�Z�L���]�D�Q�L�D�� �Z�\�N�R�U�]�\�V�W�\�Z�D�á�\�� �H�I�H�N�W�\�Z�Q�H�� �D�O�J�R�U�\�W�P�\�� �S�U�H�G�\�N�F�M�L��
�Z�\�N�R�U�]�\�V�W�X�M���F�H�� �U�]�Htelne �G�D�Q�H�� �K�L�V�W�R�U�\�F�]�Q�H�� �Q�D�� �S�R�G�V�W�D�Z�L�H�� �N�W�y�U�\�F�K�� �P�R�*�O�L�Z�D�� �M�H�V�W�� �Z�L�D�U�\�J�R�G�Q�D��
�D�Q�D�O�L�]�D�� �Z�\�V�W�
�S�R�Z�D�Q�L�D�� �X�V�W�H�U�H�N���� �D�� �Z�� �N�R�Q�V�H�N�Z�H�Q�F�M�L�� �S�O�D�Q�R�Z�D�Q�L�H�� �R�G�S�R�Z�L�H�G�Q�L�F�K�� �G�]�L�D�á�D����
serwisowych [6, 13, 40]. 

�:���O�L�W�H�U�D�W�X�U�]�H���S�U�]�H�G�P�L�R�W�X���]�Q�D�O�H�(�ü���P�R�*�Q�D���Z�L�H�O�H���R�S�U�D�F�R�Z�D�����S�R�G�H�M�P�X�M���F�\�F�K���S�U�R�E�O�H�P�D�W�\�N�
��
predykcji za�N�á�y�F�H�����S�U�R�F�H�V�X���S�U�R�G�X�N�F�\�M�Q�H�J�R�����:���R�J�y�O�Q�\�P���X�M�
�F�L�X�� w obszarze utrzymania ruchu 
�S�U�R�Z�D�G�]�L�� �V�L�
�� �E�D�G�D�Q�L�D�� �Z�� �N�L�H�U�X�Q�N�X�� �R�S�U�D�F�R�Z�\�Z�D�Q�L�D�� �H�I�H�N�W�\�Z�Q�\�F�K�� �P�H�W�R�G�� �]�D�S�R�E�L�H�J�D�Q�L�D�� �Z�\�V�W�
-
�S�R�Z�D�Q�L�X���X�V�W�H�U�H�N�����D���W�D�N�*�H���Q�L�Z�H�O�R�Z�D�Q�L�D���L�F�K���Z�S�á�\�Z�X���>������33�@�����3�O�D�Q�R�Z�D�Q�L�H���G�]�L�D�á�D�����S�U�H�Z�H�Q�F�\�M�Q�\ch 
�S�U�]�\�M�P�X�M�H�� �]�D�]�Z�\�F�]�D�M�� �I�R�U�P�
�� �S�R�G�H�M�P�R�Z�D�Q�L�D�� �G�]�L�D�á�D�����R�N�U�H���O�R�Q�\�F�K�� �Z�� �F�]�D�V�L�H�� ���D�Q�J����Time-Based 
Maintenance) [�������� �����@���� �D�� �W�D�N�*�H�� �G�]�L�D�á�D���� �R�S�D�U�W�\�F�K��na monitorowaniu �Z�D�U�X�Q�N�y�Z�� �S�U�D�F�\�� �P�D�V�]�\�Q��
(ang. Conditioned-Based Maintenance) [1, 30]. �:�\�U�D�(�Q�\�P���W�U�H�Q�G�H�P���M�H�V�W���W�D�N�*�H��opracowywanie 
scenariuszy oraz strategii eksploatacyjnych [26, 27, 34, 35, 39]. 



 

Proponowane w literaturze metody predykcji awarii �P�R�*�Q�D�� �S�R�G�]�L�H�O�L�ü�� �Q�D�� �N�O�L�N�D�� �J�U�X�S����
�Z���U�y�G���N�W�y�U�\�F�K���Z�\�U�y�*�Q�L�D���V�L�
�� 

��   �P�H�W�R�G�\���E�D�]�X�M���F�H���Q�D���Z�\�N�R�U�]�\�V�W�D�Q�L�X �U�R�]�N�á�D�G�y�Z���S�U�D�Z�G�R�S�R�G�R�E�L�H���V�W�Z�D�� 
��   metody wykorzyst�X�M���F�H typowe �Z�V�N�D�(�Q�L�Ni �H�I�H�N�W�\�Z�Q�R���F�L�� 
��   alternatywne metody predykcji awarii, 
��   �P�H�W�R�G�\���E�D�]�X�M���F�H���Q�D���Z�\�N�R�U�]�\�V�W�D�Q�L�X danych rzeczywistych. 
�=�G�H�F�\�G�R�Z�D�Q�D�� �Z�L�
�N�V�]�R���ü�� �S�U�R�S�R�Q�R�Z�D�Q�\�F�K�� �Z�� �O�L�W�H�U�D�W�X�U�]�H�� �U�R�]�Z�L���]�D���� �R�S�L�H�U�D�� �V�L�
�� �Q�D��

�D�Q�D�O�L�]�D�F�K�� �U�R�]�N�á�D�G�y�Z�� �S�U�D�Z�G�R�S�R�G�R�E�L�H���V�W�Z�D���>������ �������� �������� ���@���� �5�R�]�S�D�W�U�\�Z�D�Q�H�� �V���� �]�D�U�y�Z�Q�R�� �W�\�S�R�Z�H��
�U�R�]�N�á�D�G�\���� �M�D�N�� �L�� �L�F�K�� �N�R�P�E�L�Q�D�F�M�H���� �=�D�V�W�R�V�R�Z�D�Q�L�H�� �]�Q�D�M�G�X�M���� �U�y�*�Q�R�U�R�G�Q�H�� �U�R�]�Z�L���]�D�Q�L�D���± od wyko-
�U�]�\�V�W�D�Q�L�D�� �U�R�]�N�á�D�G�X�� �M�H�G�Q�R�V�W�D�M�Q�H�J�R�� �>�������� ���@���� �S�R�S�U�]�H�]�� �E�D�]�R�Z�D�Q�L�H�� �Q�D�� �U�R�]�N�á�D�G�]�L�H�� �Q�R�U�P�D�O�Q�\�P�� �>���@���� 
�D�*���S�R���S�U�H�G�\�N�F�M�
���Q�D���S�R�G�V�W�D�Z�L�H���U�R�]�N�á�D�G�X���Z�\�N�á�D�G�Q�L�F�]�H�J�R���>��������30�@�����$�Q�D�O�L�]�D���U�R�]�N�á�D�G�y�Z���S�R�]�Z�D�O�D��
�J�á�y�Z�Q�L�H�� �]�G�H�I�L�Q�L�R�Z�D�ü�� �F�]�D�V�� �Z�\�V�W���S�L�H�Q�L�D�� �D�Z�D�U�L�L���� �:�� �O�L�W�H�U�D�W�X�U�]�H�� �S�U�R�S�R�Q�R�Z�D�Q�H�� �V���� �W�D�N�*�H�� �U�R�]�Z�L��-
�]�D�Q�L�D���E�D�]�X�M���F�H���Q�D���N�R�P�E�L�Q�D�F�M�D�F�K���W�\�S�R�Z�\�F�K���U�R�]�N�á�D�G�y�Z�����3�U�]�\�N�á�D�G�R�Z�R���Z���S�U�D�F�\���>�����@���D�X�W�R�U�]�\���G�R��
�R�S�L�V�X�� �S�U�R�E�O�H�P�X�� �Z�\�V�W�
�S�R�Z�D�Q�L�D�� �D�Z�D�U�L�L�� �S�U�R�S�R�Q�X�M���� �X�*�\�F�L�H�� �N�R�P�E�L�Q�D�F�M�L�� �U�R�]�N�á�D�G�y�Z���� �Q�R�U�P�D�O�Q�H�J�R����
�W�U�y�M�N���W�Q�H�J�R�� �L�� �Z�\�N�á�D�G�Q�L�F�]�H�J�R���� �:�L�
�N�V�]�R���ü�� �]�� �S�U�R�S�R�Q�R�Z�D�Q�\�F�K�� �U�R�]�Z�L���]�D���� �P�D�� �M�H�G�Q�D�N�� �Z�F�L���*��
�F�K�D�U�D�N�W�H�U�� �U�R�]�Z�D�*�D���� �W�H�R�U�H�W�\�F�]�Q�\�F�K���� �3�R�P�L�M�D�Q�\�� �M�H�V�W�� �S�U�]�H�]�� �W�R�� �N�O�X�F�]�R�Z�\�� �D�V�S�H�N�W�� �Z�\�N�R�U�]�\�V�W�D�Q�L�D��
�K�L�V�W�R�U�\�F�]�Q�\�F�K���G�D�Q�\�F�K���G�R�W�\�F�]���F�\�F�K���D�Z�D�U�\�M�Q�R��ci wykorzystywanych maszyn. Ponadto badacze 
�Q�L�H���D�U�J�X�P�H�Q�W�X�M�����Z���G�R�V�W�D�W�H�F�]�Q�\���V�S�R�V�y�E���G�R�E�R�U�X���U�R�]�S�D�W�U�\�Z�D�Q�\�F�K���U�R�]�N�á�D�G�y�Z�� 

Kolejnym, widocznym w literaturze trendem jest �Z�\�N�R�U�]�\�V�W�\�Z�D�Q�L�H���G�O�D���F�H�O�y�Z���S�U�H�G�\�N�F�M�L 
�W�\�S�R�Z�\�F�K���Z�V�N�D�(�Q�L�N�y�Z���H�I�H�N�W�\�Z�Q�R���F�L�����V�W�R�V�R�Z�D�Q�\�F�K w obszarze utrzymania ruchu takich jak: 

��   ���U�H�G�Q�L���F�]�D�V���G�R���Z�\�V�W���S�L�H�Q�L�D���X�V�]�N�R�G�]�H�Q�L�D���0�7�7�)�����D�Q�J����Mean Time To Failure), 
��  ���U�H�G�Q�L���F�]�D�V���E�H�]�D�Z�D�U�\�M�Q�H�M���S�U�D�F�\���0�7�%�)�����D�Q�J����Mean Time Between Failures), 
�±   ���U�H�G�Q�L���F�]�D�V���Q�D�S�U�D�Z�\���0�7�7�5�����D�Q�J����Mean Time To Repair). 

Wykorzystani�H�� �Z�V�S�R�P�Q�L�D�Q�\�F�K�� �Z�V�N�D�(�Q�L�N�y�Z�� �S�U�H�]�H�Q�W�R�Z�D�Q�H�� �M�H�V�W�� �Z�L�H�O�X�� �Z�� �S�U�D�F�D�F�K�� �>������ �������� ��������
�����@�������6�����R�Q�H���]�D�]�Z�\�F�]�D�M���V�W�R�V�R�Z�D�Q�H���E�H�]�S�R���U�H�G�Q�L�R�����M�H�G�Q�D�N���]�G�D�U�]�D���V�L�
�����L�*���V�á�X�*�����Z���S�R���U�H�G�Q�L���V�S�R�V�y�E��
�G�R���R�V�]�D�F�R�Z�D�Q�L�D���S�D�U�D�P�H�W�U�y�Z���U�R�]�N�á�D�G�X���:�H�L�E�X�O�O�D���>�����@�����:���U�D�P�D�F�K���U�H�D�O�L�]�R�Z�D�Q�\�F�K���E�D�G�D�����D�X�W�R�U�]�\��
anal�L�]�X�M�����R�G�S�R�Z�L�H�G�Q�L�R���R�S�U�D�F�R�Z�D�Q�H���V�F�H�Q�D�U�L�X�V�]�H�����]�D�����Z�D�U�W�R���F�L���Z�V�N�D�(�Q�L�N�y�Z���S�U�]�\�M�P�X�M�����Z�D�U�W�R���F�L��
�]�� �X�S�U�]�H�G�Q�L�R�� �]�G�H�I�L�Q�L�R�Z�D�Q�\�F�K�� �S�U�]�H�G�]�L�D�á�y�Z���± �G�R�E�L�H�U�D�Q�H�� �V���� �W�D�N���� �D�E�\�� �]�G�D�U�]�H�Q�L�D�� �Z�\�V�W�
�S�R�Z�D�á�\��
�F�]�
�V�W�R���� �F�]�D�V�D�P�L�� �O�X�E�� �U�]�D�G�N�R���� �D�� �Q�D�V�W�
�S�Q�L�H�� �D�Q�D�O�L�]�R�Z�D�Q�H�� �V���� �N�R�Q�V�H�N�Z�H�Q�F�M�H�� �Z�\�V�W�
�S�R�Z�D�Q�L�D�� �D�Z�D�U�Li 
�>�����@���� �1�L�H�N�L�H�G�\�� �Z�\�N�R�U�]�\�V�W�D�Q�L�H�� �Z�V�N�D�(�Q�L�N�y�Z�� �H�I�H�N�W�\�Z�Q�R���F�L�� �Z�V�S�L�H�U�D�Q�H�� �M�H�V�W�� �]�D�V�W�R�V�R�Z�D�Q�L�H�P��
�R�G�S�R�Z�L�H�G�Q�L�F�K�� �P�H�W�R�G�� �V�W�D�W�\�V�W�\�F�]�Q�\�F�K�� �>�����@���� �0�H�W�R�G�\�� �P�D�M���F�H�� �Q�D�� �F�H�O�X�� �Z�\�N�R�U�]�\�V�W�D�Q�L�H�� �W�\�S�R�Z�\�F�K��
�Z�V�N�D�(�Q�L�N�y�Z�� �H�I�H�N�W�\�Z�Q�R���F�L�� �V�W�R�V�R�Z�D�Q�\�F�K�� �Z�� �R�E�V�]�D�U�]�H�� �X�W�U�]�\�P�D�Q�L�D�� �U�X�F�K�X�� �Z�\�G�D�M���� �V�L�
�� �E�\�ü��
zasadne, �J�G�\�*�� �S�D�U�D�P�H�W�U�\�� �W�H�� �G�R�V�W�D�U�F�]�D�M���� �Z�L�H�O�H�� �L�Q�I�R�U�P�D�F�M�L�� �Q�W���� �Z�\�N�R�U�]�\�V�W�\�Z�D�Q�\�F�K�� �P�D�V�]�\�Q��
�W�H�F�K�Q�R�O�R�J�L�F�]�Q�\�F�K���� �:�F�L���*�� �M�H�G�Q�D�N�� �S�R�]�\�V�N�L�Z�D�Q�L�H�� �L�� �Z�\�N�R�U�]�\�V�W�D�Q�L�H�� �U�R�]�S�D�W�U�\�Z�D�Q�\�F�K�� �Z�L�H�O�N�R���F�L��
traktowane jest do���ü�� �W�H�R�U�H�W�\�F�]�Q�L�H���� �:�� �S�X�E�O�L�N�D�F�M�D�F�K���� �Z�� �N�W�y�U�\�F�K�� �S�U�R�S�R�Q�R�Z�D�Q�H�� �V���� �P�H�W�R�G�\��
�Z�\�N�R�U�]�\�V�W�X�M���F�H�� �W�\�S�R�Z�H�� �Z�V�N�D�(�Q�L�N�L�� �H�I�H�N�W�\�Z�Q�R���F�L����brak jest weryfikacji proponowanych 
�U�R�]�Z�L���]�D�����]��zastosowaniem �U�]�H�F�]�\�Z�L�V�W�\�F�K���G�D�Q�\�F�K���G�R�W�\�F�]���F�\�F�K���D�Z�D�U�\�M�Q�R���F�L���P�D�V�]�\�Q���>�����������@��   

�:�� �R�E�V�]�D�U�]�H�� �D�O�W�H�U�Q�D�W�\�Z�Q�\�F�K�� �P�H�W�R�G�� �S�U�H�G�\�N�F�M�L�� �D�Z�D�U�L�L�� �]�Q�D�O�H�(�ü�� �P�R�*�Q�D�� �W�D�N�*�H�� �S�R�G�H�M���F�L�D����
�N�W�y�U�H�� �]�Q�D�F�]�Q�L�H�� �U�y�*�Q�L���� �V�L�
�� �R�G�� �W�\�S�R�Z�\�F�K�� �U�R�]�Z�L���]�D������ �:�D�U�W�R�� �Z�\�U�y�*�Q�L�ü�� �W�X�W�D�M�� �U�R�]�Z�L���]�D�Q�L�D�� 
�Z�� �N�W�y�U�\�F�K���� �D�Z�D�U�L�H�� �]�R�V�W�D�M���� �V�N�X�P�X�O�R�Z�D�Q�H�� �G�R�� �M�H�G�Q�H�M�� �L�� �R�S�L�V�\�Z�D�Q�H�� �V���� �]�D�� �S�R�P�R�F���� �S�D�U�D�P�H�W�U�X��
MTTR oraz stopnia awarii MBL (ang. Machine Breakdown Level�����>�����@�����D�Z�D�U�\�M�Q�R���ü���R�N�U�H���O�D�Q�D��
jest na podstawie an�D�O�L�]�\�� �U�R�]�N�á�D�G�y�Z�� �F�]�D�V�y�Z�� �R�E�F�L���*�H�Q�L�D�� �P�D�V�]�\�Q�� �>31],  do predykcji awarii 
�P�D�V�]�\�Q�� �Z�\�N�R�U�]�\�V�W�D�Q�H�� �]�R�V�W�D�M���� �V�]�W�X�F�]�Q�H�� �V�L�H�F�L�� �Q�H�X�U�R�Q�R�Z�H�� �>���@���� �F�]�\�� �G�R�E�U�]�H�� �]�Q�D�Q�H�� �P�R�G�H�O�H��
�V�]�H�U�H�J�y�Z�� �F�]�D�V�R�Z�\�F�K�� �>38�@���� �3�R�G�F�]�D�V�� �Z�H�U�\�I�L�N�D�F�M�L�� �S�U�R�S�R�Q�R�Z�D�Q�\�F�K�� �U�R�]�Z�L���]�D���� �Z�\�N�R�U�]�\�V�W�\�Z�D�Q�H��
�V�����M�H�G�Q�D�N���]�D�]�Z�\�F�]�D�M���G�D�Q�H���W�H�V�W�R�Z�H�����F�]�
�V�W�R���S�U�]�\�M�
�W�H���S�U�]�H�]���D�X�W�R�U�y�Z���Q�D���S�R�G�V�W�D�Z�L�H���R�S�U�D�F�R�Z�D�Q�\�F�K��
�]�D�á�R�*�H�����X�S�U�D�V�]�F�]�D�M���F�\�F�K�� 

�:�� �S�X�E�O�L�N�D�F�M�D�F�K�� �>������ �����@�� �D�X�W�R�U�]�\�� �]�Z�U�D�F�D�M���� �X�Z�D�J�
���� �L�*�� �L�V�W�R�W�Q���� �N�Z�H�V�W�L���� �M�H�V�W�� �E�D�]�R�Z�D�Q�L�H�� �Q�D��
�]�E�L�R�U�D�F�K�� �U�]�H�F�]�\�Z�L�V�W�\�F�K�� �G�D�Q�\�F�K�� �G�R�W�\�F�]���F�\�F�K�� �S�U�R�F�H�V�X���� �-�H�V�W�� �W�R�� �V�X�J�H�V�W�L�D���� �N�W�y�U�D�� �V�W�D�Qowi nowe 
�S�R�G�H�M���F�L�H�� �Z�� �S�U�R�F�H�V�L�H�� �S�U�H�G�\�N�F�M�L�� �D�Z�D�U�L�L���� �'�H�W�H�U�P�L�Q�X�M�H�� �R�Q�D�� �S�R�W�U�]�H�E�
�� �R�S�U�D�F�R�Z�\�Z�D�Q�L�D�� �P�H�W�R�G��
zorientowanych na praktyczne wykorzystanie historyczn�\�F�K���G�D�Q�\�F�K���G�R�W�\�F�]���F�\�F�K���D�Z�D�U�\�M�Q�R���F�L 



 

�P�D�V�]�\�Q�� �W�H�F�K�Q�R�O�R�J�L�F�]�Q�\�F�K���� �:�� �O�L�W�H�U�D�W�X�U�]�H�� �P�R�*�Q�D�� �V�S�R�W�N�D�ü�� �W�D�N�L�H�� �U�R�]�Z�L���]�D�Q�L�D���� �M�H�Gnak ich liczba 
�M�H�V�W���Z�F�L���*���E�D�U�G�]�R���P�D�á�D���>�����@�����-�H�V�W���W�R���Z�\�U�D�(�Q�\���W�U�H�Q�G���Z���R�E�V�]�D�U�]�H���S�U�H�G�\�N�F�M�L���D�Z�D�U�L�L�� 

�1�L�H�V�W�H�W�\�� �P�L�P�R�� �Z�L�H�O�X�� �S�U�R�S�R�Q�R�Z�D�Q�\�F�K�� �S�U�]�H�]�� �E�D�G�D�F�]�\�� �P�H�W�R�G���� �E�U�D�N�� �M�H�V�W�� �U�R�]�Z�L���]�D����
�]�R�U�L�H�Q�W�R�Z�D�Q�\�F�K���Q�D���S�U�D�N�W�\�F�]�Q�H���Z�\�N�R�U�]�\�V�W�D�Q�L�H���K�L�V�W�R�U�\�F�]�Q�\�F�K���G�D�Q�\�F�K���G�R�W�\�F�]���F�\�F�K���D�Z�D�U�\�M�Q�R��ci 
�P�D�V�]�\�Q�� �W�H�F�K�Q�R�O�R�J�L�F�]�Q�\�F�K���� �3�R�Q�D�G�W�R�� �Z�� �S�U�D�N�W�\�F�H�� �S�U�R�G�X�N�F�\�M�Q�H�M�� �S�U�R�S�R�Q�X�M�H�� �V�L�
�� �Q�L�H�M�H�G�Q�R�N�U�R�W�Q�L�H��
�Z�G�U�D�*�D�Q�L�H���U�R�]�E�X�G�R�Z�D�Q�\�F�K���L���N�R�V�]�W�R�Z�Q�\�F�K���V�\�V�W�H�P�y�Z���P�R�Q�L�W�R�U�R�Z�D�Q�L�D�����S�R�G�F�]�D�V���J�G�\���Z���]�D�N�U�H�V�L�H��
�G�]�L�D�á�D���� �]�Z�L���]�D�Q�\�F�K�� �]�H�� �V�W�U�D�W�H�J�L���� �7�%�0�� �]�D�V�W�R�V�R�Z�D�Q�L�H�� �]�D�O�H�(�ü�� �P�R�J���� �G�D�Q�H�� �S�R�V�L�D�G�D�Q�H�� �S�U�]�H�]��
�Z�V�]�\�V�W�N�L�H�� �G�]�L�D�á�\�� �X�W�U�]�\�P�D�Q�L�D�� �U�X�F�K�X���� �'�O�D�W�H�J�R�� �W�H�*���� �Z�� �Q�L�Q�L�H�M�V�]�H�M�� �S�U�D�F�\�� �]�D�S�U�R�S�R�Q�R�Z�D�Q�\�� �]�R�V�W�D�á��
�D�O�J�R�U�\�W�P�� �S�U�H�G�\�N�F�M�L�� �D�Z�D�U�L�L�� �P�D�V�]�\�Q�� �Z�� �Z�L�H�O�R�P�D�V�]�\�Q�R�Z�\�F�K�� �V�\�V�W�H�P�D�F�K�� �Z�\�W�Z�y�U�F�]�\�F�K���� �N�W�y�U�\��
�S�R�S�U�]�H�]�� �Z�Q�L�N�O�L�Z���� �D�Q�D�O�L�]�
�� �U�]�H�F�]�\�Z�L�V�W�\�F�K�� �G�D�Q�\�F�K�� �S�U�R�G�X�N�F�\�M�Q�\�F�K�� �S�R�]�Z�D�O�D�� �Q�D�� �Z�Q�L�R�V�N�R�Z�D�Q�L�H�� 
o �S�U�]�\�V�]�á�\�F�K�� �F�]�D�V�D�F�K�� �Z�\�V�W�
�S�R�Z�D�Q�L�D�� �X�V�W�H�U�H�N�� �R�U�D�]�� �S�R�G�H�M�P�R�Z�D�Q�L�H�� �V�N�X�W�H�F�]�Q�\�F�K�� �G�]�L�D�á�D����
�S�U�H�Z�H�Q�F�\�M�Q�\�F�K���� �-�H�V�W���R�Q���U�R�]�Z�L���]�D�Q�L�H�P���D�O�W�H�U�Q�D�W�\�Z�Q�\�P���Z���V�W�R�V�X�Q�N�X���G�R���P�H�W�R�G���M�X�*���L�V�W�Q�L�H�M���F�\�F�K����
�N�W�y�U�H�� �]�R�V�W�D�á�\�� �V�F�K�D�U�D�N�W�H�U�\�]�R�Z�D�Q�H�� �S�R�Z�\�*�H�M���� �3�U�R�S�R�Q�R�Z�D�Q�H�� �U�R�]�Z�L���]�D�Q�L�H�� �S�R�]�Z�D�O�D na wykorzy-
stanie danych �S�R�V�L�D�G�D�Q�\�F�K���S�U�]�H�]�� �V�á�X�*�E�\�� �X�W�U�]�\�P�D�Q�L�D���U�X�F�K�X �G�R���R�V�L���J�Q�L�
�F�L�D���]�D�P�L�H�U�]�R�Q�H�J�R���F�H�O�X��
w postaci �L�G�H�Q�W�\�I�L�N�D�F�M�L�� �P�R�*�O�L�Z�H�J�R�� �P�R�P�H�Q�W�X�� �S�R�Z�V�W�D�Q�L�D�� �D�Z�D�U�L�L. Nowatorskim elementem 
�S�U�R�S�R�Q�R�Z�D�Q�H�M�� �P�H�W�R�G�\�� �M�H�V�W�� �� �Z�\�N�R�U�]�\�V�W�D�Q�L�H�� �H�O�H�P�H�Q�W�y�Z�� �W�H�R�U�L�L�� �D�Q�D�O�L�]�\�� �S�U�]�H�*�\�F�L�D�� �Z�� �R�E�V�]�D�U�]�H��
anali�]�\�� �D�Z�D�U�\�M�Q�R��ci �P�D�V�]�\�Q�� �W�H�F�K�Q�R�O�R�J�L�F�]�Q�\�F�K���� �X�P�R�*�O�L�Z�L�D�M���F�Hj wnioskowanie na podstawie 
danych historycznych. 

 
2. Predykcja awarii �]���Z�\�N�R�U�]�\�V�W�D�Q�L�H�P���H�O�H�P�H�Q�W�y�Z analizy czasu trwania 
 
2.1. Czas pracy maszyny jako czas trwania 

 
Problem predykcji awarii polega w znacznym uproszczeniu na wyznaczeniu czasu  

�Z�� �N�W�y�U�\�P�� �P�R�*�H�� �Z�\�V�W���S�L�ü�� �S�R�W�H�Q�F�M�D�O�Q�D�� �X�V�W�Hrka danej maszyny technologicznej wraz  
�]���S�U�D�Z�G�R�S�R�G�R�E�L�H���V�W�Z�H�P �M�H�M���Z�\�V�W���S�L�H�Q�L�D�����'�R���W�H�J�R���F�H�O�X���Z�\�N�R�U�]�\�V�W�D�ü���P�R�*�Q�D���H�O�H�P�H�Q�W�\���$�Q�D�O�L�]�\��
�3�U�]�H�*�\�F�L�D�����Q�D�]�\�Z�D�Q�H�M���W�D�N�*�H���$�Q�D�O�L�]�����&�]�D�V�X���7�U�Z�D�Q�L�D���>11, 23]. 

�:�D�*�Q�\�P�� �H�O�H�P�H�Q�W�H�P�� �Z�\�N�R�U�]�\�V�W�D�Q�L�D�� �$�Q�D�O�L�]�\�� �&�]�D�V�X�� �7�U�Z�D�Q�L�D�� �M�H�V�W�� �G�R�N�á�D�G�Q�H�� �X�V�W�D�O�H�Q�L�H��
�L�V�W�R�W�\���E�D�G�D�Q�H�J�R���S�U�R�F�H�V�X�����N�W�y�U�\���S�R�Z�L�Q�L�H�Q���V�S�H�á�Q�L�D�ü���Q�D�V�W�
�S�X�M���F�H���Z�D�U�X�Q�N�L [11]: 

1. �=�P�L�D�Q�\�� �G�R�W�\�F�]���F�H�� �M�H�G�Q�R�V�W�N�L�� �R�E�M�
�W�H�M�� �E�D�G�D�Q�L�H�P�� �P�X�V�]���� �G�R�N�R�Q�\�Z�D�ü�� �V�L�
�� �So�P�L�
�G�]�\��
stanami dyskretnymi. 

2. Zm�L�D�Q�\���V�W�D�Q�y�Z���P�R�J�����Z�\�V�W�
�S�R�Z�D�ü���Z���G�R�Z�R�O�Q�\�P���P�R�P�H�Q�F�L�H���L���Q�L�H���V�����]���J�y�U�\ ograniczone 
ustalonymi punktami w czasie. 

3. �=�P�L�D�Q�\���P�R�J�����E�\�ü���R�G�Z�U�D�F�D�O�Q�H���O�X�E���Q�L�H�R�G�Z�U�D�F�D�O�Q�H�����Z���]�D�O�H�*�Q�R���F�L���R�G���I�R�U�P�\���S�U�R�F�H�V�X���� 
4. �=�P�L�D�Q�\���V�����X�V�W�D�O�R�Q�H���]���J�y�U�\���S�U�]�H�]���V�W�D�Q, �Z���M�D�N�L�P���]�Q�D�M�G�X�M�H���V�L�
���S�U�R�F�H�V�� 
5. Istni�H�M�����F�]�\�Q�Q�L�N�L���Z�S�á�\�Z�D�M���F�H���Q�D���S�U�R�F�H�V�����D���D�Q�D�O�L�]�D���S�R�]�Z�D�O�D���Q�D���L�F�K���Z�\�N�U�\�F�L�H�� 
�$�Q�D�O�L�]�X�M���F�� �S�R�Z�\�*�V�]�H�� �Q�D�� �W�O�H�� �S�U�R�F�H�V�X�� �Z�\�V�W�
�S�R�Z�D�Q�L�D�� �D�Z�D�U�L�L�� �P�D�V�]�\�Q�� �W�H�F�K�Q�R�O�R�J�L�F�]�Q�\�F�K, 

�Q�D�O�H�*�\�� �V�W�Z�L�H�U�G�]�L�ü���� �L�*�� �S�U�R�F�H�V�� �W�H�Q�� �V�S�H�á�Q�L�D�� �W�H��wymagania���� �$�Z�D�U�L�D�� �P�D�V�]�\�Q�\�� �P�R�*�H�� �Z�\�V�W���S�L�ü�� 
w dowolnej chwili i j�H�V�W�� �]�P�L�D�Q���� �]�D�F�K�R�G�]���F���� �S�R�P�L�
�G�]�\�� �G�Z�R�P�D�� �V�W�D�Q�D�P�L���± sprawna  
�L�� �X�V�]�N�R�G�]�R�Q�D���� �3�R�Q�D�G�W�R�� �X�V�]�N�R�G�]�H�Q�L�H�� �P�D�V�]�\�Q�\�� �M�H�V�W�� �]�P�L�D�Q���� �R�G�Z�U�D�F�D�O�Q�����± naprawa powoduje 
�S�R�Z�U�y�W�� �G�R�� �S�L�H�U�Z�R�W�Q�H�J�R�� �V�W�D�Q�X���� �N�W�y�U�\�� �M�H�V�W�� �G�H�I�L�Q�L�R�Z�D�Q�\�� �S�U�]�H�]�� �V�W�D�Q, �Z�� �M�D�N�L�P�� �]�Q�D�M�G�X�M�H�� �V�L�
��
�X�U�]���G�]�H�Q�L�H���� �,�V�W�Q�L�H�M�H�� �W�D�N�*�H�� �V�]�H�U�H�J�� �F�]�\�Q�Q�L�N�y�Z���� �N�W�y�U�H�� �P�R�J���� �Z�S�á�\�Z�D�ü�� �Q�D�� �D�Q�D�O�L�]�R�Z�D�Q�\�� �S�U�R�F�H�V�� 
�L���P�R�J�����E�\�ü���L�G�H�Q�W�\�I�L�N�R�Z�D�Q�H���G�]�L�
�N�L���Z�\�N�R�U�]�\�V�W�D�Q�L�X���$�Q�D�O�L�]�\���&�]�D�V�X���7�U�Z�D�Q�L�D [36]. Czas trwania 
�Z�� �S�U�]�\�S�D�G�N�X�� �P�D�V�]�\�Q�\�� �Q�D�O�H�*�\�� �U�R�]�X�P�L�H�ü�� �M�D�N�R�� �F�]�D�V�� �M�H�M�� �V�S�U�D�Z�Q�H�M�� �S�U�D�F�\���� �Q�D�� �S�R�G�V�W�D�Z�L�H�� �N�W�y�U�H�J�R��
�P�R�*�O�L�Z�H���M�H�V�W���U�y�Z�Q�L�H�*��wnioskowanie o czasie wyst���S�L�H�Q�L�D awarii. W konsekwencji atutem tej 
�W�H�F�K�Q�L�N�L�� �M�H�V�W�� �P�R�*�O�L�Z�R���ü�� �Z�\�]�Q�D�F�]�D�Q�L�D�� �Z�]�R�U�F�y�Z�� �Z�\�V�W�
�S�R�Z�D�Q�L�D�� �D�Z�D�U�L�L (charakterystyk 
�Z�\�V�W�
�S�R�Z�D�Q�L�D�� �D�Z�D�U�L�L�� �Z�� �F�]�D�V�L�H�� �]�Z�á�D�V�]�F�]�D�� �Z�W�H�G�\���� �J�G�\�� �S�R�V�L�D�G�D�Q�H�� �G�D�Q�H�� �K�L�V�W�R�U�\�F�]�Q�H�� �Q�L�H��
�S�R�]�Z�D�O�D�M�����Q�D���]�D�V�W�R�V�R�Z�D�Q�L�H���W�\�S�Rwych technik wnioskowania [33]. 

Niech zatem T �E�
�G�]�L�H�� �Q�L�H�X�M�H�P�Q���� �]�P�L�H�Q�Q���� �O�R�V�R�Z���� �U�H�S�U�H�]�H�Q�W�X�M���F���� �F�]�D�V�� �Z�\�V�W���S�L�H�Q�L�D��
awarii maszyny technologic�]�Q�H�M���� �N�W�y�U�D�� �S�U�]�\�M�P�X�M�H�� �Z�D�U�W�R���F�L���]�� �S�U�]�H�G�]�L�D�á�X �������� �’��. Ponadto f(t) 



 

�M�H�V�W�� �I�X�Q�N�F�M���� �J�
�V�W�R���F�L�� �S�U�D�Z�G�R�S�R�G�R�E�L�H���V�W�Z�D���� �J�G�]�L�H t > 0 oraz F(t) �M�H�V�W�� �G�\�V�W�U�\�E�X�D�Q�W���� �]�P�L�H�Q�Q�H�M��
losowej T �± �I�X�Q�N�F�M�����Q�L�H�P�D�O�H�M���F�����R�N�U�H���O�D�M���F�������L�*���R�E�L�H�N�W���G�R���Z�L�D�G�F�]�\���]�G�D�U�]�H�Q�L�D��w czasie (0; t]: 

 
.           (1) 

 
�%�D�]�X�M���F���Q�D���G�\�V�W�U�\�E�X�D�Q�F�L�H��F(t) �]�G�H�I�L�Q�L�R�Z�D�ü���P�R�*�Q�D���I�X�Q�N�F�M�
���S�U�]�H�*�\�Fia S(t): 

 

,     (2) 

 
�S�R�]�Z�D�O�D�M���F���� �R�N�U�H���O�L�ü�� �S�U�D�Z�G�R�S�R�G�R�E�L�H���V�W�Z�R�� �S�R�S�U�D�Z�Q�H�M�� �S�U�D�F�\�� �P�Dszyny, �D�*�� �G�R�� �F�K�Z�L�O�L��t. Pozwala 
ona zatem �R�N�U�H���O�L�ü �W�D�N�*�H �S�U�D�Z�G�R�S�R�G�R�E�L�H���V�W�Z�R�����L�*�� �D�Z�D�U�L�D�� �Q�L�H�� �Z�\�V�W���S�L�� �G�R�� �W�H�J�R�� �F�]�D�V�X. 
Wyznaczona funkcja jest doskon�D�á�\�P�� �V�S�R�V�R�E�H�P�� �R�N�U�H���O�D�Q�L�D�� �Z�]�R�U�F�y�Z�� �S�R�S�U�D�Z�Q�H�M�� �S�U�D�F�\��
�P�D�V�]�\�Q�\���� �D�� �Z�� �N�R�Q�V�H�N�Z�H�Q�F�M�L�� �W�D�N�*�H�� �Z�\�V�W�
�S�R�Z�D�Q�L�D�� �M�H�M�� �D�Z�D�U�L�L�� �)�X�Q�N�F�M�D�� �S�U�]�H�*�\�F�L�D�� �R�U�D�]��
�G�\�V�W�U�\�E�X�D�Q�W�D���]�R�V�W�D�á�\���S�U�]�H�G�V�W�D�Z�L�R�Q�H���Q�D���U�\�V�X�Q�N�X��1. 
 

  

Rys. 1�����'�\�V�W�U�\�E�X�D�Q�W�D���)���W�����R�U�D�]���I�X�Q�N�F�M�D���S�U�]�H�*�\�F�L�D���6���W�� 
 

W celu wyznaczenia �S�R�V�]�F�]�H�J�y�O�Q�\�F�K�� �I�X�Q�N�F�M�L�� �]�D�S�U�H�]�H�Q�W�R�Z�D�Q�\�F�K�� �S�R�Z�\�*�H�M, �Z�\�N�R�U�]�\�V�W�D�ü��
�Q�D�O�H�*�\ odpowiednie dane hist�R�U�\�F�]�Q�H�� �G�R�W�\�F�]���F�H���D�Z�D�U�\�M�Q�R���F�L�� �P�D�V�]�\�Q�\�� �W�H�F�K�Q�R�O�R�J�L�F�]�Q�H�M. Ich 
analiza dostarcza bowiem �Z�L�H�O�X�� �L�Q�I�R�U�P�D�F�M�L���� �N�W�y�U�H�� �P�R�J�����]�R�V�W�D�ü�� �Z�\�N�R�U�]�\�V�W�D�Q�H w dalszym 
procesie predykcji. 
 
2.2. Wykorzystanie danych historycznych 
 

�'�R�� �Z�\�]�Q�D�F�]�H�Q�L�D�� �F�K�D�U�D�N�W�H�U�\�V�W�\�N�� �Z�\�V�W�
�S�R�Z�D�Q�L�D�� �D�Z�D�U�L�L���� �Q�L�H�]�E�
�G�Q�H�� �M�H�V�W�� �]�G�H�I�L�Q�L�R�Z�D�Q�L�H 
odpowiedniego �(�U�y�G�á�D�� �G�D�Q�\�F�K���� �7�D�N�L�H�� �L�Q�I�R�U�P�D�F�M�H�� �J�U�R�P�D�G�]�R�Q�H�� �V���� �]�D�]�Z�\�F�]�D�M�� �S�U�]�H�]�� �G�]�L�D�á�\��
�X�W�U�]�\�P�D�Q�L�D�� �U�X�F�K�X�� �S�U�]�H�G�V�L�
�E�L�R�U�V�W�Z�� �S�U�R�G�X�N�F�\�M�Q�\�F�K [3, 10]. �'�R�N�R�Q�X�M���F�� �D�Q�D�O�L�]�\�� �U�R�]�Z�L���]�D����
�G�R�W�\�F�]���F�\�F�K�� �]�D�S�L�V�X�� �Z�L�H�G�]�\�� �]�� �]�D�N�U�H�V�X�� �K�L�V�W�R�U�L�L��konserwacji i napraw maszyn technologicznych 
�V�W�R�V�R�Z�D�Q�\�F�K�� �Z�� �S�U�]�H�G�V�L�
�E�L�R�U�V�W�Z�D�F�K �S�U�R�G�X�N�F�\�M�Q�\�F�K�� �Q�D�O�H�*�\�� �V�W�Z�L�H�U�G�]�L�ü���� �L�*�� �Q�D�M�F�]�
���F�L�H�M�� �V�W�R�V�R-
�Z�D�Q�\�P�L���U�R�]�Z�L���]�D�Q�L�D�P�L���V���� 

�±  prowadzenie papierowej dokumentacji serwisowej �± �Q�D�M�F�]�
���F�L�H�M�� �Z�� �I�R�U�P�L�H�� �.�D�U�W��
�2�E�V�á�X�J�L���R�U�D�]���.�V�L���*�H�N���6�H�U�Z�L�V�R�Z�\�F�K�� 

�± wykorzystanie w procesie gromadzenia informacji serwisowych oprogramowania 
komputerowego wraz z dedykowanymi arkuszami danych (rys. 2), 

�± �J�U�R�P�D�G�]�H�Q�L�H�� �G�D�Q�\�F�K�� �E�H�]�S�R���U�H�G�Qio z maszyn technologicznych, z wykorzystaniem 
�V�\�V�W�H�P�y�Z��klasy SCADA (ang. Supervisory Control And Data Acquisition) oraz MES 
(ang. Manufacturing Execution Systems). 

 



 

 
Rys. 2�����3�U�]�\�N�á�D�G���G�D�Q�\�F�K���V�H�U�Z�L�V�R�Z�\�F�K���]�D�S�L�V�D�Q�\�F�K���]���Z�\�N�R�U�]�\�V�W�D�Q�L�Hm komputerowego arkusza danych 

  
�:�V�]�\�V�W�N�L�H���]���S�U�]�H�G�V�W�D�Z�L�R�Q�\�F�K���S�R�Z�\�*�H�M���P�H�W�R�G���J�U�R�P�D�G�]�H�Q�L�D���G�D�Q�\�F�K���á���F�]�\���Z�V�S�y�O�Q�D cecha �±

�N�D�*�G�D�� �]�� �Q�L�F�K�� �G�R�V�W�D�U�F�]�D�� �G�D�Q�\�F�K���� �N�W�y�U�H�� �R�G�S�R�Z�L�H�G�Q�L�R�� �S�U�]�H�W�Z�R�U�]�R�Q�H�� �P�R�J���� �]�R�V�W�D�ü�� �Z�\�N�R�U�]�\�V�W�D�Q�H��
�Z���S�U�R�F�H�V�L�H���S�U�H�G�\�N�F�M�L���D�Z�D�U�L�L���P�D�V�]�\�Q���]���]�D�V�W�R�V�R�Z�D�Q�L�H�P���H�O�H�P�H�Q�W�y�Z���$�Q�D�O�L�]�\���3�U�]�H�*�\�F�L�D�� 

�3�R�G�V�W�D�Z�R�Z���� �L�Q�I�R�U�P�D�F�M�
�� �]�D�Z�D�U�W���� �Z�H�� �Z�V�S�R�P�Q�L�D�Q�H�M�� �G�R�N�X�P�H�Q�W�D�F�M�L�� �V�� historyczne czasy 
�Z�\�V�W�
�S�R�Z�D�Q�L�D�� �X�V�W�H�U�H�N���� �'la danej maszyny technologicznej Mj �P�R�*�Q�D �]�D�S�L�V�D�ü�� �M�H jako �]�E�L�y�U��
danych TMj: 

 
 [godz.],     (3) 

 
gdzie: ti �± i-ty c�]�D�V���Z�\�V�W���S�L�H�Q�L�D���D�Z�D�U�L�L�� 

 
�3�U�]�\�N�á�D�G�R�Z�\�� �]�E�L�y�U historycznych �G�D�Q�\�F�K�� �G�R�W�\�F�]���F�\�� �F�]�D�V�y�Z�� �D�Z�D�U�L�L�� �G�O�D�� �P�D�V�]�\�Q�\��M1 

�S�U�]�\�M�P�L�H���S�R�V�W�D�ü�� 
 

[godz.]. 
 

Wykorzystanie w procesie predykcji danych zawartych w odpowiednich zbiorach TMj 
pozwala �Q�D���R�N�U�H���O�H�Q�L�H���S�R�W�H�Q�F�M�D�O�Q�\�F�K���F�]�D�V�y�Z���Z�\�V�W���S�L�H�Q�L�D �D�Z�D�U�L�L���G�D�Q�H�M���P�D�V�]�\�Q�\�����N�W�y�U�H���]�Dpisa�ü��
�P�R�*�Q�D���Z���]�E�L�R�U�]�H��FTMij: 
 

,          (4) 

 
gdzie: ftMji �± �F�]�D�V���Z�\�V�W���S�L�H�Q�L�D���D�Z�D�U�L�L���P�D�V�]�\�Q�\��j, 
 j �± numer rozpatrywanej maszyny technologicznej. 
  
�'�O�D�� �N�D�*�G�H�J�R�� �F�]�D�V�X�� ftMji  wyznaczone zostanie �S�R�Q�D�G�W�R�� �S�U�D�Z�G�R�S�R�G�R�E�L�H���V�W�Z�R �Z�\�V�W���S�L�H�Q�L�D 
awarii zapisane w zbiorze PMj. 
 

,          (5) 

 
gdzie: pMji  �± �Z�D�U�W�R���ü���S�U�D�Z�G�R�S�R�G�R�E�L�H���V�W�Z�D���Z�\�V�W���S�L�H�Q�L�D���D�Z�D�U�L�L maszyny j, przy czym: 
 

. 

 
Zatem rezultatem procesu predykcji �E�
�G�]�L�H�� �Z�\�]�Q�D�F�]�H�Q�L�H�� �S�D�U�� ��pMji, ftMji ���� �G�H�I�L�Q�L�X�M���F�\�F�K��
�S�U�D�Z�G�R�S�R�G�R�E�L�H���V�W�Z�R���R�U�D�]���F�]�D�V���Z�\�V�W���S�L�H�Q�L�D���D�Z�D�U�L�L���P�D�V�]�\�Q�\��Mj. 
 
 



 

2.3. Proponowany algorytm predykcji �Z�V�S�L�H�U�D�M���F�\���G�]�L�D�á�D�Q�L�D��TBM  
 

W celu �S�U�H�G�\�N�F�M�L�� �V�]�X�N�D�Q�\�F�K�� �Z�D�U�W�R���F�L�� �S�U�D�Z�G�R�S�R�G�R�E�L�H���V�W�Z�D �Z�\�V�W���S�L�H�Q�L�D�� �D�Z�D�U�L�L oraz 
czasu usterki �R�S�U�D�F�R�Z�D�Q�R�� �F�]�W�H�U�R�H�W�D�S�R�Z�\�� �D�O�J�R�U�\�W�P�� �X�P�R�*�O�L�Z�L�D�M���F�\�� �D�Q�D�O�L�]�
�� �R�U�D�]�� �R�G�S�R�Z�L�H�G�Q�L�H��
wykorzystanie zgromadzonych danych �G�R�W�\�F�]���F�\�F�K���K�L�V�W�R�U�L�L���Q�D�S�U�D�Z (rys. 3). 

Etap 1 propo�Q�R�Z�D�Q�H�J�R���D�O�J�R�U�\�W�P�X���S�R�O�H�J�D���Q�D���]�G�H�I�L�Q�L�R�Z�D�Q�L�X���P�D�V�]�\�Q�\�� �G�O�D�� �N�W�y�U�H�M���S�U�R�Z�D-
�G�]�R�Q�\�� �E�
�G�]�L�H�� �S�U�R�F�H�V�� �S�U�H�G�\�N�F�M�L���� �D�� �W�D�N�*�H��zaimportowaniu danych historycznych zawartych  
w zbiorze TMj. 

 

 

�5�\�V�����������$�O�J�R�U�\�W�P���S�U�H�G�\�N�F�M�L���F�]�D�V�X���Z�\�V�W���S�L�H�Q�L�D���D�Z�D�U�L�L 



 

W etapie 2 realizowany jest odpowiedni zapis zaimportowanych danych �± czasy awarii 
wybranej maszyny technologicznej Mj �]�R�V�W�D�M���� �Z�y�Z�F�]�D�V�� �]�D�S�L�V�D�Q�H�� �]�D �S�R�P�R�F���� �R�G�S�R�Z�L�H�G�Q�L�H�M��
sekwencji: 

,           (6) 
 
gdzie: ti �± �F�]�D�V���S�R�P�L�
�G�]�\���N�R�O�H�M�Q�\�P�L awariami, 
 di �± �O�L�F�]�E�D���S�U�]�\�S�D�G�N�y�Z�� 
 
Ponadto na tym etapie realizowana jest operacja sortowania �± �V�H�N�Z�H�Q�F�M�H���]�R�V�W�D�M���� �X�S�R�U�]���G�N�R-
�Z�D�Q�H���Z�H�G�á�X�J���U�R�V�Q���F�\�F�K���Z�D�U�W�R���F�L { ti} ���”k�”n: 
 

,       (7) 
 
�S�R�� �F�]�\�P�� �Q�D�V�W�
�S�X�M�H�� �I�Lltracja zgromadzonych danych �L�� �X�V�X�Q�L�
�F�L�H�� �R�E�V�H�U�Z�D�F�M�L�� �R�G�V�W�D�M���F�\�F�K��
���Z�D�U�W�R���F�L�� �Q�L�H�W�\�S�R�Z�\�F�K���� ��rys. 4������ �1�D�V�W�
�S�Q�L�H�� �Z�\�]�Q�D�F�]�R�Q�H�� �]�R�V�W�D�M���� �S�R�G�V�W�D�Z�R�Z�H�� �V�W�D�W�\�V�W�N�L�� �G�O�D��
�]�J�U�R�P�D�G�]�R�Q�\�F�K���G�D�Q�\�F�K�����Z�D�U�W�R���ü���P�L�Q�L�P�D�O�Q�D�����P�D�N�V�\�P�D�O�Q�D�������U�H�G�Q�L�D�����U�R�]�V�W�
�S�����N�Z�D�U�W�\�O�H���� 
 

 
Rys. 4�����:�\�N�U�H�V���S�X�G�H�á�N�R�Z�\���G�O�D �S�U�]�\�N�á�D�G�R�Z�\�F�K���G�D�Q�\�F�K�����0�H���± mediana, Q1 i Q3 �± kwartyl 1 i 3,  

OUT �± obserwacje �R�G�V�W�D�M���F�H�� 

 
�(�W�D�S�� ���� �V�W�D�Q�R�Z�L�� �N�O�X�F�]�R�Z�\�� �H�O�H�P�H�Q�W�� �S�U�R�F�H�V�X�� �Z�Q�L�R�V�N�R�Z�D�Q�L�D���� �J�G�\�*�� �Z�á�D���Q�L�H�� �Q�D�� �W�\�P�� �H�W�D�S�L�H��

�Z�\�]�Q�D�F�]�D�Q�D�� �M�H�V�W�� �I�X�Q�N�F�M�D�� �S�U�]�H�*�\�F�L�D�� �F�K�D�U�D�N�W�H�U�\�]�X�M���F�D�� �U�R�]�S�D�W�U�\�Z�D�Q�\�� �S�U�R�F�H�V�� �D�Z�D�U�\�M�Q�R���F�L��
�D�Q�D�O�L�]�R�Z�D�Q�H�M�� �P�D�V�]�\�Q�\���� �8�V�]�H�U�H�J�R�Z�D�Q�L�H�� �S�U�]�\�S�D�G�N�y�Z�� �D�Z�D�U�L�L�� �Z�H�G�á�X�J�� �U�R�V�Q���F�\�F�K�� �F�]�D�V�y�Z�� �L�F�K��
�Z�\�V�W���S�L�H�Q�L�D���� �D�� �W�D�N�*�H�� �R�N�U�H���O�H�Q�L�H�� �O�L�F�]�E�\�� �S�U�]�\�S�D�G�N�y�Z�� �G�O�D�� �N�D�*�G�H�J�R�� �]�� �F�]�D�V�y�Z�� �S�R�]�Z�D�O�D�� �Q�D��
�Z�\�]�Q�D�F�]�H�Q�L�H�� �I�X�Q�N�F�M�L�� �S�U�]�H�*�\�F�L�D�� �G�D�Q�H�J�R�� �S�U�R�F�H�V�X���� �:�\�]�Q�D�F�]�R�Q�D���S�R�V�W�D�ü��funkcj�L�� �S�U�]�H�*�\�F�L�D�� jest 
dosk�R�Q�D�á�\�P�� �V�S�R�V�R�E�H�P�� �R�N�U�H���O�D�Q�L�D�� �Z�]�R�U�F�y�Z���Z�\�V�W�
�S�R�Z�D�Q�L�D�� �D�Z�D�U�L�L �± �S�R�]�Z�D�O�D�� �Z�� �S�U�]�\�V�W�
�S�Q�\��
�V�S�R�V�y�E�� �Z�\�]�Q�D�F�]�\�ü�� �F�K�D�U�D�N�W�H�U�\�V�W�\�N�L�� �D�Z�D�U�\�M�Q�R���F�L�� �G�O�D�� �N�R�Q�N�U�H�W�Q�H�M�� �P�D�V�]�\�Q�\�� �W�H�F�K�Q�R�O�R�J�L�F�]�Q�H�M. 
Zastosowanie znajduje tu estymacja Kaplana-�0�H�L�H�U�¶�D���± �I�X�Q�N�F�M�D�� �S�U�]�H�*�\�F�L�D�� �Z�\�]�Q�D�F�]�D�Q�D�� �M�H�V�W��
�Z�y�Z�F�]�Ds �Q�D���S�R�G�V�W�D�Z�L�H���]�D�O�H�*�Q�R���F�L�� 

 

          (8) 

 
gdzie: r i �± �O�L�F�]�E�D���Z�V�]�\�V�W�N�L�F�K���S�U�]�\�S�D�G�N�y�Z���D�Z�D�U�L�L���R�N�U�H���O�D�Q�D���M�D�N�R�� 
 

.               (9) 



 

�:�y�Z�F�]�D�V�� �Z�\�]�Q�D�F�]�R�Q�D�� �]�R�V�W�D�M�H�� �I�X�Q�N�F�M�D�� �S�U�]�H�*�\�F�L�D�� �Q�D�� �S�R�G�V�W�D�Z�L�H�� �N�W�y�U�H�M ���]�� �R�N�U�H���O�R�Q�\�P��
pozio�P�H�P���S�U�D�Z�G�R�S�R�G�R�E�L�H���V�W�Z�D�����R�N�U�H���O�D�Q�H���V�����F�]�D�V�\���V�S�U�D�Z�Q�H�M���S�U�D�F�\���P�D�V�]�\�Q�\����rys. 5). 
 

 

Rys. 5�����3�U�]�\�N�á�D�G�R�Z�D���I�X�Q�N�F�M�D���S�U�]�H�*�\�F�L�D���Z�\�]�Q�D�F�]�R�Q�D���]�D���S�R�P�R�F�����H�V�W�\�P�D�F�M�L���.�D�S�O�D�Q�D-�0�H�L�H�U�¶�D 
 

�:���N�R�Q�V�H�N�Z�H�Q�F�M�L���Z�\�]�Q�D�F�]�R�Q�D���I�X�Q�N�F�M�D���S�U�]�H�*�\�F�L�D��wykorzystana zostaje na etapie 4, gdzie 
�E�D�]�X�M���F �Q�D���X�]�\�V�N�D�Q�\�F�K���Z�\�Q�L�N�D�F�K���P�R�*�Q�D���Z�\�]�Q�D�F�]�\�ü �H�O�H�P�H�Q�W�\���S�R�V�]�X�N�L�Z�D�Q�\�F�K���]�E�L�R�U�y�Z�� 

�±  �S�R�W�H�Q�F�M�D�O�Q�\�F�K���F�]�D�V�y�Z���Z�\�V�W���S�L�H�Q�L�D���D�Z�D�U�L�L���U�R�]�S�D�W�U�\�Z�D�Q�H�M���P�D�V�]�\�Q�\ FTMj, 
�±  �S�U�D�Z�G�R�S�R�G�R�E�L�H���V�W�Z�D���Z�\�V�W���S�L�H�Q�L�D���D�Z�D�U�L�L���U�R�]�S�D�W�U�\�Z�D�Q�H�M���P�D�V�]�\�Q�\ PMj. 

 
Idea procesu wnioskowania na podstawie wyzna�F�]�R�Q�H�M���S�R�V�W�D�F�L���I�X�Q�N�F�M�L���S�U�]�H�*�\�F�L�D���]�R�V�W�D�á�D��

przedstawiona na rys. 6���� �'�O�D�� �R�G�S�R�Z�L�H�G�Q�L�F�K�� �S�R�]�L�R�P�y�Z�� �S�U�D�Z�G�R�S�R�G�R�E�L�H���V�W�Z�D��pi wyznaczone 
�]�R�V�W�D�M�����S�U�R�J�Q�R�]�R�Z�D�Q�H���F�]�D�V�\���Z�\�V�W���S�L�H�Q�L�D���D�Z�D�U�L�L��ftMji. 

 

 

Rys. 6�����2�N�U�H���O�H�Q�L�H���F�]�D�V�X���Z�\�V�W���S�L�H�Q�L�D���D�Z�D�U�L�L���Q�D���S�R�G�V�W�D�Z�L�H���S�U�]�\�M�
�W�H�M���Z�D�U�W�R���F�L�� 
�S�U�D�Z�G�R�S�R�G�R�E�L�H���V�W�Z�D���S�U�]�H�*�\�F�L�D 

 
�=�� �X�Z�D�J�L���� �L�*�� �Q�D�� �S�R�G�V�W�D�Z�L�H�� �I�X�Q�N�F�M�L�� �S�U�]�H�*�\�F�L�D�� �R�N�U�H���O�R�Q�H�� �V�� p�U�D�Z�G�R�S�R�G�R�E�L�H���V�W�Z�D sprawnej pracy 
maszyny (pi), zatem �S�U�D�Z�G�R�S�R�G�R�E�L�H���V�W�Z�R���Z�\�V�W���S�L�H�Q�L�D��awarii pMji definiuje �]�D�O�H�*�Q�R���ü�� 
 

,              (10) 

 
gdzie:  pMji  �± �S�U�D�Z�G�R�S�R�G�R�E�L�H���V�W�Z�R���G�R���Z�L�D�G�F�]�H�Q�L�D���X�V�W�H�U�N�L�� 
 pi �± �S�U�D�Z�G�R�S�R�G�R�E�L�H���V�W�Z�R���V�S�U�D�Z�Q�H�M���S�U�D�F�\���P�D�V�]�\�Q�\. 
 
�2�N�U�H���O�H�Q�L�H��szukanych �Z�D�U�W�R���F�L�� �S�U�D�Z�G�R�S�R�G�R�E�L�H���V�W�Z�D���Z�\�V�W���S�L�H�Q�L�D�� �D�Z�D�U�L�L��pMji  �X�P�R�*�O�L�Z�L�D��
wyznaczenie szukanych wa�U�W�R���F�L ftMji , a w konsekwencji wyznaczenie par (pMji, ftMji). 
Wyznaczone �G�D�Q�H�� �J�U�R�P�D�G�]�R�Q�H���V����w zbiorach PMji  oraz FTMji. Etap 4 ma charakter iteracyjny,  



 

a zatem jest powtarzany �Z�� �]�D�O�H�*�Q�R���F�L�� �R�G�� �G�H�F�\�]�M�L���X�*�\�W�N�R�Z�Q�L�N�D �F�R�� �G�R�� �L�O�R���F�L�� �U�R�]�S�Dtrywanych 
�S�R�]�L�R�P�y�Z �S�U�D�Z�G�R�S�R�G�R�E�L�H���V�W�Z�D���� �5�H�D�O�L�]�D�F�M�
�� �D�O�J�R�U�\�W�P�X�� �Q�D�O�H�*�\�� �S�R�Z�W�y�U�]�\�ü�� �G�O�D�� �N�R�O�H�M�Q�\�F�K��
maszyn technologicznych�����G�O�D���N�W�y�U�\�F�K���D�Q�D�O�L�]�R�Z�D�Q�D���E�
�G�]�L�H���L�F�K���D�Z�D�U�\�M�Q�R���ü�� 

 
3. Weryfikacja eksperymentalna proponowanego algorytmu 
 
3.1. Dane wykorzystane w procesie weryfikacji  
 

�3�R�G�V�W�D�Z���� �U�H�D�O�L�]�D�F�M�L�� �S�U�H�]�H�Q�W�R�Z�D�Q�H�M�� �S�R�Q�L�*�H�M�� �Z�H�U�\�I�L�N�D�F�M�L�� �E�\�á�R�� �S�R�]�\�V�N�D�Q�L�H�� �L�� �Z�\�N�R�U�]�\�V�W�D�Q�L�H��
odpowiednich �G�D�Q�\�F�K���� �N�W�y�U�H�� �G�R�W�\�F�]�\�á�\�� �]�D�U�y�Z�Q�R�� �S�U�R�F�H�V�y�Z�� �W�H�F�K�Q�R�O�R�J�L�F�]�Q�\�F�K���� �M�D�N�� �L�� �D�Z�D�U�\�M�Q�R���F�L��
maszyn technologicznych. Przedstawione badania przeprowadzono w oparciu o rzeczywiste 
dane �S�U�R�G�X�N�F�\�M�Q�H�� �G�R�W�\�F�]���F�H�� �U�H�D�O�L�]�D�F�M�L�� ������ �]�D�G�D���� �S�U�R�G�X�N�F�\�M�Q�\�F�K�� �Q�D�� ������ �V�W�D�Q�R�Z�L�V�N�D�F�K���Z�\�W�Z�y�U-
czych, zorganizowanych w �S�R�V�W�D�F�L�� �J�Q�L�D�]�G�� �S�U�R�G�X�N�F�\�M�Q�\�F�K���� �:���U�y�G���U�H�D�O�L�]�R�Z�D�Q�\�F�K�� �S�U�R�F�H�V�y�Z��
�S�U�]�H�Z�D�*�D�� �R�E�U�y�E�N�D�� �X�E�\�W�N�R�Z�D���� �3�U�]�\�N�á�D�G�\�� �S�U�R�F�H�V�y�Z technologicznych wybr�D�Q�\�F�K�� �]�D�G�D����
produkcyjnych  �]�R�V�W�D�á�\���S�U�]�H�G�V�W�D�Z�L�R�Q�H���Z���W�D�E����1. 

 
 Tab. 1�����3�U�]�\�N�á�D�G�R�Z�H���S�U�R�F�H�V�\���W�H�F�K�Q�R�O�R�J�L�F�]�Q�H���]�D�Z�D�U�W�H���Z���G�D�Q�\�F�K���S�U�R�G�X�N�F�\�M�Q�\�F�K 

N
r 

w
yr

ob
u

 
(z

ad
an

ia
) 

N
r o

pe
ra

cj
i 

Stanowisko Nazwa operacji 
tpzij 

[godz.] 
toij 

[godz.] 

1 

10 Laser1 �&�L�
�F�L�H���E�O�D�F�K 0,25 0,042 
20 Laser2 �&�L�
�F�L�H���U�X�U���L���S�U�R�I�L�O�L 0,20 0,017 
30 Prasa CNC �*�L�
�F�L�H���N�U�D�Z�
�G�]�L�R�Z�H 0,13 0,018 
40 Wiertarka �:�L�H�U�F�H�Q�L�H���R�W�Z�R�U�y�Z 0,17 0,017 
50 ���O�X�V�� �2�S�H�U�D�F�M�D�����O�X�V�D�U�V�N�D 0,08 0,017 
60 Spaw. �± MIG Spawanie MIG 0,13 0,092 

3 

10 Laser2 �&�L�
�F�L�H���O�D�V�H�U�H�P���U�X�U���L���S�U�R�I�L�Oi 0,15 0,005 
20 �3�L�á�D���&�1�& �&�L�
�F�L�H���Q�D���S�L�O�H���W�D���P�R�Z�H�M 0,10 0,008 
30 Frezarka Frezowanie 0,27 0,050 
40 Wiertarka �:�L�H�U�F�H�Q�L�H���R�W�Z�R�U�y�Z 0,17 0,017 
50 ���O�X�V�� �2�S�H�U�D�F�M�D�����O�X�V�D�U�V�N�D 0,08 0,033 
60 Spaw.�± MIG Spawanie MIG 0,13 0,033 
70 Tokarka Toczenie 0,33 0,092 

5 

10 Laser1 �&�L�
�F�L�H���O�D�V�H�U�H�P���E�O�D�F�K 0,27 0,012 
20 Gilotyna �&�L�
�F�L�H���Q�D���J�L�O�R�W�\�Q�L�H 0,10 0,004 
30 �3�L�á�D���&�1�& �&�L�
�F�L�H���Q�D���S�L�O�H���W�D���P�R�Z�H�M 0,10 0,017 
40 Prasa CNC �*�L�
�F�L�H���N�U�D�Z�
�G�]�L�R�Z�H 0,17 0,025 
50 Wiertarka Gwintowanie 0,13 0,100 
60 ���O�X�V�� �2�S�H�U�D�F�M�D�����O�X�V�D�U�V�N�D 0,08 0,033 
70 Spaw.�± TIG Spawanie TIG 0,13 0,033 
80 Tokarka Toczenie 0,33 0,108 

 
Pozyskane dane rzeczywiste �]�R�V�W�D�á�\���Z�\�N�R�U�]�\�V�W�D�Q�H���Z���S�U�R�F�H�V�L�H���Z�H�U�\�I�L�N�D�F�M�L���Z���Q�D�V�W�
�S�X�M���F�\�P��

zakresie: 
�±  �G�D�Q�H�� �G�R�W�\�F�]���F�H�� �D�Z�D�U�\�M�Q�R���F�L�� �P�D�V�]�\�Q�� �W�H�F�K�Q�R�O�R�J�L�F�]�Q�\�F�K�� �S�R�V�á�X�*�\�á�\�� �]�D�� �G�D�Q�H�� �Z�H�M���F�Lowe 

podczas weryfikacji opracowanego algorytmu, 
�±  d�D�Q�H�� �G�R�W�\�F�]���F�H�� �U�H�D�O�L�]�R�Z�D�Q�\�F�K�� �S�U�R�F�H�V�y�Z�� �Z�\�W�Z�y�U�F�]�\�F�K���]�R�V�W�D�á�\�� �Z�\�N�R�U�]�\�V�W�D�Q�H��podczas 

�E�D�G�D�����V�\�P�Xlacyjnych �P�D�M���F�\�F�K na ce�O�X���R�F�H�Q�
���V�N�X�W�H�F�]�Q�R��ci �L���]�D�V�D�G�Q�R���F�L���Z�\�N�R�U�]�\�V�W�D�Q�L�D��
proponowanego algorytmu w realnych warunkach produkcyjnych (�]�� �X�Z�]�J�O�
�G�Q�L�H�Q�L�H�P��
�Z�\�V�W�
�S�R�Z�D�Q�L�D awarii maszyn technologicznych). 

 



 

3.2. �3�U�H�G�\�N�F�M�D���F�]�D�V�X���Z�\�V�W���S�L�H�Q�L�D���D�Z�D�U�L�L 
 
 W celu weryfikacji proponowanego algorytmu opracowano �Z�� �M�
�]�\�N�X�� �5��odpowiedni 
�V�N�U�\�S�W�� �X�P�R�*�O�L�Z�L�D�M���F�\��jego �U�H�D�O�L�]�D�F�M�
���� �1�D�V�W�
�S�Q�L�H�� �]�� �Z�\�N�R�U�]�\staniem pozyskanych danych 
historycznych przeprowadzono proces wnioskowania o potencjalnych czasach awarii maszyn 
�]�Q�D�M�G�X�M���F�\�F�K�� �V�L�
�� �Q�D�� �S�R�V�]�F�]�H�J�y�O�Q�\�F�K�� �V�W�D�Q�R�Z�L�V�N�D�F�K�����'�O�D�� �S�R�V�]�F�]�H�J�y�O�Q�\�F�K�� �P�D�V�]�\�Q�� �S�U�]�\�M�
�W�R��
odpowiednie oznaczenia: 

��   Laser 1 �± maszyna M1, 
��   Laser 2 �± maszyna M2, 
��   Prasa CNC �± maszyna M3, 
��   �3�L�á�D���&�1�&���± maszyna M4, 
��   �6�W�D�Q�R�Z�L�V�N�R�����O�X�V�D�U�V�N�L�H �± maszyna M5, 
��   Spawalnia �± MIG �± maszyna M6, 
��   Spawalnia �± TIG �± maszyna M7, 
��   Wiertarka �± maszyna M8, 
��   Frezarka �± maszyna M9, 
��   Tokarka �± maszyna M10, 
��   Gilotyna �± maszyna M11, 
��   Wykrawarka �± maszyna M12. 

 
�:�� �G�D�O�V�]�H�M�� �F�]�
���F�L�� �S�U�]�H�G�V�W�D�Z�L�R�Q�R�� �S�U�]�\�N�á�D�G�R�Z���� �U�H�D�O�L�]�D�F�M�
��procesu predykcji awarii dla 

maszyny M6, �Z���S�U�]�\�S�D�G�N�X���N�W�y�U�H�M���G�D�Q�H���K�L�V�W�R�U�\�F�]�Q�H���O�L�F�]�\�á�\�����������R�E�V�H�U�Z�D�F�M�L 
�3�U�]�H�G�� �U�R�]�S�R�F�]�
�F�L�H�P�� �S�U�R�F�H�V�X�� �S�U�H�G�\�N�F�M�L��w skrypcie zawarto odpowiednie polecenia 

�S�U�]�\�J�R�W�R�Z�X�M���F�H�� ���U�R�G�R�Z�L�V�N�R�� �G�R�� �S�U�D�F�\���� �S�R�� �F�]�\�P�� �Q�D�V�W�
�Suje zdefiniowanie numeru maszyny, 
oraz wczytanie danych zgromadzonych w pliku CSV. Import danych do zbioru TM6 
�S�U�]�H�F�K�R�Z�\�Z�D�Q�H�M�� �Z�� �S�U�]�H�V�W�U�]�H�Q�L�� �U�R�E�R�F�]�H�M�� �X�P�R�*�O�L�Z�L�á �U�H�D�O�L�]�D�F�M�
��procesu sortowania obserwacji 
�U�R�V�Q���F�R���� �D�� �W�D�N�*�H�� �I�L�O�W�U�D�F�M�
 �G�D�Q�\�F�K�� �Z�� �N�W�y�U�H�M�� �]�D�V�W�R�V�R�Z�D�Q�L�H�� �]�Q�D�O�D�]�á�\ wygenerowane wykresy 
�S�X�G�H�á�N�R�Z�H�����U�\�V����7). Dodatkowo wyznaczone zosta�á�\ podstawowe statystyki (rys. 8). 

 

 
Rys. 7. �:�\�N�U�H�V�\���S�X�G�H�á�N�R�Z�H���± przed oraz po filtrowaniu danych 

 
 
 
 



 

 
Rys. 8. Podstawowe statystki wygenerowane w ramach opracowanego skryptu  

 
 �.�O�X�F�]�R�Z�\�P�� �H�W�D�S�H�P�� �D�O�J�R�U�\�W�P�X�� �S�U�H�G�\�N�F�M�L�� �D�Z�D�U�L�L�� �M�H�V�W�� �Z�\�]�Q�D�F�]�H�Q�L�H�� �I�X�Q�N�F�M�L�� �S�U�]�H�*�\�F�L�D��

 z wykorzystaniem estymacji Kaplana-�0�H�L�H�U�¶�D���� �:�� �R�S�U�D�F�R�Z�D�Q�\�P�� �V�N�U�\�S�F�L�H���E�\�á�D ona 
�P�R�*�O�L�Z�D���G�]�L�
�N�L���]�D�V�W�R�V�R�Z�D�Q�L�X���E�L�E�O�L�R�W�H�N�L���Ä�6�8�5�9�,�9�$�/�´�����.�R�O�H�M�Q�H���U�y�*�Q�L�F�H���N�U�]�\�Z�H�M���V�F�K�R�G�N�R�Z�H�M��
obliczane �]�R�V�W�D�á�\ �Z�� �V�S�R�V�y�E�� �D�X�W�R�P�D�W�\�F�]�Q�\�� �Q�D�� �S�R�G�V�W�D�Z�L�H�� �X�W�Z�R�U�]�R�Q�\�F�K�� �V�H�N�Z�H�Q�F�M�L�� �R�E�V�H�U�Z�D�F�M�L����
�5�H�]�X�O�W�D�W�H�P�� �E�\�á�R�� �Z�\�]�Q�D�F�]�H�Q�L�H�� �I�X�Q�N�F�M�L �S�U�]�H�*�\�F�L�D�� �Z�� �S�R�V�W�D�F�L�� �N�U�]�\�Z�H�M�� �V�F�K�R�G�N�R�Z�H�M�� �]�� ��������
�S�U�]�H�G�]�L�D�á�H�P���X�I�Q�R���F�L�� 

Wyznaczenie przebiegu szukanej funkcji ���� �X�P�R�*�O�L�Z�L�á�R �U�R�]�S�R�F�]�
�F�L�H�� �N�R�O�H�M�Q�H�J�R��
�H�W�D�S�X�� �D�O�J�R�U�\�W�P�X�� �M�D�N�L�P�� �M�H�V�W�� �S�U�H�G�\�N�F�M�D�� �Z�D�U�W�R���F�L�� �F�]�D�V�X�� �Z�\�V�W���S�L�H�Q�L�D�� �D�Z�D�U�L�L�� �U�R�]�S�D�W�U�\�Z�D�Q�H�M��
�P�D�V�]�\�Q�\���G�O�D���]�G�H�I�L�Q�L�R�Z�D�Q�\�F�K���S�R�]�L�R�P�y�Z���S�U�D�Z�G�R�S�R�G�R�E�L�H���V�W�Z�D (rys. 9). �3�R�Q�L�H�Z�D�*���Q�D���Z�\�N�U�H�V�L�H��
�R�G�F�]�\�W�D�ü���P�R�*�Q�D���S�U�D�Z�G�R�S�R�G�R�E�L�H���V�W�Z�R���V�S�U�D�Z�Q�H�M���S�U�Dcy maszyny, dodatkowo generowana �E�\�á�D 
�O�H�J�H�Q�G�D�� �S�R�P�R�F�Q�L�F�]�D�� �]�� �R�E�M�D���Q�L�H�Q�L�D�P�L�� �:�� �S�U�]�\�S�D�G�N�X�� �R�E�O�L�F�]�H���� �G�O�D�� �G�D�Q�\�F�K�� �P�D�V�]�\�Q�\��M6 (jak  
�L���S�R�]�R�V�W�D�á�\�F�K���P�D�V�]�\�Q�� rozpatryw�D�Q�R���Q�D�V�W�
�S�X�M���F�H���S�R�]�L�R�P�\���S�U�D�Z�G�R�S�R�G�R�E�L�H���V�W�Z�D�� 

 

p1 = 0,75; p2 = 0,50;  p3 = 0,25. 
 
�:�D�U�W�R���F�L�� �U�R�]�S�D�W�U�\�Z�D�Q�\�F�K�� �S�R�]�L�R�P�y�Z�� �]�R�V�W�D�á�\�� �]�D���� �G�R�E�U�D�Q�H�� �W�D�N���� �D�E�\�� �Z�\�]�Q�D�F�]�D�á�\: �Q�L�V�N�L���� ���U�H�G�Q�L��
�R�U�D�]���Z�\�V�R�N�L���V�W�R�S�L�H�����U�\�]�\�N�D���Z�\�V�W���S�L�H�Q�L�D���X�V�W�H�U�N�L���U�R�]�S�D�W�U�\�Z�D�Q�H�M���P�D�V�]�\�Q�\�� �6�W���G���W�H�*�� 

 
pM61 = 1 �± p1 = 0,25;  pM62 = 1 �± p2 = 0,50;  pM63 = 1 �± p3 = 0,75. 

 

  
 Rys. 9. Predykcja awarii �Q�D���S�R�G�V�W�D�Z�L�H���Z�\�]�Q�D�F�]�R�Q�H�M���I�X�Q�N�F�M�L���S�U�]�H�*�\�F�L�D 

  
W ten spos�y�E�� �Z�\�]�Q�D�F�]�R�Q�H�� �]�R�V�W�D�á�\ �V�]�X�N�D�Q�H�� �Z�D�U�W�R���F�L���S�U�D�Z�G�R�S�R�G�R�E�L�H���V�W�Z�� �Z�\�V�W���S�L�H�Q�L�D��awarii 
�R�U�D�]���F�]�D�V�y�Z���S�R�W�H�Q�F�M�D�O�Q�\�F�K���X�V�W�H�U�H�N�����N�W�y�U�H���]�D�S�L�V�D�ü���P�R�*�Q�D���M�D�N�R���S�D�U�\�� 

(pM61, ftM61) = (0,25, 8 godz.), 
(pM62, ftM62) = (0,50, 24 godz.), 
(pM63, ftM63) = (0,75, 48 godz.). 

 



 

W konsekwencji wyznaczono zbiory PM61 = {0,25,  0,50,  0,75} oraz FTM61 = {8,  24,  48} 
[godz.]. 

Proponowany algorytm wyk�R�U�]�\�V�W�D�Q�R���Z���W�D�N�L�P���V�D�P�\�P���]�D�N�U�H�V�L�H���G�O�D���S�R�]�R�V�W�D�á�\�F�K���P�D�V�]�\n 
technologicznych. Jedynie z �X�Z�D�J�L�� �Q�D�� �F�K�D�U�D�N�W�H�U�� �V�W�D�Q�R�Z�L�V�N�D�� ���O�X�V�D�U�V�N�L�H�J�R�� ��M5) proces 
predykcji w tym przypadku �Q�L�H���E�\�á���U�H�D�O�L�]�R�Z�D�Q�\����Uzyskane c�]�D�V�\�� �Z�\�V�W���S�L�H�Q�L�D���D�Z�D�U�L�L���]�R�V�W�D�á�\��
zestawione w tab. 2. 

 
       Tab. 2. Czasy awarii maszyn technologicznych uzyskane w wyniku predykcji 

 

�&�]�D�V���Z�\�V�W���S�L�H�Q�L�D���D�Z�D�U�L�L��[godz.] 

Maszyna pMj1 = 0,25 pMj2 = 0,50 pMj3 = 0,75 
M1 8 16 40 
M2 8 24 32 
M3 8 16 24 
M4 8 24 104 
M5 �± �± �± 
M6 8 24 48 
M7 8 16 40 
M8 8 24 48 
M9 8 16 40 
M10 8 24 40 
M11 8 16 40 
M12 8 16 32 

 
Uzyskane rezultaty realizacji algorytmu �]�R�V�W�D�á�\��wykorzystane �Z���G�D�O�V�]�H�M���F�]�
���F�L��procesu 

weryfikacji �S�R�O�H�J�D�M���F�H�M�� �Q�D�� �V�\�P�X�O�D�F�M�L�� �S�U�R�G�X�N�F�M�L�� �Z�� �Z�D�U�X�Q�N�D�F�K�� �Z�\�V�W�
�S�R�Z�D�Q�L�D�� �D�Z�D�U�L�L�� �P�D�V�]�\�Q 
technologicznych. 
 
3.3. Symulacja produkcji z �Z�D�U�X�Q�N�D�F�K���Q�L�H�S�H�Z�Q�R���F�L 
 

W celu weryfikacji proponowanego algorytmu w realnych warunkach produkcyjnych, 
�]�Z�L���]�D�Q�\�F�K�� �]�� �Z�\�V�W�
�S�R�Z�D�Q�L�H�P�� �Q�L�H�S�H�Z�Q�R���F�L�� �G�R�W�\�F�]���F�H�M�� �D�Z�D�U�\�M�Q�R���F�L�� �P�D�V�]�\�Q technologicznych, 
przeprowadzono dwuetapowy eksperyment �Z���N�W�y�U�\�P: 

1. Dla rzeczywistych danych produkcyjnych zbudowano harmonogramy produkcji 
(harmonogramy nominalne)���� �D�� �Q�D�V�W�
�S�Q�L�H�� �R�S�U�D�F�R�Z�D�Q�R�� �L�F�K�� �R�G�S�R�Z�L�H�G�Q�L�N�L�� �]�� �]�D�L�P�S�O�H-
mentowanymi buforami serwisowymi (harmonogramy odporne) w miejscach, na jakie 
�Z�V�N�D�]�\�Z�D�á�\���U�H�]�X�O�W�D�W�\��zastosowania opracowanego algorytmu. 

2. �3�U�]�H�S�U�R�Z�D�G�]�R�Q�R�� �V�\�P�X�O�D�F�M�
�� �S�U�R�G�X�N�F�M�L�� �]�J�R�G�Q�L�H�� �]�� �R�S�U�D�F�R�Z�D�Q�\�P�L�� �K�D�U�P�R�Q�R�J�U�D�P�D�P�L���� 
a �Q�D�V�W�
�S�Q�L�H �]�E�D�G�D�Q�R�����N�W�y�U�H���]���K�D�U�P�R�Q�R�J�U�D�P�y�Z���Z�V�N�D�]�\�Z�D�á�\���E�O�L�*�V�]�\���W�H�U�P�L�Q���]�D�N�R���F�]�H�Q�L�D��
�S�U�R�G�X�N�F�M�L���Z���Z�D�U�X�Q�N�D�F�K�����J�G�\���Z�\�V�W���S�L�ü���P�R�J�����D�Z�D�U�L�H���P�D�V�]�\�Q�� 

 
3.3.1. Opracowanie harmonogr�D�P�y�Z���S�U�R�G�X�N�F�M�L 
 

W celu weryfikacji metody dla �U�y�*�Q�H�J�R uszeregowania �]�D�G�D���� �Q�D�� �S�R�V�]�F�]�H�J�y�O�Q�\�F�K��
stanowiskach produkcyjnych �Z�� �S�U�R�F�H�V�L�H�� �E�X�G�R�Z�D�Q�L�D�� �K�D�U�P�R�Q�R�J�U�D�P�y�Z�� �Z�\�N�R�U�]�\�V�W�D�Q�R 4 
popularne �U�H�J�X�á�\���S�U�L�R�U�\�W�H�W�y�Z�� 

1. �5�H�J�X�á�
 FCFS (First Come First Service �± �3�L�H�U�Z�V�]�D���3�U�]�\�E�\�á�D �3�L�H�U�Z�V�]�D���2�E�V�á�X�*�R�Q�D). 
2. �5�H�J�X�á�
 EDD (Earliest Due Date �± �1�D�M�Z�F�]�H���Q�L�H�M�V�]�\���7�H�U�P�L�Q���'�\�U�H�N�W�\�Z�Q�\). 
3. �5�H�J�X�á�
 SPT (Shortest Processing Time �± �1�D�M�N�U�y�W�V�]�\���&�]�D�V��Operacji). 
4. �5�H�J�X�á�
���/�3�7����Longest Processing Time �± �1�D�M�G�á�X�*�V�]�\���&�]�D�V��Operacji). 

 



 

�3�U�]�\�M�
�W�R���� �L�*�� �Z�\�U�R�E�\�� �S�U�R�G�X�N�R�Z�D�Q�H�� �V���� �Z�� �S�D�U�W�L�D�F�K�� �S�R�� ������ �V�]�W�X�N���� �D��kryterium celu �E�\�á termin 
�]�D�N�R���F�]�H�Q�L�D���Z�V�]�\�V�W�N�L�F�K���]�D�G�D�����S�U�R�G�X�N�F�\�M�Q�\�F�K���± �Z�V�N�D�(�Q�L�N��Cmax. 

�1�D�U�]�
�G�]�L�H�P�� �K�D�U�P�R�Q�R�J�U�D�P�R�Z�D�Q�L�D�� �]�D�G�D���� �E�\�á�R���R�S�U�R�J�U�D�P�R�Z�D�Q�L�H�� �/�L�6�$�� �E�
�G���F�H zbiorem 
�S�R�Z�V�]�H�F�K�Q�L�H�� �V�W�R�V�R�Z�D�Q�\�F�K�� �D�O�J�R�U�\�W�P�y�Z�� �V�]�H�U�H�J�R�Z�D�Q�L�D�� �]�D�G�D���� �L���X�P�R�*�O�L�Z�L�D�M���F�H��budowanie 
�K�D�U�P�R�Q�R�J�U�D�P�y�Z�� �Z�� �W�\�S�R�Z�\�F�K�� ���U�R�G�R�Z�L�V�N�D�F�K�� �S�U�R�G�X�N�F�\�M�Q�\�F�K�� ��flow-shop, job-shop czy open-
shop) wraz z uwzgl�
�G�Q�L�H�Q�L�H�P�� �Z�\�E�U�D�Q�\�F�K�� �R�J�U�D�Q�L�F�]�H�����L�� �N�U�\�W�H�U�L�y�Z�� �R�F�H�Q�\ [7]. Na rys. 10 
�S�U�]�H�V�W�D�Z�L�R�Q�R���S�U�]�\�N�á�D�G�R�Z�\���K�D�U�P�R�Q�R�J�U�D�P��uzysk�D�Q�\���Z���Z�\�Q�L�N�X���G�]�L�D�á�D�Q�L�D���U�H�J�X�á�\���/�3�7.  
 

 
Rys. 10. Harmonogram nominalny �± �G�]�L�D�á�D�Q�L�H���U�H�J�X�á�\���/�3�7 

 

�:�� �F�H�O�X�� �X�Z�]�J�O�
�G�Q�L�H�Q�L�D�� �S�R�W�H�Q�F�M�D�O�Q�\�F�K�� �D�Z�D�U�L�L�� �P�D�V�]�\�Q�� �W�H�F�K�Q�R�O�R�J�L�F�]�Q�\�F�K�� �G�R�N�R�Q�D�Q�R��
�P�R�G�\�I�L�N�D�F�M�L�� �K�D�U�P�R�Q�R�J�U�D�P�y�Z�� �S�R�S�U�]�H�]�� �L�P�S�O�H�P�H�Q�W�D�F�M�
�� �E�X�I�R�U�y�Z�� �V�H�U�Z�L�V�R�Z�\�F�K�� �R�� �Z�L�H�O�N�R���F�L�� ��������
godziny���� �P�D�M���F�\�F�K�� �F�K�D�U�D�N�W�H�U�� �]�D�E�H�]�S�L�H�F�]�H���� �F�]�D�V�R�Z�\�F�K �Z�� �S�U�]�\�S�D�G�N�X�� �Z�\�V�W���S�L�H�Q�L�D�� �D�Z�D�U�L�L oraz 
�F�]�D�V�X���Q�D���G�R�N�R�Q�D�Q�L�H���Q�L�H�]�E�
�G�Q�H�M���L�Q�V�S�H�N�F�M�L�����E���G�(���G�]�L�D�á�D�����V�H�U�Z�L�V�R�Z�\�F�K. Bufory implementowano 
zgodnie z czasami wyznaczonymi w wyniku realizacji algorytmu (tabela 2). P�U�]�\�M�
�W�R���� �L�*���M�H�V�W��
�W�R�� �Z�\�á���F�]�Q�L�H�� �F�]�D�V�� �S�U�D�F�\�� �P�D�V�]�\�Q�\�� ���U�H�D�O�L�]�D�F�M�L�� �]�D�G�D�������� �S�R�� �M�D�N�L�P�� �P�R�*�H�� �Z�\�V�W���S�L�ü�� �X�V�W�H�U�N�D�� �-�H�*�H�O�L�� 
�Z�� �G�D�Q�\�P�� �P�L�H�M�V�F�X�� �K�D�U�P�R�Q�R�J�U�D�P�X�� �Z�\�V�W�
�S�R�Z�D�á�D�� �R�S�H�U�D�F�M�D��technologiczna �± �E�\�á�D ona 
przesuwana w prawo ���]�D�U�D�]�� �]�D�� �E�X�I�R�U���� �S�U�]�\�� �M�H�G�Q�R�F�]�H�V�Q�\�P�� �]�D�F�K�R�Z�D�Q�L�X�� �N�R�O�H�M�Q�R���F�L�� �]�D�G�D���� �Q�D��
�M�D�N�L���Z�V�N�D�]�\�Z�D�á���K�D�U�P�R�Q�R�J�U�D�P���Q�Rminalny. �3�U�]�\�N�á�D�G��harmonogramu odpornego z zaimplemen-
towanymi buforami serwisowymi �]�R�V�W�D�á�� �S�U�]�H�G�V�W�D�Z�L�R�Q�\�� �Q�D�� �U�\�V�X�Q�N�X��11 (bufory oznaczono  
�Z���S�R�V�W�D�F�L���E�L�D�á�\�F�K���E�O�R�N�y�Z���� 
 

 
Rys. 11. Harmonogram produkcji po im�S�O�H�P�H�Q�W�D�F�M�L���E�X�I�R�U�y�Z���V�H�U�Z�L�V�R�Z�\�F�K 



 

 Uzyskane czasy zak�R���F�]�H�Q�L�D �Z�V�]�\�V�W�N�L�F�K�� �]�D�G�D���� �S�U�R�G�X�N�F�\�M�Q�\�F�K��w harmonogramach 
nominalnych oraz odpornych przedstawiono w tabeli 3. 
 

Tab. 3. �8�]�\�V�N�D�Q�H���Z�D�U�W�R���F�L���Z�V�N�D�(�Q�L�N�D���&max 

�5�H�J�X�á�D 
priorytetu  

�7�H�U�P�L�Q���]�D�N�R���F�]�H�Q�L�D���]�D�G�D�����S�U�R�G�X�N�F�\�M�Q�\�F�K���±  
�Z�V�N�D�(�Q�L�N��Cmax [godz.] 

harmonogram 
nominalny 

harmonogram 
odporny 

�Z�\�G�á�X�*�H�Q�L�H 
[%] 

FCFS 43,68 52,44 16,7% 
EDD 42,59 49,42 13,8% 
SPT 48,92 55,75 12,3% 
LPT 49,10 53,69 8,5% 

 
�8�]�\�V�N�D�Q�H�� �S�R�G�F�]�D�V�� �H�N�V�S�H�U�\�P�H�Q�W�X�� �Z�D�U�W�R���F�L�� �W�H�U�P�L�Q�y�Z�� �]�D�N�R���F�]�H�Q�L�D�� �Z�V�]�\�V�W�N�L�F�K�� �]�O�H�F�H����

�S�R�� �L�P�S�O�H�P�H�Q�W�D�F�M�L�� �E�X�I�R�U�y�Z�� �V�H�U�Z�L�V�R�Z�\�F�K�� �V�S�R�Z�R�G�R�Z�D�á�\�� �Z�\�G�á�X�*�H�Q�L�H�� �N�U�\�W�H�U�L�X�P�� �F�H�O�X��dla 
�N�D�*�G�H�J�R�� �]�� �S�U�]�\�S�D�G�N�y�Z�� ���U�H�G�Q�L�D�� �U�y�*�Q�L�F�D�� �S�R�P�L�
�G�]�\�� �Z�V�N�D�(nikiem Cmax harmonogramu nomi-
nalnego i odpornego wynios�á�D��6,75 godz. �0�R�*�Q�D���]�D�W�H�P���V�W�Z�L�H�U�G�]�L�ü�����L�* �X�Z�]�J�O�
�G�Q�L�H�Q�L�H���D�V�S�H�N�W�X��
�Z�\�V�W�
�S�R�Z�D�Q�L�D�� �D�Z�D�U�L�L�� �P�D�V�]�\�Q�� �S�R�Z�R�G�X�M�H���� �L�* �S�U�R�G�X�N�F�M�D�� �E�
�G�]�L�H�� �U�H�D�O�L�]�R�Z�D�Q�D�� �R�� �R�N�R�á�R�� �M�H�G�Q����
�]�P�L�D�Q�
�� �G�á�X�*�H�M���� �3�U�R�F�H�Q�W�R�Z�H�� �Z�\�G�á�X�*�H�Q�L�D�� �D�Q�D�O�L�]�R�Z�D�Q�H�J�R�� �Z�V�N�D�(�Q�L�N�D�� �E�\�á�\�� �R�G�P�L�H�Q�Q�H�� �G�O�D 
�K�D�U�P�R�Q�R�J�U�D�P�y�Z�� �X�]�\�V�N�D�Q�\�F�K��z wykorzystaniem �U�y�*�Q�\�F�K�� �U�H�J�X�á�� �S�U�L�R�U�\�W�H�W�X���� �3�U�]�\�M�P�R�Z�D�á�\�� �R�Q�H��
�Z�D�U�W�R���F�L�� �R�G��8,5% dla harmonogramu opracowanego zgo�G�Q�L�H�� �]�� �U�H�J�X�á���� �/�3�7�� �G�R��16,7% dla 
�K�D�U�P�R�Q�R�J�U�D�P�X�� �R�S�U�D�F�R�Z�D�Q�H�J�R�� �]�� �Z�\�N�R�U�]�\�V�W�D�Q�L�H�P�� �U�H�J�X�á�\ FCFS���� �8�]�\�V�N�D�Q�H�� �Z�D�U�W�R���ü�� �W�H�U�P�L�Q�y�Z��
�U�H�D�O�L�]�D�F�M�L�� �Z�V�]�\�V�W�N�L�F�K�� �]�D�G�D���� �G�O�D�� �S�R�V�]�F�]�H�J�y�O�Q�\�F�K�� �K�D�U�P�R�Q�R�J�U�D�P�y�Z�� �]�R�V�W�D�á�\��zestawione na 
rysunku 12. 

 

 
Rys. 12�����:�D�U�W�R���F�L���Z�V�N�D�(�Q�L�N�D��Cmax  �± terminu z�D�N�R���F�]�H�Q�L�D���Z�V�]�\�V�W�N�L�F�K���]�D�G�D���� 

 
W celu ocen�\�� �]�D�V�D�G�Q�R���F�L�� �L�P�S�O�H�P�H�Q�W�D�F�M�L�� �E�X�I�R�U�y�Z���� �D�� �Z�� �N�R�Q�V�H�N�Z�H�Q�F�M�L�� �Z�\�G�á�X�*�H�Q�L�D��

�K�D�U�P�R�Q�R�J�U�D�P�X���S�U�R�G�X�N�F�M�L���S�U�]�H�S�U�R�Z�D�G�]�R�Q�R���G�U�X�J�����F�]�
���ü���H�N�V�S�H�U�\�P�H�Q�W�X���S�R�O�H�J�D�M���F�����Q�D���V�\�P�X�O�D�F�M�L��
�S�U�R�G�X�N�F�M�L�� �Z�� �Z�D�U�X�Q�N�D�F�K�� �Q�L�H�S�H�Z�Q�R���F�L���� �3�R�]�Z�R�O�L�á�� �R�Q�� �Z�V�N�D�]�D�ü���� �N�W�y�U�\�� �]�� �K�D�U�P�R�Q�R�J�U�D�P�y�Z���± 
nominalny czy odporny (uzyskany z wykorzystaniem proponowanego algorytmu) �± wskazuje 
�E�O�L�*�V�]�\���U�H�D�O�Q�H�P�X���W�H�U�P�L�Q���]�D�N�R���F�]�H�Q�L�D���Z�V�]�\�V�W�N�L�F�K���]�D�G�D�����S�U�R�G�X�N�F�\�M�Q�\�F�K�� 



 

3�������������6�\�P�X�O�D�F�M�D���S�U�R�G�X�N�F�M�L���Z���Z�D�U�X�Q�N�D�F�K���Z�\�V�W�
�S�R�Z�D�Q�L�D���D�Z�D�U�L�L���P�D�V�]�\�Q 
 
Drugi et�D�S�� �H�N�V�S�H�U�\�P�H�Q�W�X�� �]�R�V�W�D�á��zrealizowany w ���U�R�G�R�Z�L�V�N�X�� �V�\�P�X�O�D�F�\�M�Q�\�P��Enterprise 

Dynamics, �N�W�y�U�H�J�R o�E�V�]�D�U�\�� �]�D�V�W�R�V�R�Z�D�����R�E�H�M�P�X�M������ �S�U�R�G�X�N�F�M�
�� magazynowanie, �]�D�U�]���G�]�D�Q�L�H��
�á�D���F�X�F�K�H�P���G�R�V�W�D�Z�����V�\�V�W�H�P�\���W�U�D�Q�V�S�R�U�W�X���L���L�Q�Q�H�����8�P�R�*�O�L�Z�L�D���R�Q�R���]�D�U�y�Z�Q�R���P�R�G�H�O�R�Z�D�Q�L�H�����V�\�P�X�O�D�F�M�
����
jak i w�L�]�X�D�O�L�]�D�F�M�
���S�U�R�F�H�V�y�Z�����F�R���F�]�\�Q�L���]���Q�L�H�J�R���Q�D�U�]�
�G�]�L�H���S�R�P�R�F�Q�H���Z���S�U�R�F�H�V�L�H���N�R�Q�W�U�R�O�L���S�U�R�F�H�V�y�Z��
dynamicznych [14, 16, 22]. Z�D�� �S�R�P�R�F���� �G�R�V�W�
�S�Q�\�F�K���H�O�H�P�H�Q�W�y�Z�� ���U�R�G�R�Z�L�V�N�D�� �Z�\�N�R�Q�D�Q�R�� �P�R�G�H�O��
�S�R�]�Z�D�O�D�M���F�\���D�Q�D�O�L�]�R�Z�D�ü �U�H�D�O�L�]�D�F�M�
���S�U�R�G�X�N�F�M�L���Z��rozpatrywanym �V�\�V�W�H�P�L�H���Z�\�W�Z�y�U�F�]�\�P��(rys. 13). 
 

 
Rys. 13�����0�R�G�H�O���V�\�V�W�H�P�X���S�U�R�G�X�N�F�\�M�Q�H�J�R���R�S�U�D�F�R�Z�D�Q�\���Z�����U�R�G�R�Z�L�Vku ED 

 
�:�� �F�H�O�X�� �X�Z�]�J�O�
�G�Q�L�H�Q�L�D�� �D�Z�D�U�\�M�Q�R���F�L maszyn technologicznych �G�O�D�� �N�D�*�G�H�M��z nich (we 

�Z�á�D���F�L�Z�R���F�L�D�F�K�� �G�D�Q�H�J�R�� �E�O�R�N�X�� �]�G�H�I�L�Q�L�R�Z�D�Q�R�� �Z�D�U�W�R���F�L���Z�V�N�D�(�Q�L�N�y�Z MTTF oraz MTTR. 
�:�D�U�W�R���F�L�� �S�D�U�D�P�H�W�U�X MTTF zo�V�W�D�á�\��zdefiniowane z wykorzystaniem jednostajn�H�J�R�� �U�R�]�N�á�D�G�X��
�S�U�D�Z�G�R�S�R�G�R�E�L�H���V�W�Z�D tak, �D�E�\�� �D�Z�D�U�L�H�� �Z�\�V�W�
�S�R�Z�D�á�\ w dowolnym czasie �± od chwili 
�U�R�]�S�R�F�]�
�F�L�D �S�U�D�F�\�� �Q�D�� �G�D�Q�H�M�� �P�D�V�]�\�Q�L�H���� �D�*�� �G�R�� �F�K�Z�L�O�L��jej �]�D�N�R���F�]�H�Q�L�D���� �3arametr MTTR �]�R�V�W�D�á��
�R�N�U�H���O�R�Q�\���]�� �Z�\�N�R�U�]�\�V�W�D�Q�L�H�P�� �U�R�]�N�á�D�G�X�� �J�D�P�P�D���� �J�G�\�*�� �Z�á�D���Q�L�H�� �W�D�N�L�� �U�R�]�N�á�D�G�� �]�R�V�W�D�á�� �]�L�G�H�Q�W�\-
fikowany oraz dopasowany podczas analizy statystycznej posiadanych danych historycznych 
�G�R�W�\�F�]���F�\�F�K���F�]�D�V�y�Z���Q�D�S�U�D�Z���Paszyn. �3�U�]�\�M�
�W�H���S�D�U�D�P�H�W�U�\���Z�V�N�D�(�Q�L�N�y�Z���0�7�7�)���R�U�D�]���0�7�7�5���G�O�D��
�S�R�V�]�F�]�H�J�y�O�Q�\�F�K�� �P�D�V�]�\�Q�� �]�R�V�W�D�á�\�� �S�U�]edstawione w tabeli 4. C�]�D�V�� �V�W�D�Q�R�Z�L���Fe parametry 
�U�R�]�N�á�D�G�y�Z���]�R�V�W�D�áy �Z�\�U�D�*�R�Qe w godzinach. 

 
 
 
 
 
 
 
 
 
 
 



 

 Tab. 4. Czasy awarii maszyn technologicznych uzyskane w wyniku predykcji 

 

�3�D�U�D�P�H�W�U�\���Z�V�N�D�(�Q�L�N�y�Z���H�I�H�N�W�\�Z�Q�R���F�L 

Maszyna MTTF  MTTR  
M1 Uniform(0, 18,42) Gamma(0,85, 1,62) 
M2 Uniform(0, 8,0) Gamma(0,75, 2,07) 
M3 Uniform(0, 16,08) Gamma(0,69, 2,79) 
M4 Uniform(0, 3,33) Gamma(0,77, 1,88) 
M5 �± �± 
M6 Uniform(0, 23,74) Gamma(0,95,  2,43) 
M7 Uniform(0, 8,34) Gamma(0,93, 1,96) 
M8 Uniform(0, 22,41) Gamma(0,66, 2,45) 
M9 Uniform(0, 6,67) Gamma(0,80, 1,64) 
M10 Uniform(0, 16,84) Gamma(0,72, 1,85) 
M11 Uniform(0, 0,21) Gamma(0,88, 2,16) 
M12 Uniform(0, 5,5) Gamma(0,84, 1,78) 

 
 W opracowanym modelu modyfikowano �W�D�N�*�H �N�R�O�H�M�Q�R���ü�� �U�H�D�O�L�]�D�F�M�L�� �]�D�G�D���� �Q�D��
�S�R�V�]�F�]�H�J�y�O�Q�\�F�K�� �P�D�V�]�\�Q�D�F�K�� ���W�D�N���� �D�E�\�� �S�U�R�G�X�N�F�M�D�� �R�G�E�\�Z�D�á�D�� �V�L�
�� �]�J�R�G�Q�L�H�� �]�� �K�D�U�P�R�Q�R�J�U�D�P�D�P�L��
�R�S�U�D�F�R�Z�D�Q�\�P�L�� �]�� �Z�\�N�R�U�]�\�V�W�D�Q�L�H�P�� �U�H�J�X�á���� �)�&�)�6���� �(�'�'����SPT oraz LPT). W sumie badaniu 
poddano 4 modele, a w �N�D�*�G�\�P���]���Q�L�F�K��zrealizowano 25 symulacji produkcji. 

Podczas oceny �U�H�]�X�O�W�D�W�y�Z�� �S�U�]�Hprowadzonych ba�G�D���� �V�\�P�X�O�D�F�\�M�Q�\�F�K�� �Zykorzystano 
�Q�D�V�W�
�S�X�M���F�H���Z�V�N�D�(�Q�L�Ni �V�W�D�E�L�O�Q�R���F�L�� 

�±  �Z�V�N�D�(�Q�L�N���R�G�F�K�\�O�H�Q�L�D���W�H�U�P�L�Q�X���]�D�N�R���F�]�H�Q�L�D���Z�V�]�\�V�W�N�L�F�K���]�D�G�D�� �ûCmax o�N�U�H���O�D�Q�\���M�D�N�R�� 
 

   �ûCmax = Cmax �± �&�¶max ,        (11) 
 

gdzie: �ûCmax �± �R�G�F�K�\�O�H�Q�L�H���W�H�U�P�L�Q�X���]�D�N�R���F�]�H�Q�L�D���Z�V�]�\�V�W�N�L�F�K���]�D�G�D���� 
Cmax �± �G�á�X�J�R���ü���K�D�U�P�R�Q�R�J�U�D�P�X���E�D�]�R�Z�H�J�R�� 
�&�¶max  �± �G�á�X�J�R���ü���K�D�U�P�R�Q�R�J�U�D�P�X���D�N�W�X�D�O�Q�H�J�R�����]�U�H�D�O�L�]�R�Z�D�Q�H�J�R���� 

 
�±  �Z�V�N�D�(�Q�L�N�� �Z�]�J�O�
�G�Q�H�J�R�� �Z�\�G�á�X�*�H�Q�L�D�� �W�H�U�P�L�Q�X�� �]�D�N�R���F�]�H�Q�L�D�� �Z�V�]�\�V�W�N�L�F�K�� �S�U�D�F ECmax, 

�R�N�U�H���O�D�Q�H�J�R���Q�D���S�R�G�V�W�D�Z�L�H���]�D�O�H�*�Q�R���F�L: 
 

,        (12) 

 
gdzie: ECmax �± �Z�V�N�D�(�Q�L�N���Z�]�J�O�
�G�Q�H�J�R���Z�\�G�á�X�*�H�Q�L�D���W�H�U�P�L�Q�X���]�D�N�R���F�]�H�Q�L�D���Z�V�]�\�V�W�N�L�F�K��

prac. 
 

W tabeli 5 przedstawiono wyniki symulacji dla przypadku, gdy zadania produkcyjne 
�X�V�]�H�U�H�J�R�Z�D�Q�H�� �E�\�á�\�� �]�J�R�G�Q�L�H�� �] �G�]�L�D�á�D�Q�L�H�P�� �U�H�J�X�á�\ SPT���� �'�O�D�� �N�D�*dej z symulacji uzyskane 
�Z�D�U�W�R���F�L�� �Z�V�N�D�(�Q�L�N�y�Z�� �V�W�D�E�L�O�Q�R���F�L �S�R�W�Z�L�H�U�G�]�L�á�\�� �V�N�X�W�H�F�]�Q�R���ü�� �R�U�D�]�� �]�D�V�D�G�Q�R���ü�� �Z�\�N�R�U�]�\�V�W�D�Q�L�D��
�S�U�R�S�R�Q�R�Z�D�Q�H�J�R�� �D�O�J�R�U�\�W�P�X���� �=�D�U�y�Z�Q�R�� �Z�D�U�W�R���F�L�� �R�G�F�K�\�O�H�Q�L�D�� �W�H�U�P�L�Q�X�� �]�D�N�R���F�]�H�Q�L�D�� �Z�V�]�\�V�W�N�L�F�K��
�]�D�G�D�����ûCmax, jak i  �Z�]�J�O�
�G�Q�H�J�R���Z�\�G�á�X�*�H�Q�L�D���W�H�U�P�L�Q�X���]�D�N�R���F�]�H�Q�L�D���Z�V�]�\�V�W�N�L�F�K��ECmax �Z�\�N�D�]�D�á�\����
�L�*�� �K�D�U�P�R�Q�R�J�U�D�P�� �X�Z�]�J�O�
�G�Q�L�D�M���F�\�� �S�R�W�H�Q�F�M�D�O�Q�H�� �D�Z�D�U�L�H�� �P�D�V�]�\�Q�� �W�H�F�K�Q�R�O�R�J�L�F�]�Q�\�F�K�� �Z�V�N�D�]�X�M�H��
�E�O�L�*�V�]�\���U�H�D�O�Q�H�P�X���W�H�U�P�L�Q���]�D�N�R���F�]�H�Q�L�D���Z�V�]�\�V�W�N�L�F�K���]�D�G�D�����S�U�R�G�X�N�F�\�M�Q�\�F�K�� 
 
 
 
 



 

  Tab. 5�����:�D�U�W�R���F�L���Z�V�N�D�(�Q�L�N�y�Z���V�W�D�E�L�O�Q�R���F�L���± k�R�O�H�M�Q�R���ü���]�D�G�D�����]�J�R�G�Q�L�H���]���U�H�J�X�á�����6�3�7 

Nr  
sym. 

Harmonogram 
zrealizowany 
(symulacja) 
�&�¶max [godz.] 

�2�G�F�K�\�O�H�Q�L�H���W�H�U�P�L�Q�X���]�D�N�R���F�]�H�Q�L�D  
�R�U�D�]���Z�]�J�O�
�G�Q�H���Z�\�G�á�X�*�H�Q�L�D���W�H�U�P�L�Q�X���]�D�N�R���F�]�H�Q�L�D 

harmonogram nominalny  harmonogram odporny  
Cmax 

[godz.] 
�ûCmax 

[godz.] 
ECmax 

[�±]  
Cmax 

[godz.] 
�ûCmax 

[godz.] 
ECmax 

[�±]  
1 56,10  -7,18 0,87  -0,35 0,99 
2 53,88  -4,96 0,91  1,87 1,03 
3 54,09  -5,17 0,90  1,66 1,03 
4 56,91  -7,99 0,86  -1,16 0,98 
5 52,60  -3,68 0,93  3,15 1,06 
6 55,50  -6,58 0,88  0,25 1,00 
7 56,43  -7,51 0,87  -0,68 0,99 
8 55,88  -6,96 0,88  -0,13 1,00 
9 53,48  -4,56 0,91  2,27 1,04 
10 54,04  -5,12 0,91  1,71 1,03 
11 58,31  -9,39 0,84  -2,56 0,96 
12 52,97 48,92 -4,05 0,92 55,75 2,78 1,05 
13 54,20  -5,28 0,90  1,55 1,03 
14 55,33  -6,41 0,88  0,42 1,01 
15 55,98  -7,06 0,87  -0,23 1,00 
16 56,01  -7,09 0,87  -0,26 1,00 
17 53,53  -4,61 0,91  2,22 1,04 
18 56,51  -7,59 0,87  -0,76 0,99 
19 55,18  -6,26 0,89  0,57 1,01 
20 56,49  -7,57 0,87  -0,74 0,99 
21 52,37  -3,45 0,93  3,38 1,06 
22 57,52  -8,60 0,85  -1,77 0,97 
23 54,86  -5,94 0,89  0,89 1,02 
24 55,04  -6,12 0,89  0,71 1,01 
25 54,83  -5,91 0,89  0,92 1,02 

 
 �:�� �S�U�]�\�S�D�G�N�X�� �S�R�]�R�V�W�D�á�\�F�K�� �V�\�P�X�O�D�F�M�L�� �U�y�Z�Q�L�H�*�� �]�R�V�W�D�á�D�� �S�R�W�Z�L�H�U�G�]�R�Q�D�� �]�D�V�D�G�Q�R���ü��
�S�U�R�S�R�Q�R�Z�D�Q�\�F�K�� �Z�� �Q�L�Q�L�H�M�V�]�H�M�� �S�X�E�O�L�N�D�F�M�L�� �U�R�]�Z�L���]�D������ ���Z�L�D�G�F�]���� �R�� �W�\�P�� �Z�D�U�W�R���F�L�� ���U�H�G�Q�L�H�� 
�]���S�R�V�]�F�]�H�J�y�O�Q�\�F�K���V�\�P�X�O�D�F�M�L���]�H�V�W�D�Z�L�R�Q�H���Z���W�D�E�H�O�L��6. 
 

 Tab. 6�����:�D�U�W�R���F�L�����U�H�G�Q�L�H���U�R�]�S�D�W�U�\�Z�D�Q�\�F�K���Z�V�N�D�(�Q�L�N�y�Z���V�W�D�E�L�O�Q�R���F�L 

�5�H�J�X�á�D��
priorytetu  

Harmonogram 
zrealizowany 
(symulacja) 

[godz.] 

Odchylenie terminu �]�D�N�R���F�]�H�Q�L�D  
�R�U�D�]���Z�]�J�O�
�G�Q�H���Z�\�G�á�X�*�H�Q�L�D���W�H�U�P�L�Q�X���]�D�N�R���F�]�H�Q�L�D 

harmonogram nominalny  harmonogram odporny  

Cmax 

[godz.] 

 
[godz.] 

 
[�±]  

Cmax 

[godz.] 

 
[godz.] 

 
[�±]  

FCFS 49,87 43,68 -6,19 0,88 52,44 2,57 1,05 
EDD 47,90 42,59 -5,31 0,89 49,42 1,52 1,03 
SPT 55,12 48,92 -6,20 0,89 55,75 0,63 1,01 
LPT 53,14 49,10 -4,04 0,92 53,69 0,55 1,01 

 
Uzyskane �Z�D�U�W�R���F�L���Z�V�N�D�]�X�M���� �Z�\�U�D�(�Q�L�H, i�* harmonogram z zaimplementowanymi 

�E�X�I�R�U�D�P�L���V�H�U�Z�L�V�R�Z�\�P�L���Z�V�N�D�]�\�Z�D�á���E�O�L�*�V�]�\���U�H�D�O�Q�H�P�X���W�H�U�P�L�Q���]�D�N�R���F�]�H�Q�L�D���S�U�R�G�X�N�F�M�L�� 
Na rysunku 14 oraz 15 z�H�V�W�D�Z�L�R�Q�R�� �X�]�\�V�N�D�Q�H�� �Z�D�U�W�R��ci �U�R�]�S�D�W�U�\�Z�D�Q�\�F�K�� �Z�V�N�D�(�Q�L�N�y�Z����

�N�W�y�U�H���U�y�Z�Q�L�H�*���S�R�W�Z�L�H�U�G�]�D�M�����]�D�V�D�G�Q�R���ü���Z�\�N�R�U�]�\�V�W�D�Q�L�D���S�U�R�S�R�Q�R�Z�D�Q�H�J�R���D�O�J�R�U�\�W�P�X���� 
 



 

 
Rys. 14�����:�D�U�W�R���ü���Z�V�N�D�(�Q�L�N�D���R�G�F�K�\�O�H�Q�L�D���W�H�U�P�L�Q�X���]�D�N�R���F�]�H�Q�L�D���Z�V�]�\�V�W�N�L�F�K���]�D�G�D�����ûCmax 

 

 
Rys. 15�����:�D�U�W�R���F�L���Z�V�N�D�(�Q�L�N�D���Z�]�J�O�
�G�Q�H�J�R���Z�\�G�á�X�*�H�Q�L�D���W�H�U�P�L�Q�X���]�D�N�R���F�]�H�Q�L�D���Z�V�]�\�V�W�N�L�F�K���S�U�D�F���(Cmax 

 
�:�\�N�R�U�]�\�V�W�D�Q�L�H�� �R�S�U�D�F�R�Z�D�Q�H�J�R�� �D�O�J�R�U�\�W�P�X�� �S�R�]�Z�D�O�D�� �Z�V�N�D�]�D�ü�� �E�O�L�*�V�]�\�� �U�H�D�O�Q�H�P�X�� �W�H�U�P�L�Q��

z�D�N�R���F�]�H�Q�L�D�� �S�U�R�G�X�N�F�M�L�� �Z�� �Z�D�U�X�Q�N�D�F�K���� �J�G�\���L�V�W�Q�L�H�M�H�� �U�\�]�\�N�R�� �Z�\�V�W���S�L�H�Q�L�D�� �D�Z�D�U�L�L maszyn 
�W�H�F�K�Q�R�O�R�J�L�F�]�Q�\�F�K�������Z�L�D�G�F�]�\���R���W�\�P���F�K�R�F�L�D�*�E�\���I�D�N�W�����L�*���G�O�D���K�D�U�P�R�Q�R�J�U�D�P�X���R�G�S�R�U�Q�H�J�R���Z�D�U�W�R���F�L��
�Z�V�N�D�(�Q�L�N�D��ECmax �N�R�Q�F�H�Q�W�U�X�M���� �V�L�
�� �Z�� �R�N�R�O�L�F�\�� �Z�D�U�W�R��ci ������ �]�D���� �Z�D�U�W�R���ü�� �Z�V�N�D�(�Q�L�N�D���ûCmax  
w okolicy 0 �± �R�]�Q�D�F�]�D���W�R���G�X�*�����]�J�R�G�Q�R���ü���W�H�U�P�L�Q�y�Z���]�D�N�R���F�]�H�Q�L�D���S�U�R�G�X�N�F�M�L���Z���K�D�U�P�R�Q�R�J�U�D�P�D�F�K��
odpornych z terminami uzyskanymi w wyniku symulacji produkcji. 
 
 
 
 
 



 

4. Podsumowanie i wnioski �N�R���F�R�Z�H 
 

Predykcja awarii maszyn jest tematem wielu publikacji naukowych. Autorzy liczny prac 
�V�W�D�U�D�M���� �V�L�
�� �L�P�S�O�H�P�H�Q�W�R�Z�D�ü�� �U�y�*�Q�R�U�R�G�Q�H�� �P�H�W�R�G�\�� �Z�� �F�H�O�X�� �Z�\�]�Q�D�F�]�D�Q�L�D�� �L�Q�I�R�U�P�D�F�M�L�� �G�R�W�\�F�]���F�\�F�K��
�D�Z�D�U�\�M�Q�R���F�L�� �P�D�V�]�\�Q�� �W�H�F�K�Q�R�O�R�J�L�F�]�Q�\�F�K���� �:�L�D�U�\�J�R�G�Q�H�� �L�� �G�R�E�U�]�H�� �R�S�U�D�F�R�Z�D�Q�H�� �S�O�D�Q�\�� �S�U�D�F�� �S�U�H-
wencyj�Q�\�F�K�� �V�W�D�Q�R�Z�L���� �N�O�X�F�]�R�Z�\�� �H�O�H�P�H�Q�W�� �G�]�L�D�á�D���� �]�Z�L���]�D�Q�\�F�K�� �]�� �X�W�U�]�\�P�D�Q�L�H�P�� �U�X�F�Ku, 
�V�]�F�]�H�J�y�O�Q�L�H���Z���R�E�V�]�D�U�]�H���Z�\�N�R�U�]�\�V�W�D�Q�L�D���V�W�U�D�W�H�J�L�L��Time-Based Maintenance. 

W niniejszej pracy zaprezentowano algorytm predykcji zorientowany na wykorzystanie 
�W�\�S�R�Z�\�F�K���G�D�Q�\�F�K���K�L�V�W�R�U�\�F�]�Q�\�F�K�����S�R�V�L�D�G�D�Q�H���S�U�]�H�]���G�]�L�D�á�\��UR. Proponowany algorytm stanowi 
alternatywne �S�R�G�H�M���F�L�H�� �G�R�� �S�U�R�E�O�H�P�X�� �S�U�H�G�\�N�F�M�L�� �D�Z�D�U�L�L����bowiem wykorzystanie estymacji 
Kaplana-�0�H�L�H�U�¶�D��pozwala na wyznaczenie �F�K�D�U�D�N�W�H�U�\�V�W�\�N�� �Z�\�V�W�
�S�R�Z�D�Q�L�D�� �D�Z�D�U�L�L�� �Z�� �F�]�D�V�L�H�� �G�O�D��
�S�R�V�]�F�]�H�J�y�O�Q�\�F�K���P�D�V�]�\�Q���W�H�F�K�Q�R�O�R�J�L�F�]�Q�\�F�K���V�\�V�W�H�P�X���Z�\�W�Z�y�U�F�]�H�J�R�����F�R���Z���N�R�Q�V�H�N�Z�H�Q�F�M�L���Z�V�S�R�P�D�J�D��
�G�]�L�D�á�D�Q�L�D��TBM. Zastosowanie element�y�Z analizy czasu trwania powoduje���� �L�*��przedstawione 
�U�R�]�Z�L���]�D�Q�L�H�� �M�H�V�W��innowacyjnym oraz konkurencyjny w zakresie wnioskowania na podstawie 
rzeczywistych danych historycznych. W konsekwencji k�O�X�F�]�R�Z�\�P�� �D�V�S�H�N�W�H�P�� �V�W�D�M�H�� �V�L�
�� �]�D�W�H�P��
gromadz�H�Q�L�H�� �U�]�H�W�H�O�Q�\�F�K�� �G�D�Q�\�F�K�� �G�R�W�\�F�]���F�\�F�K�� �D�Z�D�U�\�M�Q�R���F�L�� �P�D�V�]�\�Q���� �7�\�O�N�R�� �R�G�S�R�Z�L�H�G�Q�L�D�� �L�O�R���ü��
�R�U�D�]���M�D�N�R�����G�D�Q�\�F�K���K�L�V�W�R�U�\�F�]�Q�\�F�K���S�R�]�Z�D�O�D���X�]�\�V�N�D�ü���Z�L�D�U�\�J�R�G�Q�H���L���P�L�D�U�R�G�D�M�Q�H���U�H�]�X�O�W�D�W�\. 

�2�S�U�D�F�R�Z�D�Q�\���D�O�J�R�U�\�W�P���Z�S�L�V�X�M�H���V�L�
���Z���W�H�Q�G�H�Q�F�M�
���F�R�U�D�]���V�]�H�U�V�]�H�J�R���Z�\�N�R�U�]�\�V�W�D�Q�L�D���Q�D�U�]�
�G�]�L��
informatycz�Q�\�F�K�� �Z�� �S�U�D�F�D�F�K�� �G�]�L�D�á�y�Z�� �8�5���� �'�O�D�W�H�J�R�� �W�H�*�� �]�R�V�W�D�á�� �R�Q�� �R�S�U�D�F�R�Z�D�Q�\�� �Z�� �W�D�N�L�� �V�S�R�V�y�E����
�D�E�\���P�R�*�O�L�Z�D���E�\�á�D���M�H�J�R���L�P�S�O�H�P�H�Q�W�D�F�M�D���Z���S�R�V�W�D�F�L���S�U�R�J�U�D�P�X���N�R�P�S�X�W�H�U�R�Z�H�J�R�����E���G�(���G�R�G�D�W�N�X���G�R��
�]�Q�D�Q�\�F�K�� �M�X�*�� �U�R�]�Z�L���]�D���� Weryfikacja �S�U�R�S�R�Q�R�Z�D�Q�H�J�R�� �D�O�J�R�U�\�W�P�X�� �S�R�]�Z�R�O�L�áa �Z�\�]�Q�D�F�]�\�ü 
potencjalne czas�\�� �Z�\�V�W�
�S�R�Z�D�Q�L�D�� �D�Z�D�U�L�L�� �P�D�V�]�\�Q�� �W�H�F�K�Q�R�O�R�J�L�F�]�Q�\�F�K�� �1�D�O�H�*�\�� �]�D�X�Z�D�*�\�ü���� �L�*�� �G�O�D��
analizowanych maszyn czasy te �E�\�á�\�� �U�y�*�Q�H���� �F�R�� �R�]�Q�D�F�]�D���� �L�*�� �N�D�*�G�D�� �]�� �Q�L�F�K�� �S�R�V�L�D�G�D�� �Z�á�D�V�Q����
�F�K�D�U�D�N�W�H�U�\�V�W�\�N�
���Z�\�V�W�
�S�R�Z�D�Q�L�D���X�V�W�H�U�H�N�����3�R�W�Z�L�H�U�G�]�D���W�R���V�á�X�V�]�Q�R���ü���R�U�D�]���S�R�W�U�]�H�E�
���Z�\�N�R�U�]�\�V�W�D�Q�L�D��
strategii �7�%�0���Z���S�U�R�F�H�V�L�H���X�W�U�]�\�P�\�Z�D�Q�L�D���U�X�F�K�X���R�E�L�H�N�W�y�Z���W�H�F�K�Q�L�F�]�Q�\�F�K�����8�]�\�V�N�D�Q�H���L�Q�I�R�U�P�D�F�M�H��
�V���� �U�y�Z�Q�L�H�*�� �Q�L�H�]�Z�\�N�O�H�� �L�V�W�R�W�Q�H�� �Z�� �D�V�S�H�N�F�L�H�� �U�H�D�O�L�]�D�F�M�L�� �S�U�R�G�X�N�F�M�L�� �Z�� �Z�D�U�X�Q�N�D�F�K�� �Q�L�H�S�H�Z�Q�R���F�L����
�3�U�]�H�S�U�R�Z�D�G�]�R�Q�H���Z���G�U�X�J�L�H�M���F�]�
���F�L���S�X�E�O�L�N�D�F�M�L���E�D�G�D�Q�L�D���V�\�P�X�O�D�F�\�M�Q�H���G�R�Z�R�G�]�������L�*���Z�\�N�R�U�]�\�V�W�D�Q�L�H��
rezu�O�W�D�W�y�Z�� �S�U�R�S�R�Q�R�Z�D�Q�H�J�R�� �D�O�J�R�U�\�W�P�X�� �Z�� �S�U�R�F�H�V�L�H�� �S�O�D�Q�R�Z�D�Q�L�D�� �S�U�R�G�X�N�F�M�L, �S�R�]�Z�D�O�D�� �X�]�\�V�N�D�ü��
�V�W�D�E�L�O�Q�R���ü���U�H�D�O�L�]�R�Z�D�Q�\�F�K���S�U�R�F�H�V�y�Z���� �D���Z���N�R�Q�V�H�N�Z�H�Q�F�M�L���Z�V�N�D�]ywa�ü���E�O�L�*�V�]e realnemu terminy 
�]�D�N�R���F�]�H�Q�L�D���S�U�R�G�X�N�F�M�L��  

�=�U�H�D�O�L�]�R�Z�D�Q�H�� �E�D�G�D�Q�L�D�� �S�R�W�Z�L�H�U�G�]�D�M�����V�N�X�W�H�F�]�Q�R���ü�� �R�S�U�D�F�R�Z�D�Q�H�J�R�� �D�O�J�R�U�\tmu predykcji,  
�D�� �W�D�N�*�H�� �Z�V�N�D�]�X�M���� �Q�D���S�R�W�U�]�H�E�
���U�H�D�O�L�]�D�F�M�L�� �G�]�L�D�á�D���� �S�U�H�Z�H�Q�F�\�M�Q�\�F�K�� �Z�� �N�L�H�U�X�Q�N�X�� �]�D�S�R�E�L�H�J�D�Q�L�D��
�Z�\�V�W�
�S�R�Z�D�Q�L�X�� �D�Z�D�U�L�L�� �P�D�V�]�\�Q�� �Z�� �F�H�O�X�� �]�D�S�H�Z�Q�L�H�Q�L�D�� �Z�L�
�N�V�]�H�M �V�W�D�E�L�O�Q�R��ci realizowanych 
�S�U�R�F�H�V�y�Z��  
 
�3�U�R�M�H�N�W���%�D�G�D�Q�L�D���]�R�V�W�D�á�\���V�I�L�Q�D�Q�V�R�Z�D�Q�H���]���3�U�R�M�H�N�W�X���3�R�O�L�W�H�F�K�Q�L�N�D��Lubelska �± Regionalna Inicjatywa 
�'�R�V�N�R�Q�D�á�R���F�L�� �]�H�� ���U�R�G�N�y�Z�� �0�L�Q�L�V�W�H�U�V�W�Z�D�� �1�D�X�N�L�� �L�� �6�]�N�R�O�Q�L�F�W�Z�D�� �:�\�*�V�]�H�J�R�� �Q�D�� �S�R�G�V�W�D�Z�L�H�� �X�P�R�Z�\�� 
nr 030/RID/2018/19. 

 
 

References  
  

1. Albrice D, Branch M. A Deterioration Model for Establishing an Optimal Mix of 
Time-Based Maintenance (TbM) and Condition-Based Maintenance (CbM) for the 
Enclosure System. Fourth Building Enclosure Science & Technology Conference 
(BEST4), Kansas City, Missouri, April 13�±15, 2015. 

2. Al -Hinai N, ElMekkawy TY. Robust and Stable Flexible Job Shop Scheduling with 
Random Machine Breakdowns Using a Hybrid Genetic Algorithm. International 
Journal of Production Economics 2011, 132(2): 279�±291, 
http://dx.doi.org/10.1016/j.ijpe.2011.04.020. 



 

3. Antosz K, Stadnicka D. Evaluation measures of machine operation effectiveness in 
large enterprises: study results.  Eksploatacja i Niezawodnosc �± Maintenance and 
Reliability 2015; 17(1): 107�±117, http://dx.doi.org/10.17531/ein.2015.1.15. 

4. Baptista M, Sankararaman S, de Medeiros IP, Nascimento C, Prendinger H, Henriques 
EMP. Forecasting fault events for predictive maintenance using data-driven 
techniques and ARMA modeling, Computers & Industrial Engineering 2018, 115: 41�±
53, https://doi.org/10.1016/j.cie.2017.10.033. 

5. �%�D�U�W�R�F�K�R�Z�V�N�D�� �'���� �)�H�U�H�Q�F�� �5���� �,�Q�V�W�U�X�P�H�Q�W�\�� �Z�V�S�D�U�F�L�D�� �X�W�U�]�\�P�D�Q�L�D�� �U�X�F�K�X�� �Z�� �P�D�á�\�Fh  
�L�����U�H�G�Q�L�F�K���S�U�]�H�G�V�L�
�E�L�R�U�V�W�Z�D�F�K�����=�H�V�]�\�W�\���Q�D�X�N�R�Z�H���3�R�O�L�W�H�F�K�Q�L�N�L�����O���V�N�L�H�M��������������80: 21�±50. 

6. Bei XQ, Zhu XY, Coit DW. A risk-averse stochastic program for integrated system 
design and preventive maintenance planning. European Journal Of Operational 
Research 2019, 276(2): 536�±548, http://dx.doi.org/10.1016/j.ejor.2019.01.038. 

7. �%�U�l�V�H�O���+�����'�R�U�Q�K�H�L�P���/�����.�X�W�]���6�����0�|�U�L�J���0�����5�|�V�V�O�L�Q�J���,�����/�L�6�$���± A Library of Scheduling 
Algorithms. Magdeburg University, 2001. 

8. Davenport A, Gefflot C, Beck C. Slack-based Techniques for Robust Schedules. Sixth 
European Conference on Planning, Toledo, Spain, September 12�±14, 2001. 

9. Deepu P. Robust Schedules and Disruption Management for Job Shops. Bozeman, 
Montana, 2008. 

10. Fernandes M, Canito A, Bolon-Canedo  V, Conceicao L, Praca I, Marreiros G. Data 
analysis and feature selection for predictive maintenance: A case-study in the 
metallurgic industry. International Journal Of Information Management 2019, 45: 
252�±262, http://dx.doi.org/10.1016/j.ijinfomgt.2018.10.006. 

11. �)�U���W�F�]�D�N�� �(���� �6�L�H�Q�N�L�H�Z�L�F�]�� �8���� �%�D�E�L�N�H�U���+���� �$�Q�D�O�L�]�D�� �K�L�V�W�R�U�L�L�� �]�G�D�U�]�H�����± Elementy teorii, 
�Z�\�E�U�D�Q�H�� �S�U�]�\�N�á�D�G�\�� �]�D�V�W�R�V�R�Z�D������ �2�I�L�F�\�Q�D�� �:�\�G�D�Z�Q�L�F�]�D�� �6�]�N�R�á�D�� �*�á�y�Z�Q�D�� �+�D�Q�G�O�R�Z�D�� 
w Warszawie, Warszawa 2014. 

12. Gao H. Bulding Robust Schedules using Temporal Potection �± An Empirical Study of 
Constraint Based Scheduling Under Machine Failure Uncertainty. Toronto, Ontario, 
1996. 

13. Gao Y, Feng Y, Zhang Z, Tan J. An optimal dynamic interval preventive maintenance 
scheduling for series systems. Reliability Engineering & System Safety 2015, 142: 
19�±30,  http://dx.doi.org/10.1016/j.ress.2015.03.032. 

14. Gola A. Reliability analysis of reconfigurable manufacturing structures using 
computer simulation methods. Eksploatacja i Niezawodnosc �± Maintenance and 
Reliability 2019; 21(1): 90�±102, http://dx.doi.org/10.17531/ein.2019.1.11. 

15. �*�•�U�H�O���6���� �.�|�U�S�H�R	 �O�X�� �(���� �$�N�W�•�U�N�� �0�6���� �$�Q�� �$�Q�W�L�F�L�S�D�W�L�Y�H�� �6�F�K�H�G�X�O�L�Q�J�� �$�S�S�U�R�D�F�K�� �Z�L�W�K��
Controllable Processing Times. Computers & Operations Research 2010, 37(6): 1002�±
1013, http://dx.doi.org/10.1016/j.cor.2009.09.001. 

16. Jasiulewicz-Kaczmarek M, Bartkowiak T. Improving the performance of a filling line 
based on simulation, ModTech International Conference �± Modern Technologies in 
Industrial Engineering IV, Romania, Iasi, June 15�±18, IOP Conf. Series: Materials 
Science and Engineering 2016, 145(042024), https://doi.org/10.1088/1757-
899X/145/4/042024. 

17. Jensen MT. Improving robustness and flexibility of tardiness and total flow-time job 
shops using robustness measures. Applied Soft Computing 2001, 1: 35�±52, 
http://dx.doi.org/10.1016/S1568-4946(01)00005-9. 

18. Jian X, Li-Ning X, Ying-Wu Ch. Robust Scheduling for Multi-Objective Flexible Job-
Shop Problems with Random Machine Breakdowns. International Journal of Production 
Economics 2013, 141(1): 112�±126. https://doi.org/10.1016/j.ijpe.2012.04.015. 



 

19. Kalinowski K, Krenczyk D, Grabowik C. Predictive-reactive strategy for real time 
scheduling of manufacturing systems. Applied Mechanics and Materials 2013, 307: 
470�±473,  https://doi.org/10.4028/www.scientific.net/AMM.307.470. 

20. Kempa W, Paprocka I, Kalinowski K, Grabowik C. Estimation of reliability 
characteristics in a production scheduling model with failures and time-changing 
parameters described by Gamma and exponential distributions. Advanced Materials 
Research 2014, 837: 116�±121. 

21. �.�H�P�S�D�� �:���� �:�R�V�L�N�� �,���� �6�N�R�á�X�G�� �%���� �(�V�W�L�P�D�W�L�R�Q�� �R�I�� �5�H�O�L�D�E�L�O�L�W�\�� �&�K�D�U�D�F�W�H�U�Lstics in a 
Production Scheduling Model with Time-Changing Parameters �± First Part, Theory. 
Management and Control of Manufacturing Processes. Lublin, 2011: 7�±18. 

22. �.�á�R�V���6�����3�D�W�D�O�D�V-Maliszewska J, Trebuna P. Improving manufacturing processes using 
simulation methods. Applied Computer Science 2016, 12(4): 7�±17. 

23. Lawless J. F. Statistical Models and Methods for Lifetime Data. John Wiley & Sons, 
2003. 

24. Leon VJ., Wu SD., Storer RH. Robustness Measures and Robust Scheduling for Job 
Shops. IIE transactions 1994, 26(5): 32�±43, https://doi.org/10.1080/07408179408966626. 

25. Liao W, Zhang X, Jiang M. An optimization model integrated production scheduling 
and preventive maintenance for group production. IEEE International Conference on 
Industrial Engineering and Engineering Management 2016, December, 936�±940, 
http://dx.doi.org/10.1109/IEEM.2016.7798015. 

26. Loska A. Scenario modeling exploitation decision-making process in technical 
network systems. Eksploatacja i Niezawodnosc �± Maintenance and Reliability 2017; 
19 (2): 268�±278, http://dx.doi.org/10.17531/ein.2017.2.15. 

27. �/�•�� �<���� �=�K�D�Q�J�� �<���� �5�H�O�L�D�E�L�O�L�W�\�� �0�R�G�H�O�L�Q�J�� �D�Q�G�� �0�D�L�Q�W�H�Q�D�Q�F�H�� �3�R�O�L�F�\�� �2�S�W�L�P�L�]�D�W�L�R�Q�� �I�R�U��
Deteriorating System Under Random Shock. Journal of Shanghai Jiaotong University 
(Science) 2018, 23(6): 791�±797, http://dx.doi.org/10.1007/s12204-018-1985-y. 

28. Mehta SV., Uzsoy RM. Predictable Scheduling of a Job Shop Subject to Breakdowns. 
IEEE Transactions on Robotics and Automation 1998, 14(3): 365�±378, 
https://doi.org/10.1109/70.678447. 

29. Rawat M, Lad BK., Novel approach for machine tool maintenance modelling and 
optimization using fleet system architecture. Computers & Industrial Engineering 
2018, 126: 47�±62, http://dx.doi.org/10.1016/j.cie.2018.09.006. 

30. Rosmaini A, Shahrul K. An overview of time-based and condition-based maintenance 
in industrial application. Computers & Industrial Engineering 2012; 63(1): 135�±149, 
http://dx.doi.org/10.1016/j.cie.2012.02.002. 

31. �6�D�E�X�Q�F�X�R�J�O�X�� �,���� �%�D�\�}�]�� �0���� �$�Q�D�O�\�V�L�V�� �R�I�� �U�H�D�F�W�L�Y�H�� �V�F�K�H�G�X�O�L�Q�J�� �S�U�R�E�O�H�P�V�� �L�Q�� �D�� �M�R�E�� �V�K�R�S��
environment. European Journal of Operational Research 2000, 126(3): 567�±586, 
https://doi.org/10.1016/S0377-2217(99)00311-2. 

32. �6�N�R�á�X�G���%�������:�R�V�L�N���,�������,�P�P�X�Q�H���$�O�J�R�U�L�W�K�P�V���L�Q���3�U�R�G�X�F�W�L�R�Q���-�R�E�V���6�F�K�H�G�X�O�L�Q�J�����=�D�U�]���G�]�D�Q�L�H��
�3�U�]�H�G�V�L�
�E�L�R�U�V�W�Z�H�P�������������������������±48. 

33. �6�R�E�D�V�]�H�N�� �à���� �*�R�O�D�� �$���� �.�R�]�á�R�Z�V�N�L�� �(���� �-�R�E-shop scheduling with machine breakdown 
prediction under completion time constraint. Annals of Computer Science and 
Information Systems 2018; 15: 437�±440, http://dx.doi.org/10.15439/2018F83. 

34. �6�]�Z�H�G�]�N�D�� �.���� �6�]�D�I�H�U�� �3���� �:�\�F�]�y�á�N�R�Z�V�N�L�� �5���� �6�W�U�X�F�W�X�U�D�O�� �D�Q�D�O�\�V�L�V�� �R�I�� �I�D�F�W�R�U�V�� �D�I�I�H�F�W�L�Q�J�� �W�K�H��
effectiveness of complex technical systems. Proceedings of the 30th International 
Business Information Management Association Conference, IBIMA 2017 �± Vision 
2020: Sustainable Economic development, Innovation Management, and Global 
Growth Volume 2017, 4096�±4105. 



 

35. Timofiejczuk A, Brodny J, Loska A. Exploitation Policy in the Aspect of Industry 4.0 
Concept �± Overview of Selected Research. Multidisciplinary Aspects of Production 
Engineering 2018, 1(1): 353�±359. https://doi.org/10.2478/mape-2018-0045. 

36. Vonta F. Frailty or Transformation Models in Survival Analysis and Reliability. 
Recent Advances In System Reliability: Signatures, Multi-State Systems And 
Statistical Inference 2012, 237�±251, http://dx.doi.org/10.1007/978-1-4471-2207-4_17. 

37. Wei-Wei C, Zhiqiang L, Ershun P. Integrated Production Scheduling and Maintenance 
Policy for Robustness in a Single Machine. Computers & Operations Research 2014, 
47: 81�±91, https://doi.org/10.1016/j.cor.2014.02.006. 

38. Yang BY, Liu RN, Zio E. Remaining Useful Life Prediction Based on a Double-
Convolutional Neural Network Architecture. IEEE Transactions On Industrial 
Electronics 2019, 66(12): 9521�±9530, https://doi.org/10.1109/TIE.2019.2924605. 

39. Zhang F, Shen J, Ma Y. Optimal maintenance policy considering imperfect repairs and 
non-constant probabilities of inspection errors. Reliability Engineering and System 
Safety 2020, 193, http://dx.doi.org/10.1016/j.ress.2019.106615. 

40. Zhao X, He S, He Z, Xie M. Optimal condition-based maintenance policy with delay 
for systems subject to competing failures under continuous monitoring. Computers & 
Industrial Engineering 2018, 124: 535�±544, http://dx.doi.org/10.1016/j.cie.2018.08.006. 

 
 



 
dr in � . Robert Konowrocki  
Instytut Podstawowych Problemów Techniki, PAN  
ul. Pawi� skiego 5B, 02-106 Warszawa, Polska  

Instytut Kolejnictwa  
ul. Ch
opickiego 50, 04-275 Warszawa, Polska  
e-mail:  rkonow@ippt.pan.pl 
 
mgr in� . Andrzej Chojnacki  
Instytut Kolejnictwa  
ul. Ch
opickiego 50, 04-275 Warszawa, Polska  
e-mail:  achojnacki@ikolej.pl 

 

Analiza niezawodno� ci eksploatacyjnej pojazdów szynowych w 
aspekcie bezpiecze� stwa przed wykolejeniem w oparciu o ró� ne metody 

wyznaczania kryterium oceny 

 S
owa kluczowe: bezpiecze� stwo eksploatacji, dynamika pojazdów szynowych, wykolejenie, 
badania numeryczne i eksperymentalne 
 

Streszczenie: W pracy pokazano rezultaty bada�  komputerowych i eksperymentalnych dotycz� cych 
zagadnie�  eksploatacji w aspekcie bezpiecze� stwa w odniesieniu do wykolejenia wagonu towarowego 
na torze kolejowym. Przybli� ono w nim stan wiedzy dotycz� cej metod oceny bezpiecze� stwa 
eksploatacji pojazdówa) szynowych na kolejowych liniach szynowych, w celu ich analizy 
porównawczej. W pracy wykonano analizy teoretyczne bazuj� c na kilku metodach, które oceniaj�  
bezpiecze� stwo ich wykolejenia, kwalifikuj� ce si�  do niezawodno��  eksploatacyjnej, porównuj� c je z 
wynikami otrzymanymi z bada�  eksperymentalnych. Na potrzeby przeprowadzanych bada�  powsta
 
komputerowy model pojazd szynowy - tor kolejowy. Uwzgl� dnia
 on parametry dynamiczne elementów 
zastosowanych w rzeczywistym torze oraz poje� dzie szynowym.  Otrzymane z teoretycznych analiz 
wyniki  zwalidowano testami eksperymentalnymi wykonanymi na rzeczywistych obiektach (pojazd 
towarowy - tor testowy, wagon towarowy - stanowisko badawcze). W ramach bada�  zaproponowano 
now�  geometri�  toru testowego do bada�  pojazdów szynowych. Uzyskane wyniki pozwoli
y okre� li �  
stan zagro� enia eksploatacji wagonu towarowego podczas jazdy po testowej infrastrukturze szynowej 
przy ró� nych kryteriach oceny oraz je porówna� .  

 

1. Wst� p 

Problematyka bezpiecze� stwa i niezawodno� ci ruchu pojazdów szynowych 
w badaniach naukowych stale jest rozwijana [41]. Procesy zmierzaj� ce do podniesienia 
poziomu niezawodno� ci eksploatacyjnej oraz bezpiecze� stwa uwzgl� dniane s�  ju�  na etapie ich 
projektowania. � wiatowe trendy dotycz� ce tych kwestii wymagaj�  wykorzystywania teorii 
niezawodno� ci bezpiecze� stwa i niezawodno� ci funkcjonowania takich pojazdów [29, 34, 39]. 
Teoria bezpiecze� stwa powsta
a w latach dziewi�� dziesi� tych, aby przeciwdzia
a�  ryzykom 
awarii i wypadków, które mog�  prowadzi�  nie tylko do przerwania funkcjonowania danego 
systemu technicznego, ale tak� e  utraty zdrowia i � ycia ludzi lub innych szkód [21]. W 
przypadku pojazdów szynowych wykolejenie jest najcz� stszym rodzajem wypadków 
kolejowych wywo
uj� cych jednocze� nie ryzyko degradacji infrastruktury, uszkodzenia taboru, 
przewo� onego towaru, zak
ócenia � wiadczenia us
ug, a tak� e szkody w � rodowisku (przewóz 



niebezpiecznych materia
ów) [16, 18]. Wobec powy� szego wyznaczenie ryzyka wyst� pienia 
pod wzgl� dem tego zjawiska s�  kluczowe podczas bada�  pojazdów szynowych. Na etapie 
projektowania takich pojazdów prowadzone s�  analizy i badania teoretyczne prognozuj� ce 
wp
yw parametrów pojazdu na oddzia
ywanie z torem [1, 9, 28] oraz bezpiecze� stwo, 
monitoring i niezawodno��  podczas jazdy zwi� zanej z wykolejeniem [6, 7]. Kontynuuje si�  je 
do� wiadczalnie jako badania dopuszczeniowe podczas kwalifikacji pojazdu do eksploatacji 
oraz po znacz� cych naprawach/modernizacjach eksploatowanych pojazdów szynowych 
[11, 35]. Bezpiecze� stwo przed wykolejeniem jest jednym z zasadniczych kryterium oceny 
niezawodno� ci ruchu pojazdów szynowych [40].  

Wielu badaczy wci��  zajmuje si�  tematyk�  bezpiecze� stwa pojazdów szynowych 
[10, 48, 49]. W wielu przypadkach g
ównym mechanizmem wywo
uj� cym wykolejenia 
poci� gu jest utrata stabilno� ci bocznej pojazd kolejowego [6, 24, 43]. Wywo
uje to wzrostem 
warto� ci si
y poprzecznej w strefie kontaktu ko
o-szyna. Mo� e to by�  wynikiem ró� nych 
warunków skutkuj� cych utrat�  bocznego prowadzenia, zapewnionego przez tor podczas 
normalnej pracy pojazdu. Nale� y tu wymieni� : wznoszenie si�  obrze� a ko
a, poszerzenie 
rozstawu szyn, pochylenie szyn, stanu toru [49, 50] oraz zmniejszenie sztywno��  poprzecznej 
systemu przytwierdzenia do podk
adów [20]. Oprócz bada�  teoretycznych prowadzone s�  tak� e 
badania eksperymentalne wykolejenia wagonów towarowych [42, 50], w których analizowano 
dopuszczalne wzgl� dne odci�� enie ko
a zestawu ko
owego lim	 q.  Wykaza
y one, � e mo� e si�  
on zawiera�  w przedziale 0,62 
  lim	 q 
  0,84. W wi� kszo� ci przypadków do analiz 
bezpiecze� stwa s
u��  kryteria oceny opieraj� ce si�  o warto� ci wska� ników wykolejenia Y/Q, 
odci�� enia kó
 oraz ich wzniosu 	 z. Na podstawie przegl� du literatury mo� na dokona�  podzia
u 
metodologii bezpiecze� stwa przed wykolejeniem pojazdów szynowych przy ró� nych 
kryteriach oceny. Wymieni�  tutaj nale� y: 

1. Kryterium graniczne Y/Q Nadala dla pojedynczego ko
a – obowi� zuj� ce dla ma
ych 
pr� dko� ci przejazdu przez 
uki toru [10]. 
2. Kryterium graniczne sumy osi Y/Q Weinstock [48]. 
3. Limit czasu CHXI 50 milisekund - Stowarzyszenie Kolei Ameryka� skich, U.S. [12]. 
4. Kryterium czasu trwania Y/Q - zaproponowane przez Japo� skie Koleje Pa� stwowe [32]. 
5. Kryterium czasu trwania Y/Q - proponowane przez Dzia
 Elektromotoryczny General 
Motors (EMD) [25]. 
5. Kryterium wysoko� ci wznoszenia kó
 - zaproponowane przez Transportation 
Technology Center, Inc. (TTCI) [47]. 

 
Istnieje kilka przyczyn wyst� pienia ryzyka wykolejenia pojazdu szynowego. Jeden 

z g
ównych scenariuszy wykolejenia jest realizowany, gdy podczas ruchu pojazdu du� a si
a 
boczna dzia
aj� ca na zestaw ko
owy prowadzi do kontaktu obrze� a ko
a z szyn� . W wyniku 
tego kontaktu ko
o szybko wspina si�  po szynie i po osi� gni� ciu maksymalnej warto� ci k� ta 
obrze� a zestaw ko
owy wykoleja si� . Wznoszenie ko
a wywo
uj� ce wykolejenie jest zwi� zane 
z przekroczeniem warto� ci granicznej stosunku warto� ci sk
adowych si
y bocznej Y do si
y 
pionowej Q na styku ko
o-szyna, patrz Rys. 1. W takim przypadku stosunek si
 Y/Q jest zwykle 
nazywany wspó
czynnikiem wykolejenia. 

 
 



 
a) 

b)  

 
Rys. 1. Sk
adowe si
 w kontakcie ko
o-szyna na prostej (a) i na 
uku toru (b): si
y 

poprzeczne (Y) i pionowa (Q), si
a normalna (N), boczna si
a tarcia tocznego 
(F), pochylenia obrze� a (� ), (� z) wznios ko
a 

Warto� ci sk
adowych si
 prezentowanych na rysunku 1 mo� na okre� li �  z zale� no� ci (1) 
� � ���� � � 	 
 ���
 � � 	 � � ��� 
 � ���

� � � ���
 � � 	 
 ����� � � 	 � � ��� 
 � ���
                          .                             (1) 

 
Kryterium opracowane przez Nadala [10] okre� laj� ce wspó
czynnik wykolejenia bazuje na 
warto� ci wspó
czynnika tarcia m pomi� dzy ko
em a szyn�  oraz k� cie pochylenia obrze� a � . 
Matematyczne okre� la je zale� no��  (2). Kryterium to jest 
atwe do wdro� enia i dlatego jest 
szeroko stosowane do oceny bezpiecze� stwa przed wykolejeniem. 

�� �
�� �

�
��� � �
� 
 ����

 .                                                  (2) 

W szczególno� ci powy� sze kryterium jest stosowane do oceny ryzyka wykolejenia poprzez 
wzniesienie obrze� a w karcie UIC 518 [46] i normie europejskiej EN14363 [11]. G
ówn�  
modyfikacj�  przyj� t�  w tych dwóch dokumentach jest wymóg, aby stosunek Y/Q nie 
przekroczy
 zak
adan�  warto��  krytyczn�  równ�  1,2 w odst� pie 2 m dystansu przejazdu pojazdu 
w przypadku bada�  quasistatycznych.  
 Znany jest tak� e inny znormalizowany [17] indeks stosowany do oceny dynamiki taboru 
zwi� zanego z bezpiecze� stwem ruchu na torach o szeroko� ci 1520 mm. Nazwany jest on 
wspó
czynnikiem bezpiecze� stwa stabilno� ci zestawu ko
owego przed wykolejeniem 
w przypadku toczenia ko
nierza ko
a przy/po g
ówce szyny i oznaczany przez kz. Wyznacza si�  
go z zale� no� ci (3). Wspó
czynnik ten jest modyfikacj�  matematyczn�  zale� no� ci (2) i jego 
maksymalna dopuszczalna warto��  dla wagonów towarowych wynosi 1,3 [17]. 

� � �
��� � � � �

� 
 � � ! ���
!
"#

�
$ %� � & ,                                             (3) 

gdzie: �  jest k� tem nachylenia sto� kowej cz�� ci powierzchni ko
nierza ko
a do poziomej linii 
odniesienia, fFR opisuje wspó
czynnik tarcia � lizgowego w trefie kontaktu ko
a i szyny, � v i Y 
s�  odpowiednio pionow�  i poziom�  sk
adow�  si
 oddzia
ywania ko
a na szyn� . 
 

Celem niniejszej pracy jest analiza oceny bezpiecze� stwa a tym samym niezawodno� ci 
eksploatacyjnej pojazdów szynowych pod wzgl� dem wykolejenia, jak równie�  propozycja 
nowej geometrii toru testowego, który uwzgl� dnia wichrowato��  toru na bazie wózka i bazie 
pojazdu. Taki tor umo� liwia podczas jednego przejazdu pojazdu szynowego okre� lenie 
wska� ników bezpiecze� stwa przed wykolejeniem, bez potrzeby wykonywania dodatkowych 
testów na stacjonarnych stanowiskach opisanych w drugiej sekcji pracy. 

 



2. Metody oceny ryzyka i bezpiecze� stwa przed wykolejeniem stosowane podczas 
bada�  eksperymentalnych 

 
Nowe konstrukcje pojazdów szynowych, które zostan�  dopuszczone do eksploatacji na 

terytorium Unii Europejskiej, powinny spe
nia�  zasadnicze wymagania podane 
w Technicznych Specyfikacjach Interoperacyjno� ci (TSI). Jednym z wymaga�  jest 
sprawdzenie, czy dany pojazd mo� e by�  bezpiecznie eksploatowany na torach. Zarówno TSI 
dotycz� ce wagonów towarowych, jak i TSI dotycz� ce lokomotyw i pojazdów pasa� erskich, za 
dowód bezpiecze� stwa uznaje spe
nienie wymaga�  podanych w normie EN 14363:2005 
(obecnie obowi� zuj� ce wydanie normy to EN 14363:2016 [11] – w Polsce przyj� ta do 
stosowania i oznaczona jako PN-EN 14363+A1:2019-02). Przed ustanowieniem ww. normy 
badania ryzyka i bezpiecze� stwa przed wykolejeniem wagonów towarowych wykonywano w 
oparciu o wymagania podane w raporcie ERRI (ORE) [40]. Dla oceny bezpiecze� stwa jazdy 
po zwichrowanym torze innych pojazdów szynowych nie opracowano odr� bnych wymaga� . W 
zwi� zku z tym, raport [40] by
 wykorzystywany równie�  do wyznaczenia wspó
czynnika 
bezpiecze� stwa jazdy po zwichrowanym torze tych pojazdów. Norma [11] odnosi si�  zarówno 
do bada�  quasistatycznych (pr� dko��  badanego pojazdu szynowego nie przekracza 10 km/h), 
jak i bada�  dynamicznych (przewidziane dla pojazdów o dopuszczalnej pr� dko� ci powy� ej 
60 km/h). W omawianym dokumencie wymienione s�  3 metody badania bezpiecze� stwa jazdy 
po zwichrowanym torze. 

 
Metoda 1 – badanie pojazdu podczas przejazdu przez zwichrowany tor. W tym 

przypadku jako stanowisko pomiarowe u� ywany jest tor o sta
ym promieniu 
uku R = 150 m. 
Wichrowato��  toru realizowana jest poprzez zmian�  wysoko� ci po
o� enia szyny zewn� trznej 
(przechy
ka toru dodatnia i ujemna). Niezb� dna w badaniu wichrowato��  toru wynosi 3 ‰ na 
odcinku o d
ugo� ci 30 m. Dodatkowo budowa toru powinna odzwierciedla�  normalne warunki 
typowego toru z  uwzgl� dnieniem profilu szyny, szeroko� ci toru i stanu utrzymania. W trakcie 
bada�  nie mog�  wyst� powa�  si
y wzd
u� ne w sk
adzie poci� gu a sam pojazd nie mo� e by�  
hamowany. Przejazd przez 
uk realizowany jest poprzez pchanie lub ci� gni� cie pojazdu. 
Badania s�  prowadzone na szynach suchych, aby wspó
czynnik tarcia mi� dzy powierzchn�  ko
a 
i szynie by
 najwi� kszy. Poprzedni dokument Raport ORE [40] dotycz� cy bada�  
bezpiecze� stwa i dynamiki jazdy wagonów towarowych po zwichrowanym torze zaleca
, aby 
przed rozpocz� ciem bada�  tor przemy�  rozpuszczalnikiem technicznym. W kolejnym etapie 
przygotowa�  toru wymagane by
o posypanie szyny drobnym piaskiem, a nast� pnie zmiecenie 
go z powierzchni g
ówki szyny. Tak przygotowany tor zapewnia
 du� y wspó
czynnik tarcia 
mi� dzy ko
em a szyn� . 

Europejska norma [11] podaje zale� no� ci matematyczne, z których nale� y wyznaczy�  
wymagan�  w  badaniach bezpiecze� stwa wichrowato��  na bazie wózka i bazie pojazdu. W 
przypadku, gdy jest ona wi� ksza od 3 ‰ nale� y, w odpowiedni sposób, przygotowa�  pojazd. 
Mo� na to zrealizowa�  np. za pomoc�  podk
adek umieszczonych pod uspr�� ynowaniem 
pojazdu. Wskazówki dotycz� ce oblicze�  grubo� ci podk
adek i ich rozmieszczenia 
zamieszczono w za
� czniku normy EN 14363. Przed rozpocz� ciem bada�  bezpiecze� stwa 
nale� y wyznaczy�  na poje� dzie pionowe naciski kó
. Nast� pnie badanie nale� y tak zaplanowa� , 
aby ko
o o najmniejszym pionowym nacisku by
o ko
em prowadz� cym, czyli ko
em 
atakuj� cym szyn�  zewn� trzn�  na 
uku pomiarowym. W przypadku nie spe
nienia tej wytycznej, 
nale� y doprowadzi�  do takiego stanu umieszczaj� c dodatkowe podk
adek pod 
uspr�� ynowaniem w innej lokalizacji. 

W czasie bada�  wymagane jest wykonanie minimum 3 prób przejazdu pojazdu przez 

uk ze sta
�  pr� dko� ci�  nie przekraczaj� c�  10 km/h. Parametrami mierzonymi podczas nich s� : 
si
y prowadz� ce na wewn� trznym i zewn� trznym kole badanego pojazdu Yi, Ya, si
y pionowego 



nacisku na wewn� trznym i zewn� trznym kole badanego pojazdu Qi, Qa, k� t nabiegania zestawu 
prowadz� cego a, uniesienie ko
a prowadz� cego Dz w ca
ym 
uku. Wymienione parametry 
mog�  by�  mierzone przez urz� dzenia umieszczone w torze lub na poje� dzie. W przypadku, gdy 
urz� dzenia pomiarowe umieszczone s�  w torze to ich lokalizacja powinna znajdowa�  si�  na 
zwichrowanym odcinku toru. Szczegó
owe wytyczne mo� na znale��  w normie EN 14363:2016 
[11], a przyk
ad lokalizacji punktów pomiarowych na 
uku toru testowego zamieszczono na 
rysunku 6. Uniesienie ko
a prowadz� cego Dz nale� y rejestrowa�  w sposób ci� g
y. Pomiary si
 
(Yi, Qi) na szynie wewn� trznej oraz k� t nabiegania zestawu prowadz� cego a s
u��  jedynie do 
weryfikacji wspó
czynnika tarcia mi� dzy powierzchni�  ko
a a szyn� . Na podstawie 
zmierzonych warto� ci si
 pionowych Qa i poprzecznych Ya z poszczególnych punktów 
pomiarowych na 
uku toru wyznaczono wspó
czynniki bezpiecze� stwa jazdy (Y/Q)a w 
poszczególnych przekrojach pomiarowych. Oceniano maksymalne warto��  wspó
czynnika 
bezpiecze� stwa jazdy po zwichrowanym torze (Y/Q)a,max. Pojazd uznaje si�  za bezpieczny, 
je� eli spe
niony jest warunek (4). 

 

(Y/Q)a, max �  (Y/Q)lim . (4) 

 
Zgodnie z kryterium Nadal’a, dla ko
a o k� cie pochylenia obrze� a 70° i wspó
czynniku tarcia 
ko
a o szyn�  m = 0,36 warunek ten wynosi czyli (Y/Q)a,max > (Y/Q)lim. W przypadku, gdy warto��  
graniczna (Y/Q)lim jest przekroczona sprawdzeniu nale� y podda�  uniesienie ko
a nad g
ówk�  
szyny. Je� eli warunek Dzmax �  Dzlim (gdzie:  Dzlim = 0,005 m) jest spe
niony oznacza to, � e pojazd 
faktycznie nie uleg
 wykolejeniu. Dlatego te�  pojazd mo� e zosta�  uznany za bezpieczny je� eli 
spe
nia dodatkowo nast� puj� ce warunki: k� t obrze� a nie przekracza 70° w � adnym po
o� eniu 
profilu,  nale� y udokumentowa� , � e zewn� trzna szyna jest sucha i nie ma na niej pozosta
o� ci 
smaru i cia
 obcych, badanie by
o przeprowadzone przynajmniej 3 razy i w ka� dym przypadku 
warunek Dzmax �  Dzlim zosta
 spe
niony. 

Zatem, jako ostateczne kryterium oceny bezpiecze� stwa przejazdu pojazdu przez tor 
zwichrowany jest spe
nienie kryterium uniesienie ko
a prowadz� cego Dzmax �  Dzlim. 

 
Metoda 2 analizy ryzyka wykolejenia pojazdu szynowego dotyczy bada�  

przeprowadzonych na stanowisku symuluj� cym oddzia
ywanie na pojazd toru zwichrowanego 
oraz przejazd badanego pojazdu przez tor badawczy bez wichrowato� ci. Do oceny 
bezpiecze� stwa jazdy po zwichrowanym torze, w oparciu o metod�  2 - opisan�  w normie [11], 
nale� y u� y�  dwóch stanowisk badawczych. Pierwsze to specjalne stanowiska do wichrowania, 
na którym to zostaje wyznaczony minimalny nacisk ko
a Qa podczas przejazdu przez tor 
zwichrowany. Drugie stanowisko to tor o promieniu R = 150 m bez przechy
ki. Na tym 
stanowisku jest wyznaczana maksymalna si
a prowadz� ca Ya zestaw ko
owy. Za podstaw�  do 
wyznaczenia granicznych wichrowato� ci u� ywane s�  te same zale� no� ci, które opisano w 
metodzie 1. Z uwagi na fakt, � e w rzeczywisto� ci dopuszczalne jest uniesienie ko
a do  
Dz = 0,005 m, zale� no� ci na graniczne wichrowato� ci, w badaniu stanowiskowym, s�  
zredukowane. 

Stanowisko u� ywane do pomiarów nacisków kó
 Qjk (j- oznacza numer zestawu 
ko
owego, k- stron�  pojazdu) musi by�  wyposa� one w urz� dzenia s
u�� ce do ich unoszenia i 
opuszczania. Niezale� ne przemieszczenie kó
 powinno by�  realizowane przynajmniej na 
dwóch zestawach ko
owych jednego wózka. W trakcie wichrowania mierzone jest 
przemieszczenie Dzjk kó
 w sposób ci� g
y oraz si
y nacisku Qjk wszystkich kó
. Na podstawie 
obróbki danych, uwzgl� dniaj� c si
y spowodowane 
� cznym wichrowaniem nadwozia i wózka, 
niecentryczno� ci�  ich � rodków ci�� ko� ci, w
� czaj� c w to tarcie i odchy
ki, zostaje wyznaczona 
minimalna si
a pionowego nacisku ko
a Qjk,min. Na Rys 2. przedstawiono przyk
adowe 



przemieszczenie kó
 podczas wichrowania pojazdu, wykonywane w celu okre� lenia warto� ci 
si
 nacisku poszczególnych kó
 na toki szynowe. Proces ten wykonywany na stanowisku 
symuluje zmian�  nacisków kó
 podczas przejazdu pojazdu przez tor zwichrowany. 

 

a)  b)  
 

Rys. 2.  Pozycje wahaczy modu
ów pomiarowych podczas przeprowadzanych bada�  si
y 
nacisku kó
 wagonu towarowego –  wichrowanie wagonu towarowego, (a) przemieszczenie 

ko
a w gór�  wzgl� dem zerowego poziomu g
ówki szyny (b) przemieszczenie ko
a w dó
 
wzgl� dem zerowego poziomu g
ówki szyny 

W przypadku wyznaczania maksymalnej si
y prowadz� cej Ya tor powinien sk
ada�  si�  
z odcinka prostego i krzywizny o promieniu R = 150 m. Stanowisko pomiarowe nie powinno 
posiada�  krzywej przej� ciowej, przechy
ki i wichrowato� ci. Podobnie jak w metodzie 1, 
budowa toru powinna odzwierciedla�  normalne warunki typowego toru z uwzgl� dnieniem 
profilu szyny, szeroko� ci toru i stanu utrzymania. Jazdy pomiarowe nale� y tak zaplanowa� , aby 
ko
o o najmniejszym pionowym nacisku by
o ko
em prowadz� cym. W metodzie tej nale� y 
zniwelowa�  powstawanie si
y wzd
u� nej na sk
ad poci� gu, a badany pojazd nie mo� e by�  
hamowany. Badania nale� y przeprowadzi�  minimum 3 razy z pr� dko� ci�  nie przekraczaj� c�  
10 km/h. Wielko� ciami mierzonymi podczas tego testu na 
uku pomiarowy s� : si
y prowadz� ce 
na wewn� trznym i zewn� trznym kole badanego pojazdu Yi, Ya, si
a pionowego nacisku na 
wewn� trznym kole badanego pojazdu Qi oraz k� t nabiegania zestawu prowadz� cego a. 
Powy� sze parametry mog�  by�  mierzone przez urz� dzenia umieszczone w torze lub na 
poje� dzie. W przypadku, gdy urz� dzenia pomiarowe umieszczone s�  w torze to ich lokalizacja 
znajduje si�  w dwóch strefach. Pierwsza strefa znajduje si�  na pocz� tku 
uku w odleg
o� ci 
powy� ej 3 m a�  do 2a* (2a* - odleg
o��  � rodków wózków lub odleg
o��  osi w pojazdach 
bezwózkowych). Lokalizacja tej strefy zapewnia pomiar si
 podczas obrotu wózka wzgl� dem 
pud
a, co jest bardzo istotne przy takich konstrukcjach pojazdów. W strefie tej przewidziano 
minimum 3 punkty pomiarowe. Kolejna strefa pomiarowa powinna by�  tak usytuowana, tak 
aby ca
y pojazd znajdowa
 si�  w 
uku. Pocz� tek strefy nale� y umie� ci�  w odleg
o� ci powy� ej 
2a+ + 2a* (2a+ - rozstaw skrajnych zestawów ko
owych w wózku) licz� c od pocz� tku 
uku. 
Równie�  strefa ta powinna zawiera�  minimum 3 punkty pomiarowe. 

Podczas realizacji tej metody bada�  si
y prowadz� ce Yi i Ya nale� y rejestrowa�  dla 
ka� dej pozycji pomiarowej. Ich ocena dokonywana jest przy pomocy warto� ci � redniej Yi,med 
i Ya,med z punktów pomiarowych oddzielnie dla ka� dej ze stref pomiarowych. Kierunek si
y Yi 
w wi� kszo� ci przypadków jest przeciwny do si
y Ya. Maj� c na uwadze mierzone parametry, 
takie jak si
 (Yi, Qi) na szynie wewn� trznej i k� t nabiegania zestawu prowadz� cego a zak
ada 
si� , � e wspó
czynnik tarcia mi� dzy ko
em a szyn�  jest bliski warto� ci granicznej tarcia ko
a 
o szyn� . Zatem tor przed badaniami nale� y przygotowa�  podobnie, jak to opisano 
 w metodzie 1. 

Ocen�  spe
nienia wymaga�  bezpiecze� stwa, a tym samym minimalizacji ryzyka 
wykolejenia, podczas jazdy po zwichrowanym torze nale� y wykona�  dla ka� dego zestawu 



ko
owego. W tym przypadku, wg normy EN 14363:2016 [11], wykorzystujemy zale� no� ci (5) 
i (6) okre� laj� ce warto��  wspó
czynnika wykolejenia oraz jego limit. 
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gdzie: Yja,med oznacza quasistatyczn�  si
�  prowadz� c�  okre� lon�  na podstawie przejazdu 
pojazdu przez 
uk o promieniu R = 150 m, Qjk,min jest minimaln�  si
�  pionowego nacisku 
obliczon�  na podstawie próby wichrowania, � QjH reprezentuje zmian�  si
y pionowego nacisku 
ko
a spowodowan�  momentem si
 prowadz� cych. Kryterium oceny ryzyka wykolejenia w tym 
przypadku przyjmuje posta�  formu
y (6). 

(Y/Q)ja �  (Y/Q)lim , (6) 

zgodnie z podej� ciem prezentowanym przez Nadal’a, dla ko
a o k� cie pochylenia obrze� a 70° 
i wspó
czynniku tarcia ko
a o szyn�  m = 0,36. Granicza warto��  wspó
czynnika wykolejenia 
wynosi (Y/Q)lim = 1,2. 

 
Metoda 3, zaczerpni� ta z normy [11], dotyczy testów pojazdu na stanowisku do 

wichrowania i stanowisku do pomiaru momentu oporowego wózka wzgl� dem nadwozia. Mo� e 
by�  ona u� yta do badania pojazdów zbudowanych w konwencjonalnej technologii, czyli 
pojazdy które s�  eksploatowane w normalnych warunkach i odpowiadaj�  ca
kowicie lub ich 
cz�� ci konstrukcyjne zwi� zane z zachowaniem w
asno� ci biegowych odpowiada ustalonemu 
poziomowi wiedzy. W tym przypadku s�  to pojazdy z wózkami dwuosiowymi, dwa wózki na 
pojazd oraz przy k� cie pochylenia obrze� a ko
a �  w zakresie 68° a 70°. W zwi� zku z 
powy� szym, metody tej nie mo� na zastosowa�  do pojazdów z wspólnym wózkiem oraz do 
pojazdów szynowych wyposa� onych w wózki trzyosiowe. 

Do oceny bezpiecze� stwa jazdy po zwichrowanym torze oraz ryzyka wyst� pienia 
wykolejenia, w oparciu o metod�  3, nale� y u� y�  dwóch stanowisk badawczych, tzn. stanowiska 
do pomiaru nacisków kó
 i stanowiska do pomiaru momentu oporowego wózka wzgl� dem 
nadwozia. Stanowisko u� ywane do pomiarów nacisków kó
, podobnie jak w metodzie 2, 
powinno by�  wyposa� one w urz� dzenia s
u�� ce do unoszenia i opuszczania kó
. Niezale� ne 
przemieszczenie kó
 musi by�  realizowane przynajmniej na dwóch zestawach ko
owych 
jednego wózka. Wymagana w badaniach wichrowato��  toru jest wyznaczana z takich samych 
zale� no� ci jak w metodzie 1. Zatem zakres przemieszczania kó
 podczas pomiarów nacisków 
kó
 w metodzie 3 jest wi� kszy od zakresu wyznaczonego w metodzie 2. Algorytm 
przemieszczania kó
 pojazdu jest taki sam jak w metodzie 2. W trakcie wichrowania mierzone 
jest przemieszczenie Dzjk kó
 oraz si
y nacisku Qjk wszystkich kó
 w sposób ci� g
y. Na 
podstawie tych danych wyznaczony zostaje pionowy nacisk badanego ko
a Q0 na poziomym 
torze oraz spadek nacisku ko
a DQ wywo
any maksymaln�  wichrowato� ci� . 

Drugi etap bada�  zwi� zany z pomiarem momentu oporowego wózka wzgl� dem 
nadwozia realizowany jest na stanowisku stacjonarnym. Takie stanowisko umo� liwia obrót 
wózka w lewo i w prawo wzgl� dem nadwozia o zadany k� t. Wymagana pr� dko��  obrotu 
stanowiska jest sta
a i wynosi�  1°/s w zakresie 75% k� ta skr� cenia wózka wzgl� dem nadwozia. 
Ze wzgl� du na obci�� enie wagonu 
adunkiem podczas eksploatacji, pomiary momentu 
oporowego wózków wzgl� dem nadwozia powinny by�  przeprowadzone dla pojazdu w stanie 
pró� nym i 
adownym. Podczas bada�  wózek powinien by�  po
� czony z nadwoziem pojazdu za 
pomoc�  wszystkich przewidywanych po
� cze� . Istot�  tej metody jest wyznaczenie stosunku 
odci�� enia ko
a prowadz� cego do si
y pionowego nacisku przy braku wichrowato� ci oraz 
wspó
czynnika X, charakteryzuj� cego zachowanie si�  wózka na 
ukach o ma
ym promieniu. 



Dopuszczalne warto� ci ww. parametrów opisuj�  zale� no� ci (7) i (8). Zgodnie z norm�  
EN 14363:2016 [11] pojazd uznaje si�  za bezpieczny je� eli spe
nia jednocze� nie dwa kryteria. 

0

0,6
Q

Q
D

£ , (7) 

gdzie: DQ jest odchy
k�  od Q0 w warunkach maksymalnej wichrowato� ci, Q0 okre� la � redni�  
si
�  pionowego nacisku ko
a badanego zestawu na poziomym torze oraz wska� nik X dla 
wagonów towarowych zale� y od obci�� enia osi. Wspó
czynnik X nale� y wyznaczy�  
z zale� no� ci (8). 

' �
( � ) *�� +

, - . , � /
 ,                                                          (8) 

 
gdzie: Mz,R min – warto��  momentu oporowego wózka wzgl� dem nadwozia dla k� ta �  = a*/Rmin, 
2a+ – rozstaw zestawów ko
owych w wózku (baza wózka Y25 wynosi 1,8 m), 2Q0 – nacisk 
badanego zestaw ko
owego. W przypadku  wagonów towarowych warto��  kryterialn�  
wspó
czynnika X wyznaczono z wykresu prezentuj� cego graniczn�  warto��  wspó
czynnika X 
w zale� no� ci od nacisku osi na tor 2Q0 (Rys. 5). 

3. Badania eksperymentalne 

3.1 Obiekt bada�  
Do bada�  eksperymentalnych wykorzystano typowy wagon w� glark�  serii Eanoss 

wyposa� ony w dwa standardowe wózki rodziny Y25. Badany pojazd jest przeznaczony do 
przewozu kruszywa, w� gla i materia
ów sypkich. Jego eksploatacja mo� e odbywa�  si�  na 
torach o szeroko� ci 1,435 m. Parametry geometryczne wagonu to: ca
kowita d
ugo��  ze 
zderzakami LUP = 14,04 m, maksymalna szeroko��  3,038 m, natomiast maksymalna wysoko��  
to 3,43 m. Masa badanego wagonu wynosi
a 20,3 t. Wagon zosta
 zaprojektowany do 
maksymalnego obci�� enia zestawu ko
owego 22,5 t, czyli do masy brutto wynosz� cej 90 t. 
W stanie pró� nym eksploatacja wagonu mo� e odbywa�  si�  z maksymaln�  pr� dko� ci 120 km/h, 
natomiast w stanie 
adownym do 100 km/h. 

Parametry niezb� dne do dowodu, � e wagon mo� e by�  bezpiecznie eksploatowany to: 
rozstaw czopów skr� tu 2a* = 9,0 m, rozstaw zestawów ko
owych w wózku 2a+ = 1,8 m. 

3.2 Opis metody bada�   
W celu sprawdzenia czy badany wagon w� glarka serii Eanoss mo� e by�  bezpiecznie 

eksploatowany wykorzystano opisan�  w normie EN 14363:2016 metod�  nr 3. 
Podczas bada�  eksperymentalnych wagonu towarowego u� yto dwóch stanowisk 

stacjonarnych. W pierwszym etapie bada�  by
o to stanowisko do pomiarów nacisków kó
, 
natomiast w drugim stanowisko do pomiaru momentu oporowego wózków wzgl� dem 
nadwozia.  

Pomiary nacisków kó
 przeprowadzono na stanowisku TENSAN-PLW, które 
charakteryzuje si�  mo� liwo� ci�  niezale� nego przemieszczania poszczególnych kó
. Na 
omawianym stanowisku Instytut Kolejnictwa posiada w
asne oprogramowanie, za pomoc�  
którego podczas bada�  realizowane jest pionowe wymuszenie poszczególnych kó
, w czasie 
którego prowadzona jest rejestracja ich nacisków oraz przemieszczenia pionowego. U� yte do 
bada�  oprogramowanie zosta
o napisane w oparciu o wytyczne do wichrowania pojazdów 
podane w normie EN 14363:2016.  

Stanowisko TENSAN-PLW charakteryzuje si�  specjalistycznymi modu
ami 
pomiarowymi, w sk
ad których wchodz�  u
o� yskowane w osi toru wahacze widoczne na 
rysunku 2. Ich przemieszczania, wzgl� dem zerowego poziomu toru, wymuszone s�  przez 
si
owniki hydraulicznych. Lokalizacja modu
ów pomiarowych oraz ich d
ugo��  umo� liwia 



ustawienie na nich ka� dego ko
a pojazdu oddzielnie, a tym samym pozwala na indywidualny 
pomiar nacisku  ka� dego z nich (Rys. 2). Ca
kowita d
ugo��  stanowiska wynosi 22,22 m. Zakres 
maksymalnego pionowego nacisku na pojedynczy wahacz pomiarowy wynosi Q = 200 kN a 
przemieszczenie wahacza mie� ci si�  w zakresie 	 h = ± 0,07 m. W przypadku pomiarów 
nacisków kó
 pojazdów przegubowych, których d
ugo��  jest wi� ksza od d
ugo� ci stanowiska, 
tor przed stanowiskiem i za stanowiskiem jest zniwelowany, co pozwala uzyska�  pionow�  
ró� nic�  po
o� enia szyn. 

3.3 Pomiary i otrzymane wyniki 
Podczas bada�  rozpatrywanego wagonu w� glarki serii Eanoss naciski kó
 mierzono w 

trakcie przemieszczania poszczególnych kó
 w gór�  i w dó
 z neutralnego poziomu toru. 
Przeprowadzono dwie próby wichrowania, tj. badanie na nieruchomym zestawie ko
owym 
(zestaw badany, który podlega ocenie nie ulega przemieszczeniu podczas bada� , 
przemieszczane s�  ko
a w drugim wózku) i badanie na ruchomym zestawie ko
owym (zestaw 
badany jest przemieszczany). W pracy w celu ograniczenia liczby jego stron zamieszczono 
tylko wyniki analizy si
 ko
a pierwszego prawego wózka przedniego - wykresy na rysunku 3. 
Na ich podstawie okre� lono minimalny i maksymalny nacisk ko
a (Q0,jkx min i Q0,jkx max), 
wyst� puj� cy na poziomym torze podczas próby wichrowania. Ze � redniej arytmetycznej 
otrzymanej z tych nacisków wyznaczono nominalny nacisk ko
a z wyeliminowaniem wp
ywu 
histerezy tarcia, który w analizowanym przypadku wyniós
 Q0,jkx=24,12 kN. Badania te 
pozwoli
y tak� e okre� li �  sztywno� ci skr� tne badanego pojazdu mierzone na bazie rozstawu 
czopów skr� tu C* tAjk i osi w wózku C+tAjk. Powy� sze parametry pos
u� y
y do wyznaczenia 
minimalnego nacisku ko
a podczas przejazdu pojazdu przez tor o danej wichrowato� ci. W 
dalszym etapie bada�  zosta
y one u� yte w badaniach teoretycznych poprzez implementacje ich 
w modelu numerycznym pojazdu towarowego prezentowanym w rozdziale 4 tego artyku
u. 

Rys. 3. Pomiary si
y pionowej na stanowisku, wariant pomiar na nieruchomym 
(lewy) i ruchomym zestawie ko
owym (prawy) 

W kolejnym etapie bada�  opisanego powy� ej wagonu by
o stanowisko do pomiaru 
momentu oporowego wózka wzgl� dem nadwozia nale�� ce do Instytutu Kolejnictwa. Podczas 
testów maksymalny k� t obrotów stanowiska wynosi
 � = ± 10°, a pr� dko��  obrotu stanowiska 
nastawiana by
a na trzy warto� ci tj. 0,2, 0,6, 1,0 [1°/s]. Finalnie, zgodnie z norm�  [11], do oceny 
brano pod uwag�  wyniki zarejestrowane przy pr� dko� ci obrotu stanowiska równej 1,0 [1°/s]. 
Pozosta
e pomiary, nie podlegaj� ce ocenie, s
u��  jedynie do uzyskania odpowiedniej 
wspó
pracy elementów ciernych po
� czenia w
a� ciwego pomiaru wózka z nadwoziem wagonu. 
Badaniu poddano wagon w stanie pró� nym, jak i 
adownym tj. z obci�� eniem brutto 89,7 t. 



Przy ka� dej pr� dko� ci obrotu wózka wzgl� dem nadwozia i dla ka� dego obci�� enia wagonu 
przeprowadzono po jednym pomiarze momentu oporowego wózka wzgl� dem nadwozia. 
Otrzymane podczas bada�  eksperymentalnych i symulacyjnych wyniki momentu oporowego 
na czopie skr� tu, przy dwóch wariatach obci�� enia wagonu i pr� dko� ci obrotu 1,0 [1°/s], 
pokazano na wykresach (Rys. 4). 

Rys. 4. Pomiar momentu oporowego wózka wzgl� dem nadwozia wagonu towarowego, wagon 
pró� ny (lewy wykres), wagon 
adowny (prawy wykres) pr� dko� ci pomiaru Vobr. = 1,0 [
/s] 

Warto� ci liczbowe momentu oporowego przy kilku pr� dko� ciach obrotowych oraz 
ró� nym obci�� eniu pojazdu zamieszczono w tablicy 1. Prezentowane wyniki otrzymano przy 
wykorzystaniu kryteriom oceny wg granicznej warto� ci wska� nika X (Rys. 5). W obu 
przypadkach obci�� enia wyst� puje wzrost momentu oporowego wraz ze zwi� kszeniem 
pr� dko� ci podczas obrotu. Wskazuje to na istotny wp
yw tarcia o charakterystyce degresywnej 
mi� dzy wózkiem a nadwoziem wagonu. Model numeryczny wagonu towarowego 
wykorzystany do bada�  symulacyjnych zamieszczonych na rysunkach 4 opisano w dalszej 
cz�� ci pracy. 

 
Tablica 1. Wyniki pomiarów momentu oporowego wagonu towarowego  

typ wózka stan wagonu 
warto��  momentu oporowego Mz, R min [kNm] 

przy ró� nych pr� dko�ciach pomiaru 
Vobr. = 0,2 [
/s] Vobr. = 0,6 [
/s] Vobr. = 1,0 [
/s] 

Y25 
pró� ny 9,54 8,72 8,48 


adownym 26,07  25,94 25,08 
 

 
Rys. 5. graniczna warto��  wspó
czynnika X dla pojazdów towarowych w zale� no� ci 

od nacisku osi na tor  
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a)  b)  
Rys. 6.  Lokalizacja uk
adów tensometrycznych na szynie w jednym punkcie 

pomiarowym (a) oraz rozmieszczenie wszystkich przekrojów pomiarowych 
1, 2, 3, 4, 5 i 6 na 
uku toru testowego (b) 

Wymienione powy� ej stanowisko do dynamicznych bada�  warto� ci si
 w strefie 
kontaktu ko
o-szyna stanowi
 tor badawczy u
o� ony w 
uku o promieniu R = 150 m na d
ugo� ci 
95 m. W torze tym zastosowano szyny typu S-49 o pochyleniu 1:40, zamocowane spr�� y� cie 
do podk
adów strunobetonowych INBK-7 przez system przytwierdzenia SB-3. Rozstaw 
podk
adów wynosi 0,60 m, a w 
uku zastosowano nominalne poszerzenie toru o warto� ci 
e = 0,005 m. Pomiar si
 odbywa si�  na poziomie szyny przy u� yciu sta
opr� dowych podwójnych 
mostków tensometrycznych (Rys. 6a) naklejonych na obie szyny, zlokalizowanych w 
przekrojach pomiarowych 1, 2, 3, 4, 5 i 6 (Rys. 6b). Rozstaw przekrojów pomiarowych jest 
wyznaczony w oparciu o norm�  EN 14363 [11]. Warto��  si
y pionowej Q okre� lamy z liniowej 
relacji warto� ci sygna
ów z uk
adu pomiarowego (mostki tensometryczne R1 i R2 na szyjce 
szyny), które s�  poddane wzmocnieniu przez dedykowane im wzmacniacze pomiarowe. 
Liniowa relacja sygna
u mierzonego odpowiadaj� cego za si
�  poziom�  Y, skorelowan�  z 
oddzia
ywaniem si
y pionowej Q dzia
aj� cej na pkt. pomiarowy, wyznaczono na stanowisku 
kalibracyjnym i zapisano je zale� no� ci�  (9).  

 

0
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� 2 � � � 1 2 �+ ,                                                 (9) 

 
gdzie: Y0 oznacza pomiar z podwójnego mostka tensometrycznego naklejonego na górn�  cz���  
stopki szyny (mostki R3 i R4), Yu oznacza mostek z dolnej cz�� ci stopki (mostki R5 i R6), Q 
opisuje si
�  pionow�  oddzia
ywania ko
a na szyn� , a K0 i Ku s�  wspó
czynnikami wzmocnienia 
wzmacniaczy pomiarowych. Z powy� szego uk
adu równa�  otrzymujemy równanie (10) 
okre� laj� ce warto��  si
y bocznej Y w punkcie pomiarowym. 
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Eksperymentalne badanie wspó
czynnika Y/Q przeprowadzono podczas przetaczania 

wagonu towarowego po torze z pr� dko� ci�  v=5 km/h. Przebiegi czasowe warto� ci si
 Y i Q 
zmierzone w przekrojach 1, 2, 4, 5 na szynie zewn� trznej 
uku toru i okre� lone z zale� no� ci  
9 i 10 przedstawiaj�  wykresy na rysunkach 7 ÷ 9. Na podstawie otrzymanych danych z ka� dego 
punktu pomiarowego wyznaczono maksymaln�  warto� ci wspó
czynników wykolejenia dla 
ka� dego ko
a pojazdu szynowego, które zamieszczono w tablicy 2. W tabeli tej poszczególne 
ko
a badanego pojazdu oznaczono symbolem W z indeksami i, j. Indeks i oznacza nr osi 
pojazdu, a indeks j stron�  zestawu ko
owego (j=1 strona prawa, j=2 strona lewa).  

Na podstawie analizy wyników zarejestrowanych w danych przekrojach pomiarowych 
podczas testowych przejazdów zaobserwowano, � e zestawy ko
owe wózków pojazdu 



chwilowo odci�� a
y poprzecznie tor. Wywo
ane to zosta
o ró� nymi k� tami nabiegania mi� dzy 
pierwszym i drugim zestawem ko
owym danego wózka. W analizowanym przypadku podczas 
wjazdu w 
uk toru zaobserwowano ró� nice si
 poprzecznych zestawów pojedynczego wózka na 
poziomie 50% i 36%, odpowiednio w wózku pierwszym i drugim badanego wagonu (Rys. 7). 
Podczas wyjazdu z 
uku toru ró� nice si
 poprzecznych miedzy zestawami pojedynczego wózka 
s�  znacznie wi� ksze i wynosz�  ponad 60% (Rys. 8). Takie zachowanie zestawów ko
owych 
przek
ada
o si�  tak� e na zmniejszenie pionowych nacisków drugich zestawów ko
owych na tor, 
które w analizowanym przypadku wynosi
o w przedziale 7-15% w stosunku do nacisków 
zestawu pierwszego (Rys. 9). Takie zachowanie znacz� co wp
ywa na wzrost warto� ci 
wspó
czynnika wykolejenia. Podobne obserwacj�  otrzymano z analizy wyników 
numerycznych wykonywanych powsta
ym modele analizowanego pojazdu opisanym w 
kolejnej sekcji artyku
u. Zjawiska dominuj� cego oddzia
ywania poprzecznego atakuj� cego 
zestawu ko
owego (pierwszego zestawu w wózku) podczas jazdy w 
uku toru wyst� puje cz� sto 
w pojazdach szynowych [33, 43]. W takich warunkach przewa� nie wózki w�� ykuj� , a wtedy 
przy najwi� kszej amplitudzie w�� ykowania pod
u� na o�  symetrii wózka jest odchylona od 
pod
u� nej osi symetrii toru o pewien k� t � , zwany k� tem natarcia [3, 6, 30]. W takim przypadku 
wzrasta tak� e zu� ycie zestawów ko
owych oraz powierzchni tocznej szyn w postaci 
poligonizacji i korugacji [2]. 
 
Tablica 2. Warto� ci wspó
czynnika wykolejenia okre� lone z bada�  eksperymentalnych na torze 

Ko
o Wij 11 12 21 22 31 32 41 42 
Y/Q [kN] 0.73 0.72 0.21 0.24 0.59 0.69 0.66 0.62 

 
Rys. 7.  Przebiegi si
 poprzecznych Y w dwóch przekrojach pomiarowych  

(2 i 3) podczas przetaczania wagonu towarowego po torze testowym  

 
Rys. 8. Przebiegi si
 poprzecznych Y w dwóch przekrojach pomiarowych  

(4 i 5) podczas przetaczania wagonu towarowego po torze testowy 



 

Rys. 9. Si
y pionowe Q w dwóch przekrojach pomiarowych (4 i 5)  
podczas przetaczania wagonu towarowego po torze testowym 

4. Analiza numeryczna zjawisk towarzysz� cych ryzyku wykolejenia  

4.1 Model numeryczny pojazdu szynowego  
Aby okre� li �  teoretycznie warto� ci si
 w strefach kontaktu kó
 pojazdu z szynami toru 

powsta
 model wagonu posadowionego na wózkach serii Y25. Model fizyczny rozpatrywanego 
pojazdu potraktowano jako uk
ad bry
 sztywnych po
� czonych ze sob�  za pomoc�  elementów 
spr�� ysto-t
umi� cych (Rys. 10a i 10b). Takie podej� cie w modelowaniu nazywa si�  metod�  
uk
adów wielocz
onowych [13,44] i jest bardzo cz� sto stosowane przez badaczy we w
asnych 
kodach do analizy dynamiki pojazdów szynowych [3,26,45] oraz w programach komercyjnych, 
tj. Vampire, ViGrade/VI-Rail, Autodyn, Simpack, UM Loco. W metodzie tej elementy 
konstrukcyjne pojazdu traktowane s�  jako nieodkszta
calne cia
a, a elementy zawieszenia 
opisuj�  elementy podatne [4,8]. Ograniczenia w ruchu tych cia
 wynikaj�  z narzuconych 
wi� zów holonomicznych ca
kowalnych [37].  

Rozpatrywany w pracy model wagonu podzielono na trzy bazowe elementy, którymi s�  
zestawy ko
owe, ramy wózków oraz cz
on pojazdu (nadwozie). Cz
on podzielono na dwie 
oddzielne bry
y, aby uwzgl� dnia�  w modelu pojazdu sztywno��  skr� tn�  nadwozia K� r 
wyznaczon�  eksperymentalnie (Rys. 4). Zestaw ko
owy opisano jako bry
�  o trzech stopniach 
swobody, gdzie przemieszczenia poprzeczne oznaczono symbolem (yi), k� t natarcia (j i) oraz 
galopowanie (	 i). U� yte w opisie symboli indeks i odpowiada poszczególnym zestawom 
ko
owym, przyjmuj� c warto� ci i=1, 2, 3, 4. Ram�  wózka reprezentuje bry
a o pi� ciu stopniach 
swobody, które odpowiadaj�  przemieszczeniu poprzecznemu (yrj), przemieszczeniu 
pionowemu (zrj), w�� ykowaniu (j rj), k� towi ko
ysania (� rj) oraz k� towi galopowania (	 rj).  
W tym przypadku indeks wynosi j=1,2, gdy�  wyst� puj�  dwa wózki. W przypadku nadwozia 
rozpatrywanego pojazdu, bry
y je opisuj� ce maj�  pi��  stopni swobody. Nale��  do nich 
przemieszczenie poprzeczne (ynk), przemieszczenie pionowe (znk), k� t w�� ykowania (j nk), k� t 
ko
ysania (� nk), k� t galopowania (	 nk), gdzie k=1,2, gdy�  wyst� puje podzia
 nadwozia na dwie 
bry
y. Podsumowuj� c, stworzony do bada�  numeryczny model pojazdu szynowego mia
 64 
stopnie swobody.  

W rozpatrywanym przypadku model matematyczny wagonu towarowego opisano przez 
uk
ad równa�  ró� niczkowych, które wyprowadzono korzystaj� c z równa�  Lagrange'a II 
rodzaju. W tym podej� ciu wspó
rz� dne uogólnione przyjmuj�  posta�  przemieszcze�  linowych 
lub k� tów obrotu. Ruch takiego pojazdu opisany jest równaniami ró� niczkowalnymi 
zwyczajnymi drugiego rz� du. Przy za
o� eniu, � e oscylacje poszczególnych bry
 modelu 



wzgl� dem uk
adu odniesienia s�  niewielkie, uk
ad taki mo� na zapisa�  w postaci 
zlinearyzowanego uk
adu równa�  (11) zapisanego w  postaci macierzowej [14]. 

 
[M d2/dt2 +C d/dt +K]·q=F                                                      (11) 

 
gdzie: q={ yi, yrj, yn, zrj, zn,j i, 	 rj, 	 n, 	 i, � rj, � n,} T – wektor wspó
rz� dnych uogólnionych uk
adu,  
M – symetryczna macierz bezw
adno� ci, C  - macierz t
umienia, K  - macierz sztywno� ci,  
F  - wektor si
, d/dt – operator ró� niczkowy. Poprzez zastosowanie metod  Newtona-Raphsona, 
powsta
y uk
ad liniowych równa�  algebraicznych, który rozwi� zywany jest w ka� dej iteracji 
z krokiem czasowym 	 t=0.001 s. 
 

a)        b)  
Rys. 10. Fizyczny model analizowanego pojazdu (a) boczny widok,  

(b)  czo
owy widok pojazdu  

Tabela 3. Parametry bezw
adno� ciowe modelu wagonu towarowego 
bry
y masa [ kg] Ixx [ kg�m2] Iyy [ kg�m2] Izz [ kg�m2] 

pud
o mCB 16000,00 47500,00 51000,00 50050,00 
wózek mBF 2000,00 1975,00 2850,00  1560,00 
obud. 
o� yskowa mab 25,00 10,00 10,00 10,00 
zestaw ko
owy mws 1300,00 688,00 100,00 688,00 

 
Szczegó
owe parametry bezw
adno� ciowe elementów modelu zestawiono w tablicy 3. Rozstaw 
kó
 zestawu ko
owego wynosi
 1,5 m, promie�  toczny kó
 R= 0,42 m, rozstaw wózków 9 m,  
a rozstaw zestawów ko
owych 1,8 m, rozstaw � lizgowych 
o� ysk bocznych 1,7 m. Sztywno� ci 
spr�� yny zawieszenia pierwszego stopnia wynosz�  odpowiednio kIx=kIy=4000 kNm oraz 
kIz=3950 kNm, sztywno� ci czopu skr� tu przyj� to na poziomie kx=ky= kz =10 MNm, sztywno��  
poprzeczna i pionowa � lizgowych 
o� ysk bocznych wynosi odpowiednio ksl_z=350 kNm 
i ksl_z=500 kNm, parametry 
o� ysk zaczerpni� to z pracy [36]. Czop skr� tu opisano jako 
po
� czenie sferyczne o trzech rotacyjnych stopniach swobody, w którym zmian�  si
 tarcia 
wyznaczono z zale� no� ci  

Fx = ( Wx . c ) / 6 � � 
 7
8 * +� �

9: � ;
<=, 	 , 

Fy = ( Wy . c ) / 6�� 
 7
8*+ � �

9: � ;
< =,	 , 

Fz = ( Wz . c ) / 6 � � 
 7
8*+ � �

9: � ;
<=, 	 , 

 

(12) 

gdzie: Wx, Wy, Wz opisuj�  wzgl� dn�  pr� dko��  obrotow�  czopu wokó
 osi X, Y, Z;  
Wm jest bezwzgl� dn�  pr� dko� ci�  mi� dzy pud
em wagonu a wózkiem w centralnej punkcie 



czopu, cs oznacza styczn�  w punkcie pocz� tkowym funkcji przenoszenia si
y/pr� dko� ci o 
warto� ci 3,0·106 Ns/m, N opisuje normaln�  si
�  skierowan�  w kierunku Z, m2 okre� la 
wspó
czynnik tarcia o warto� ci 0,19, r jest to promie�  � rodkowej krzywizny czopu o warto� ci 
0,19 m [36]. 

Si
y tarcia Fbx, Fbx w p
aszczyznach 
o� ysk bocznych, poprzez które wsparto dodatkowo 
nawozie na wózku okre� lono z zale� no� ci (13) [5] 

 

Fbx= ( Vx . c ) / 6 � � 
 7
8 * +� >

: � ?
<=, 	  

Fby = ( Vy . c ) / 6 � � 
 7
8 * +� >

: � ?
<=, 	  

,                                           (13) 

 
gdzie: Vx, Vy okre� laj�  wzgl� dne pr� dko� ci w p
aszczy� nie 
o� yska w kierunkach X, Y,  
Wm oznacza ca
kowit�  wzgl� dna pr� dko��  na p
aszczy� nie X-Y, c l opisuje styczn�  w punkcie 
pocz� tkowym funkcji przenoszenia si
y/pr� dko� ci o warto� ci 3,0·106 Ns/m, N oznacza si
�  
wywo
an�  ci�� arem pud
a wagonu dzia
aj� ca w kierunku normalnym do p
aszczyzny XY, m1 
jest wspó
czynnikiem tarcia równym 0,36 [5]. Ze wzgl� du na fakt, � e praca dotyczy analizy 
wykolejenia pojazdu szynowego, struktur�  modelu wagonu towarowego oraz jego zapis 
matematyczny opisano w pracy ogólnie zale� no� ci�  macierzow�  (11). Natomiast, wi� cej uwagi 
po� wi� cono na opis kontaktu ko
o-szyna i metodologi�  wyznaczenia si
 w strefie kontaktu ko
o 
szyna oraz wspó
czynnika wykolejenia wynikaj� cego z relacji mi� dzy tymi si
ami.  

4.2 Model kontaktu ko
o-szyna  
Model matematyczny wagonu towarowego posadowionego na wózkach serii Y25 

zintegrowano z algorytmami i procedurami numerycznymi wyznaczaj� cymi kontakt kó
 
z szynami. Procedury numeryczne dotycz� ce kontaktu ko
o-szyna pos
u� y
y do wyznaczenia 
warto� ci si
 oraz obszarów ich dzia
ania w strefach kontaktu. Model kontaktu oparto na 
uproszczonej teorii Kalkera [22] i algorytmie FASTSIM [23]. Aby obliczy�  styczne si
y styku 
wyznaczono normalne si
y nacisku, wspó
czynnik tarcia przyj� to na poziomie 0,36 [14,26 35], 
d
ugo��  pó
osi a i b elipsy pola obszaru kontaktu (Rys. 11a) obliczono przy u� yciu teorii Hertza 
[19]. Warto� ci pe
zania uwzgl� dniono w postaci wzgl� dnego sztywnego po� lizgu. Relacje 
mi� dzy tymi parametrami opisano zale� no� ci�  (14). 

 

@
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gdzie: rsx, rsy okre� laj�  wzgl� dny sztywny po� lizg/pe
zanie w kierunku pod
u� nym X 
i bocznym Y, rsz oznacza spin, 
  opisuje k� t kontaktu, vu jest pr� dko� ci�  ruchomego uk
adu 
odniesienia, której warto��  jest równa pr� dko� ci pojazdu, sv okre� la pr� dko��  po� lizgu. 
Pr� dko� ci po� lizgu sv rzutowane na dany kierunek wyznaczono z zale� no� ci (15). 
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gdzie:  VWX +oznacza wzgl� dna pr� dko��  k� towa ko
a, AZ jest wspó
rz� dn�  punktu kontaktowego 
w uk
adzie odniesienia po
� czonej z centrum masy ko
a, vr opisuje pr� dko��  wzgl� dna � rodka 
masy ko
a okre� lona w ruchomym uk
adzie odniesienia. 



W kolejnym kroku wyznaczono styczne si
y kontaktowe Tx i Ty stosuj� c procedur�   
FASTSIM [23]. Algorytm tej procedury dokonuje podzia
u eliptycznej strefy kontaktu, na 
mniejsze obszary/komórki. W ka� dej z tych komórek wyznaczane s�  napr�� enia styczne oraz 
mikropo� lizgi w dwóch kierunkach, wzd
u� nym vx i poprzecznym vy do kierunku jazdy pojazdu 
(Rys. 11b). Nast� pnie wyznaczamy strefy przylegania w obszarze kontaktu przy �  = 0. 
Parametry geometrii kontaktu jako wielko� ci wej� ciowe do procedury FASTSIM zosta
y 
stablicowane w zale� no� ci od przemieszczenia poprzecznego poszczególnego ko
a  
(Rys. 12 i 13), przez co zredukowano czas obliczeniowy podczas symulacji dynamiki ruchu 
pojazdu. 

W dalszym etapie procedury obliczeniowej wyznaczane i obliczane s�  prawe stron 
dynamicznych równa�  ruchu (11) dla odpowiednich elementów pojazdu oraz przygotowanie 
ich do dalszego rozwi� zania poprzez ca
kowanie numeryczne tych równa�  ruchu opisuj� cych 
rozpatrywany uk
ad pojazd szynowy-tor. Opisane w tym rozdziale podej� cie pozwoli
o 
wyznaczy�  warto� ci si
 w strefach kontaktu ko
o-szyna, które w dalszym etapie pos
u� y
y do 
obliczenia warto� ci wspó
czynnika wykolejenia Y/Q. 

a)  b)  
Rys. 11. Si
y styczne w strefie kontaktu ko
o-szyna, pó
osie a i b elipsy kontaktu  

oraz podzia
 jej powierzchni na elementy  

W modelu symulacyjnym do bada�  dynamiki wagonu towarowego wykorzystano 
rzeczywiste nominalne zarysy kó
 kolejowych UIC 60 i szyny 49E1 [38], w konfiguracji 
pochylenia szyn w torze 1:40 i  przedstawionym na rysunku 14.  

 

4.3 Wyniki bada�  numerycznych 
Zakres przeprowadzonych analiz przy wykorzystaniu powy� ej opisanego modelu wagon 

towarowy-tor dotyczy dynamiki ruchu pojazdu po torze zakrzywionym typu S o promieniu 
R=150 m i wichrowato� ci 3‰ (Rys. 12). Jako oryginalny wk
ad pracy do bada�  przyj� to 
wichrowato��  toru pozwalaj� ca podczas pojedynczego przejazdu wyznaczy�  badania dla 
pojazdu i wózka, poprzez wprowadzenie dodatkowego wzniosu w pionowym profilu toru (Rys. 
12). Podczas tych bada�  przyj� to najbardziej niekorzystny wariant konfiguracji eksploatacyjnej 
pojazdu, czyli pojazd bez obci�� enia. Podczas przejazdu rejestrowane b� d�  si
y pionowa Q i 
boczne (poprzeczne do kierunku jazdy) Y w strefie kontaktu ko
o/szyna. Na podstawie 
wyznaczonych si
 w strefie kontaktu okre� lony zostanie wspó
czynniki wykolejenia Y/Q, jako 
maksymalna warto��  stosunku si
y bocznej do si
y pionowej. Je� li warto��  wspó
czynnika Y/Q 
nie przekroczy warto� ci 1,2, kryterium zagro� enia wykolejeniem pojazdu jest spe
nione. To 
kryterium oparte na równowadze si
 w nachylonej p
aszczy� nie styku ko
a z szyn� , a graniczna 
jego warto��  przy zadanym profilu ko
a oraz przyj� tym wspó
czynniku tarcia wyznaczona jest 
z zale� no� ci (15). 

 
 



  

  

  
Rys. 12. Parametry geometrii kontaktu ko
a o profilu UIC 60 z szyn�  49E1 

w funkcji przemieszczenia poprzecznego y zestawu 

 
Rys. 13. Punkty kontaktu ko
a o profilu UIC 60 z szyn�  49E1  

podczas przemieszczenie poprzecznego tego ko
a  
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W przypadku, gdy otrzymana podczas bada�  dynamicznych warto��  Y/Q>1,2, wówczas 
bezpiecze� stwo przed wykolejeniem nale� y dodatkowo sprawdzi�  przez wznios ko
a. Wznios 
ten od pozycji zerowej nie powinien przekracza�  	 z=5 mm. Podczas symulacji numerycznej 
za
o� ono pr� dko��  przejazdu pojazdu równ�  v=5 km/h, zgodnie z badaniami 
eksperymentalnymi (metoda 3). 



  
Rys. 14. Geometria zmodyfikowanego toru testowego  

z dodatkowym wichrowato� ci�  dla testu wózków 

 

Rys. 15. Przebiegi wspó
czynnika Y/Q kó
 podczas przejazdu po zmodyfikowanym torze 
testowym, zestaw prowadz� cy wózka pierwszego W11 i W12 i drugiego W21 i W22 

Rys. 16.  Odci�� enie kó
 zestawów prowadz� cych wózek pierwszy W11 i W12 i drugi W21 i 
W22 podczas przejazdu po zmodyfikowanym torze testowym  

Pokazane na wykresach (Rys. 15) przebiegi wska� nika wykolejenia ilustruj�  
porównanie wyników przejazdu po torze bez dodatkowego wniosku (krzywe przerywane) i ze 
wzniosem odpowiadaj� cym wichrowato� ci toru na bazie rozstawu zestawów ko
owych 
pojedynczego wózka. Mo� na zaobserwowa� , � e warto� ci wska� nika Y/Q w przypadku toru bez 
wzniosu maj�  warto� ci zbie� ne z wynikami uzyskanymi eksperymentalne, tablica 2. W celu 
weryfikacji poprawno� ci dzia
ania modelu, wyniki maksymalnych warto� ci wspó
czynnika 
wykolejenia Y/Q otrzymane z podczas przejazdu po torze bez dodatkowego wzniosu 
zestawiono w tablicy 4. Pozwoli
o to porówna�  testy eksperymentalne z numerycznymi, 
wynikiem czego jest wyznaczony modu
 wzgl� dnego b
� du procentowego mi� dzy nimi. 
Warto��  tego b
� du dla poszczególnych kó
 zawiera
a si�  w przedziale 3.03÷12,76%. W 
przypadku kó
 b� d� cych po stronie zewn� trznego toku szynowego w 
uku toru b
� d mi� dzy 
wynikami jest wi� kszy, nie przekraczaj� c jednak 13%. Uzyskany wynik � wiadczy o poprawnie 



sformu
owanym opisie cech modelu wagonu towarowego i jest podstaw�  do stwierdzenia 
prawid
owej walidacji modelu.  Znacznie lepsz�  zgodno��  ilo� ciow�  uzyskano przy 
wyznaczaniu momentu oporowego na czopie skr� tu przez porównanie wyników z bada�  
numerycznych i otrzymanych z testów eksperymentalnych opisanych w rozdziale 3 (Rys. 4). 
Stworzony model symulacyjny uk
adu wagon –tor pozwala tak� e na wyznaczenie odci�� enia 
kó
 badanego pojazdu, co przedstawiono na rysunkach 16, które to stanowi�  tak� e kluczowy 
wska� nik weryfikacji bezpiecze� stwa pojazdu przed wyst� pieniem wykolejenia. 

Tablica 4. Maksymalne warto� ci wspó
czynnika wykolejenia z bada�  numerycznych oraz 
modu
 b
� du procentowego wzgl� dem wyników z testów do� wiadczalnych 

Ko
o Wij 11 12 21 22 31 32 41 42 
Y/Q [kN] 0.67 0.63 0.23 0.27 0.56 0.61 0.68 0.66 

B
� d wzgl.| | [%] 7.89 12.76 9.52 12.50 5.48 11.46 3.03 6.45 
 

5. Podsumowanie i wnioski 
W artykule przybli� ono zjawisko wykolejenia pojazdów szynowych. Sklasyfikowano 

metody oceny ryzyka wyst� pienia tego zjawiska na podstawie przegl� du literatury i norm.  
Przedstawiony opis bada�  eksperymentalnych bezpiecze� stwa przed wykolejeniem pokaza
 
stosowane metodologie przy ich wykonywaniu. Uzyskane i opracowane wyniki z bada�  
eksperymentalnych, przeprowadzonych wg wy� ej opisanych metod badawczych, pozwoli
y 
uwiarygodni�  wyniki uzyskane z bada�  numeryczny powsta
ego modelu. Testy okre� laj� ce 
przebiegi warto� ci wspó
czynników wykolejenia, odci�� enia kó
, momentów oporowych 
oparto na modelu numerycznym opisuj� cym badany eksperymentalnie wagon towarowy. W 
pracy zaproponowano tak� e now� , innowacyjn�  geometri�  toru testowego do badania 
bezpiecze� stwa przed wykolejeniem. Innowacja ta polega
a na wprowadzeniu dodatkowego 
pionowego wzniosu w tokach szynowych toru stanowi� c wichrowato� ci (Rys. 14), która bazuje 
na rozstawie zestawów ko
owych w pojedynczym wózku. Zalet�  zastosowania w 
rzeczywisto� ci takiej geometrii toru podczas bada�  rzeczywistych, tak� e numerycznych, mo� e 
pozwoli�  na ograniczenie kosztów bada�  i testów dopuszczeniowych pojazdu przez skrócenie 
czasu takich bada� . Oszcz� dno��  ta wynika z faktu wykonania trzech przejazdów na tak 
zmodyfikowanym torze rzeczywistym, bez potrzeby dodatkowych testów wg innych metod 
oceny ryzyka i bezpiecze� stwa przed wykolejeniem opisanych w 2 rozdziale tej pracy. 
Otrzymane przy u� yciu nieliniowego modelu pojazdu kolejowego wyniki numeryczne 
pokazuj� , w jaki sposób na bezpiecze� stwo jazdy maj�  wp
yw ró� ne czynniki zwi� zane z 
budow�  pojazdu i toru. Na podstawie przeprowadzonych bada�  wskazano, � e wska� nika Y/Q 
jest silnie uzale� niony od wichrowato� ci wynikaj� cej z bazy wózka. Analiza wyników 
uzyskanych z testów numerycznych nie wskaza
a przypadku wyst� pienia ryzyka wykolejenia 
nawet przy zmodyfikowanym torze, co tak� e potwierdzi
y badania eksperymentalne 
przeprowadzone wg opisanych metod normatywnych. Oszacowany na poziomie poni� ej 13% 
b
� d mi� dzy wynikami eksperymentalnymi i teoretycznymi wska� nika wykolejenia wskazuje 
du��  zgodno� ci modelu teoretycznego z rzeczywistym pojazdem szynowym. Nale� y tak� e 
stwierdzi� , � e równica k� tów nabiegania zestawów ko
owych pojedynczego wózka oraz obrót 
wózka wzgl� dem pionowej osi ma znacz� cy wp
yw na powtarzalno��  uzyskiwanych wyników. 
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Abstract: W pracy przedstawiono uproszczony model zasobnikowego �X�N�á�D�G�X zasilania w paliwo 
�V�L�O�Q�L�N�D���R���]�D�S�á�R�Q�L�H���V�D�P�R�F�]�\�Q�Q�\�P�� �:���U�R�]�Z�D�*�D�Q�L�D�F�K���Q�L�H���X�Z�]�J�O�
�G�Q�L�R�Q�R���S�U�]�H�Z�R�G�y�Z �Z�\�V�R�N�L�H�J�R���F�L���Q�L�H�Q�L�D, 
a do symulacji pracy wtryskiwaczy opracowano empiryczny podmodel. Przedstawiono podstawowe 
�U�y�Z�Q�D�Q�L�D�� �P�R�G�H�O�X�����=�M�D�Z�L�V�N�D�� �]�R�V�W�D�á�\�� �R�S�L�V�D�Q�H�� �X�N�á�D�G�H�P�� ������ �U�y�Z�Q�D���� �U�y�*�Q�L�F�]�N�R�Z�\�F�K�� �]�Z�\�F�]�D�M�Q�\�F�K����
�S�L�H�U�Z�V�]�H�J�R���U�]�
�G�X�����:���S�U�D�F�\���U�y�Z�Q�L�H�*���]�D�Z�D�U�W�R���R�F�H�Q�
���Z�S�á�\�Z�X���S�D�U�D�P�H�W�U�y�Z���J�H�R�P�H�W�U�\�F�]�Q�\�F�K���]�D�V�R�E�Q�L�N�D���Q�D��
�S�U�R�F�H�V�� �Z�W�U�\�V�N�X���� �2�F�H�Q�
�� �S�U�]�H�S�U�R�Z�D�G�]�R�Q�R�� �]�D�� �S�R�P�R�F���� �S�U�R�J�U�D�P�X�� �R�E�O�L�F�]�D�M���F�H�J�R�� �S�U�R�F�H�V�� �Z�W�U�\�V�N�X����
w�\�N�R�U�]�\�V�W�X�M���Fego �P�R�G�H�O�� �U�R�]�Z�D�*�D�Q�H�J�R�� �X�N�á�D�G�X�� �Z�W�U�\�V�N�R�Z�H�J�R�����=�D�S�U�R�S�R�Q�R�Z�D�Q�R�� �V�S�R�V�y�E�� �Z�V�W�
�S�Q�H�J�R��
�G�R�E�R�U�X���S�D�U�D�P�H�W�U�y�Z���J�H�R�P�H�W�U�\�F�]�Q�\�F�K���]�D�V�R�E�Q�L�N�D.  
 
 
1. �:�V�W�
�S 
 

�5�R�]�Z�y�M�� �Z�V�S�y�á�F�]�H�V�Q�\�F�K�� �V�]�\�E�N�R�R�E�U�R�W�R�Z�\�F�K�� �V�L�O�Q�L�N�y�Z�� �R�� �]�D�S�á�R�Q�L�H�� �V�D�P�R�F�]�\�Q�Q�\�P�� �Mest 
�]�Z�L���]�D�Q�\�� �]�� �U�R�]�Z�R�M�H�P�� �L�F�K�� �X�N�á�D�G�y�Z�� �]�D�V�L�O�D�Q�L�D�� �Z�� �S�D�O�L�Z�R���� �2�E�H�F�Q�L�H�� �Z�� �]�D�V�L�O�D�Q�L�X�� �W�H�J�R�� �U�R�G�]�D�M�X��
�V�L�O�Q�L�N�y�Z�� �G�R�P�L�Q�X�M�H�� �]�D�V�R�E�Q�L�N�R�Z�\�� �X�N�á�D�G�� �Z�W�U�\�V�N�R�Z�\�� �&�R�P�P�R�Q�� �5�D�L�O���� �3�U�]�\�� �G�R�E�R�U�]�H�� �X�N�á�D�G�X�� �G�R��
�V�L�O�Q�L�N�D���Q�D�O�H�*�\���X�Z�]�J�O�
�G�Q�L�ü���Z�L�H�O�H���F�]�\�Q�Q�L�N�y�Z��eksploatacyjnych i regulacyjnych. Wykorzystanie 
�E�D�G�D���� �V�\�P�X�O�D�F�\�M�Q�\�F�K�� �G�R�� �D�Q�D�O�L�]�\�� �W�\�F�K�� �S�D�U�D�P�H�W�U�y�Z�� �]�Q�D�F�]�Q�L�H�� �X�á�D�W�Z�L�D�� �L przyspiesza 
prowadzenie prac rozwojowych.  

�:�� �]�D�V�R�E�Q�L�N�R�Z�\�P�� �X�N�á�D�G�]�L�H�� �]�D�V�L�O�D�Q�L�D�� �Z�� �S�D�O�L�Z�R���� �Z�\�W�Z�D�U�]�D�Q�L�H�� �Z�\�V�R�N�L�H�J�R�� �F�L���Q�L�H�Q�L�D��
�Q�D�V�W�
�S�X�M�H���Z���W�á�R�F�]�N�R�Z�H�M���S�R�P�S�L�H���Z�\�V�R�N�L�H�J�R���F�L���Q�L�H�Q�L�D�����V�N���G���S�U�]�H�S�á�\�Z�D��przewodem wysokiego 
�F�L���Q�L�H�Q�L�D�� �G�R�� �]�D�V�R�E�Q�L�N�D���� �S�R�� �F�]�\�P�� �S�U�]�H�]�� �V�W�R�V�X�Q�N�R�Z�R�� �N�U�y�W�N�L�H�� �S�U�]�H�Z�R�G�\�� �Z�W�U�\�V�N�R�Z�H�� �]�R�V�W�D�M�H��
podane do wtryskiwaczy.  

�,�V�W�Q�L�H�M���F�H�� �P�R�G�H�O�H�� �X�N�á�D�G�X�� �Z�W�U�\�V�N�R�Z�H�J�R�� �W�\�S�X�� �&�R�P�P�R�Q�� �5�D�L�O���E�\�á�\�� �W�Z�R�U�]�R�Q�H�� �S�U�]�H�]��
�]�H�V�S�R�á�\�� �E�D�G�D�Z�F�]�H�� �S�U�]�H�G�H�� �Z�V�]�\�V�W�N�L�P�� �Z�� �F�H�O�X�� �S�R�U�y�Z�Q�D�Q�L�D�� �L�F�K�� �S�D�U�D�P�H�W�U�y�Z�� �S�U�D�F�\�� �L�� �R�V�L���J�y�Z�� �]��
�S�D�U�D�P�H�W�U�D�P�L�� �L�Q�Q�\�F�K�� �V�\�V�W�H�P�y�Z�� �Z�W�U�\�V�N�R�Z�\�F�K���� �2�E�H�M�P�R�Z�D�á�\�� �R�Q�H�� �D�Q�D�O�L�]�\�� �L�� �G�\�V�N�X�V�M�H��
�S�R�G�V�W�D�Z�R�Z�\�F�K�� �F�]�\�Q�Q�L�N�y�Z�� �]�Z�L���]�D�Q�\�F�K�� �]�� �S�U�]�H�E�L�H�J�L�H�P�� �Z�W�U�\�V�N�X [3]���� �O�H�F�]�� �U�y�Z�Q�L�H�*�� �S�R�]�Z�D�O�D�á�\��
�Z�\�]�Q�D�F�]�D�ü�� �Z�L�H�O�N�R���F�L���� �N�W�y�U�H�� �W�U�X�G�Q�R�� �]�P�L�H�U�]�\�ü���� �Q�D�� �S�U�]�\�N�á�D�G�� �H�I�H�N�W�\�Z�Qe pole �S�R�Z�L�H�U�]�F�K�Q�L�
��
�S�U�]�H�S�á�\�Z�X���� �0�R�*�Q�D�� �U�y�Z�Q�L�H�*�� �V�S�R�W�N�D�ü�� �U�R�]�Z�D�*�D�Q�L�D�� �G�R�W�\�F�]���F�H�� �H�O�H�P�H�Q�W�y�Z�� �X�N�á�D�G�y�Z�� �]�D�V�L�O�D�Q�L�D��
�V�L�O�Q�L�N�y�Z�� �R �]�D�S�á�R�Q�L�H�� �V�D�P�R�F�]�\�Q�Q�\�P�� �L�� �]�D�J�D�G�Q�L�H���� �]�Z�L���]�D�Q�\�F�K�� �]�� �L�F�K�� �V�W�H�U�R�Z�D�Q�L�H�P���� �-�H�G�Q����
z podstawowych jest tutaj praca [2�@�����Z���N�W�y�U�H�M���D�X�W�R�U�]�\���M�D�N�R���M�H�G�Q�L���]���S�L�H�U�Z�V�]�\�F�K���S�R�G�M�
�O�L���S�U�R�E�O�H�P��
�S�U�]�H�S�á�\�Z�X�� �S�D�O�L�Z�D�� �L�� �V�W�H�U�R�Z�D�Q�L�D�� �Z�W�U�\�V�N�L�Z�D�F�]�H�P���� �=�� �N�R�O�H�L�� �Z�� �S�U�D�F�\�� �>4] opracowano model 
�]�D�Z�R�U�X���S�U�]�H�O�H�Z�R�Z�H�J�R���V�W�H�U�X�M���F�H�J�R���F�L���Q�L�H�Q�L�H�P���S�D�O�L�Z�D���R�U�D�]���P�R�G�H�O���]�D�Z�R�U�X���G�á�D�Z�L���F�H�J�R���G�R�S�á�\�Z��
�S�D�O�L�Z�D�� �G�R�� �S�R�P�S�\�� �Z�\�V�R�N�L�H�J�R�� �F�L���Q�L�H�Q�L�D���� �N�W�y�U�H�� �U�R�]�Z�D�*�D�Q�R�� �Z�U�D�]�� �S�R�G�P�R�G�H�O�H�P��tej pompy. Ta 
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�R�V�W�D�W�Q�L�D�� �E�\�á�D�� �V�W�H�U�R�Z�D�Q�D�� �S�V�H�X�G�R�O�R�V�R�Z���� �V�H�N�Z�H�Q�F�M���� �E�L�W�y�Z���� �3�U�]�H�S�U�R�Z�D�G�]�D�Q�R�� �U�y�Z�Q�L�H�*��
�V�\�P�X�O�D�F�\�M�Q���� �D�Q�D�O�L�]�
�� �Z�á�D���F�L�Z�R���F�L�� �P�D�W�H�U�L�D�á�y�Z�� �X�*�\�Z�D�Q�\�F�K�� �G�R�� �Z�\�N�R�Q�D�Q�L�D�� �H�O�H�N�W�U�R�]�D�Z�R�U�y�Z��
�Z�W�U�\�V�N�L�Z�D�F�]�\���L���S�U�D�F�\���]�D�Z�R�U�y�Z���>8]. Z kolei autorzy pracy [10�@���Z���V�Z�R�L�F�K���U�R�]�Z�D�*�D�Q�L�D�F�K���Vkupili 
�V�L�
�� �Q�D�� �V�]�W�\�Z�Q�R���F�L�� �]�H�V�S�R�á�X�� �W�á�R�N�� �V�W�H�U�X�M���F�\-�L�J�O�L�F�D���� �Z�D�U�W�R���F�L�D�F�K�� �Z�V�S�y�á�F�]�\�Q�Q�L�N�y�Z�� �Z�\�S�á�\�Z�X��
�R�W�Z�R�U�N�y�Z���U�R�]�S�\�O�D�F�]�D���L���Z�\�]�Q�D�F�]�H�Q�L�X���E�H�]�Z�\�P�L�D�U�R�Z�H�M���O�L�F�]�E�\���N�D�Z�L�W�D�F�\�M�Q�H�M�����2�N�U�H���O�H�Q�L�H���Z�S�á�\�Z�X��
�]�M�D�Z�L�V�N�� �I�D�O�R�Z�\�F�K�� �Z�� �]�D�V�R�E�Q�L�N�X�� �Q�D�� �S�U�]�H�E�L�H�J�� �Z�W�U�\�V�N�X�� �E�\�á�R�� �J�á�y�Z�Q�\�P�� �W�H�P�D�W�H�P�� �S�U�D�F�\��[1] 
wykorzystanej w koncernie Daimler Chrysler AG oraz [6�@�����J�G�]�L�H���R�F�H�Q�L�D�Q�R���Z�S�á�\�Z���Z�á�D�V�Q�R���F�L���L��
�F�L���Q�L�H�Q�L�D�� �S�D�O�L�Z�D���� �F�]�D�V�X�� �Z�W�U�\�V�N�X�� �R�U�D�]�� �G�á�X�J�R���F�L�� �L�� ���U�H�G�Q�L�F�\�� �S�U�]�H�Z�R�G�X�� �Z�W�U�\�V�N�R�Z�H�J�R�� �Q�D�� �]�P�L�D�Q�\��
�F�L���Q�L�H�Q�L�D�� �Z�� �V�\�V�W�H�P�L�H���� �=�� �N�R�O�H�L�� �R�F�H�Q�
�� �R�U�D�]�� �G�R�E�y�U�� �Z�\�P�L�D�U�y�Z�� �J�H�R�P�H�W�U�\�F�]�Q�\�F�K�� �V�\�V�W�H�Pu 
wtryskowego zawarto w pracach [1, 9�@���� �,�Q�Q���� �J�U�X�S�
�� �V�W�D�Q�R�Z�L���� �S�U�D�F�H���� �N�W�y�U�H�� �R�S�L�V�X�M���� �P�R�G�H�O�H��
�X�N�L�H�U�X�Q�N�R�Z�D�Q�H���Q�D���V�W�H�U�R�Z�D�Q�L�H���F�L���Q�L�H�Q�L�H�P���Z���]�D�V�R�E�Q�L�N�R�Z�\�P���V�\�V�W�H�P�L�H���Z�W�U�\�V�N�R�Z�\�P�����7�X���E�U�D�Q�R��
�S�R�G���X�Z�D�J�
���P�R�G�X�á���V�S�U�
�*�\�V�W�R���F�L�����F�L���Q�L�H�Q�L�H�����W�H�P�S�H�U�D�W�X�U�
���S�D�O�L�Z�D���R�U�D�]���S�U�
�G�N�R���ü���R�E�U�R�W�R�Z�����Vilnika, 
a �H�I�H�N�W�D�P�L���E�\�á�\���]�O�L�Q�H�D�U�\�]�R�Z�D�Q�H���P�R�G�H�O�H���V�W�H�U�R�Z�D�Q�L�D���R�U�D�]���Z�V�W�
�S�Q�H���N�R�Q�V�W�U�X�N�F�M�H���V�W�H�U�R�Z�Q�L�N�D���F�]�\��
�U�H�J�X�O�D�W�R�U�D���� �V�á�X�*���F�\�F�K�� �G�R�� �D�W�H�V�W�D�F�M�L�� �V�\�V�W�H�P�X�� �V�W�H�U�R�Z�D�Q�L�D�� �F�L���Q�L�H�Q�L�D�� �Z zasobniku [5, 7]. Dalej 
wykracza praca [11�@�� �S�U�]�H�G�V�W�D�Z�L�D�M���F�D�� �]�D�V�R�E�Q�L�N�R�Z�\�� �V�\�V�W�H�P�� �Z�W�U�\�V�N�R�Z�\�� �F�]�Z�Drtej generacji i 
model on-�O�L�Q�H�� �N�R�U�\�J�X�M���F�\�� �S�U�]�H�E�L�H�J�L�� �Z�\�S�á�\�Z�X�� �S�D�O�L�Z�D�� �]�� �U�R�]�S�\�O�D�F�]�D�����6�W�D�Q�R�Z�L�á�D�� �L�Q�V�S�L�U�D�F�M�
�� �G�R��
opracowania uproszczonego modelu �X�N�á�D�G�X���]�D�V�L�O�D�Q�L�D. 

�'�D�M�H�� �V�L�
�� �]�D�X�Z�D�*�\�ü�� �W�H�Q�G�H�Q�F�M�
�� �G�R�� �V�W�R�V�R�Z�D�Q�L�D�� �R�S�U�R�J�U�D�P�R�Z�D�Q�L�D�� �G�R�� �P�R�G�H�O�R�Z�D�Q�L�D�� �L��
�D�Q�D�O�L�]�\�� �X�N�á�D�G�y�Z�� �M�H�G�Q�R�Z�\�P�L�Drowych, wielodziedzinowych, mechatronicznych (interface, 
�D�Q�D�O�L�]�\�� �V�W�D�W�\�F�]�Q�H�� �L�� �G�\�Q�D�P�L�F�]�Q�H������ �:�� �Z�L�
�N�V�]�R���F�L�� �S�U�]�\�S�D�G�N�y�Z�� �V�W�R�V�R�Z�D�Q�H�� �V���� �S�D�N�L�H�W�\�� �$�0�(�6�L�P��
�R�U�D�]���0�D�W�O�D�E���6�L�P�X�O�L�Q�N�����1�L�H���M�H�V�W���W�R���M�H�G�Q�D�N���U�H�J�X�á�������&�]�
�V�W�R���Z�V�W�
�S�Q�H���R�S�U�D�F�R�Z�D�Q�L�D���V�����Z�\�N�R�Q�\�Z�D�Q�H��
�]�D�� �S�R�P�R�F���� �W�\�F�K�� �S�D�N�L�H�W�y�Z�� �D�� �G�R�N�á�D�G�Q�L�H�M�V�]�H���� �G�H�G�\�N�R�Z�D�Q�H�� �R�N�U�H���O�R�Q�H�P�X�� �F�H�O�R�Z�L���� �]��
�Z�\�N�R�U�]�\�V�W�D�Q�L�H�P�� �N�R�Q�Z�H�Q�F�M�R�Q�D�O�Q�\�F�K�� �M�
�]�\�N�y�Z�� �S�U�R�J�U�D�P�R�Z�D�Q�L�D���� �=�D�]�Z�\�F�]�D�M�� �V���� �W�R�� �Z�á�D���Q�L�H��
�M�H�G�Q�R�Z�\�P�L�D�U�R�Z�H�� �P�R�G�H�O�H���� �R�S�L�V�X�M���F�H�� �Q�L�H�X�V�W�D�O�R�Q�\���� �V�S�U�
�*�\�V�W�\�� �S�U�]�H�S�á�\�Z�� �S�D�O�L�Z�D�� �Z�� �X�N�á�D�G�]�L�H����
�-�H�G�Q�D�N���E�D�G�D�Q�L�D���V�\�P�X�O�D�F�\�M�Q�H���S�U�R�Z�D�G�]�L���V�L�
���Z���R�S�D�U�F�L�X���R���P�R�G�H�O�H���R�E�O�L�F�]�H�Q�L�R�Z�H���R���U�y�*�Q�\�P���V�W�R�S�Q�L�X��
�]�á�R�*�R�Q�R���F�L���� �&�]�
�V�W�R�� �Z�� �D�Q�D�O�L�]�D�F�K�� �W�H�F�K�Q�L�F�]�Q�\�F�K�� �V���� �V�W�R�V�R�Z�D�Q�H�� �X�S�U�R�V�]�F�]�R�Q�H�� �P�R�G�H�O�H���� �]�� �X�Z�D�J�L�� �Q�D��
�P�Q�L�H�M�V�]���� �O�L�F�]�E�
�� �F�]�\�Q�Q�L�N�y�Z�� �Z�S�á�\�Z�D�M���F�\�F�K�� �Q�D�� �S�U�]�H�E�L�H�J�� �D�Q�D�O�L�]�R�Z�D�Q�\�F�K�� �S�U�R�F�H�V�y�Z���� �:�� �W�D�N�L�F�K��
�S�U�]�\�S�D�G�N�D�F�K�� �Q�D�O�H�*�\�� �]�D�Z�V�]�H�� �R�N�U�H���O�L�ü�� �Z�S�á�\�Z�� �X�S�U�R�V�]�F�]�H���� �Q�D�� �G�R�N�á�D�G�Q�R���ü�� �R�G�Z�]�R�U�R�Z�D�Q�L�D��
�U�R�]�Z�D�*�D�Q�\�F�K���]�M�D�Z�L�V�N���� 

Po przeprowadzeniu analizy �G�R�V�W�
�S�Q�H�M��literatury �V�W�Z�L�H�U�G�]�R�Q�R���� �*�H��brak modeli 
�Z�\�N�R�U�]�\�V�W�X�M���F�\�F�K�� �U�y�Z�Q�D�Q�L�D�� �P�H�F�K�D�Q�L�N�L�� �S�á�\�Q�y�Z�� �Z�� �S�R�Z�L���]�D�Q�L�X�� �]�� �Z�\�Q�L�N�D�P�L�� �E�D�G�D����
stanowiskowych. Dlatego �]�G�H�F�\�G�R�Z�D�Q�R�� �R�� �S�R�G�M�
ciu prac nad teoretyczno-empirycznym 
�P�R�G�H�O�H�P���X�N�á�D�G�X�����]���Z�\�N�R�U�]�\�V�W�D�Q�L�H�P���N�R�Q�Z�H�Q�F�M�R�Q�D�O�Q�H�J�R���M�
�]�\�N�D���S�U�R�J�U�D�P�R�Z�D�Q�L�D���� 

�3�U�]�H�G�V�W�D�Z�L�R�Q�D�� �S�U�D�F�D�� �G�R�W�\�F�]�\�� �X�S�U�R�V�]�F�]�R�Q�H�J�R�� �P�R�G�H�O�X�� �X�N�á�D�G�X���� �Z�� �N�W�y�U�\�P�� �S�D�O�L�Z�R�� �]��
�S�R�P�S�\�� �Z�\�V�R�N�L�H�J�R�� �F�L���Q�L�H�Q�L�D���R�� �W�U�]�H�F�K�� �W�á�R�N�D�F�K����jest podawane do zbiorczej komory 
�G�R�S�á�\�Z�R�Z�H�M�����D���Q�D�V�W�
�S�Q�L�H���G�R���]�D�V�R�E�Q�L�N�D���F�L���Q�L�H�Q�L�D���� 

 
�5�\�V�������������6�F�K�H�P�D�W���P�R�G�H�O�R�Z�D�Q�H�J�R���X�N�á�D�G�X���]�D�V�L�O�D�Q�L�D�� 

 
�:�� �U�R�]�Z�D�*�D�Q�L�D�F�K�� �Q�L�H�� �X�Z�]�J�O�
�G�Q�L�R�Q�R�� �S�U�]�H�Z�R�G�X�� �Z�\�V�R�N�L�H�J�R�� �F�L���Q�L�H�Q�L�D���� �S�U�]�H�Z�R�G�y�Z��

�Z�W�U�\�V�N�R�Z�\�F�K�� �L�� �Z�W�U�\�V�N�L�Z�D�F�]�\���� �:�W�U�\�V�N�� ���Z�\�S�á�\�Z�� �S�D�O�L�Z�D���� �Q�D�V�W�
�S�X�M�H�� �S�U�]�H�]�� �F�]�W�H�U�\�� �R�W�Z�R�U�\����
�E�H�]�S�R���U�H�G�Q�L�R���]���]�D�V�R�E�Q�L�N�D���F�L���Q�L�H�Q�L�D�����U�\�V���������� 

 
 



2. �5�y�Z�Q�D�Q�L�D���U�y�*�Q�L�F�]�N�R�Z�H���R�S�L�V�X�M���F�H���X�N�á�D�G 
 

�5�y�Z�Q�D�Q�L�D�� �U�y�*�Q�L�F�]�N�R�Z�H�� �U�R�]�Z�D�*�D�Q�H�J�R�� �X�N�á�D�G�X�� �P�R�*�Q�D�� �]�D�S�L�V�D�ü�� �Z�� �S�R�V�W�D�F�L�� �S�U�]�H�G�V�W�D�Z�L�R�Q�H�M��
�S�R�Q�L�*�H�M�� 
 
�� �� �� �� �� �5�y �Z�Q�D�Q�L�D�� �R�N�U�H�� �O�D�M�� �F�H�� �F �L�� �Q�L�H�Q�L�H�� �Z �� �N�R �P�R�U�D�F�K pompy 
 

�=�� �X�Z�D�J�L�� �Q�D�� �Q�L�H�Z�L�H�O�N�L�H�� �Z�\�P�L�D�U�\�� �N�R�P�y�U�� �S�U�]�\�M�
�W�R���� �*�H�� �]�P�L�D�Q�\�� �F�L���Q�L�H�Q�L�D��w �F�]�D�V�L�H�� �P�R�*�Q�D��
�Z�\�]�Q�D�F�]�\�ü���]���X�S�U�R�V�]�F�]�R�Q�\�F�K���U�y�Z�Q�D�����F�L���J�á�R���F�L: 

    (1) 

dla i = 1, 2, 3. 
gdzie: �± �F�L���Q�L�H�Q�L�H���Z���N�R�P�R�U�]�H��i-�W�H�J�R���W�á�R�N�D���S�R�P�S�\�� 

  �±�R�E�M�
�W�R���ü���N�R�P�R�U�\��i-�W�H�J�R���W�á�R�N�D���S�R�P�S�\�� 

  - �P�R�G�X�á���V�S�U�
�*�\�V�W�R���F�L���S�D�O�L�Z�D���Z���N�R�P�R�U�]�H��i-�W�H�J�R���W�á�R�N�D�� 

 �± pole powierzchni i-�W�H�J�R���W�á�R�N�D���S�R�P�S�\�� 

  - �S�U�
�G�N�R���ü��i-�W�H�J�R���W�á�R�N�D���S�R�P�S�\�� 

  �± �F�L���Q�L�H�Q�L�H���]�D�V�L�O�D�Q�L�D�� 

  �± �Z�V�S�y�á�F�]�\�Q�Q�L�N���S�U�]�H�S�á�\�Z�X���R�W�Z�R�U�X���G�R�S�á�\�Z�R�Z�H�J�R�� 

  �± �Z�V�N�D�(�Q�L�N���V�W�H�U�X�M���F�\�� 

 �± pole �S�R�Z�L�H�U�]�F�K�Q�L���R�W�Z�R�U�X���G�R�S�á�\�Z�R�Z�H�J�R���G�R���N�R�P�Rry i-�W�H�J�R���W�á�R�N�D���S�R�P�S�\�� 

 �± �J�
�V�W�R���ü���S�D�O�L�Z�D���Z���N�R�P�R�U�]�H��i-�W�H�J�R���W�á�R�N�D�� 

  �± �Z�V�N�D�(�Q�L�N���V�W�H�U�X�M���F�\�� 

 �± �F�L���Q�L�H�Q�L�H���Z���N�R�P�R�U�]�H���G�R�S�á�\�Z�R�Z�H�M�� 

  �± �Z�V�S�y�á�F�]�\�Q�Q�L�N���S�U�]�H�S�á�\�Z�X���R�W�Z�R�U�X���Z�\�S�á�\�Zowego, 

�± pole �S�R�Z�L�H�U�]�F�K�Q�L���R�W�Z�R�U�X���Z�\�S�á�\�Z�R�Z�H�J�R���]���N�R�P�R�U�\���L-�W�H�J�R���W�á�R�N�D���S�R�P�S�\�� 

  �± �Z�V�N�D�(�Q�L�N���V�W�H�U�X�M���F�\�� 

  �± pole powierzchni otworu upustowego, 

�± �F�L���Q�L�H�Q�L�H���Z���]�D�V�R�E�Q�L�N�X�� 

 �± �V�S�U�D�Z�Q�R���ü���S�R�P�S�\���]�D�O�H�*�Q�D���R�G���S�U�
�G�N�R���F�L���R�E�U�R�W�R�Z�H�M���L���F�L���Q�L�H�Q�L�D���S�D�O�L�Z�D�� 

�± �S�R�S�U�D�Z�N�D�� �X�Z�]�J�O�
�G�Q�L�D�M���F�D�� �]�P�L�D�Q�
�� �V�S�U�D�Z�Q�R���F�L��i-�W�H�J�R�� �W�á�R�N�D���S�R�P�S�\�� �Z�\�V�R�N�L�H�J�R�� �F�L���Q�L�H�Q�L�D�� �Z���]�D�O�H�*�Q�R���F�L��

od temperatury paliwa. 
�:�� �S�R�Z�\�*�V�]�\�P�� �Z�]�R�U�]�H�� �Z�S�U�R�Z�D�G�]�R�Q�R�� �Z�V�S�y�á�F�]�\�Q�Q�L�N�L�� �V�W�H�U�X�M���F�H���� �N�W�y�U�\�F�K�� �L�Q�W�H�U�S�U�H�W�D�F�M�D��

�M�H�V�W���Q�D�V�W�
�S�X�M���F�D�� 
 - �F�]�á�R�Q�� �Z�\�G�D�W�N�X���R�E�M�
�W�R���F�L�R�Z�H�J�R���� �]�D�O�H�*�Q�H�J�R�� �R�G���U�y�*�Q�L�F�\�� �F�L���Q�L�H���� i  �M�H�V�W���D�N�W�\�Z�Q�\�� �W�\�O�N�R�� �Z�y�Z�F�]�D�V����

gdy wznios grzybka �]�D�Z�R�U�X���G�R�S�á�\�Z�R�Z�H�J�R��,  

 - �F�]�á�R�Q�� �Z�\�G�D�W�N�X�� �R�E�M�
�W�R���F�L�R�Z�H�J�R���� �]�D�O�H�*�Q�H�J�R�� �R�G�� �U�y�*�Q�L�F�\�� �F�L���Q�L�H���� i  �M�H�V�W�� �D�N�W�\�Z�Q�\�� �W�\�O�N�R�� �Z�y�Z�F�]�D�V����

�J�G�\���Z�]�Q�L�R�V���N�X�O�N�L���]�D�Z�R�U�X���á���F�]���F�H�J�R���N�R�P�R�U�
���S�R�P�S�\���] �N�R�P�R�U�����G�R�S�á�\�Z�R�Z���� �M�H�V�W���Z�L�
�N�V�]�\���R�G���]�H�U�D�� 
 �± �W�U�]�H�F�L�� �F�]�á�R�Q�� �Z�\�S�á�\�Z�R�Z�\�� �M�H�V�W�� �X�D�N�W�\�Z�Q�L�D�Q�\�� �Z�� �U�y�Z�Q�D�Q�L�X�� �������� �Z�y�Z�F�]�D�V���� �J�G�\�� �F�L���Q�L�H�Q�L�H�� �Z�� �]�D�V�R�E�Q�L�N�X�� 

�S�U�]�H�N�U�D�F�]�D���S�U�]�\�M�
�W�H���F�L���Q�L�H�Q�L�H���J�U�D�Q�L�F�]�Q�H�������U�y�Z�Q�R�F�]�H���Q�L�H���W�á�R�N���S�R�P�S�\���S�R�U�X�V�]�D���V�L�
���G�R���J�y�U�\����) 

�R�U�D�]���E�á���G���Z�]�J�O�
�G�Q�\���R�G�F�K�\�O�H�Q�L�D�� od  �S�U�]�H�N�U�D�F�]�D���G�R�S�X�V�]�F�]�D�O�Q�����Z�D�U�W�R���ü���H. 



�3�R�Q�D�G�W�R�� �S�U�]�\�M�P�R�Z�D�Q�R���� �*�H�� �S�U�]�H�N�U�y�M�� �X�S�X�V�W�X�� �]�P�L�H�Q�L�D�� �V�L�
���� �]�D�O�H�*�Q�L�H�� �R�G�� �Z�D�U�W�R���F�L��

�U�y�*�Q�L�F�\���F�L���Q�L�H���� i �����Z�H�G�á�X�J���Z�]�R�U�X�� 

     (2) 

�5�y�Z�Q�D�Q�L�D�� �������� �V���� �U�y�Z�Q�D�Q�L�D�P�L�� �U�y�*�Q�L�F�]�N�R�Z�\�P�L�� �]�Z�\�F�]�D�M�Q�\�P�L���� �S�L�H�U�Z�V�]�H�J�R�� �U�]�
�G�X����
nieliniowymi. 
 
�� �� �� �� �� �5�y �Z�Q�D�Q�L�H�� �U�X�F�K�X�� �J �U�] �\ �E�N�R�Z�\ �F�K�� �] �D�Z�R�U�y�Z�� �G�R�S�á�\ �Z �R�Z�\ �F�K 
 

�=�� �G�U�X�J�L�H�M�� �]�D�V�D�G�\�� �G�\�Q�D�P�L�N�L�� �1�H�Z�W�R�Q�D�� �Z�\�Q�L�N�D���� �*�H�� �S�U�R�V�W�R�O�L�Q�L�R�Z�\�� �U�X�F�K�� �]�D�Z�R�U�y�Z 
�G�R�S�á�\�Z�R�Z�\�F�K���R�S�L�V�X�M�����U�y�Z�Q�D�Q�L�D:  

               (3) 

gdzie:   

  dla i = 1, 2, 3, 

 �± �Z�]�Q�L�R�V���J�U�]�\�E�N�D���]�D�Z�R�U�X���G�R�S�á�\�Z�R�Z�H�J�R�� 

 �± masa grzybka, 

 �± �Z�V�W�
�S�Q�H���Q�D�S�L�
�F�L�H���V�S�U�
�*�\�Q�\�� 

 �± �V�W�D�á�D���V�S�U�
�*�\�Q�\�� 

 �± pole powierzchni zaworu. 

�:�\�V�W�
�S�X�M���F�\���Z���S�R�Z�\�*�V�]�\�F�K���U�y�Z�Q�D�Q�L�D�F�K���Z�V�N�D�(�Q�L�N���V�W�H�U�X�M���F�\���H�J���S�U�]�\�M�P�X�M�H���Z�D�U�W�R���F�L�� 

    

�=�� �N�R�O�H�L�� �Z�V�N�D�(�Q�L�N�� �� wskazuje, �F�]�\�� �J�U�]�\�E�H�N�� �]�D�Z�R�U�X�� �G�R�O�R�W�R�Z�H�J�R�� �R�V�L�D�G�á��
na �J�Q�L�H�(�G�]�L�H���� = 0), jest w fazie ruchu ( � �����������F�]�\���W�H�*���R�V�L���J�Q���á���P�D�N�V�\�P�D�O�Q�\���Z�]�Q�L�R�V��

 (  = 2), przy czym .   
�5�y�Z�Q�D�Q�L�D�� �������� �V�W�D�Q�R�Z�L���� �X�N�á�D�G�� �U�y�Z�Q�D���� �W�U�]�H�F�K�� �U�y�Z�Q�D���� �U�y�*�Q�L�F�]�N�R�Z�\�F�K�� �]�Z�\�F�]�D�M�Q�\�F�K����

�G�U�X�J�L�H�J�R���U�]�
�G�X�� 
 
2.3.  �5�y �Z�Q�D�Q�L�H �U�X�F�K�X�� �N�X�O�R�Z�\ �F �K�� �] �D�Z�R�U�y�Z�� �Z �\ �S�á �\ �Z �R�Z�\ �F�K 
 

R�y�Z�Q�D�Q�L�D���U�X�F�K�X���]�D�Z�R�U�y�Z���Z�\�S�á�\�Z�R�Z�\�F�K���P�D�M�����S�R�V�W�D�F�L�� 

                                     (4) 

gdzie:  

  dla i = 1, 2, 3, 
                          �± wzni�R�V���N�X�O�L���]�D�Z�R�U�X���Z�\�S�á�\�Z�R�Z�H�J�R�� 

                          �± masa kuli, 

                          �± �Z�V�W�
�S�Q�H���Q�D�S�L�
�F�L�H���V�S�U�
�*�\�Q�\�� 

                          �± �V�W�D�á�D���V�S�U�
�*�\�Q�\�� 

                          �± pole powierzchni �R�W�Z�R�U�X���Z�\�S�á�\�Z�R�Z�H�J�R. 

�:�\�V�W�
�S�X�M���F�\���U�y�Z�Q�D�Q�L�D�F�K���Z�V�N�D�(�Q�L�N���V�W�H�U�X�M���F�\���H�N���S�U�]�\�M�P�X�M�H���Z�D�U�W�R���F�L�� 
 



                     

�=���N�R�O�H�L���Z�V�N�D�(�Q�L�N��, podobnie jak w�V�N�D�(�Q�L�N��, wskazuje pozycje kuli zaworu: 
0 �M�H���O�L���E�U�D�N���S�U�]�H�S�á�\�Z�X���P�L�
�G�]�\���N�R�P�R�U�����S�R�P�S�\���L���N�R�P�R�U�����G�R�S�á�\�Z�R�Z�����������M�H���O�L���N�X�O�N�D���M�H�V�W���Z fazie 
�U�X�F�K�X���������M�H���O�L���N�X�O�N�D���R�V�L���J�Q�
�á�D���P�D�N�V�\�P�D�O�Q�\���Z�]�Q�L�R�V�� 

�5�y�Z�Q�D�Q�L�D�� �������� �V�W�D�Q�R�Z�L���� �X�N�á�D�G�� �U�y�Z�Q�D���� �W�U�]�H�F�K�� �U�y�Z�Q�D���� �U�y�*�Qiczkowych zwyczajnych, 
�G�U�X�J�L�H�J�R���U�]�
�G�X�� 
 
�� �� �� �� �� �5�y �Z�Q�D�Q�L�H�� �R�N�U�H�� �O�D�M�� �F�H�� �F �L�� �Q�L�H�Q�L�H�� �Z �� �N�R �P�R�U�] �H�� �G�R�S�á�\ �Z �R�Z�H�M 
 

�3�R�G�R�E�Q�L�H�� �M�D�N�� �Z�� �S�U�]�\�S�D�G�N�X�� �N�R�P�y�U�� �S�R�P�S�\�� �Z�\�V�R�N�L�H�J�R�� �F�L���Q�L�H�Q�L�D�� �S�U�]�\�M�
�W�R���� �*�H�� �]�P�L�D�Q�\��
�F�L���Q�L�H�Q�L�D���Z���N�R�P�R�U�]�H���G�R�S�á�\�Z�R�Z�H�M���P�R�*�Q�D���Z�\�]�Q�D�F�]�\�ü���]���X�S�U�Rszczonego �U�y�Z�Q�D�Q�L�D���F�L���J�á�R���F�L: 

       (5) 

dla i = 1, 2, 3, 
gdzie:  �± �R�E�M�
�W�R���ü���N�R�P�R�U�\���G�R�S�á�\�Z�R�Z�H�M�� 

 �± �Z�V�S�y�á�F�]�\�Q�Q�L�N���S�U�]�H�S�á�\�Z�X���R�W�Z�R�U�X���G�R�S�á�\�Z�R�Z�H�J�R���G�R���]�D�V�R�E�Q�L�N�D�� 

 �± pole powierzchni �R�W�Z�R�U�X�� �G�R�S�á�\�Z�R�Z�H�J�R�� �G�R�� �]�D�V�R�E�Q�L�N�D���� �U�y�Z�Qe polu powierzchni przekroju 

przewodu �á���F�]���F�H�J�R���N�R�P�R�U�
���G�R�S�á�\�Z�R�Z�����]���]�D�V�R�E�Q�L�N�L�H�P, 
�S�R�]�R�V�W�D�á�H���R�]�Q�D�F�]�H�Q�L�D���M�D�N���Z���S������������ 

�:�D�U�W�R�� �]�D�]�Q�D�F�]�\�ü���� �*�H�� �R�E�M�
�W�R���ü�� �Q�D�O�H�*�\�� �S�R�Z�L�
�N�V�]�\�ü�� �R�� �R�E�M�
�W�R���ü�� �S�U�]�H�Z�R�G�X, �á���F�]���F�H�J�R��
�N�R�P�R�U�
���G�R�S�á�\�Z�R�Z�����]��zasobnikiem: 

     (6) 

gdzie:   d �± ���U�H�G�Q�L�F�D���S�U�]�H�Z�R�G�X����L �± �G�á�X�J�R���ü���S�U�]�H�Z�R�G�X �á���F�]���F�H�J�R���N�R�P�R�U�
���G�R�S�á�\�Z�R�Z�����]���]�D�V�R�E�Q�L�N�L�H�P. 
 

�� �� �� �� �� �5�y �Z�Q�D�Q�L�D�� �F�L �� �Q�L�H�Q�L�D�� �Z �� �] �D�V�R�E�Q�L�N�X 
 

D�R���R�S�L�V�X���]�P�L�D�Q���F�L���Q�L�H�Q�L�D���Z���]�D�V�R�E�Q�L�N�X���U�y�Z�Q�L�H�*���Z�\�N�R�U�]�\�V�W�D�Q�R���U�y�Z�Q�D�Q�L�H���F�L���J�á�R��ci: 

     (7) 

gdzie:  �± zmienne pole powierzchni �Z�\�S�á�\�Z�X���S�D�O�L�Z�D���S�U�]�H�]���R�W�Z�y�U��w�\�S�á�\�Z�R�Z�\�� 

�± �R�E�M�
�W�R���ü���N�R�P�R�U�\���G�R�S�á�\�Z�R�Z�H�M�� 

�± �F�L���Q�L�H�Q�L�H���Z���N�R�P�R�U�]�H���V�S�D�O�D�Q�L�D�����S�U�]�H�F�L�Z�F�L���Q�L�H�Q�L�H���� 

           

 �± czasy otwarcia �R�W�Z�R�U�y�Z, 
�S�R�]�R�V�W�D�á�H���R�]�Q�D�F�]�H�Q�L�D���M�D�N���Z���S�������������L���������� 
�5�y�Z�Q�D�Q�L�H�� �������� �M�H�V�W�� �U�y�Z�Q�D�Q�L�H�P�� �U�y�*�Q�L�F�]�N�R�Z�\�P�� �]�Z�\�F�]�D�M�Q�\�P�� �S�L�H�U�Z�V�]�H�J�R�� �U�]�
�G�X����

nieliniowym.  
Modelowanie zjawisk hydrodynamicznych we wtryskiwaczu napotyka na szereg 

�W�U�X�G�Q�R���F�L�� �=�D�V�D�G�Q�L�F�]�� �V�S�U�D�Z�����G�O�D���Z�á�D���F�L�Z�H�J�R���P�R�G�H�O�X���]�D�V�R�E�Q�L�N�D���M�H�V�W���R�N�U�H���O�H�Q�L�H���U�H�J�X�á�����Z�H�G�á�X�J��
�N�W�y�U�\�F�K�� �S�D�O�L�Z�R�� �Z�\�S�á�\�Z�D�� �]�� �]�D�V�R�E�Q�L�N�D�� �G�R�� �N�R�P�R�U�\�� �V�S�D�O�D�Q�L�D���� �:�� �S�U�H�]�H�Q�W�R�Z�D�Q�\�P�� �D�O�J�R�U�\�W�P�L�H��



�S�U�]�\�M�
�W�R���� �*�H�� �N�R�O�H�M�Q�H��otwory �R�W�Z�L�H�U�D�M���� �V�L�
�� �F�R�� �������ƒ�� �R�E�U�R�W�X�� �Z�D�á�X�� �S�R�P�S�\�����,�V�W�R�W�Q�\�� �M�H�V�W�� �U�y�Z�Q�L�H�*��
�G�R�E�y�U�� �Z�D�U�W�R���F�L�� �V�]�H�U�H�J�X�� �Z�V�S�y�á�F�]�\�Q�Q�L�N�y�Z�� �N�R�Q�L�H�F�]�Q�\�F�K�� �G�R�� �S�U�]�H�S�U�R�Z�D�G�]�H�Q�L�D�� �Z�á�D���F�L�Z�H�M��
�L�O�R���F�L�R�Z�H�M�� �R�F�H�Q�\�� �]�D�F�K�R�G�]���F�\�F�K�� �]�M�D�Z�L�V�N���� �0�R�*�Q�D�� �W�X�� �Z�\�P�L�H�Q�L�ü�� �Z�V�S�y�á�F�]�\�Q�Q�L�N�L�� �R�S�R�U�y�Z��
�K�\�G�U�D�X�O�L�F�]�Q�\�F�K���� �Z�V�S�y�á�F�]�\�Q�Q�L�N�L�� �Q�D�W�
�*�H���� �S�U�]�H�S�á�\�Z�X�� �F�]�\�� �Z�V�S�y�á�F�]�\�Q�Q�L�N�L�� �R�S�R�U�y�Z�� �U�X�F�K�X��
�H�O�H�P�H�Q�W�y�Z���U�X�F�K�R�P�\�F�K�����:�D�U�W�R���F�L���W�\�F�K���Z�L�H�O�N�R���F�L���V�����]�P�L�H�Q�Q�H���Z���]�D�O�H�*�Q�R���F�L���R�G���F�L���Q�L�H�Q�L�D���S�D�O�L�Z�D����
co utrudnia ich wyznaczanie. Ponadto przy modelowaniu elektronicznie sterowanych 
�X�N�á�D�G�y�Z�� �Z�W�U�\�V�N�R�Z�\�F�K�� �Q�D�O�H�*�\�� �X�Z�]�J�O�
�G�Q�L�ü�� �H�O�H�N�W�U�R�]�D�Z�R�U�\�� �V�W�H�U�X�M���F�H���� �N�W�y�U�H�� �Z�\�P�D�J�D�M����
�]�Q�D�M�R�P�R���F�L�� �N�R�O�H�M�Q�\�F�K�� �Z�L�H�O�N�R���F�L���� �]�Z�á�D�V�]�F�]�D�� �Z�á�D�V�Q�R���F�L�� �P�D�W�H�U�L�D�á�R�Z�\�F�K���� �:�D�U�W�R���F�L�� �Q�L�H�N�W�y�U�\�F�K��
�Z�L�H�O�N�R���F�L�� �V���� �Q�L�H�N�L�H�G�\�� �W�U�X�G�Q�H�� �G�R�� �R�V�]�D�F�R�Z�D�Q�L�D���� �G�O�D�W�H�J�R�� �]�G�H�F�\�G�R�Z�D�Q�R�� �R�� �R�S�U�D�F�R�Z�D�Q�L�X��

empirycznego mod�H�O�X���Z�\�S�á�\�Z�X���S�D�O�L�Z�D���]���U�R�]�S�\�O�D�F�]�D�����R�S�D�U�W�H�J�R���R���I�X�Q�N�F�M�
��. Wykorzystano 
�Z�D�U�W�R���F�L���F�K�D�U�D�N�W�H�U�\�V�W�\�F�]�Q�\�F�K���F�]�D�V�y�Z�����X�]�\�V�N�D�Q�H���]���D�Q�D�O�L�]���S�U�]�H�E�L�H�J�y�Z���Z�W�U�\�V�N�X�� 

�3�R�G�V�W�D�Z�R�Z���� �R�E�V�H�U�Z�D�F�M���� �S�R�F�]�\�Q�L�R�Q���� �S�R�G�F�]�D�V�� �H�N�V�S�H�U�\�P�H�Q�W�y�Z�� �E�\�á�R�� �V�W�Z�L�H�U�G�]�H�Q�L�H���� �*�H��

rzeczywisty przebieg wzniosu iglicy, a tym samym funkcji  odbiega od teoretycznego, w 
�N�W�y�U�\�P���R�N�U�H���O�D���V�L�
�� 

 �± zadany czas otwarcia, �± zadany czas przerwy. 

�3�U�]�H�G�H�� �Z�V�]�\�V�W�N�L�P�� �V�W�Z�L�H�U�G�]�R�Q�R���� �*�H�� �U�]�H�F�]�\�Z�L�V�W�\�� �F�]�D�V�� �R�W�Z�D�U�F�L�D�� �M�H�V�W�� �Z�L�
�N�V�]�\�� �R�G��

zadanego  �R���Z�L�H�O�N�R���ü���Z���S�U�]�\�E�O�L�*�H�Q�L�X���V�W�D�á�������R�]�Q�D�F�]�R�Q�����M�D�N�R���± czas �R�S�y�(�Q�L�H�Q�L�D��wtrysku. 
�&�]�D�V�� �R�S�y�(�Q�L�H�Q�L�D�� �X�Z�]�J�O�
�G�Q�L�D�� �U�y�*�Q�L�F�H�� �P�L�
�G�]�\�� �]�D�G�D�Q�\�P���� �D�� �U�H�D�O�L�]�R�Z�D�Q�\�P�� �F�]�D�V�H�P�� �Z�W�U�\�V�N�X����

�=�R�V�W�D�á�� �Z�\�]�Q�D�F�]�R�Q�\�� �G�R���Z�L�D�G�F�]�D�O�Q�L�H�� �5�y�Z�Q�L�H�*�� �S�U�]�H�E�L�H�J�L�� �I�X�Q�N�F�M�L�� �P�L�D�á�\�� �N�V�]�W�D�á�W�� �E�D�U�G�]�L�H�M��
�]�E�O�L�*�R�Q�\���G�R���S�D�U�D�E�R�O�L���Q�L�*��do przebiegu teoretycznego, w postaci �I�X�Q�N�F�M�L���S�U�R�V�W�R�N���W�Q�H�M�� 

�:���]�D�O�H�*�Q�R���F�L���R�G���Z�D�U�W�R���F�L�� oraz �R�W�U�]�\�P�X�M�H���V�L�
���G�Z�D���U�y�*�Q�H���S�U�]�\�S�D�G�N�L�� 
  <                     oraz                               >     

�X�Z�]�J�O�
�G�Q�L�R�Q�H���Z���R�S�U�D�F�R�Z�D�Q�\�P���S�U�R�J�U�D�P�L�H���N�R�P�S�X�W�H�U�R�Z�\�P�� 
�:�� �S�U�R�J�U�D�P�L�H�� �R�E�O�L�F�]�D�M���F�\�P�� �S�U�R�F�H�V�� �Z�W�U�\�V�N�X�� �Z�S�U�R�Z�D�G�]�R�Q�R�� �P�R�*�O�L�Z�R���ü�� �]�D�G�D�Z�D�Q�L�D��

�F�L���Q�L�H�Q�L�D���� �S�R�Q�L�*�H�M�� �N�W�y�U�H�J�R�� �Z�W�U�\�V�N�� �Q�L�H�� �S�R�Z�L�Q�L�H�Q�� �V�L�
�� �U�R�]�S�R�F�]���ü�� ���M�H�V�W�� �W�R�� �R�G�S�R�Z�L�H�G�Q�L�N�� �F�L���Q�L�H�Q�L�D��
�R�W�Z�D�U�F�L�D�� �Z�W�U�\�V�N�L�Z�D�F�]�\������ �-�H�V�W�� �W�R�� �]�D�E�H�]�S�L�H�F�]�H�Q�L�H�� �S�U�]�H�G�� �R�E�O�L�F�]�D�Q�L�H�P�� �S�D�U�D�P�H�W�U�y�Z�� �Z�W�U�\�V�N�X��
w �S�U�]�\�S�D�G�N�X���� �J�G�\�� �M�D�N�R���ü�� �S�U�R�F�H�V�X�� �U�R�]�S�\�O�H�Q�L�D�� ���Q�L�H�� �D�Q�D�O�L�]�R�Z�D�Q�D�� �]�D�� �S�R�P�R�F���� �W�H�J�R�� �P�R�G�H�O�X����
�P�R�J�á�D�E�\���R�N�D�]�D�ü���V�L�
���Q�L�H�]�D�G�R�Z�D�O�D�M���F�D�� 
 
3. �1�X�P�H�U�\�F�]�Q�H���F�D�á�N�R�Z�D�Q�L�H���U�y�Z�Q�D�����U�y�*�Q�L�F�]�N�R�Z�\�F�K���X�N�á�D�G�X 
 

�:�L�
�N�V�]�R���ü���P�H�W�R�G���F�D�á�N�R�Z�D�Q�L�D���X�N�á�D�G�y�Z���U�y�Z�Q�D���� �U�y�*�Q�L�F�]�N�R�Z�\�F�K���]�Z�\�F�]�D�M�Q�\�F�K�� �Z�\�P�D�J�D��
sprowadzenia �U�y�Z�Q�D���� �Z�\�*�V�]�H�J�R�� �U�]�
�G�X�� �G�R�� �U�y�Z�Q�D���� �S�L�H�U�Z�V�]�H�J�R�� �U�]�
�G�X���� �'�O�D�W�H�J�R�� �U�y�Z�Qania (3) i 
���������V�S�U�R�Z�D�G�]�R�Q�R���G�R���R�G�S�R�Z�L�H�G�Q�L�F�K���G�Z�y�F�K���U�y�Z�Q�D�����S�L�H�U�Z�V�]�H�J�R���U�]�
�G�X�����5�y�Z�Q�D�Q�L�D�������������������������������L��
���������]�D�S�L�V�D�Q�R���]�D�W�H�P���Z���S�R�V�W�D�F�L���X�N�á�D�G�X���U�y�Z�Q�D������-�J�R���U�]�
�G�X���S�R�V�W�D�F�L�� 
   (8) 

gdzie F �M�H�V�W���I�X�Q�N�F�M�����Z�H�N�W�R�U�R�Z�����D��X: 

 

jest wektorem o m � ���������V�N�á�D�G�R�Z�\�F�K�� 
�1�D�O�H�*�\�� �]�D�W�H�P�� �F�D�á�N�R�Z�D�ü�� �X�N�á�D�G�� �P�� � �� ������ �U�y�Z�Q�D���� �U�y�*�Q�L�F�]�N�R�Z�\�F�K�� �]�Z�\�F�]�D�M�Q�\�F�K����

�S�L�H�U�Z�V�]�H�J�R�� �U�]�
�G�X���� �=�D�V�W�R�V�R�Z�D�Q�R�� �G�R�� �W�H�J�R�� �F�H�O�X�� �P�H�W�R�G�
�� �5�X�Q�J�H�J�R-�.�X�W�W�\�� �,�9�� �U�]�
�G�X�� �]�H�� �V�W�D�á�\�P��
�N�U�R�N�L�H�P���F�D�á�N�R�Z�D�Q�L�D�� 

 
 
 
 
 



4. �:�D�U�X�Q�N�L���S�R�F�]���W�N�R�Z�H�����X�Z�D�J�L���G�R�G�D�W�N�R�Z�H 
 

Obliczen�L�D�� �S�U�R�Z�D�G�]�R�Q�R�� �S�U�]�\�M�P�X�M���F���� �*�H�� �Z�� �F�K�Z�L�O�L�� �S�R�F�]���W�N�R�Z�H�M�� ���W�� � �� ������ �Z�V�]�\�V�W�N�L�H��
�F�L���Q�L�H�Q�L�D�� �V���� �U�y�Z�Q�H�� �F�L���Q�L�H�Q�L�X�� �S�D�O�L�Z�D�� �G�R�S�á�\�Z�D�M���F�H�J�R�� ���]�D�V�L�O�D�Q�L�D���� �Sd �R�U�D�]�� �]�H�U�R�Z�H�� �V���� �Z�]�Q�L�R�V�\�� �L��
�S�U�
�G�N�R���F�L�����W�R���]�Q�D�F�]�\�� 
      (9)  

�3�U�]�\�M�P�R�Z�D�Q�R�� �W�H�*���� �*�H�� �S�U�D�F�
�� �U�R�]�S�R�F�]�\�Q�D�� �S�L�H�U�Z�V�]�D�� �V�H�N�F�M�D�� �S�R�P�S�\�� �Z�\�V�R�N�L�H�J�R�� �F�L���Q�L�H�Q�L�D���� 
�D���S�R�]�R�V�W�D�á�H���V�����X�U�X�F�K�D�P�L�D�Q�H���S�R���R�G�S�R�Z�L�H�G�Q�L�R�������������L�����������V�W�R�S�Q�L�D�F�K���R�E�U�R�W�X���Z�D�á�X�����3�U�]�\�M�P�R�Z�D�Q�R��

�]�D�W�H�P�����*�H���N���W�\�� �V�����R�N�U�H���O�R�Q�H���]�D�O�H�*�Q�R���F�L�D�P�L�� 

       (10) 

gdzie:  - �S�U�
�G�N�R���ü���N���W�R�Z�D�� 

           . 

�3�R�Q�L�H�Z�D�*�� �E�D�G�D�Q�L�D��empiryczne �S�U�R�Z�D�G�]�R�Q�R�� �G�O�D�� �X�V�W�D�O�R�Q�\�F�K�� �Z�D�U�X�Q�N�y�Z�� �S�U�D�F�\��
�D�Q�D�O�L�]�R�Z�D�Q�H�J�R�� �X�N�á�D�G�X�� �]�D�V�L�O�D�Q�L�D���� �Z�\�Q�L�N�L�� �R�W�U�]�\�P�D�Q�H�� �Z�� �Z�\�Q�L�N�X�� �V�\�P�X�O�D�F�M�L�� �N�R�P�S�X�W�H�U�R�Z�\�F�K��
�P�R�*�Q�D�� �X�Z�D�*�D�ü�� �]�D�� �Z�á�D���F�L�Z�H�� �G�R�S�L�H�U�R�� �S�R�� �N�L�O�N�X�� �F�\�N�O�D�F�K�� �S�U�D�F�\�� ���3�� �!�� �������ƒ������ �E�R�Z�L�H�P�� �Z��
�S�R�F�]���W�N�R�Z�H�M�� �I�D�]�L�H�� �R�E�O�L�F�]�H���� �]�E�\�W�� �Z�\�U�D�(�Q�\�� �M�H�V�W�� �Z�S�á�\�Z�� �Z�D�U�X�Q�N�y�Z�� �S�R�F�]���W�N�R�Z�\�F�K�� �������� �R�U�D�]��

�S�U�]�H�V�X�Q�L�
�ü�� we wzorze (10).  
�-�D�N�� �Z�V�S�R�P�Q�L�D�Q�R�� �M�X�*�� �S�R�S�U�]�H�G�Q�L�R���� �R�W�Z�R�U�\�� �Z�\�S�á�\�Z�R�Z�H�� �Z zasobniku uruchamiano 

kolejno (cyklicznie) co: 

       (11) 

Program do modelowania pracy systemu wtrysku typu Common Rail opracowany w 
�R�S�D�U�F�L�X�� �R�� �Z�\�*�H�M�� �S�U�]�H�G�V�W�D�Z�L�R�Q�H�� �]�D�O�H�*�Q�R���F�L�� �X�P�R�*�O�L�Z�L�D�� �R�E�O�L�F�]�H�Q�L�H�� �S�U�]�H�E�L�H�J�y�Z�� �F�L���Q�L�H�Q�L�D�� �Z��
komorach pomp�\�����N�R�P�R�U�]�H���G�R�S�á�\�Z�R�Z�H�M���L���]�D�V�R�E�Q�L�N�X���F�L���Q�L�H�Q�L�D�����Z�]�Q�L�R�V�y�Z���W�á�R�N�y�Z���L���U�X�F�K�R�P�\�F�K��
�H�O�H�P�H�Q�W�y�Z�� �]�D�Z�R�U�y�Z���� �2�E�O�L�F�]�D�Q�H�� �V���� �V�X�P�D�U�\�F�]�Q�H�� �G�D�Z�N�L�� �Z�W�U�\�V�N�X�� �R�U�D�]�� �Q�D�W�
�*�H�Q�L�D�� �Z�\�S�á�\�Z�X��
�S�D�O�L�Z�D�� �S�U�]�H�]�� �S�R�V�]�F�]�H�J�y�O�Q�H�� �R�W�Z�R�U�\�� �Z�W�U�\�V�N�R�Z�H���� �3�U�]�H�E�L�H�J�L�� �Z�W�U�\�V�N�X�� �P�R�*�Q�D�� �Z�\�]�Q�D�F�]�\�ü�� �G�O�D��
niedzielonej i dzielonej dawki oraz �U�y�*�Q�\�F�K���Z�D�U�W�R���F�L���F�]�D�V�X���S�U�]�H�U�Z�\���� 

Obliczenia weryfikacyjne �S�U�]�H�S�U�R�Z�D�G�]�R�Q�R�� �G�O�D�� �X�N�á�D�G�X�� �]�D�V�L�O�D�Q�L�D�� �]�� �Z�D�O�F�R�Z�\�P��
�]�D�V�R�E�Q�L�N�L�H�P���Z�\�V�R�N�L�H�J�R���F�L���Q�L�H�Q�L�D�����3�R�U�y�Z�Q�D�Q�L�D���G�R�N�R�Q�D�Q�R���G�O�D: dzielonej dawki wtrysku - �F�]�
���ü��
�S�L�O�R�W�X�M���F�D�������������V�����S�U�]�H�U�Z�D�������������V�����J�á�y�Z�Q�D���F�]�
���ü�������������V�����]�D�G�D�Q�H�J�R���F�L���Q�L�H�Q�L�D���Z���]�D�V�R�E�Q�L�N�X���Q�D��
�S�R�]�L�R�P�L�H�����������E�D�U�y�Z�����S�U�
�G�N�R���F�L���R�E�U�R�W�R�Z�H�M���S�R�P�S�\�����������R�E�U���P�L�Q�����N�R�O�H�M�Q�R���F�L���Z�W�U�\�V�N�L�Z�D�Q�L�D�������± 2 
�± 3 �± 4. �5�y�*�Q�L�F�H�� �Z�D�U�W�R���F�L�� �R�E�O�L�F�]�R�Q�\�F�K�� �L�� �]�P�L�H�U�]�R�Q�\�F�K�� �G�D�Z�H�N�� �Z�W�U�\�V�N�X�� �Z�\�Q�R�V�L�á�\�� �R�G�� �������� �G�R��
7,7 ������ �Z���]�D�O�H�*�Q�R���F�L���R�G���J�U�X�S�\�� �V�H�O�H�N�F�\�M�Q�H�M���Z�W�U�\�V�N�L�Z�D�F�]�D���� �:�\�Q�L�N�D�M���� �R�Q�H�� �J�á�y�Z�Q�L�H���] �S�U�]�\�M�
�W�\�F�K��
�X�S�U�R�V�]�F�]�H�����Z���P�R�G�H�O�X�����E�R�Z�L�H�P���Q�L�H���X�Z�]�J�O�
�G�Q�L�R�Q�R���S�U�]�H�Z�R�G�y�Z���Z�\�V�R�N�L�H�J�R���F�L���Q�L�H�Q�L�D���L���]�H�V�S�R�á�y�Z��
wtryskiwaczy. �=�Q�D�F�]���F�\ �Z�S�á�\�Z�� �Q�D�� �G�D�Z�N�
�� �P�D��czas �R�S�y�(�Q�L�H�Q�L�D��wtrysku i jego �]�D�O�H�*�Q�R���ü�� �R�G��
�F�L���Q�L�H�Q�L�D���S�D�O�L�Z�D�� 

5. �:�S�á�\�Z���S�D�U�D�P�H�W�U�y�Z���J�H�R�P�H�W�U�\�F�]�Q�\�F�K���]�D�V�R�E�Q�L�N�D���Q�D���S�U�R�F�H�V���Z�W�U�\�V�N�X 

�:�\�N�R�U�]�\�V�W�X�M���F�� �P�R�G�H�O�� �U�R�]�Z�D�*�D�Q�H�J�R�� �X�N�á�D�G�X�� �Z�W�U�\�V�N�R�Z�H�J�R���� �]�D�� �S�R�P�R�F���� �S�U�R�J�U�D�P�X��
�R�E�O�L�F�]�D�M���F�H�J�R�� �S�U�R�F�H�V�� �Z�W�U�\�V�N�X���� �Z�\�N�R�Q�D�Q�R�� �R�E�O�L�F�]�H�Q�L�D�� �G�O�D�� �U�y�*�Q�\�F�K�� �Z�D�U�W�R���F�L�� �]�D�G�D�Q�H�J�R�� �V�\�J�Q�D�á�X��
�V�W�H�U�X�M���F�H�J�R���Z�W�U�\�V�N�L�Z�D�F�]�H�P�����5�R�]�Z�D�*�D�Q�R���S�R�G�D�Z�D�Q�L�H���G�Z�X�F�]�
���F�L�R�Z�H�M���G�D�Z�N�L���S�D�O�L�Z�D�����2�E�O�L�F�]�H�Q�L�D��
�P�L�D�á�\�� �Q�D�� �F�H�O�X�� �M�D�N�R���F�L�R�Z���� �L�� �L�O�R���F�L�R�Z���� �R�F�H�Q�
�� �Z�S�á�\�Z�X�� �E�D�G�D�Q�\�F�K�� �Z�L�H�O�N�R���F�L�� �Q�D�� �S�D�U�D�P�H�W�U�\ 
wtrysku. Przedstawiono �U�R�]�Z�D�*�Dnia �G�R�W�\�F�]���F�H�� �Z�S�á�\�Z�X�� �S�D�U�D�P�H�W�U�y�Z�� �J�H�R�P�H�W�U�\�F�]�Q�\�F�K��
zasobnika paliwa na proces wtrysku.  

Zasobnik jest konstrukcy�M�Q�L�H�� �V�W�R�V�X�Q�N�R�Z�R�� �S�U�R�V�W�\�P�� �H�O�H�P�H�Q�W�H�P���� �M�H�G�Q�D�N�� �S�H�á�Q�L�� �L�V�W�R�W�Q����
�U�R�O�
�� �Z�� �R�J�U�D�Q�L�F�]�H�Q�L�X�� �S�U�R�S�D�J�D�F�M�L�� �I�D�O�� �F�L���Q�L�H�Q�L�D���� �2�G�S�R�Z�L�H�G�Q�L�R�� �G�R�E�U�D�Q�D�� �R�E�M�
�W�R���ü�� �]�D�S�H�Z�Q�L�D��



�F�L���J�á�R���ü�� �G�D�Z�N�R�Z�D�Q�L�D�� �S�U�]�\�� �J�Z�D�á�W�R�Z�Q�\�F�K�� �]�P�L�D�Q�D�F�K�� �S�D�U�D�P�H�W�U�y�Z�� �S�U�D�F�\�� �V�L�O�Q�L�N�D���� �-�D�N�� �Z�F�]�H���Q�L�H�M��
wspomniano, do przeprowadzania �P�R�G�H�O�R�Z�\�F�K�� �R�E�O�L�F�]�H���� �S�U�]�\�M�
�W�R�� �Z�D�O�F�R�Z�\�� �]�D�V�R�E�Q�L�N��
�Z�\�V�R�N�L�H�J�R���F�L���Q�L�H�Q�L�D���X�N�á�D�G�X���Z�W�U�\�V�N�R�Z�H�J�R���V�L�O�Q�L�N�D���R �]�D�S�á�R�Q�L�H���V�D�P�R�F�]�\�Q�Q�\�P���N�O�D�V�\���������� cm3.  

�=�D�� �S�R�P�R�F���� �P�R�G�H�O�X�� �R�F�H�Q�L�R�Q�R�� �Z�S�á�\�Z�� �G�á�X�J�R���F�L���� ���U�H�G�Q�L�F�\�� �L�� �R�E�M�
�W�R���F�L�� �]�D�V�R�E�Q�L�N�D�� �Q�D��
parametry procesu podawania paliwa. Obliczenia �Z�\�N�R�Q�D�Q�R���� �G�O�D�� �V�W�D�á�H�M�� ���U�H�G�Q�L�F�\�� �]�D�V�R�E�Q�L�N�D�� �L��
�]�P�L�H�Q�Q�H�M�� �G�á�X�J�R���F�L�� �R�U�D�]�� �V�W�D�á�H�M�� �G�á�X�J�R���F�L�� �L�� �]�P�L�H�Q�Q�H�M�� ���U�H�G�Q�L�F�\�� �]�D�V�R�E�Q�L�N�D���� �$�Q�D�O�L�]�R�Z�D�Q�R�� �]�P�L�D�Q�\��
�S�U�]�H�E�L�H�J�X���S�U�R�F�H�V�X���Z�W�U�\�V�N�X�����G�D�Z�N�L���S�D�O�L�Z�D�����N���W�D���S�R�F�]���W�N�X���Z�W�U�\�V�N�X���R�U�D�]���N���W�D���W�U�Z�D�Q�L�D���Z�W�U�\�V�N�X�� 

�2�F�H�Q�D���Z�S�á�\�Z�X���G�á�X�J�R���F�L���]�D�V�R�E�Q�L�N�D 

Na rys. 2 i 3 przestawiono przebiegi wtrysku jednego z wtryskiwaczy obliczone dla 
�V�W�D�á�H�M�� ���U�H�G�Q�L�F�\�� �L�� �U�y�*�Q�\�F�K�� �G�á�X�J�R���F�L�� �]�D�V�R�E�Q�L�N�D���� �)�L�R�O�H�W�R�Z���� �S�U�]�H�U�\�Z�D�Q���� �O�L�Q�L���� �S�U�]�H�G�V�W�D�Z�L�R�Q�R��
�Z�\�Q�L�N�L���G�O�D���S�R�G�V�W�D�Z�R�Z�H�M�����]�D�V�W�R�V�R�Z�D�Q�H�M���S�U�]�H�]���S�U�R�G�X�F�H�Q�W�D�����G�á�X�J�R���F�L���]�D�V�R�E�Q�L�N�D���������������P�P�����7�X�W�D�M 
�N���W�� �Z�W�U�\�V�N�X�� �Z�\�Q�R�V�L�� �����ƒ�� �L�� �S�R�]�R�V�W�D�M�H�� �W�D�N�L�� �V�D�P�� �G�O�D�� �Z�V�]�\�V�W�N�L�F�K�� �S�U�]�\�S�D�G�N�y�Z���� �=�P�L�H�Q�L�D�� �V�L�
��
�Q�D�W�R�P�L�D�V�W���N���W���S�R�F�]���W�N�X���Z�W�U�\�V�N�X���L���G�O�D���U�R�]�Z�D�*�D�Q�H�J�R���]�D�N�U�H�V�X���G�á�X�J�R���F�L���]�D�V�R�E�Q�L�N�D���]�D�N�U�H�V���]�P�L�D�Q��
wynosi ���ƒ �2�:�3���� �-�H�V�W�� �G�R���ü�� �L�V�W�R�W�Q�D�� �]�P�L�D�Q�D�� �Z�D�*�Q�H�J�R�� �S�D�U�D�P�H�W�U�X�� �Z�W�U�\�V�N�X���� �N�W�y�U���� �Q�D�O�H�*�\��
uwz�J�O�
�G�Q�L�D�ü�� �S�U�]�\�� �S�U�R�M�H�N�W�R�Z�D�Q�L�X�� �D�O�J�R�U�\�W�P�y�Z�� �V�W�H�U�X�M���F�\�F�K�� �S�U�D�F���� �V�L�O�Q�L�N�D�� Zmiany te przede 
�Z�V�]�\�V�W�N�L�P���Z�\�Q�L�N�D�M�����]�H���V�S�R�V�R�E�X���V�W�H�U�R�Z�D�Q�L�D���Z�W�U�\�V�N�L�Z�D�F�]�H�P���Z���P�R�G�H�O�X�����N�W�y�U�\���X�P�R�*�O�L�Z�L�D���M�H�J�R��
�R�W�Z�D�U�F�L�H���S�U�]�\���]�D�G�D�Q�H�M���Z�D�U�W�R���F�L���F�L���Q�L�H�Q�L�D�� 

�:�U�D�]�� �]�H�� �]�Z�L�
�N�V�]�D�Q�L�H�P�� �G�á�X�J�R���F�L�� �]�D�V�R�E�Q�L�N�D���� ���U�H�G�Q�L�H�� �Z�D�U�W�R���F�L�� �F�L���Q�L�H�Q�L�D�� �Z zasobniku 
�]�P�L�H�Q�L�D�M���� �V�L�
�� �]�D�O�H�G�Z�L�H�� �R�� ���������� ���� �L�� �W�H�� �]�P�L�D�Q�\�� �V���� �S�U�D�N�W�\�F�]�Q�L�H�� �Q�L�H�]�D�X�Z�D�*�D�O�Q�H���� �3�R�G�R�E�Q�L�H��
�Q�L�H�]�Q�D�F�]�Q�\�P���]�P�L�D�Q�R�P���X�O�H�J�D�M�����H�N�V�W�U�H�P�D���Q�D�W�
�*�H�Q�L�D���Z�\�S�á�\�Z�X���S�D�O�L�Z�D���]���U�R�]�S�\�O�D�F�]�D�� 

�1�D�W�R�P�L�D�V�W���]�P�L�H�Q�L�D�M�����V�L�
���U�y�*�Q�L�F�H���P�L�
�G�]�\���P�D�N�V�\�P�D�O�Q�����L �P�L�Q�L�P�D�O�Q�����Z�D�U�W�R���F�L�����F�L���Q�L�H�Q�L�D����
�-�H���O�L���G�O�D���]�D�V�R�E�Q�L�N�D���R �G�á�X�J�R���F�L�����������P�P���U�y�*�Q�L�F�D���Z�\�Q�R�V�L������ �E�D�U�y�Z�����D���G�O�D���������������P�P�������������E�D�U�D�����W�R��
�G�O�D�����������P�P���M�X�*���W�\�O�N�R�������������E�D�U�D����Te zmiany  �Z�S�á�\�Z�D�M�� �Q�D���]�D�F�K�R�Z�D�Q�L�H���V�L�
���S�D�O�L�Z�D w zasobniku.  

 

Rys. 2�����2�E�O�L�F�]�R�Q�H���S�U�]�H�E�L�H�J�L���Z�W�U�\�V�N�X���G�O�D���G�á�X�J�R���F�L���]asobnika 160 mm �y 201,4 mm 



 

Rys. 3�����2�E�O�L�F�]�R�Q�H���S�U�]�H�E�L�H�J�L���Z�W�U�\�V�N�X���G�O�D���G�á�X�J�R���F�L���]�D�V�R�E�Q�L�N�D���������������P�P���y 250 mm 

�3�U�]�H�G�V�W�D�Z�L�R�Q�H�� �]�P�L�D�Q�\�� �S�D�U�D�P�H�W�U�y�Z�� �S�U�R�F�H�V�X�� �Z�W�U�\�V�N�X�� �Z�\�Q�L�N�D�M���� �S�U�]�H�G�H�� �Z�V�]�\�V�W�N�L�P�� �]�H��
�]�Z�L�
�N�V�]�D�Q�L�D�� �R�E�M�
�W�R���F�L�� �U�R�]�Z�D�*�D�Q�H�J�R�� �H�O�H�P�H�Q�W�X���� �3�R�Q�L�H�Z�D�*�� �R�E�O�L�F�]�H�Q�L�D�� �S�U�R�Z�D�G�]�R�Qo przy 
niezmienionych nastawach �V�W�H�U�X�M���F�\�F�K���X�N�á�D�Gem, �]�Z�L�
�N�V�]�H�Q�L�H���R�E�M�
�W�R���F�L skutkuje coraz 
�S�y�(�Q�L�H�M�V�]�\�P�� �R�V�L���J�D�Q�L�H�P�� �Z�\�P�D�J�D�Q�H�J�R�� �S�R�]�L�R�P�X�� �F�L���Q�L�H�Q�L�D�����6�W���G�� �R�S�y�(�Q�L�H�Q�L�D�� �S�R�F�]���W�N�X�� �N���W�D��
wtrysku (rys. 4������ �3�R�Q�L�H�Z�D�*�� �F�]�D�V�� �W�U�Z�D�Q�L�D�� �Z�W�U�\�V�N�X�� �Q�L�H�� �]�P�L�H�Q�L�D�� �V�L�
���� �U�y�Z�Q�L�H�*�� �F�R�U�D�]�� �S�y�(�Qiej 
�Q�D�V�W�
�S�X�M�H�� �N�R�Q�L�H�F�� �Z�W�U�\�V�N�X���� �N�W�y�U�\�� �S�U�]�\�S�D�G�D�� �G�O�D�� �F�R�U�D�]���P�Q�L�H�M�V�]�\�F�K�� �U�y�*�Q�L�F �F�L���Q�L�H�����P�L�
�G�]�\��
�S�R�F�]���W�N�L�H�P���� �D�� �N�R���F�H�P�� �Z�W�U�\�V�N�X (rys. 5). Dlatego odnotowano �Q�L�H�Z�L�H�O�N�L�H���� �E�R�� �Z�\�Q�R�V�]���F�H 
0,7 %, �]�Z�L�
�N�V�]�H�Q�L�H���G�D�Z�N�L���Z�W�U�\�V�N�X�� 

 
Rys. 4�����2�E�O�L�F�]�R�Q�H���Z�D�U�W�R���F�L���G�D�Z�H�N���L���N���W�D���S�R�F�]���W�N�X���Z�W�U�\�V�N�X���G�O�D���U�y�*�Q�\�F�K���G�á�X�J�R���F�L���]�D�V�R�E�Q�L�N�D 



 
Rys. 5�����2�E�O�L�F�]�R�Q�H���]�P�L�D�Q�\���F�L���Q�L�H�Q�L�D���Z���]�D�V�R�E�Q�L�N�X���S�R�G�F�]�D�V���Z�W�U�\�V�N�X���R�U�D�]���N���W�\���S�R�F�]���W�N�X���Z�W�U�\�V�N�X���G�O�D���Z�\�E�U�D�Q�\�F�K��

�G�á�X�J�R���F�L���]�D�V�R�E�Q�L�N�D 

�2�F�H�Q�D���Z�S�á�\�Z�X�����U�H�G�Q�L�F�\���]�D�V�R�E�Q�L�N�D 

�$�Q�D�O�L�]�R�Z�D�Q�H���L���]�D�G�D�Z�D�Q�H���Z�\�*�H�M���]�P�L�D�Q�\���G�á�X�J�R���F�L���]�D�V�R�E�Q�L�N�D���Z�\�V�R�N�L�H�J�R���F�L���Q�L�H�Q�L�D���P�L�D�á�\��
�O�L�Q�L�R�Z�\���F�K�D�U�D�N�W�H�U���L���W�D�N���W�H�*���]�P�L�H�Q�L�D�á�\���V�L�
���S�D�U�D�P�H�W�U�\���Z�W�U�\�V�N�X�����1�L�H�F�R���L�Q�D�F�]�H�M���M�H�V�W�����J�G�\���E�L�H�U�]�H���V�L�
��
�S�R�G�� �X�Z�D�J�
�� �S�U�]�H�E�L�H�J�L�� �R�E�O�L�F�]�R�Q�H�� �G�O�D�� �V�W�D�á�H�M�� �G�á�X�J�R���F�L�� �L �]�P�L�H�Q�L�D�M���F�H�M�� �V�L�
�� ���U�H�G�Q�L�F�\�� �]�D�V�R�E�Q�L�N�D���� �:��
�W�\�F�K�� �U�R�]�Z�D�*�D�Q�L�D�F�K�� �N�L�H�U�X�Q�H�N�� �]�P�L�D�Q�� �M�H�V�W�� �S�R�G�R�E�Q�\���� �M�H�G�Q�D�N�� �]�P�L�D�Q�\�� �R�E�M�
�W�R���F�L�� �V���� �]�Q�D�F�]�Q�H���� �D��
�Q�D�V�W�
�S�X�M���� �Q�L�H�O�L�Q�L�R�Z�R���� �]�J�R�G�Q�L�H�� �] �G�U�X�J���� �S�R�W�
�J���� �]�D�G�D�Z�D�Q�H�M�� ���U�H�G�Q�L�F�\���� �:�� �F�H�O�X�� �S�H�á�Q�L�H�M�V�]�H�J�R��
�]�R�E�U�D�]�R�Z�D�Q�L�D�� �]�P�L�D�Q�� �S�D�U�D�P�H�W�U�y�Z�� �Z�W�U�\�V�N�X�� �S�U�]�\�M�
�W�R�� �V�]�H�U�R�N�L�� �]�D�N�U�H�V�� �]�P�L�D�Q�� ���U�H�G�Q�L�F���� �R�G��
�Q�D�M�P�Q�L�H�M�V�]�H�M�� �R�G�S�R�Z�L�D�G�D�M���F�H�M�� ���U�H�G�Q�L�F�\�� �S�U�]�H�Z�R�G�X�� �Z�W�U�\�V�N�R�Z�H�J�R���� �G�R�� ������ �P�P���� �D�� �Z�L�
�F�� �Z�D�U�W�R���F�L��
�Z�L�
�N�V�]�H�M���R�G���V�W�R�V�R�Z�D�Q�\�F�K���Z���Z�L�
�N�V�]�R���F�L���]�D�V�R�E�Q�L�N�y�Z���V�D�P�R�F�K�R�G�y�Z���R�V�R�E�R�Z�\�F�K�����: odniesieniu 
�G�R���]�P�L�D�Q���G�á�X�J�R���F�L���]�D�V�R�E�Q�L�N�D���Z�L�G�D�ü�����*�H���Z�L�
�N�V�]�D���F�]�
���ü���H�Q�H�U�J�L�L���G�R�V�W�D�U�F�]�R�Q�H�M���G�R���]�D�V�R�E�Q�L�N�D���M�H�V�W��
�]�X�*�\�Z�D�Q�D�� �Z�� �S�U�R�F�H�V�L�H�� ���F�L�V�N�D�Q�L�D�� �F�L�H�F�]�\�����=�Z�L�
�N�V�]�R�Q�D�� �L�O�R���ü�� �S�D�O�L�Z�D�� �Z�� �]�D�V�R�E�Q�L�N�X�� �S�U�]�H�M�P�X�M���F��
�F�]�
���ü�� �G�R�V�W�D�U�F�]�R�Q�H�M�� �H�Q�H�U�J�L�L���� �S�R�Z�R�G�X�M�H�� �]�Q�D�F�]���F�H�� �R�S�y�(�Q�L�H�Q�L�H�� �S�R�F�]���W�N�X�� �Z�W�U�\�V�N�X�� �Z�\�Q�R�V�]���F�H�� �D�*��
�����ƒ�� ���U�\�V����6, �D�� �W�D�N�*�H�� �U�\�V����8), �S�U�]�\�� �Q�L�H�]�P�L�H�Q�Q�\�F�K�� �Z�D�U�W�R���F�L�D�F�K�� �N���W�D�� �Z�W�U�\�V�N�X�� �Z�\�Q�R�V�]���F�\�F�K�� �����ƒ�� 
�-�H�G�Q�D�N���L���Z���W�\�P���S�U�]�\�S�D�G�N�X���L�V�W�R�W�Q�����U�R�O�
���R�G�J�U�\�Z�D���V�S�R�V�y�E���V�W�H�U�R�Z�D�Q�L�D���R�W�Z�D�U�F�L�H�P���Z�W�U�\�V�N�L�Z�D�F�]�D�� 
���U�H�G�Q�L�H�� �Z�D�U�W�R���F�L�� �F�L���Q�L�H�Q�L�D�� �Z�� �]�D�V�R�E�Q�L�N�X�� �]�P�L�H�Q�L�D�M���� �V�L�
�� �R�� ������ ���� �L�� �Q�L�H�� �R�G�G�D�M���� �]�P�L�D�Q��
�Q�D�V�W�
�S�X�M���F�\�F�K�� �Z�� �]�D�V�R�E�Q�L�N�X�� �S�R�G�F�]�D�V�� �S�U�R�F�H�V�X�� �Z�W�U�\�V�N�X�� �S�D�O�L�Z�D���� �]�Z�á�D�V�]�F�]�D�� �G�O�D�� �Q�D�M�P�Q�L�H�M�V�]�\�F�K��
���U�H�G�Q�L�F�����J�G�]�L�H���P�D�M�����P�L�H�M�V�F�H���G�X�*�H���]�P�L�D�Q�\���F�L���Q�L�Hnia (rys. 7). �6�W���G���Z�L�
�N�V�]�H���]�P�L�D�Q�\���G�D�Z�N�L���L���N���W�D��
�S�R�F�]���W�N�X���Z�W�U�\�V�N�X�� Wraz ze �]�Z�L�
�N�V�]�D�Q�L�H�P ���U�H�G�Q�L�Fy �]�D�V�R�E�Q�L�N�D���M�H�G�Q�D�N���Q�L�H�� �Q�D�V�W�
�S�X�M�H���]�Q�D�F�]���F�H��
�]�U�y�*�Q�L�F�R�Z�D�Q�L�H���Q�D�W�
�*�H�����Z�\�S�á�\�Z�X���S�D�O�L�Z�D���] rozpylacza (rys. 6�������0�R�*�Q�D���M�H���]�D�X�Z�D�*�\�ü���M�H�G�\�Q�L�H���G�O�D��
�Q�D�M�P�Q�L�H�M�V�]�\�F�K�����U�H�G�Q�L�F���]�D�V�R�E�Q�L�N�D�����D���Z�L�
�F���W�D�P�����J�G�]�L�H���P�D�M�����P�L�H�M�V�F�H���Q�D�M�Z�L�
�N�V�]�H���V�S�D�G�N�L���F�L���Q�L�H�Q�L�D����
Forma wtrysku nie ulega zmianom. �5�y�*�Q�L�F�H�� �F�L���Q�L�H���� ���U�\�V���� ���� �Z�S�á�\�Z�D�M���� �Q�D�� �]�P�L�D�Q�
���L�O�R���F�L��
podawanego paliwa. 



 
Rys. 6�����2�E�O�L�F�]�R�Q�H���S�U�]�H�E�L�H�J�L���Z�W�U�\�V�N�X���G�O�D���U�y�*�Q�\�F�K�����U�H�G�Q�L�F���]�D�V�R�E�Q�L�N�D 

 
Rys. 7. Obliczo�Q�H���S�U�]�H�E�L�H�J�L���F�L���Q�L�H�Q�L�D���G�O�D���U�y�*�Q�\�F�K�����U�H�G�Q�L�F���]�D�V�R�E�Q�L�N�D 

�3�U�]�\�� �G�X�*�\�F�K�� �V�S�D�G�N�D�F�K �F�L���Q�L�H�Q�L�D���� �F�]�
���ü�� �S�U�R�F�H�V�X�� �M�H�V�W�� �U�H�D�O�L�]�R�Z�D�Q�D�� �S�U�]�\�� �Q�L�V�N�L�F�K�� �Z�D�U�W�R���F�L�D�F�K��
�F�L���Q�L�H�Q�L�D���� �V�W���G�� �P�Q�L�H�M�V�]�D�� �L�O�R���ü�� �S�D�O�L�Z�D�� ���U�\�V����8������ �:�� �F�D�á�\�P�� �U�R�]�Z�D�*�D�Q�\�P�� �]�D�N�U�H�V�L�H�� �]�P�L�D�Q�� ���U�H�G�Q�L�F��
�G�D�Z�N�D���Z�]�U�R�V�á�D���]�Q�D�F�]���F�R�����Eo o 11,8 %. 



 
Rys. 8�����2�E�O�L�F�]�R�Q�H���Z�D�U�W�R���F�L���G�D�Z�H�N���L���N���W�D���S�R�F�]���W�N�X���Z�W�U�\�V�N�X���G�O�D���U�y�*�Q�\�F�K�����U�H�G�Q�L�F���]�D�V�R�E�Q�L�N�D 

�3�U�]�H�G�V�W�D�Z�L�R�Q�H�� �Z�\�*�H�M�� �Z�\�Q�L�N�L�� �P�R�G�H�O�R�Z�\�F�K�� �D�Q�D�O�L�]�� �Q�L�H�� �Z�\�F�]�H�U�S�X�M���� �F�D�á�R���F�L�� �]�D�J�D�G�Q�L�H�Q�L�D����
Wykonano dodatkowe obliczenia���� �N�W�y�U�\�F�K�� �Z�\�Q�L�N�L�� �X�Z�]�J�O�
�G�Q�L�R�Q�R�� �Z �M�D�N�R���F�L�R�Z�H�M�� �Rcenie 
�Z�S�á�\�Z�X��omawianych �S�D�U�D�P�H�W�U�y�Z�� �S�U�D�F�\�� �]�D�V�R�E�Q�L�N�R�Z�H�J�R�� �X�N�á�D�G�X�� �Z�W�U�\�V�N�R�Z�H�J�R�� �Q�D�� �S�U�R�F�H�V��
wtrysku (tab. 1).  

�7�D�E�H�O�D���������2�F�H�Q�D���M�D�N�R���F�L�R�Z�D���E�D�G�D�Q�\�F�K���S�D�U�D�P�H�W�U�y�Z 

Parametr �]�D�N�U�H�V���Z�D�U�W�R���F�L 
�Z�S�á�\�Z���E�D�G�D�Q�H�J�R���S�D�U�D�P�H�W�U�X���Q�D�� 

�G�D�Z�N�
���S�D�O�L�Z�D��
[mg] 

�N���W���W�U�Z�D�Q�L�D��
�Z�W�U�\�V�N�X���>�ƒ�@ 
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czas przerwy �����������V�·�����������V + + + + - - 

�F�]�D�V���R�S�y�(�Q�L�H�Q�L�D���Z�W�U�\�V�N�X �����������V�·�����������V + + + + + + - - 
�G�á�X�J�R���ü���]�D�V�R�E�Q�L�N�D��
(proporcjonalnie 

zmieniany rozstaw 
�N�U�y�ü�F�y�Z���� 

���������P�P�·���������P�P + - - - + 

���U�H�G�Q�L�F�D���]�D�V�R�E�Q�L�N�D �����P�P�·�������P�P + + + - - + + + 
Legenda:    

 
+ + + �Z�S�á�\�Z���]�G�H�F�\�G�R�Z�D�Q�\ 

 + �Z�S�á�\�Z���L�V�W�R�W�Q�\ 

 + - �Z�S�á�\�Z���Q�L�H�]�Q�D�F�]�Q�\ 

 - - �E�U�D�N���Z�S�á�\�Z�X 
 
Wspomniane �Z�\�*�H�M���U�y�*�Q�L�F�H��maksymalnych i minimalnych �F�L���Q�L�H����w zasobniku 

przedstawiono na rys. 9. �5�y�*�Q�L�F�H�� �G�O�D�� �U�y�*�Q�\�F�K�� �G�á�X�J�R���F�L�� �]�D�]�Q�D�F�]�R�Q�R�� �F�]�D�U�Q�\�P�� �N�R�O�R�U�H�P�� �L 
�S�R�U�y�Z�Q�D�Q�R��z �U�y�*�Q�L�F�D�P�L�� �Z�\�]�Q�D�F�]�R�Q�\�P�L�� �S�U�]�\�� �]�P�L�D�Q�D�F�K�� �G�á�X�J�R���F�L�� �]�D�V�R�E�Q�L�N�D�� ���O�L�Q�La niebieska). 
�:�L�G�D�ü�����*�H���Z���P�L�D�U�
���]�Z�L�
�N�V�]�D�Q�L�D �G�á�X�J�R���F�L���L�����U�H�G�Q�L�F�\��zasobnika �]�P�Q�L�H�M�V�]�D�M�����V�L�
���U�y�*�Q�L�F�H���F�L���Q�L�H����
�E�
�G���F�H���V�N�X�W�N�L�H�P���S�U�R�F�H�V�X���Z�W�U�\�V�N�X�����S�U�]�\���F�]�\�P���Z�S�á�\�Z���]�P�L�D�Q�����U�H�G�Q�L�F�\���]�D�V�R�E�Q�L�N�D���M�H�V�W���]�Q�D�F�]���F�R 
�Z�L�
�N�V�]�\��  

�-�H���O�L���S�U�]�\�M���ü�����*�H���P�L�D�U�����E�
�G���F�H�M���G�R���G�\�V�S�R�]�\�F�M�L���H�Q�H�U�J�L�L���S�D�O�L�Z�D���S�U�]�H�G���Z�W�U�\�V�N�L�H�P���M�H�V�W���S�R�O�H��
�S�R�G���N�U�]�\�Z�����F�L���Q�L�H�Q�L�D���Z���]�D�V�R�E�Q�L�N�X�����W�R���W�D���Z�L�H�O�N�R���ü���G�O�D���U�y�*�Q�\�F�K���G�á�X�J�R���F�L���]�D�V�R�E�Q�L�N�D���]�P�L�H�Q�L�D���V�L�
��
�Z�� �V�W�R�S�Q�L�X�� �U�y�Z�Q�\�P�� ���U�H�G�Q�L�P�� �Z�D�U�W�R���F�L�R�P�� �F�L���Q�L�H�Q�L�D���� �F�]�\�O�L�� �Q�L�H�Z�L�H�O�H�� ���U�\�V���� ������ �F�]�H�U�Z�R�Q�D���� �F�L���J�á�D��



linia). Na tym samym rysunku zestawiono zmiany energii paliwa w zasobniku (linie 
�F�]�H�U�Z�R�Q�H�J�R�� �N�R�O�R�U�X������ �2�� �L�O�H�� �Z�� �U�R�]�Z�D�*�D�Q�\�P�� �]�D�N�U�H�V�L�H�� �]�P�L�D�Q�� �G�á�X�J�R���F�L�� �Q�L�H�� �Q�D�V�W�
�S�X�M���� �L�V�W�R�W�Q�H��
�]�P�L�D�Q�\�� �W�H�M�� �Z�L�H�O�N�R���F�L���� �W�R�� �G�O�D�� �]�P�L�D�Q�� ���U�H�G�Q�L�F�� �M�H�V�W���]�X�S�H�á�Q�L�H�� �L�Q�D�F�]�H�M (rys. 9, czerwona, kreskowa 
linia). �3�U�]�H�E�L�H�J�� �R�V�L���J�D�� �P�D�N�V�L�P�X�P�� �Z�\�V�W�
�S�X�M�H�� �G�O�D�� �]�D�V�R�E�Q�L�N�D�� �R�� ���U�H�G�Q�L�F�\�� ������ �P�P�� �L �G�á�X�J�R���F�L��
201,4 �P�P�����'�O�D���W�D�N�L�H�M���N�R�Q�I�L�J�X�U�D�F�M�L���Z�\�P�L�D�U�y�Z���H�Q�H�U�J�L�D���S�D�O�L�Z�D���S�U�]�H�G���Z�W�U�\�V�N�L�H�P���M�H�V�W���Q�D�M�Z�L�
�N�V�]�D��
�L�� �P�R�*�H�� �E�\�ü�� �Z�á�D���F�L�Z�L�H�� �Z�\�N�R�U�]�\�V�W�D�Q�D�� �G�R�� �S�U�]�\�J�R�W�R�Z�D�Q�L�D�� �P�L�H�V�]�D�Q�L�Q�\�� �S�D�O�Q�H�M���� �3�R�G�D�Q�H�� �Z�D�U�W�R���F�L��
�M�D�N�R�� �R�S�W�\�P�D�O�Q�H�� �S�U�]�\�M���á�� �S�U�R�G�X�F�H�Q�W�� �D�Q�D�O�L�]�R�Z�D�Q�H�J�R�� �X�N�á�D�G�X�� �]�D�V�L�O�D�Q�L�D�� �L�� �V�W�R�V�R�Z�D�á�� �Z�� �]�D�V�R�E�Q�L�N�D�F�K��
�G�R���V�L�O�Q�L�N�y�Z���R �S�R�M�H�P�Q�R���F�L���V�N�R�N�R�Z�H�M�������������F�P3. 

 
Rys. 9�����2�E�O�L�F�]�R�Q�H���U�y�*�Q�L�F�H���F�L���Q�L�H�����L���]�P�L�D�Q�\���H�Q�H�U�J�L�L���G�O�D���U�y�*�Q�\�F�K���Z�\�P�L�D�U�y�Z���]�D�V�R�E�Q�L�N�D 

�1�D�O�H�*�\���M�H�G�Q�D�N���S�R�G�N�U�H���O�L�ü�����*�H���]�D�V�R�E�Q�L�N���]�R�V�W�D�á���]�D�P�R�G�H�O�R�Z�D�Q�\���Z���V�S�R�V�y�E���X�S�U�R�V�]�F�]�R�Q�\�����E�H�]��
�X�Z�]�J�O�
�G�Q�L�D�Q�L�D���]�M�D�Z�L�V�N���I�D�O�R�Z�\�F�K���� �:�� �U�]�H�F�]�\�Z�L�V�W�\�P���]�D�V�R�E�Q�L�N�X���S�D�O�L�Z�R���S�R�G�O�H�J�D���S�U�D�Z�R�P���U�X�F�K�X��
�I�D�O�R�Z�H�J�R�� �L�� �S�R�Z�V�W�D�M���� �O�R�N�D�O�Q�H�� �S�U�]�H�V�W�U�]�H�Q�L�H�� �R�� �F�L���Q�L�H�Q�L�X�� �Z�\�*�V�]�\�P�� �O�X�E�� �Q�L�*�V�]�\�P�� �Z�� �V�W�R�V�X�Q�N�X�� �G�R��
zadanego, �D�� �W�H�� �P�R�J���� �Z�� �]�Q�D�F�]�Q�\�P�� �V�W�R�S�Q�L�X�� �Z�S�á�\�Z�D�ü�� �Q�D�� �S�U�R�F�H�V�� �G�D�Z�N�R�Z�D�Q�L�D���� �3�R�� �L�F�K��
�X�Z�]�J�O�
�G�Q�L�H�Q�L�X���P�R�*�H���X�O�H�F���]�P�L�D�Q�L�H���R�F�H�Q�D���L�O�R���F�L�R�Z�D���S�U�]�H�G�V�W�D�Z�L�R�Q�\�F�K���]�D�O�H�*�Q�R���F�L���� 

6. Podsumowanie 

�3�U�R�F�H�V���P�R�G�H�O�R�Z�D�Q�L�D���R�G�J�U�\�Z�D���]�Q�D�F�]���F�����U�R�O�
���S�U�]�\���S�U�R�M�H�N�W�R�Z�D�Q�L�X���L���G�R�E�R�U�]�H���F�]�
���F�L���P�D�V�]�\�Q����
Pozwala w d�X�*�\�P�� �V�W�R�S�Q�L�X�� �V�N�U�y�F�L�ü�� �F�]�D�V�� �Z�G�U�R�*�H�Q�L�D�� �S�U�R�M�H�N�W�R�Z�D�Q�H�J�R�� �X�N�á�D�G�X���� �M�D�N�� �U�y�Z�Q�L�H�*�� �Q�D��
�M�H�J�R�� �G�R�V�W�R�V�R�Z�D�Q�L�H�� �G�R�� �]�D�E�X�G�R�Z�\�� �U�y�Z�Q�R�O�H�J�O�H�� �]�� �S�U�R�F�H�V�H�P�� �S�U�R�M�H�N�W�R�Z�D�Q�L�D���� �$�E�\�� �P�R�G�H�O��
�P�D�W�H�P�D�W�\�F�]�Q�\�� �M�D�N�� �Q�D�M�O�H�S�L�H�M�� �R�G�]�Z�L�H�U�F�L�H�G�O�D�á�� �U�]�H�F�]�\�Z�L�V�W�H�� �]�M�D�Z�L�V�N�D���� �Q�D�O�H�*�\�� �V�S�R�U�]���G�]�L�ü��
�S�U�D�Z�L�G�á�R�Z�\�� �P�R�G�H�O�� �I�L�]�\�F�]�Q�\�� �E�D�G�D�Q�H�J�R�� �X�N�á�D�G�X���� �2�F�]�\�Z�L�V�W�\�P�� �M�H�V�W���� �*�H�� �V�W�R�S�L�H���� �X�S�U�R�V�]�F�]�H�Q�L�D��
�P�R�G�H�O�R�Z�D�Q�H�J�R�� �V�\�V�W�H�P�X�� �E�
�G�]�L�H�� �R�G�G�]�L�D�á�\�Z�D�á�� �Q�D�� �G�R�N�á�D�G�Q�R���ü�� �Z�\�Q�L�N�y�Z�� �R�E�O�L�F�]�H������ �O�H�F�]�� �Z�� �Z�L�H�O�X��
�S�U�]�\�S�D�G�N�D�F�K�� �V�W�R�V�R�Z�D�Q�L�H�� �X�S�U�R�V�]�F�]�H���� �M�H�V�W�� �N�R�Q�L�H�F�]�Q�H���� �]�� �X�Z�D�J�L�� �Q�D�� �N�R�P�S�O�L�N�D�F�M�
�� �P�R�G�H�O�X��
�P�D�W�H�P�D�W�\�F�]�Q�H�J�R�����]�Z�L�
�N�V�]�H�Q�L�H���F�]�D�V�y�Z���R�E�O�L�F�]�H�������D���Z�L�
�F���R�E�Q�L�*�H�Q�L�H���Z�\�G�D�M�Q�R���F�L���S�U�R�J�U�D�P�X��  

Opracowany �P�R�G�H�O�� �S�U�R�F�H�V�X�� �Z�W�U�\�V�N�X���� �G�R�W�\�F�]���Fy powszechnie stosowanego systemu 
�Z�W�U�\�V�N�X�� �S�D�O�L�Z�D�� �Z�� �V�L�O�Q�L�N�D�F�K�� �R�� �]�D�S�á�R�Q�L�H�� �V�D�P�R�F�]�\�Q�Q�\�P�� �W�\�S�X�� �&�R�P�P�R�Q�� �5�D�L�O���� �S�R�]�Z�R�O�L�á�� �Q�D��



�R�N�U�H���O�H�Q�L�H�� �]�D�O�H�*�Q�R���F�L�� �]�D�F�K�R�G�]���F�\�F�K�� �P�L�
�G�]�\�� �S�D�U�D�P�H�W�U�D�P�L�� �E�D�G�D�Q�H�J�R�� �X�N�á�D�G�X���� �6�S�R���U�y�G��
�R�W�U�]�\�P�D�Q�\�F�K�� �Z�\�Q�L�N�y�Z�� �E�D�G�D������ �P�R�*�Q�D�� �Z�\�R�G�U�
�E�Q�L�ü�� �F�]�\�Q�Q�L�N�L�� �P�D�M���F�H�� �Q�D�M�Z�L�
�N�V�]�\�� �Z�S�á�\�Z�� �Q�D��
�G�D�Z�N�
�� �S�D�O�L�Z�D���� �S�U�]�H�E�L�H�J�� �Z�W�U�\�V�N�X���� �N���W�� �S�R�F�]���W�N�X�� �R�U�D�]�� �W�U�Z�D�Q�L�D�� �Z�W�U�\�V�N�X���� �:�S�á�\�Z�� �D�Q�D�O�L�]�R�Z�D�Q�\�F�K��
�Z�L�H�O�N�R���F�L���Q�D���S�D�U�D�P�H�W�U�\���Z�W�U�\�V�N�X���E�\�á���U�y�*�Q�\�����F�R���P�R�*�Q�D���S�R�G�V�X�P�R�Z�D�ü���M�D�N���Q�L�*�H�M�� 
�x �3�U�]�H�E�L�H�J�� �F�L���Q�L�H�Q�L�D���� �P�D�� �]�Q�D�F�]���F�\�� �Z�S�á�\�Z�� �Q�D�� �F�D�á�\�� �S�U�R�F�H�V�� �Z�W�U�\�V�N�X�� �R�U�D�]�� �G�D�Z�N�
�� �S�D�O�L�Z�D����

�=�Z�L�
�N�V�]�H�Q�L�H�� �F�L���Q�L�H�Q�L�D�� �Z�� �]�D�V�R�E�Q�L�N�X�� �S�R�Z�R�G�X�M�H�� �]�P�L�D�Q�
�� �Q�D�W�
�*�H�Q�L�D�� �Z�\�S�á�\�Z�X�� �S�D�O�L�Z�D�� �]��
�U�R�]�S�\�O�D�F�]�D�����F�R���S�U�]�H�N�á�D�G�D���V�L�
���Q�D���Z�]�U�R�V�W���Z�\�G�D�W�N�X���S�D�O�L�Z�D���� 

�x �3�U�]�\���]�D�á�R�*�R�Q�H�M���G�á�X�J�R���F�L�����Z �]�D�N�U�H�V�L�H���U�R�]�Z�D�*�D�Q�\�F�K���Z�D�U�W�R���F�L�������U�H�G�Q�L�F�D���]�D�V�R�E�Q�L�N�D���P�D���L�V�W�R�W�Q�\��
�Z�S�á�\�Z���Q�D���N���W���S�R�F�]���W�N�X���Z�W�U�\�V�N�X�����-�H�M���U�R�V�Q���F�D���Z�D�U�W�R���ü���S�R�Z�R�G�X�M�H���]�Z�L�
�N�V�]�H�Q�L�H���N���W�D���S�R�F�]���W�N�X��
�R�U�D�]���]�P�Q�L�H�M�V�]�H�Q�L�H���L�O�R���F�L���G�D�Z�N�R�Z�D�Q�H�J�R���S�D�O�L�Z�D�����:�\�Q�L�N�D���W�R���]���R�E�M�
�W�R���F�L���L�����F�L���O�L�Z�R���F�L���S�D�O�L�Z�D����
�S�R�Q�L�H�Z�D�*�� �Z�L�
�N�V�]�D�� �R�E�M�
�W�R���ü�� �S�R�Z�R�G�X�M�H�� �Z�\�G�á�X�*�H�Q�L�H�� �U�H�D�N�F�M�L�� �Q�D�� �V�\�J�Q�D�á�� �Z�\�P�X�V�]�D�M���F�\�� �M�D�N�L�P��
�M�H�V�W���F�L���Q�L�H�Q�L�H���S�D�O�L�Z�D���Z���]�D�V�R�E�Q�L�N�X�� 

�x �=�P�L�H�Q�Q�D�� �G�á�X�J�R���ü�� �]�D�V�R�E�Q�L�N�D�� �S�U�]�\�� �V�W�D�á�H�M�� �M�H�J�R�� ���U�H�G�Q�L�F�\�� �P�D�� �Q�L�H�]�Q�D�F�]�Q�\�� �Z�S�á�\�Z�� �Q�D�� �N���W��
�S�R�F�]���W�N�X�� �Z�W�U�\�V�N�X���� �:�L�
�N�V�]�D�� �G�á�X�J�R���F�L�� �]�D�V�R�E�Q�L�N�D�� �]�Z�L�
�N�V�]�D�� �N���W�� �S�R�F�]���W�N�X�� �Z�W�U�\�V�N�X���� �O�H�Fz w 
�P�Q�L�H�M�V�]�\�P�� �V�W�R�S�Q�L�X�� �Q�L�*�� �]�P�L�D�Q�D�� ���U�H�G�Q�L�F�\���� �:�\�Q�L�N�D�� �W�R�� �] �P�Q�L�H�M�V�]�H�J�R�� �S�U�]�\�U�R�V�W�X�� �R�E�M�
�W�R���F�L��
�S�D�O�L�Z�D�����:�L�H�O�N�R���ü���W�D���Q�L�H���Z�S�á�\�Z�D���]�D�U�D�]�H�P���Q�D���N���W���W�U�Z�D�Q�L�D���Z�W�U�\�V�N�X�� 

�x �=�P�L�D�Q�D�� ���U�H�G�Q�L�F�\�� �L�� �G�á�X�J�R���F�L�� �]�D�V�R�E�Q�L�N�D�� �S�U�]�\�� �M�H�J�R�� �V�W�D�á�H�M�� �R�E�M�
�W�R���F�L�� �Q�L�H�� �P�D�� �Z�S�á�\�Z�X�� �Q�D��
analizowane parametry wtrysku. 
�%�L�R�U���F���S�R�G���X�Z�D�J�
���X�]�\�V�N�D�Q�H���Z�\�Q�L�N�L���V�\�P�X�O�D�F�M�L�����D���W�D�N�*�H���U�y�*�Q�L�F�H���P�L�
�G�]�\���U�H�]�X�O�W�D�W�D�P�L���R�E�O�L�F�]�H����

�R�U�D�]�� �Z�D�U�W�R���F�L�D�P�L�� �]�P�L�H�U�]�R�Q�\�P�L�� �Q�D�� �V�W�D�Q�R�Z�L�V�N�X�� �S�U�R�E�L�H�U�F�]�\�P���� �V�W�Z�L�H�U�G�]�D�� �V�L�
�� �G�X�*���� �]�J�R�G�Q�R���ü��
�S�R�U�y�Z�Q�\�Z�D�Q�\�F�K�� �Z�L�H�O�N�R���F�L���� �-�H�G�Q�D�N�� �M�D�N�� �]�D�Z�V�]�H�� �Z�\�V�W�
�S�X�M���� �U�R�]�E�L�H�*�Q�R���F�L�� �P�L�
�G�]�\�� �X�N�á�D�G�Hm 
rzeczywistym oraz modelem. Ich �Z�D�U�W�R���ü �S�R�]�Z�D�O�D���R�F�H�Q�L�ü���M�D�N�R���ü���P�R�G�H�O�X���R�U�D�]���M�H�J�R���S�R�G�D�W�Q�R���ü��
�Q�D�� �]�P�L�D�Q�\�� �]�D�G�D�Z�D�Q�\�F�K�� �Z�L�H�O�N�R���F�L���� �0�L�P�R�� �S�H�Z�Q�H�J�R�� �V�N�R�P�S�O�L�N�R�Z�D�Q�L�D�� �D�O�J�R�U�\�W�P�y�Z�� �R�U�D�]�� �G�X�*�H�M��
�L�O�R���F�L�� �P�R�*�O�L�Z�\�F�K�� �G�R�� �]�P�L�D�Q�\�� �S�D�U�D�P�H�W�U�y�Z�� �M�H�V�W�� �R�Q�� �V�W�R�V�X�Q�N�R�Z�R�� �G�R�E�U�]�H�� �S�U�]�H�Z�L�G�\�Z�D�O�Q�\�� �S�R�G��
�N���W�H�P�� �J�H�Q�H�U�R�Z�D�Q�\�F�K�� �Z�\�Q�L�N�y�Z���� �&�H�F�K�D�� �W�D�� �S�R�]�Z�D�O�D�� �Q�D�� �V�]�\�E�N�L�H�� �Z�\�N�R�Q�\�Z�D�Q�L�H�� �P�R�G�H�O�R�Z�\�F�K��
�E�D�G�D���� �R�U�D�]�� �G�R�E�y�U�� �W�D�N�L�F�K���Z�D�U�W�R���F�L���S�D�U�D�P�H�W�U�y�Z�� �S�R�F�]���W�N�R�Z�\�F�K���� �N�W�y�U�H�� �X�P�R�*�O�L�Z�L�D�M���� �X�]�\�V�N�D�Q�L�H��
�*���G�D�Q�H�J�R�� �S�U�]�H�E�L�H�J�X�� �S�U�R�F�H�V�X�� �Z�W�U�\�V�N�X�� �L�� �G�D�Z�N�R�Z�D�Q�L�D�� �S�D�O�L�Z�D���� �.�R�P�S�X�W�H�U�R�Zy program 
obliczeniowy, opracowany w oparciu o przedstawiony fizyczny �P�R�G�H�O���� �P�R�*�Q�D��
�]�D�N�Z�D�O�L�I�L�N�R�Z�D�ü�� �M�D�N�R�� �G�R�E�U�]�H�� �R�G�]�Z�L�H�U�F�L�H�G�O�D�M���Fy �E�D�G�D�Q�H�� �S�D�U�D�P�H�W�U�\�� �X�N�á�D�G�X�� �Z�W�U�\�V�N�R�Z�H�J�R���� �� �=��
�X�Z�D�J�L�� �Q�D�� �S�U�]�\�M�
�W�H�� �Q�L�H�N�W�y�U�H�� �X�S�U�R�V�]�F�]�H�Q�L�D�� �Z�� �P�R�G�H�O�X�� �P�D�W�H�P�D�W�\�F�]�Q�\�P���� �Z�\�V�W�
�S�X�M���� �U�y�*�Q�L�F�H�� �Z��
�Z�\�Q�L�N�D�F�K�� �R�E�O�L�F�]�H���� �L�� �S�R�P�L�D�U�y�Z���� �O�H�F�]�� �Q�L�H�� �]�P�L�H�Q�L�D�M���� �Z�\�Q�L�N�y�Z�� �Z�� �]�Q�D�F�]���F�\�P�� �V�W�R�S�Q�L�X����
�1�L�H�Z���W�S�O�L�Z���� �Q�L�H�G�R�V�N�R�Q�D�á�R���F�L���� �M�H�V�W�� �R�J�U�D�Q�L�F�]�R�Q�\�� �S�R�G�]�L�D�á�� �G�D�Z�N�L�� �S�D�O�L�Z�D�� �� �Q�D�� �F�]�
���F�L���� �: obecnej 
wersji programu �P�R�*�Q�D�� �G�R�N�R�Q�D�ü�� �M�H�G�\�Q�L�H�� �G�Z�X�F�]�
���F�L�R�Z�H�J�R�� �S�R�G�]�L�D�á�X���� �:�� �W�R�N�X�� �G�D�O�V�]�\�F�K�� �S�U�D�F��
�Q�D�O�H�*�\���G�R�V�W�R�V�R�Z�D�ü���S�U�R�J�U�D�P���L���P�R�G�H�O���G�R �D�N�W�X�D�O�Q�\�F�K���Z�\�P�R�J�y�Z���L���S�U�]�\���Z�\�N�R�U�]�\�V�W�D�Q�L�X���Z�\�Q�L�N�y�Z��
�S�U�D�F���G�R���Z�L�D�G�F�]�D�O�Q�\�F�K���R�S�U�D�F�R�Z�D�ü���P�R�G�H�O�H���H�P�S�L�U�\�F�]�Q�R-�R�E�O�L�F�]�H�Q�L�R�Z�H�����X�Z�]�J�O�
�G�Q�L�D�M���F�H���]�D�U�y�Z�Q�R��
�P�R�*�O�L�Z�R���ü���S�R�G�]�L�D�á�X���Q�D���Z�L�
�N�V�]�����O�L�F�]�E�
���F�]�
���F�L�����M�D�N���L���Z�L�
�N�V�]�����O�L�F�]�E�
���S�D�U�D�P�H�W�U�y�Z���V�W�H�U�X�M���F�\�F�K���� 
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�S�R�M�D�]�G�y�Z���V�]�\�Q�R�Z�\�F�K 

 

�6�á�R�Z�D���N�O�X�F�]�H�����F�]�D�V���G�R���X�V�]�N�R�G�]�H�Q�L�D�����H�V�W�\�P�D�F�M�D���U�R�]�N�á�D�G�X���S�U�D�Z�G�R�S�R�G�R�E�L�H���V�W�Z�D�����Q�L�H�]�D�Z�R�G�Q�R���ü��
�S�R�M�D�]�G�y�Z���V�]�\�Q�R�Z�\�F�K 
 
Streszczenie: �:�� �S�U�D�F�\�� �S�U�]�H�G�V�W�D�Z�L�R�Q�R�� �]�D�J�U�H�J�R�Z�D�Q���� �P�H�W�R�G�
�� �G�R�Eoru dystrybuant hipotetycznych do 
dystrybuanty empirycznej. �0�H�W�R�G�D�� �P�L�D�á�D�� �Q�D�� �F�H�O�X�� �L�G�H�Q�W�\�I�L�N�D�F�M�
�� �F�]�D�V�X�� �Q�L�H�]�D�Z�R�G�Q�H�M�� �S�U�D�F�\ odnawialnego 
obiektu technicznego poprzez zastosowanie trzech �N�U�\�W�H�U�L�y�Z���� �Z�� �N�W�y�U�\�F�K�� �X�*�\�W�R�� �Q�D�V�W�
�S�X�M���F�\�F�K�� �V�W�D�W�\�V�W�\�N: 
zmodyfikowanej statystyki �.�R�á�P�R�J�R�U�R�Z�D-Smirnowa (MK-S), statystyki ���U�H�G�Q�L�H�J�R�� �R�G�F�K�\�O�H�Q�L�D��
�E�H�]�Z�]�J�O�
�G�Q�H�J�R�� �G�\�V�W�U�\�E�X�D�Q�W�\�� �K�L�S�R�W�H�W�\�F�]�Q�H�M�� �R�G�� �H�P�S�L�U�\�F�]�Q�H�M�� �R�U�D�]��statystyki obliczanej na podstawie 
zlogarytmowa�Q�H�M�� �I�X�Q�N�F�M�L�� �Z�L�D�U�\�J�R�G�Q�R���F�L�����:�D�U�W�R���F�L���W�\�F�K�� �V�W�D�W�\�V�W�\�N�� �S�R�V�á�X�*�\�á�\ do rangowania jedenastu 
�U�R�]�N�á�D�G�y�Z�� �S�U�D�Z�G�R�S�R�G�R�E�L�H���V�W�Z�D�����'�D�Q�H�� �G�O�D�� �N�W�y�U�\�F�K�� �G�R�N�R�Q�D�Q�R�� �R�E�O�L�F�]�H���� �G�R�W�\�F�]�\�á�\�� �X�V�]�N�R�G�]�H���� �]�D�P�N�D�� �N�D�E�L�Q�\��
�P�R�W�R�U�Q�L�F�]�H�J�R�� �M�D�N�L�H�� �R�G�Q�R�W�R�Z�D�Q�R�� �Z�� �F�L���J�X�� �S�L�
�F�L�X�� �O�D�W�� �X�*�\�W�N�R�Z�D�Q�L�D�� �I�O�R�W�\�� ������ �W�U�D�P�Z�D�M�y�Z����Przed obliczeniem 
�V�W�D�W�\�V�W�\�N�� �Z�\�]�Q�D�F�]�R�Q�R�� �G�\�V�W�U�\�E�X�D�Q�W�
�� �H�P�S�L�U�\�F�]�Q���� �E�D�G�D�Q�Hgo elementu przy pomocy estymatora Kaplana-
�0�H�L�H�U�D�����D���Q�D�V�W�
�S�Q�L�H���S�U�]�\���X�*�\�F�L�X���P�H�W�R�G�\���Q�D�M�Z�L�
�N�V�]�H�M���Z�L�D�U�\�J�R�G�Q�R���F�L���R�V�]�D�F�R�Z�D�Q�R���S�D�U�D�P�H�W�U�\���X�Z�]�J�O�
�G�Q�L�R�Q�\�F�K��
�Z�� �E�D�G�D�Q�L�D�F�K�� �U�R�]�N�á�D�G�y�Z�� �K�L�S�R�W�H�W�\�F�]�Q�\�F�K�� �3�R�� �Z�\�]�Q�D�F�]�D�Q�L�X�� �S�D�U�D�P�H�W�U�y�Z�� �Q�D�V�W���S�L�á�R�� �U�D�Q�J�R�Z�D�Q�L�H�� �U�R�]�N�á�D�G�y�Z��
�K�L�S�R�W�H�W�\�F�]�Q�\�F�K���Z�H�G�á�X�J���Z�D�U�W�R���F�L���R�W�U�]�\�P�D�Q�\�F�K���G�O�D���N�D�*�G�H�J�R���]���S�U�]�\�M�
�W�\�F�K���N�U�\�W�H�U�L�y�Z�����L�P���P�Q�L�H�M�V�]�D���Z�D�U�W�R���ü���G�O�D��
�G�D�Q�H�J�R�� �N�U�\�W�H�U�L�X�P�� �W�\�P�� �Z�\�*�V�]�D�� �S�R�]�\�F�M�D�� �Z�� �U�D�Q�N�L�Q�J�X���� ���Z�L�D�G�F�]���F�D�� �R�� �O�H�S�V�]�H�M�� �M�D�N�R���F�L�� �G�R�S�D�V�R�Z�D�Q�L�D�� �Z�H�G�á�X�J��
�G�D�Q�H�J�R�� �N�U�\�W�H�U�L�X�P���� �3�R�� �X�V�W�D�O�H�Q�L�X�� �U�D�Q�N�L�Q�J�X�� �Z�H�G�á�X�J�� �N�U�\�W�H�U�L�y�Z�� �]�J�R�G�Q�R���F�L���� �N�D�*�G�H�P�X�� �]�� �N�U�\�W�H�U�L�y�Z���]�J�R�G�Q�R���F�L��
dopasowania dystrybuant modelowych do empirycznej nadano wagi. Na�V�W�
�S�Q�L�H na podstawie uzyskanych 
�W�U�]�H�F�K�� �U�D�Q�N�L�Q�J�y�Z�� �R�U�D�]�� �Z�D�J�� �Q�D�G�D�Q�\�F�K�� �S�R�V�]�F�]�H�J�y�O�Q�\�P�� �N�U�\�W�H�U�L�R�P�� �]�J�R�G�Q�R���F�L�� �Z�\�]�Q�D�F�]�D�Q�D�� �Mest zagregowana 
�P�L�D�U�D�� �]�J�R�G�Q�R���F�L�� ���R�]�Q�D�F�]�R�Q�D�� �'�(�6�9������ �N�W�y�U�D�� �V�á�X�*�\�� �G�R���Z�\�]�Q�D�F�]�D�Q�L�D�� �Q�D�M�O�H�S�V�]�H�J�R�� �U�R�]�N�á�D�G�X��
�S�U�D�Z�G�R�S�R�G�R�E�L�H���V�W�Z�D�����:�� �S�U�H�]�H�Q�W�R�Z�D�Q�H�M�� �P�H�W�R�G�]�L�H�� �S�U�]�\�M�
�W�R���� �*�H�� �Q�D�M�P�Q�L�H�M�V�]�D�� �Z�D�U�W�R���ü�� �'�(�6�9�� �Z�\�]�Q�D�F�]�D��
�Q�D�M�O�H�S�L�H�M�� �G�R�S�D�V�R�Z�D�Q�\�� �U�R�]�N�á�D�G�� �K�Lpotetyczny. W przypadku badanego elementu �U�R�]�N�á�D�G�H�P�� �W�\�P�� �R�N�D�]�D�á�� �V�L�
��
�X�R�J�y�O�Q�L�R�Q�\�� �U�R�]�N�á�D�G�� �J�D�P�P�D�� Pokazan�R���� �*�H��na podstawie zagregowanego kryterium �X�Z�]�J�O�
�G�Q�L�D�M���Fego trzy 
�V�W�D�W�\�V�W�\�N�L�� �]�J�R�G�Q�R���F�L���G�R�S�D�V�R�Z�D�Q�L�D�� �]�Z�L�
�N�V�]�D�� �V�L�
�� �Z�L�D�U�\�J�R�G�Q�R���ü�� �H�V�W�\�P�D�F�M�L�� �U�R�]�N�á�D�G�X�� �F�]�D�V�X�� �S�U�D�F�\�� �G�R��
uszkodzenia�����X�Q�L�N�D�M���F��tym samym �E�á�
�G�y�Z���M�D�N�L�H���P�R�*�Q�D���S�R�S�H�á�Q�L�ü���X�]�D�O�H�*�Q�L�D�M���F���V�L�
���W�\�O�N�R���R�G���M�H�G�Q�H�M���]��nich. 
 

 
1. Wprowadzenie 

 
W t�U�D�G�\�F�\�M�Q�\�F�K���P�H�W�R�G�D�F�K���H�V�W�\�P�D�F�M�L���S�D�U�D�P�H�W�U�y�Z���U�R�]�N�á�D�G�X���F�]�D�V�X���]�G�D�W�Q�R���F�L���R�E�L�H�N�W�X���W�H�F�K�Q�L�F�]�Q�H�J�R��

�O�X�E���M�H�J�R���H�O�H�P�H�Q�W�X���S�U�]�\�M�P�R�Z�D�Q�D���M�H�V�W���D���S�U�L�R�U�L���R�N�U�H���O�R�Q�D���N�O�D�V�D���U�R�]�N�á�D�G�y�Z�����&�H�O�H�P���Q�L�Q�L�H�M�V�]�H�J�R���D�U�W�\�N�X�á�X��
�M�H�V�W�� �S�U�]�H�G�V�W�D�Z�L�H�Q�L�H�� �Z�\�Q�L�N�y�Z�� �L�G�H�Q�W�\�I�L�N�D�F�M�L�� �Q�D�M�O�H�S�V�]�\�F�K�� �U�R�]�N�á�D�G�y�Z�� �S�U�D�Z�G�R�S�R�G�R�E�L�H���V�W�Z�D�� �F�]�D�V�y�Z��
�]�G�D�W�Q�R���F�L�� �H�O�H�P�H�Q�W�y�Z�� �R�G�Q�D�Z�L�D�O�Q�H�J�R�� �R�E�L�H�N�W�X�� �W�H�F�K�Q�L�F�]�Q�H�J�R�� �]�� �]�D�V�W�R�V�R�Z�D�Q�L�H�P�� �]�D�J�U�H�J�R�Z�D�Q�H�J�R��
kryterium dopasowania (aggregate matching criterion) �U�R�]�N�á�D�G�X�� �S�U�D�Z�G�R�S�R�G�R�E�L�H���V�W�Z�D�� �G�R�� �G�D�Q�\�F�K��
�H�P�S�L�U�\�F�]�Q�\�F�K���� �2�E�L�H�N�W�H�P�� �E�D�G�D���� �V���� �H�O�H�P�H�Q�W�\�� �O�X�E�� �S�R�G�]�H�V�S�R�á�\�� �D�N�W�X�D�Onie eksploatowanych 
�M�H�G�Q�R�U�R�G�Q�\�F�K�� �S�R�M�D�]�G�y�Z�� �V�]�\�Q�R�Z�\�F�K�� �W�Z�R�U�]���F�\�F�K�� �I�O�R�W�
�� �R�E�V�á�X�J�L�Z�D�Q���� �S�U�]�H�]�� �R�S�H�U�D�W�R�U�D���� �'�D�Q�H��
�H�P�S�L�U�\�F�]�Q�H�� �S�R�]�\�V�N�L�Z�D�Q�H�� �Z�� �W�U�D�N�F�L�H�� �H�N�V�S�O�R�D�W�D�F�M�L�� �S�R�M�D�]�G�y�Z�� �V���� �Q�L�H�S�H�á�Q�H���� �J�G�\�*�� �Z�� �P�R�P�H�Q�F�L�H��
�]�D�N�R���F�]�H�Q�L�D���E�D�G�D�����S�R�M�D�]�G�\���V�����V�S�U�D�Z�Q�H���L���Q�D�G�D�O���X�*�\�W�N�R�Z�D�Q�H�����7�D�N���Z�L�
�F���D�X�W�R�U�]�\���Q�L�Q�L�H�M�V�]�H�J�R���D�U�W�\�N�X�á�X��
w swoich badaniach �Q�L�H�� �G�\�V�S�R�Q�R�Z�D�O�L�� �S�H�á�Q�\�P�L�� �G�D�Q�\�P�L�� �R�� �F�]�D�V�D�F�K�� �]�G�D�W�Q�R���F�L�� �Z�V�]�\�V�W�N�L�F�K�� �H�O�H�P�H�Q�W�y�Z��
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�F�]�\�� �S�R�G�]�H�V�S�R�á�y�Z�� �E�D�G�D�Q�\�F�K�� �S�R�M�D�]�G�y�Z�� �V�]�\�Q�R�Z�\�F�K���� �:�� �]�Z�L���]�N�X�� �]�� �W�\�P�� �S�R�M�D�Z�L�á�D�� �V�L�
�� �N�R�Q�L�H�F�]�Q�R���ü��
�V�W�R�V�R�Z�D�Q�L�D�� �P�H�W�R�G�� �V�W�D�W�\�V�W�\�F�]�Q�\�F�K�� �X�Z�]�J�O�
�G�Q�L�D�M���F�\�F�K�� �G�D�Q�H�� �F�H�Q�]�X�U�R�Z�D�Q�H�� ���X�F�L�
�W�H������ �3�R�V�L�D�G�D�M���F��
�R�G�S�R�Z�L�H�G�Q�L�R�� �S�U�]�\�J�R�W�R�Z�D�Q���� �E�D�]�
�� �G�D�Q�\�F�K�� �R�� �Q�D�S�U�D�Z�D�F�K�� �S�R�M�D�]�G�y�Z�� �E�D�G�D�Q�H�M�� �I�O�R�W�\�� �P�R�*�Q�D�� �Z�� �P�L�D�U�
��
�á�D�W�Z�R�� �Z�\�]�Q�D�F�]�\�ü�� �S�R�G�V�W�D�Z�R�Z�H�� �F�K�D�U�D�N�W�H�U�\�V�W�\�N�L�� �Q�L�H�]�D�Z�R�G�Q�R���F�L�R�Z�H�� �Z�\�P�L�H�Q�L�D�Q�\�F�K�� �H�O�H�P�H�Q�W�y�Z [25]. 
�3�U�R�E�O�H�P�H�P�� �Q�D�W�R�P�L�D�V�W�� �R�N�D�]�X�M�H�� �V�L�
�� �Z�\�E�y�U�� �G�R�E�U�H�M�� �P�L�D�U�\�� �]�J�R�G�Q�R���F�L�� �G�R�S�D�V�R�Z�D�Q�L�D�� �U�R�]�N�á�D�G�X�� �F�]�D�V�X��
�]�G�D�W�Q�R���F�L�� �G�O�D�� �X�V�]�N�D�G�]�D�M���F�\�F�K�� �V�L�
�� �H�O�H�P�H�Q�W�y�Z�� �S�R�M�D�]�G�X���� �3�U�R�E�O�H�P�� �W�H�Q�� �M�H�V�W�� �S�U�]�H�G�P�L�R�W�H�P��
�S�U�]�H�G�V�W�D�Z�L�R�Q�\�F�K�� �Z�� �W�H�M�� �S�U�D�F�\�� �E�D�G�D���� �L�� �G�R�W�\�F�]�\�� �]�D�V�W�R�V�R�Z�D�Q�L�D�� �]�D�J�U�H�J�R�Z�D�Q�H�J�R�� �N�U�\�W�H�U�L�X�P�� �G�R��
�Z�\�]�Q�D�F�]�D�Q�L�D�� �Q�D�M�O�H�S�V�]�\�F�K�� �U�R�]�N�á�D�G�y�Z�� �F�]�D�V�y�Z�� �]�G�D�W�Q�R���F�L�� �Z�\�E�U�D�Q�\�F�K�� �H�O�H�P�H�Q�W�y�Z�� �S�R�M�D�]�G�X�� �V�]�\�Q�R�Z�H�J�R��
[33]�����:�\�Q�L�N�L���E�D�G�D�����]�R�V�W�D�á�\���R�S�U�D�F�R�Z�D�Q�H���Z���S�R�V�W�D�F�L���U�D�Q�N�L�Q�J�X���]�J�R�G�Q�R���F�L���Z�\�E�U�D�Q�\�F�K���U�R�G�]�L�Q���U�R�]�N�á�D�G�y�Z��
�]���Z�\�N�R�U�]�\�V�W�D�Q�L�H�P���]�D�J�U�H�J�R�Z�D�Q�H�M���P�L�D�U�\���]�J�R�G�Q�R���F�L���G�R�S�D�V�R�Z�D�Q�L�D���M�D�N�R���N�U�\�W�H�U�L�X�P�� 

W badaniach �R�E�L�H�N�W�y�Z�� �W�H�F�K�Q�L�F�]�Q�\�F�K, �M�D�N�R�� �P�R�G�H�O�H�� �F�]�D�V�y�Z�� �G�R�� �L�F�K�� �X�V�]�N�R�G�]�H�Q�L�D�����V����stosowane 
�U�y�*�Q�H��rodziny �U�R�]�N�á�D�G�y�Z �S�U�D�Z�G�R�S�R�G�R�E�L�H���V�W�Z�D [17]. D�R���Q�D�M�F�]�
���F�L�H�M���V�W�R�V�R�Z�D�Q�\�F�K���Z���D�Q�D�O�L�]�L�H���F�]�D�V�y�Z��
�]�G�D�W�Q�R���F�L (Life Data Analysis LDA) �Q�D�O�H�*�����U�R�]�N�á�D�Gy: �Q�R�U�P�D�O�Q�\���� �Z�\�N�á�D�G�Q�L�F�]�\��i Weibulla [19, 10]. 
W przeprowadzonych badaniach poza wspomnianymi, autorzy sprawdzali �P�R�*�O�L�Z�R���F�L���X�*�\�F�L�D���W�D�N�*�H 
innych, rzadziej stosowanych �U�R�]�N�á�D�G�y�Z�����N�W�y�U�\�F�K���M�D�N�R���ü���G�R�S�D�V�R�Z�D�Q�L�D���G�R���G�D�Q�\�F�K���H�P�S�L�U�\�F�]�Q�\�F�K���G�O�D��
wielu �S�U�]�\�S�D�G�N�y�Z��okaz�\�Z�D�á�D�� �V�L�
�� �E�\�ü lepsza, od tych zazwyczaj stosowany�F�K���� �V���� �W�R���U�R�]�N�á�D�Gy: 
logarytmiczno-normalny, gam�P�D���� �X�R�J�y�O�Q�L�R�Q�\�� �U�R�]�N�á�D�G��gamma, logistyczny, logarytmiczno-
logistyczny oraz Gumbela [22]. �)�X�Q�N�F�M�H�� �J�
�V�W�R���F�L�� �Z�\�P�L�H�Q�L�R�Q�\�F�K�� �U�R�]�N�á�D�G�y�Z�� �R�U�D�]�� �L�F�K�� �S�D�U�D�P�H�W�U�\��
pokazano w tabeli 1. �:�� �S�U�]�\�S�D�G�N�X�� �X�R�J�y�O�Q�L�R�Q�H�J�R�� �U�R�]�N�á�D�G�X�� �J�D�P�Pa, �Z�� �F�H�O�X�� �á�D�W�Z�L�H�M�V�]�H�M�� �H�V�W�\�P�D�F�M�L��
�S�D�U�D�P�H�W�U�y�Z�����I�X�Q�N�F�M�
���J�
�V�W�R���F�L���S�R�G�D�Q�R���W�D�N�*�H w postaci reparametryzowanej [20]. 

 
�7�D�E�����������)�X�Q�N�F�M�H���J�
�V�W�R���F�L���R�U�D�]���S�D�U�D�P�H�W�U�\���H�V�W�\�P�R�Z�D�Q�H 

�7�\�S���U�R�]�N�á�D�G�X �*�
�V�W�R���ü���S�U�D�Z�G�R�S�R�G�R�E�L�H���V�W�Z�D���Œ�:�š�; �3�D�U�D�P�H�W�U�\���U�R�]�N�á�D�G�X 

�:�\�N�á�D�G�Q�L�F�]�\ �B�:�P�â�ã�; 
L �ã�A�?���ç�á�P
R�r�á�ã
P �r  
�5

��
 �± parametr skali 

Dwuparametrowy 
�Z�\�N�á�D�G�Q�L�F�]�\ �B�:�P�â�ã�á�Û�; 
L �ã�A�?�� �:�ç�?�
 �;�á�P
R�Û�á�ã
P�r  

�5

��
  �± parametr skali  

�Û �± �S�D�U�D�P�H�W�U���S�R�á�R�*�H�Q�L�D 

Normlany �B�:�P�â�ä�á�ê�; 
L
�5

�¢�¾�6� 
�A�?

�-
�.
���@

�ß�7�”
�š

�A
�.

�á�P�Ð�9�á�ä�Ð�9�á�ê
P �r  
�ä �± �Z�D�U�W�R���ü oczekiwana 
�ê �± odchylenie 
standardowe  

Logarytmo-
normalny �B�:�P�â�ä�ñ�á�ê�ñ�; 
L

�5

�ç�®�� �ò�¾�6��
�A

�?
�-
�.

l

�b�d�:�ß�;�7
� �ò


� �ò 
p
�.

�á�������P
P �r�á�ä�ñ�Ð�9�á�ê�ñ
P �r��   

�ä�ñ �± �Z�D�U�W�R���ü���R�F�]�H�N�L�Z�D�Q�D��
�Ž�•�6 �R���U�R�]�N�á�D�G�]�L�H��
normalnym, 
�ê�ñ �± odchylenie 
standardowe �Ž�•�6 

Dwuparametrowy 
Weibulla �B�:�P�â�Ú�á�ß�; 
L��

�	

��
�®�@

�ç

��
�A

�	 �?�5
�®���A

�?�@
�ß

�

�A

�

�á�P
R�r�á�Ú
P �r�á�ß
P �r  
�ß �± parametr skali 
�Ú���± �S�D�U�D�P�H�W�U���N�V�]�W�D�á�W�X�� 

�7�U�y�M�S�D�U�D�P�H�W�U�R�Z�\��
Weibulla 

�B�:�P�â�Ú�á�ß�á�Û�; 
L
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P�r�á�Û�Ð�9  
�ß �± parametr skali 
�Ú���± �S�D�U�D�P�H�W�U���N�V�]�W�D�á�W�X�� 
�Û �± �S�D�U�D�P�H�W�U���S�R�á�R�*�H�Q�L�D 

Gamma �B�:�P�â�ä�á�â�; 
L
�c�v�n�:�� �:�j�l�:�ç�;�?�� �;�?�c�v�n�:�j�l�:�ç�;�?�� �;�;

�ç���{�:�� �;
�â���P
P�r�á�ä�Ð�9�á�â
P�r  �A��  �± parametr skali  

�â �± �S�D�U�D�P�H�W�U���N�V�]�W�D�á�W�X 

�8�R�J�y�O�Q�L�R�Q�\��
Gamma 

�B�:�P�â�à�á�Ú�á�â���; 
L
�	
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��
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���� �	 �?�5
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L

�5
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�

�

�A
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�5
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l
F

�5

�6
�@
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��
�A
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L �r

  

 

 �P
R�r�á�ä�Ð�9�á�ã
R�r�á�ê
P �r�á  

�à �± parametr skali,   
�Ú �± �S�D�U�D�P�H�W�U���N�V�]�W�D�á�W�X 
�â  �± �S�D�U�D�P�H�W�U���N�V�]�W�D�á�W�X 
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Logistyczny �B�:�P�â�ä�á�ê�; 
L��
�c�v�n�@

�ß�7
�

�

�A

�� �@�5�>�c�v�n�@
�ß�7
�


�
�A�A

�. �á�P�Ð�9�á�ä�Ð�9�á�ê
P �r  �ê �± parametr skali. 
�ä �± �S�D�U�D�P�H�W�U���S�R�á�R�*�H�Q�L�D 

Logarytmo-
logistyczny 

�B�:�P�â�ä�á�ê�; 
L
�c�v�n�@

�b�d�:�ß�;�7
�

�

�A

���ç�@�5�>�c�v�n�@
�b�d�:�ß�;�7
�


�
�A�A

�. �á�P
P �r�á�ä�Ð�9�á�ê
P�r   �ä
F parametr skali 
�ê
F �S�D�U�D�P�H�W�U���N�V�]�W�D�á�W�X 

Gumbela �B�:�P�â�ä�á�ê�; 
L
�5

��
�‡�š�’
l�@

�ç�?��

��
�A
F���‡�š�’�@

�ç�?��

��
�A
p�á�ê
P�r   �ä �± �S�D�U�D�P�H�W�U���S�R�á�R�*�H�Q�L�D 

�ê �± parametr skali 

 
�(�V�W�\�P�D�F�M�
�� �S�D�U�D�P�H�W�U�y�Z�� �W�\�F�K�� �U�R�]�N�á�D�G�y�Z�� �P�R�*�Q�D�� �S�U�]�H�S�U�R�Z�D�G�]�D�ü metodami analitycznymi, 

numerycznie oraz graficznie [16, 26, 29]���� �'�R�� �Q�D�M�F�]�
���F�L�H�M�� �V�W�R�V�R�Z�D�Q�\�F�K��metod �]�D�O�L�F�]�D�� �V�L�
�� �P�H�W�R�G�
��
�P�R�P�H�Q�W�y�Z���� �P�H�W�R�G�
�� �Q�D�M�Z�L�
�N�V�]�H�M�� �Z�L�D�U�\�J�R�G�Q�R���F�L���� �P�H�W�R�G�
�� �Q�D�M�P�Q�L�H�M�V�]�\�F�K�� �N�Z�D�G�U�D�W�y�Z�����P�H�W�R�G�
��
dopasowania �Z�� �V�L�D�W�N�D�F�K�� �U�R�]�N�á�D�G�y�Z�� �R�U�D�] �P�H�W�R�G�
���Z�V�S�y�á�F�]�\�Q�Q�L�Na korelacji wykresu 
�S�U�D�Z�G�R�S�R�G�R�E�L�H���V�W�Z�D�����D�Q�J����probability plot correlation coefficient (PPCC)) [1, 38, 32]. W praktyce 
�L�Q�*�\�Q�L�H�U�V�N�L�H�M�� �Q�D�M�F�]�
���F�L�H�M�� �V�W�R�V�X�M�H�� �V�L�
�� �P�H�W�R�G�\�� �Q�X�P�H�U�\�F�]�Q�H�� �L�� �J�U�D�I�L�F�]�Q�H�� �] �X�*�\�F�L�H�P�� �V�S�H�F�M�D�O�L�V�W�\�F�]�Q�\�F�K��
�Q�D�U�]�
�G�]�L�� �L�Q�I�R�U�P�D�W�\�F�]�Q�\�F�K [12, 39]. Na podstawie danych eksploatacyjnych i wyboru metody 
estymacji dokon�\�Z�D�Q�D���M�H�V�W���H�V�W�\�P�D�F�M�D���S�D�U�D�P�H�W�U�y�Z�����N�V�]�W�D�á�W�����V�N�D�O�D�����S�R�á�R�*�H�Q�L�H�����G�O�D��wybranych rodzin 
�U�R�]�N�á�D�G�y�Z���S�U�D�Z�G�R�S�R�G�R�E�L�H���V�W�Z�D [28, 37]�����0�D�M���F���R�V�]�D�F�R�Z�D�Q�H���U�y�*�Q�H���U�R�]�N�á�D�G�\���P�R�*�Q�D���Z�V�N�D�]�D�ü���Z���U�y�G��
nich najlepiej dopasowany do danych empirycznych �Z�� �V�H�Q�V�L�H�� �Q�D�M�P�Q�L�H�M�V�]�H�M�� �V�X�P�\�� �N�Z�D�G�U�D�W�y�Z��
�R�G�F�K�\�O�H��. 

�:�� �S�U�R�S�R�Q�R�Z�D�Q�H�M�� �P�H�W�R�G�\�F�H�� �L�G�H�Q�W�\�I�L�N�D�F�M�L�� �F�]�D�V�X�� �]�G�D�W�Q�R���F�L�� �Z�\�E�U�D�Q�H�J�R�� �H�O�H�P�H�Q�W�X�� �S�R�M�D�]�G�X��
�X�Z�]�J�O�
�G�Q�L�R�Q�H���V�����Z�V�]�\�V�W�N�L�H���G�R�V�W�
�S�Q�H���G�D�Q�H���G�R�W�\�F�]���F�H��czas�y�Z���S�U�]�H�E�L�H�J�y�Z pojazd�y�Z do uszkodzenia 
tego elementu we wszystkich pojazdach badanej floty���� �2�E�H�M�P�X�M�H�� �W�R�� �S�U�]�\�S�D�G�H�N���� �Z�� �N�W�y�U�\�P�� �G�D�Q�\��
element jest �]�G�D�W�Q�\�� �Z�� �P�R�P�H�Q�F�L�H�� �S�U�]�H�U�Z�D�Q�L�D�� �E�D�G�D������ �D�� �F�]�D�V�� �]�G�D�W�Q�R���F�L�� �W�D�N�L�H�J�R�� �H�O�H�P�H�Q�W�X�� �Q�D�]�\�Z�D�Q�\��
jest prawostronnie cenzurowanym. �6�S�R�V�y�E�� �S�U�]�\�J�R�W�R�Z�D�Q�L�D�� �G�D�Q�\�F�K�� �V�W�D�W�\�V�W�\�F�]�Q�\�F�K�� �Q�D�� �S�R�G�V�W�D�Z�L�H��
bazy danych eksploatacyjnych opracowany �]�R�V�W�D�á �Z���D�U�W�\�N�X�á�D�F�K [3, 2].  

Zamiast tradycyjnego jednokryterialnego wyboru najlepiej dopasowanej rodziny �U�R�]�N�á�D�G�y�Z 
�S�U�D�Z�G�R�S�R�G�R�E�L�H���V�W�Z�D���D�X�W�R�U�]�\���S�U�R�S�R�Q�X�M�����]�D�V�W�R�V�R�Z�D�Q�L�H���]�D�J�U�H�J�R�Z�D�Q�H�J�R���N�U�\�W�H�U�L�X�P �X�Z�]�J�O�
�G�Q�L�D�M���F�H�J�R��
trzy �P�L�D�U�\�� �]�J�R�G�Q�R���F�L�� �G�R�S�D�V�R�Z�D�Q�L�D�� �U�R�]�N�á�D�G�y�Z��hipotetycznych. W kryterium tym brany jest pod 
�X�Z�D�J�
�� �U�D�Q�N�L�Q�J���]�J�R�G�Q�R���F�L���G�R�S�D�V�R�Z�D�Q�L�D�� �S�R�V�]�F�]�H�J�y�O�Q�\�F�K��modeli probabilistycznych do danych 
empirycznych w tym do prawostronnie cenzurowanych danych eksploatacyjnych badanej floty 
�S�R�M�D�]�G�y�Z.  

�:���]�D�J�U�H�J�R�Z�D�Q�H�M���P�H�W�R�G�]�L�H���Z�\�E�y�U���U�R�]�N�á�D�G�X���S�R�S�U�]�H�G�]�R�Q�\���M�H�V�W���U�D�Q�N�L�Q�J�L�H�P���U�R�]�N�á�D�G�y�Z���G�O�D���W�U�]�H�F�K��
�N�U�\�W�H�U�L�y�Z���]�J�R�G�Q�R��ci. �(�V�W�\�P�D�F�M�L�� �S�D�U�D�P�H�W�U�y�Z�� �Z�\�E�U�D�Q�\�F�K�� �U�R�G�]�L�Q�� �U�R�]�N�á�D�G�y�Z��dokonano z�D�� �S�R�P�R�F����
�S�U�R�J�U�D�P�X�� �:�H�L�E�X�O�O������ �X�*�\�Z�D�M���F�� �P�R�G�X�á�X�� �'�L�V�W�U�L�E�X�W�L�R�Q�� �:�L�]�D�U�G���� �N�W�y�U�\�� �S�R�� �S�U�]�H�S�U�R�Z�D�G�]�H�Q�L�X��
�R�G�S�R�Z�L�H�G�Q�L�F�K���R�E�O�L�F�]�H�����V�]�H�U�H�J�X�M�H���U�R�]�N�á�D�G�\���S�R�F�]���Z�V�]�\���R�G���Q�D�M�E�D�U�G�]�L�H�M���G�R�S�D�V�R�Z�D�Q�\�F�K�����=�D�Q�L�P���M�H�G�Q�D�N��
zostanie przeprowadzone badanie �]�J�R�G�Q�R���F�L���U�R�]�N�á�D�G�y�Z����wyznaczana jest dystrybuanta lub funkcja 
�Q�L�H�]�D�Z�R�G�Q�R���F�L���U�R�]�N�á�D�G�X��empirycznego �P�H�W�R�G���� �.�D�S�O�D�Q�D-Meiera, a �Q�D�V�W�
�S�Q�L�H�� �Z�\�]�Q�D�F�]�D�Qe �V����
�S�D�U�D�P�H�W�U�\�� �U�R�]�N�á�D�G�y�Z hipotetycznych metod�� �Q�D�M�Z�L�
�N�V�]�H�M�� �Z�L�D�U�\�J�R�G�Q�R���F�L (MLE �± Maximum 
Likelihood Estimation).  

Kolejny krok polega na wyznaczeniu statystyk zgodno���F�L��dopasowania �S�R�V�]�F�]�H�J�y�O�Q�\�F�K��
dystrybuant hipotetycznych do dystrybuanty empirycznej oznaczonej �(�á. Na tej podstawie 
dokonywany jest ranking jedenastu �U�R�]�N�á�D�G�y�Z zestawionych w tabeli 1 stosowanych w analizie 
�S�U�]�H�*�\�F�L�D [18, 30]. �-�H���O�L�� �W�\�O�N�R�� �]�D�á�R�*�H�Q�L�D�� �V���� �V�S�H�á�Q�L�R�Q�H���� �W�R�� �Uankingi �]�J�R�G�Q�R���F�L�� �U�R�]�N�á�D�G�y�Z��
�S�U�]�H�S�U�R�Z�D�G�]�D�Q�H�� �V���� �Q�L�H�]�D�O�H�*�Q�L�H���Z�H�G�á�X�J���W�U�]�H�F�K�� �N�U�\�W�H�U�L�y�Z���� �]�� �X�*�\�F�L�H�P zmodyfikowanej statystyki 
�.�R�á�P�R�J�R�U�R�Z�D-Smirnowa (MK-S), ���U�H�G�Q�L�H�J�R�� �R�G�F�K�\�O�H�Q�L�D�� �E�H�]�Z�]�J�O�
�G�Q�H�J�R�� �G�\�V�W�U�\�E�X�D�Q�W�\��
hipotetycznej od empirycznej oraz �Z�D�U�W�R���F�L���]�O�R�J�D�U�\�W�P�R�Z�D�Q�H�M���I�X�Q�N�F�M�L���Z�L�D�U�\�J�R�G�Q�R���F�L [23].  

W ostatecznym �X�V�W�D�O�H�Q�L�X���U�D�Q�N�L�Q�J�X�� �U�R�]�N�á�D�G�y�Z���E�U�D�Q�H���V���� �S�R�G �X�Z�D�J�
�� �U�D�Q�N�L�Q�J�L���X�]�\�V�N�D�Q�H���S�U�]�H�]�� �W�H��
trzy kryteria z �X�Z�]�J�O�
�G�Q�L�H�Q�L�H�P��wag przypisanych �G�R�� �N�D�*�G�H�J�R�� �]�� �Q�L�F�K����Po nadaniu wag kryteriom, 
�Z�\�O�L�F�]�D�Q�D�� �M�H�V�W�� �Z�D�U�W�R���ü�� �N�R���F�R�Z�D�� �'�(�6�9 (ang. Distribution Estimation Values������ �N�W�y�U�D�� �Z�V�N�D�]�X�Me 
�Q�D�M�O�H�S�L�H�M�� �G�R�S�D�V�R�Z�D�Q�\�� �U�R�]�N�áad �Z�\�]�Q�D�F�]�R�Q�\�� �Z�H�G�á�X�J opisanego zagregowanego kryterium. Schemat 
kolejnych �N�U�R�N�y�Z�� �R�E�O�L�F�]�H�Q�L�R�Z�\�F�K�� �Z�� �]�D�J�U�H�J�R�Z�D�Q�H�M�� �P�H�W�R�G�]�L�H���U�D�Q�J�R�Z�D�Q�L�D�� �U�R�]�N�á�D�G�y�Z��ukazano na 
rys. 1.  
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Zgodnie z tym schematem w �S�L�H�U�Z�V�]�\�P�� �N�U�R�N�X���� �R�S�L�H�U�D�M���F�� �V�L�
�� �Q�D�� �S�R�]�\�V�N�D�Q�\�F�K�� �G�D�Q�\�F�K�� �R�U�D�]��
�D�Q�D�O�L�]�X�M���F�� �G�á�X�J�R���ü�� �F�]�D�V�X�� �R�E�V�H�U�Z�D�F�M�L�� ���X�F�L�
�W�H�M�� �S�U�D�Z�R�V�W�U�R�Q�Q�L�H�� oszacowano estymatorem Kaplana-
�0�H�L�H�U�D�� �S�D�U�D�P�H�W�U�\�� �I�X�Q�N�F�M�L�� �S�U�]�H�*�\�F�L�D�� �L�� �Z�\�]�Q�D�F�]�R�Q�R�� �G�\�V�W�U�\�E�X�D�Q�W�
�� �H�P�S�L�U�\�F�]�Q����[7]���� �1�D�V�W�
�S�Q�L�H�� �Z�� �F�H�O�X��
�Z�\�]�Q�D�F�]�H�Q�L�D�� �S�D�U�D�P�H�W�U�y�Z�� �M�H�G�H�Q�D�V�W�X�� �U�R�]�N�á�D�G�y�Z�� �K�L�S�R�W�H�W�\�F�]�Q�\�F�K���� �]�H�V�W�D�Z�L�R�Q�\�F�K�� �Z�� �W�D�E�H�O�L�� ����
�]�D�V�W�R�V�R�Z�D�Q�R���P�H�W�R�G�
���Q�D�M�Z�L�
�N�V�]�H�M���Z�L�D�U�\�J�R�G�Q�R���F�L��[15, 11].  
 

 
Rys. 1. Schemat zagregowanego kryterium rankingowania �U�R�]�N�á�D�G�y�Z 

 
W drugim kroku, �N�R�O�H�M�Q�R�� �G�O�D�� �M�H�G�H�Q�D�V�W�X�� �U�R�]�N�á�D�G�y�Z, �]�D�� �S�R�P�R�F����statystyk �]�J�R�G�Q�R���F�L��oceniana 

jest hipoteza zerowa 
 

�*�4�ã�����6�1�( (1) 
  

�R�U�]�H�N�D�M���F�D�����*�H���F�]�D�V���G�R���X�V�]�N�R�G�]�H�Q�L�D �6 �E�D�G�D�Q�H�J�R���H�O�H�P�H�Q�W�X���S�R�M�D�]�G�X���P�D���U�R�]�N�á�D�G���S�U�D�Z�G�R�S�R�G�R�E�L�H���V�W�Z�D��
o dystrybuancie �( z wyznaczonymi parametrami. �2�F�H�Q�D�� �W�D�� �M�H�V�W�� �G�R�N�R�Q�\�Z�D�Q�D�� �Q�D�� �S�R�G�V�W�D�Z�L�H�� �S�U�y�E�\��
losowej �6�5�á�6�6�á�å �á�6�á �G�R�W�\�F�]���F�H�M�� �F�]�D�V�y�Z�� �G�R�� �X�V�]�N�R�G�]�H�Q�L�D�� �E�D�G�D�Q�Hgo elementu. W niniejszej pracy 
czasy do uszkodzenia badanego elementu �Z�\�U�D�*�R�Q�H�� �V���� �S�U�]�H�E�L�H�J�L�H�P�� �O�L�F�]�R�Q�\�P�� �Z�� �N�Llometrach 
podobnie jak w pracy [2]. 

 
 
 

2. �.�U�\�W�H�U�L�D���U�D�Q�N�L�Q�J�R�Z�D�Q�L�D���U�R�]�N�á�D�G�y�Z���K�L�S�R�W�H�W�\�F�]�Q�\�F�K 
 

�:���U�y�G���]�D�V�W�R�V�R�Z�D�Q�\�F�K�� �N�U�\�W�H�U�L�y�Z���]�J�R�G�Q�R���F�L�� �V�]�F�]�H�J�y�O�Q���� �U�R�O�
��p�H�á�Q�L zmodyfikowana statystyka 
�.�R�á�P�R�J�R�U�R�Z�D-Smirnowa (AVGOF �± average goodness of fit������ �N�W�y�Ua �R�F�H�Q�L�D�� �U�y�*�Q�L�F�
�� �V�W�D�W�\�V�W�\�F�]�Q����
�S�R�P�L�
�G�]�\�� �Z�D�U�W�R���F�L�D�P�L�� �G�\�V�W�U�\�E�X�D�Q�W�\�� �H�P�S�L�U�\�F�]�Q�H�M�� �L��hipotetycznej. �7�D�� �V�]�F�]�H�J�y�O�Q�D�� �U�R�O�D��tej statystyki 
wynika z faktu jej �G�X�*�H�M���Z�U�D�*�O�L�Z�R���F�L���Q�D���O�R�N�D�O�Q�H���R�G�F�K�\�O�H�Q�L�D�����3�R�Q�D�G�W�R���P�R�*�Q�D���M�� �V�W�R�V�R�Z�D�ü���Q�D�Z�H�W���S�U�]�\��
�P�D�á�H�M�� �O�L�F�]�E�L�H�� �G�D�Q�\�F�K�� �R�U�D�]�� �S�U�]�\�� �Q�L�H�]�Q�D�Q�\�F�K�� �S�D�U�D�P�H�W�U�D�F�K�� �U�R�]�N�á�D�G�X�� �K�L�S�R�W�H�W�\�F�]�Q�H�J�R. Zastosowanie 
statystyki MK-S jest �Z�L�
�F���N�R�Q�L�H�F�]�Q�R���F�L��, �J�G�\�� �S�D�U�D�P�H�W�U�\�� �E�D�G�D�Q�\�F�K�� �U�R�]�N�á�D�G�y�Z�� �P�X�V�]�����E�\�ü��
estymowane.  

�3�R�Q�L�H�Z�D�*�� �U�R�]�N�á�D�G�\�� �V�W�D�W�\�V�W�\�N�� �0�.-�6�� �]�D�O�H�*���� �R�G�� �K�L�S�R�W�H�W�\�F�]�Q�H�M�� �U�R�G�]�L�Q�\�� �U�R�]�N�á�D�G�y�Z���� �N�W�y�U�H�M��
�S�D�U�D�P�H�W�U�\�� �V���� �H�V�W�\�P�R�Z�D�Q�H, �Z�L�
�F���G�O�D�� �N�D�*�G�H�J�R�� �U�R�]�N�á�D�G�X��wyznaczana jest �Z�D�U�W�R���ü krytyczna, przy 
�N�W�y�Uej odrzucana jest hipoteza zerowa [30]���� �$�Q�D�O�L�W�\�F�]�Q�H�� �Z�\�]�Q�D�F�]�H�Q�L�H�� �Z�D�U�W�R���F�L��krytycznej �F�]�
�V�W�R��
�M�H�V�W���W�U�X�G�Q�H���O�X�E���Z�U�
�F�]���Q�L�H�P�R�*�O�L�Z�H�����Glatego do jej uzyskania stosowana jest metoda Monte Carlo [6, 
18].  

Statystka MK-�6�� �X�*�\�Wa do sprawdzenia �]�J�R�G�Q�R���F�L�� �U�R�]�N�á�D�G�X���K�L�S�R�W�H�W�\�F�]�Q�H�J�R�� �]�� �U�R�]�N�á�D�G�H�P��
empirycznym korzysta ze statystyki �&�à�Ô�ë �R�N�U�H���O�R�Q�H�M���M�D�N�R �P�D�N�V�L�P�X�P���E�H�]�Z�]�J�O�
�G�Q�H�M���U�y�*�Q�L�F�\���P�L�
�G�]�\��

Estymacja dystrybuanty 
�H�P�S�L�U�\�F�]�Q�H�M���L���S�D�U�D�P�H�W�U�y�Z��
�U�R�]�N�á�D�G�y�Z���K�L�S�R�W�H�W�\�F�]�Q�\�F�K

Estymator Kaplana-Meiera
���U�R�]�N�á�D�G���H�P�S�L�U�\�F�]�Q�\��

�0�H�W�R�G�D���Q�D�M�Z�L�
�N�V�]�H�M��
�Z�L�D�U�\�J�R�G�Q�R���F�L(MLE)    
���U�R�]�N�á�D�G���K�L�S�R�W�H�W�\�F�]�Q�\��

�%�D�G�D�Q�L�H���]�J�R�G�Q�R���F�L���U�R�]�N�á�D�G�y�Z��
hipotetycznych z empirycznym

Zmodyfikowana statystyka 
�.�R�á�P�R�J�R�U�R�Z�D-Smirnowa
(AVGOF = 1- p-value)

�6�W�D�W�\�V�W�\�N�D�����U�H�G�Q�L�H�J�R���R�G�F�K�\�O�H�Q�L�D��
�E�H�]�Z�]�J�O�
�G�Q�H�J�R���G�\�V�W�U�\�E�X�Q�D�W�\��
hipotetycznej od empirycznej

(AVPLOT)

Logarytm funkcji 
�Z�L�D�U�\�J�R�G�Q�R���F�L

(LKV)

�5�D�Q�J�R�Z�D�Q�L�H���U�R�]�N�á�D�G�y�Z��
hipotetycznych

�5�D�Q�J�R�Z�D�Q�L�H���U�R�]�N�á�D�G�y�Z���Z�H�G�á�X�J��
przeprowadzonych statystyk

Zagregowane rangowanie 
�U�R�]�N�á�D�G�y�Z
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�Z�D�U�W�R���F�L����dystrybuanty empirycznej �(�á�:�P�;���� �D�� �G�R�S�D�V�R�Z�D�Q���� �G�\�V�W�U�\�E�X�D�Q�W����hipote�W�\�F�]�Q�����(�:�P�;  
i �R�N�U�H���O�R�Q�D��jest wzorem [18]: 

 
 
 �&�à�Ô�ë
L �•�ƒ�š

�5�¸�Ü�¸�á
���(�á�:�P�Ü�; 
F �(�:�P�Ü�;�� 

 

(2) 

gdzie: 
�&�à�Ô�ë �± �Z�D�U�W�R���ü���V�W�D�W�\�V�W�\�N�L�� 
�J �± �O�L�F�]�H�E�Q�R���ü���S�U�y�E�\�� 
�(�á�:�P�Ü�;���± �Z�D�U�W�R���ü dystrybuanty empirycznej, 
�(�:�P�Ü�; �± �Z�D�U�W�R���ü dystrybuanty hipotetycznej. 

 
�1�D�W�R�P�L�D�V�W���Z�D�U�W�R���ü���N�U�\�W�\�F�]�Q�D���&�¼�Ë�Â�Í w zmodyfikowanej statystyce �.�R�á�P�R�J�R�U�R�Z�D-Smirnowa jak 

�M�X�*���Z�V�S�R�P�Q�L�D�Q�R�����]�H���Z�]�J�O�
�G�X���Q�D���X�F�L���*�O�L�Z�R���ü���R�E�O�L�F�]�H�������Z�\�]�Q�D�F�]�D�Q�D���M�H�V�W���P�H�W�R�G�����0�R�Q�W�H-Carlo. 
Statystyka MK-S �V�á�X�*�\�� �G�R ustalenia prawdopodob�L�H���V�W�Za odrzucenia hipotezy zerowej, tj. 

�S�U�D�Z�G�R�S�R�G�R�E�L�H���V�W�Z�D��zdarzenia �&�¼�Ë�Â�Í
O�&�à�Ô�ë. �7�D�N�� �Z�L�
�F�� �Z�� �S�L�H�U�Z�V�]�\�P�� �N�U�\�W�H�U�L�X�P���S�R�G�V�W�D�Z����
�S�R�U�]���G�N�R�Z�D�Q�L�D���K�L�S�R�W�H�W�\�F�]�Q�\�F�K���U�R�]�N�á�D�G�y�Z���M�H�V�W���S�U�D�Z�G�R�S�R�G�R�E�L�H���V�W�Z�R:  

 
 ���:�&�¼�Ë�Â�Í
O�&�à�Ô�ë�; (3) 
 

�,�P�� �Z�L�
�N�V�]�D�� �Z�D�U�W�R���ü�� �V�W�D�W�\�V�W�\�N�L���&�à�Ô�ë �W�\�P�� �F�R�U�D�]�� �E�D�U�G�]�L�H�M�� �L�V�W�R�W�Q�D�� �M�H�V�W�� �U�y�*�Q�L�F�D�� �S�R�P�L�
�G�]�\��
�U�R�]�N�á�D�G�H�P���K�L�S�R�W�H�W�\�F�]�Q�\�P���R�N�U�H���O�R�Q�\�P���S�U�]�H�]���G�\�V�W�U�\�E�X�D�Q�W�
���( �D���U�R�]�N�á�D�G�H�P���H�P�S�L�U�\�F�]�Q�\�P���R�N�U�H���O�R�Q�\�P��
�S�U�]�H�]�� �G�\�V�W�U�\�E�X�D�Q�W�
���(�á. �3�R�Q�L�H�Z�D�* �Z�D�U�W�R���ü�� �N�U�\�W�\�F�]�Q�D���&�¼�Ë�Â�Í wyznaczana �M�H�V�W�� �P�H�W�R�G���� �0�R�Q�W�H�� �&�D�U�O�R��
poprzez �I -krotne generowanie �J �F�K�Z�L�O���X�V�]�N�R�G�]�H�����P�æ�5�á�P�æ�6�á�å �P�æ�á �G�O�D���N�W�y�U�\�F�K���W�Z�R�U�]�R�Q�H���V����realizacje 
dystrybuant symulacyjnych �(�æ�:�P�æ�Ü�;�á�O
L �s�á�t�á�å �á�I  �L�� �G�O�D�� �N�D�*�G�H�M�� �]�� �Q�L�F�K�� �Z�\�]�Q�D�F�]�D�Q�H�� �V���� �P�D�N�V�\�P�D�O�Q�H��
�U�y�*�Q�L�F�H���]���Z�D�U�W�R���F�L�D�P�L��dystrybuanty hipotetycznej 
  
 �@�à�Ô�ë�á�æ
L �•�ƒ�š

�5�¸�æ�¸�à
���(�æ�:�P�æ�Ü�; 
F �(�:�P�æ�Ü�;���á �O
L �s�á�t�á�å �á�I  (4) 

 
�Z�L�
�F��do oszacowania �Z�D�U�W�R���F�L���N�U�\�W�\�F�]�Q�H�M���&�¼�Ë�Â�Í �S�U�]�\�M�
�W�D���M�H�V�W�����U�H�G�Q�L�D���D�U�\�W�P�H�W�\�F�]�Q�D���@�¼�Ë�Â�Í �R�N�U�H���O�R�Q�D��
wzorem [6]:  
 
 

�&�¼�Ë�Â�Í
ã 
L �@�¼�Ë�Â�Í
L
�s
�I


Í �@�à�Ô�ë�á�æ

�à

�æ�@�5

 (5) 

 
Ostatecznie w kryterium MK-S do oc�H�Q�\���]�J�R�G�Q�R���F�L���U�R�]�N�á�D�G�y�Z���S�U�]�\�M�P�X�M�H�P�\;  
  
 

�����
���	 �:�(�á�á�(�; 
L �s�r�r�®���:�@�¼�Ë�Â�Í
O�&�à�Ô�ë�; (6) 
 
�'�X�*�H�� �Z�D�U�W�R���F�L�������
���	 ���� �]�E�O�L�*�R�Q�H�� �G�R�� ��00���� �Z�V�N�D�]�X�M������ �*�H�� �L�V�W�Q�L�H�M�H��istotna �U�y�*�Q�L�F�D�� �P�L�
�G�]�\�� �U�R�]�N�á�D�G�H�P��
hipotetycznym a danymi empirycznymi. �6�W���G���U�R�]�N�á�D�G���K�L�S�R�W�H�W�\�F�]�Q�\���M�H�V�W���W�\�P���O�H�S�V�]�\���L�P���P�Q�L�H�M�V�]�D���M�H�V�W��
�Z�D�U�W�R���ü���V�W�D�W�\�V�W�\�N�L�������
���	 .  

W drugim kryterium �]�J�R�G�Q�R���F�L�� �E�D�G�D�Q�H�� �M�H�V�W�����U�H�G�Q�L�H�� �R�G�F�K�\�O�H�Q�L�H �E�H�]�Z�]�J�O�
�G�Q�H�� �G�\�V�W�U�\�E�X�D�Q�Wy 
hipotetycznej od empirycznej, a statystyka �X�*�\�W�D���G�R���R�F�H�Q�\���]�J�R�G�Q�R���F�L oznaczana ������������  (average 
plot fit) wyznaczana jest wg wzoru:  
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������������ �:�(�á�á�(�; 
L �s�r�r

�s
�J


Í ���(�á�:�P�Ü�; 
F �(�:�P�Ü�;��

�á

�Ü�@�5

 (7) 

gdzie: 
�J �± �O�L�F�]�H�E�Q�R���ü���S�U�y�E�\�� 
�(�á�:�P�Ü�; �± �Z�D�U�W�R���F�L���G�\�V�W�U�\�E�X�D�Q�W�\���H�P�S�L�U�\�F�]�Q�H�M�� 
�(�:�P�Ü�; �± �Z�D�U�W�R���F�L���G�\�V�W�U�\�E�X�D�Q�W�\���K�L�S�R�W�H�W�\�F�]�Q�H�M�� 
 

�.�U�\�W�H�U�L�X�P���W�R���Z���S�U�]�H�F�L�Z�L�H���V�W�Z�L�H���G�R���N�U�\�W�H�U�L�X�P���0�.-�6���Q�L�H���M�H�V�W���Z�U�D�*�O�L�Z�H���Q�D���O�R�N�D�O�Q�H���R�G�F�K�\�O�H�Q�L�D����
�X�Z�]�J�O�
�G�Q�L�D�� �Q�D�W�R�P�L�D�V�W�� �J�O�R�E�D�O�Q�H�� �]�U�y�*�Q�L�F�R�Z�D�Q�L�H�� �U�R�]�N�á�D�G�y�Z�� �L�� �V�W�D�Q�R�Z�L�� �G�R�E�U�H�� �X�]�X�S�H�á�Q�L�H�Q�L�H�� �G�R��
kryterium MK-S.  

�:���W�U�]�H�F�L�P���N�U�\�W�H�U�L�X�P���E�D�G�D�Q�L�D���]�J�R�G�Q�R���F�L���U�R�]�N�á�D�G�y�Z���X�*�\�W�D���]�R�V�W�D�á�D���I�X�Q�N�F�M�D���Z�L�D�U�\�J�R�G�Q�R���F�L�����/�.�9��
�± Likelihood Value Test), jako miara dopasowania modelu probabilistycznego do danych 
�H�P�S�L�U�\�F�]�Q�\�F�K���� �2�E�O�L�F�]�D�Q�D�� �M�H�V�W�� �Z�D�U�W�R���ü�� �O�R�J�D�U�\�W�P�X�� �I�X�Q�N�F�M�L�� �Z�L�D�U�\�J�R�G�Q�R���F�L�� ���/�.�9���� �G�O�D�� �G�D�Q�\�F�K��
empirycznych [27, 14]���� �)�X�Q�N�F�M�D�� �Z�L�D�U�\�J�R�G�Q�R���F�L L �]�D�O�H�*�\�� �R�G�� �U�H�D�O�L�]�D�F�M�L�� �S�U�y�E�\�� �O�R�V�R�Z�H�M���6�5�á�6�6�á�å �á�6�á 
oraz od �S�D�U�D�P�H�W�U�y�Z���à�Ý�á �G�O�D�� �N�W�y�U�\�F�K�� �S�U�]�\�M�P�X�M�H�� �R�Q�D�� �P�D�N�V�\�P�D�O�Q�H�� �Z�D�U�W�R���F�L���� �2�J�y�O�Q�D�� �S�R�V�W�D�ü�� �I�X�Q�N�F�M�L��
�Z�L�D�U�\�J�R�G�Q�R���F�L���S�U�]�H�G�V�W�D�Z�L�R�Q�D���M�H�V�W���]�D�O�H�*�Q�R���F�L����[33, 30]:  

 
 

�.
k�à�5�á�à�6�á�å �á�à�Þ�+�6�5�á�6�6�á�ä�ä�á�6�á
o
L 
Ñ �B�:�6�Ü�â�à�5�á�à�6�á�å �á�à�Þ�;

�á

�Ü�@�5

 (8) 

 gdzie: 
�J �± �O�L�F�]�E�D���X�V�]�N�R�G�]�R�Q�\�F�K���H�O�H�P�H�Q�W�y�Z�� 
�G �± �O�L�F�]�E�D���S�D�U�D�P�H�W�U�y�Z�� 
�à�Ý�á�F
L �s�á�t�á�å �á�G �± �S�D�U�D�P�H�W�U�\���U�R�]�N�á�D�G�X�� 
�6�Ü�á�E
L �s�á�t�á�å�á�J �±  czas do uszkodzenia i-tego elementu, 
 

 

W badanym przypadku, �I�X�Q�N�F�M�D�� �]�R�V�W�D�á�D�� �U�R�]�V�]�H�U�]�R�Q�D�� �R�� �F�]�\�Q�Q�L�N�L�� �X�Z�]�J�O�
�G�Q�L�D�M���F�H�� �G�D�Q�H�� �X�F�L�
�W�H��
prawostronnie. �=�O�R�J�D�U�\�W�P�R�Z�D�Q�D�� �I�X�Q�N�F�M�D�� �Z�L�D�U�\�J�R�G�Q�R���F�L�� �M�H�V�W�� �V�X�P���� �O�R�J�D�U�\�W�P�y�Z�� �J�
�V�W�R���F�L��
�S�U�D�Z�G�R�S�R�G�R�E�L�H���V�W�Z�D���G�O�D���S�R�V�]�F�]�H�J�y�O�Q�\�F�K���F�]�D�V�y�Z���*�\�F�L�D���E�D�G�D�Q�H�J�R���H�O�H�P�H�Q�W�X��[18, 30]: 

 
 

�&���:�à�5�á�à�6�á�å �á�à�Þ�; 
L �Ž�•�. 
k�à�5�á�à�6�á�å �á�à�Þ�+�6�5�á�6�6�á�ä�ä�á�6�á
o
L 
Í �Ž�•�B�:�6�Ü�â�à�5�á�à�6�á�å �á�à�Þ�;

�á

�Ü�@�5

 (9) 

gdzie: 
L  �± �I�X�Q�N�F�M�D���Z�L�D�U�\�J�R�G�Q�R���F�L�� 
�J �± �O�L�F�]�E�D�����X�V�]�N�R�G�]�R�Q�\�F�K���H�O�H�P�H�Q�W�y�Z�� 
�à�Ý�á�F
L �s�á�t�á�å �á�G �± �S�D�U�D�P�H�W�U�\���U�R�]�N�á�D�G�X�� 
�6�Ü�á�E
L �s�á�t�á�å �á�J �±  czas do uszkodzenia i-tego elementu, 
 

�:�D�U�W�R���F�L�� �H�V�W�\�P�D�W�R�U�y�Z�� �Q�L�H�]�Q�D�Q�\�F�K�� �S�D�U�D�P�H�W�U�y�Z���à�5�á�à�6�á�å �á�à�Þ �V���� �Z�\�]�Q�D�F�]�D�Q�H�� �S�U�]�H�]��
�P�D�N�V�\�P�D�O�L�]�D�F�M�
���]�O�R�J�D�U�\�W�P�R�Z�D�Qej funkcji �Z�L�D�U�\�J�R�G�Q�R���F�L���&���:�à�5�á�à�6�á�å �á�à�Þ�;. Warunkiem koniecznym 
ist�Q�L�H�Q�L�D�� �H�N�V�W�U�H�P�X�P�� �W�H�M�� �I�X�Q�N�F�M�L�� �M�H�V�W�� �S�U�]�\�M�P�R�Z�D�Q�L�H�� �Z�D�U�W�R���F�L���r przez jej wszystkie pochodne 
�F�]���V�W�N�R�Z�H�� 

�:���F�H�O�X���Z�\�]�Q�D�F�]�H�Q�L�D���H�V�W�\�P�D�W�R�U�y�Z���Q�L�H�]�Q�D�Q�\�F�K���S�D�U�D�P�H�W�U�y�Z���Z�\�]�Q�D�F�]�D�Q�H���V�����S�R�F�K�R�G�Q�H���F�]���V�W�N�R�Z�H��
�! �ƒ�:�� �-�á�� �. �á�å�á�� �Ö�;

�! �� �Õ
 funkcji �É �Z�]�J�O�
�G�H�P�� �S�D�U�D�P�H�W�U�y�Z���à�Ý, �F
L �s�á�t�á�å �á�G���� �$�E�\�� �R�V�]�D�F�R�Z�D�ü�� �S�D�U�D�P�H�W�U�\�� �Q�D�O�H�*�\��

�N�D�*�G�����S�R�F�K�R�G�Q�����F�]���V�W�N�R�Z�����S�U�]�\�U�y�Z�Q�D�ü���G�R���]�H�U�D���L���U�R�]�Z�L���]�D�ü���G �U�y�Z�Q�D���� 
 

�ò�&�:�à�5�á�à�6�á�å �á�à�Þ�;
�ò�à�5


L �r 
 

�å �å �å  
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(10) 
�ò�&�:�à�5�á�à�6�á�å �á�à�Þ�;

�ò�à�Þ

L �r 

 

 
�:�� �R�V�W�D�W�Q�L�P�� �N�U�R�N�X���� �Q�D�� �S�R�G�V�W�D�Z�L�H�� �N�D�*�G�H�J�R�� �]�� �W�U�]�H�F�K�� �N�U�\�W�H�U�L�y�Z�� �]�J�R�G�Q�R���F�L�� �G�O�D�� �Z�V�]�\�V�W�N�L�F�K�� ������

�U�R�]�N�á�D�G�y�Z���Q�D�G�D�Z�D�Q�H���V�����U�D�Q�J�L���R�G���Q�D�M�O�H�S�L�H�M���G�R���Q�D�M�J�R�U�]�H�M���G�R�S�D�V�R�Z�D�Q�H�J�R���U�R�]�N�á�D�G�X���K�L�S�R�W�H�W�\�F�]�Q�H�J�R���G�R��
�G�D�Q�\�F�K���H�P�S�L�U�\�F�]�Q�\�F�K�����1�D���W�H�M���S�R�G�V�W�D�Z�L�H���G�O�D���N�D�*�G�H�J�R���N�U�\�W�H�U�L�X�P���]�J�R�G�Q�R���F�L���]���R�V�R�E�Q�D���S�R�U�]���G�N�R�Z�D�Q�H��
�V���� �U�R�]�N�á�D�G�\�� �K�L�S�R�W�H�W�\�F�]�Q�H�� �S�R�S�U�]�H�]�� �S�U�]�\�S�L�V�D�Q�L�H�� �L�P�� �N�R�O�H�M�Q�\�F�K�� �O�L�F�]�E�� �Q�D�W�X�U�D�O�Q�\�F�K���� �1�D�� �N�R�Q�L�H�F�� �Q�D��
�S�R�G�V�W�D�Z�L�H�� �X�]�\�V�N�D�Q�\�F�K�� �W�U�]�H�F�K�� �U�D�Q�N�L�Q�J�y�Z�� �R�U�D�]�� �Z�D�J�� �Q�D�G�D�Q�\�F�K�� �S�R�V�]�F�]�H�J�y�O�Q�\�P�� �N�U�\�W�H�U�L�R�P�� �]�J�R�G�Q�R���F�L��
�Z�\�]�Q�D�F�]�D�Q�D���M�H�V�W���]�D�J�U�H�J�R�Z�D�Q�D���P�L�D�U�D���]�J�R�G�Q�R���F�L���'�(�6�9�����0�L�D�U�D���W�D���Gla �E-tej dystrybuanty hipotetycznej 
�(�Ü wyznaczana jest ze wzoru (11): 

 
�������� �:�(�Ü�; 
L �������
���	 �:�(�Ü�; �®�������
���	 
E���������������� �:�(�Ü�;���®���������������� 
E���������� �:�(�Ü�;���®����������  (11) 

 
gdzie: 
�������
���	 �:�(�Ü�; �R�]�Q�D�F�]�D���U�D�Q�J�
���U�R�]�N�á�D�G�X�����(�Ü �Z�H�G�á�X�J���N�U�\�W�H�U�L�X�P�������
���	 , 
�������������� �:�(�Ü�; �R�]�Q�D�F�]�D���U�D�Q�J�
���U�R�]�N�á�D�G�X�����(�Ü �Z�H�G�á�X�J���N�U�\�W�H�U�L�X�P�������������� , 
�������� �:�(�Ü�;�R�]�Q�D�F�]�D���U�D�Q�J�
���U�R�]�N�á�D�G�X�����(�Ü �Z�H�G�á�X�J���N�U�\�W�H�U�L�X�P�������� , 
�������
���	  �R�]�Q�D�F�]�D���Z�D�J�
���N�U�\�W�H�U�L�X�P�������
���	 , 
�������������� �R�]�Q�D�F�]�D���Z�D�J�
���N�U�\�W�H�U�L�X�P�������������� , 
��������  �R�]�Q�D�F�]�D���Z�D�J�
���N�U�\�W�H�U�L�X�P�������� . 
 

Zagregowane kryterium ��������  �]�J�R�G�Q�R���F�L�� �G�R�S�D�V�R�Z�D�Q�L�D�� �U�R�]�N�á�D�G�y�Z �M�H�V�W�� �Z�L�
�F�� ���U�H�G�Q�L���� �Z�D�*�R�Q����
�S�R�V�]�F�]�H�J�y�O�Q�\�F�K���U�D�Q�J���U�R�]�N�á�D�G�y�Z���K�L�S�R�W�H�W�\�F�]�Q�\�F�K�����3�R���Z�\�O�L�F�]�H�Q�L�X���Z�D�U�W�R���F�L���'�(�6�9���G�O�D���S�R�V�]�F�]�H�J�y�O�Q�\�F�K��
�K�L�S�R�W�H�W�\�F�]�Q�\�F�K�� �U�R�]�N�á�D�G�y�Z�� �Z�\�]�Q�D�F�]�D�Q�\�� �M�H�V�W�� �L�F�K�� �R�V�W�D�W�H�F�]�Q�\�� �U�D�Q�N�L�Q�J���� �5�R�]�N�á�D�G���� �N�W�y�U�\�� �X�]�\�V�N�D��
�Q�D�M�P�Q�L�H�M�V�]���� �Z�D�U�W�R���ü�� �'�(�6�9�� �M�H�V�W�� �S�R�]�\�F�M�R�Q�R�Z�D�Q�\�� �M�D�N�R�� �Q�D�M�O�H�S�L�H�M�� �G�R�S�D�V�R�Z�D�Q�\�� �Z�H�G�á�X�J��
�]�D�S�U�H�]�H�Q�W�R�Z�D�Q�H�J�R�� �]�D�J�U�H�J�R�Z�D�Q�H�J�R�� �N�U�\�W�H�U�L�X�P�� �]�J�R�G�Q�R���F�L�� �L�� �R�W�U�]�\�P�X�M�H�� �Z�� �U�D�Q�N�L�Q�J�X�� �Q�X�P�H�U�� ������
�=�D�J�U�H�J�R�Z�D�Q�H�� �N�U�\�W�H�U�L�X�P�� �M�H�V�W�� �]�D�V�W�R�V�R�Z�D�Q�H�� �G�R�� �S�R�G�M�
�F�L�D�� �R�V�W�D�W�H�F�]�Q�H�M�� �G�H�F�\�]�M�L�� �Z�\�E�R�U�X�� �Q�D�M�O�H�S�L�H�M��
�G�R�S�D�V�R�Z�D�Q�H�J�R�� �U�R�]�N�á�D�G�X�� �K�L�S�R�W�H�W�\�F�]�Q�H�J�R�� �G�R�� �G�D�Q�\�F�K�� �H�P�S�L�U�\�F�]�Q�\�F�K�� �V�S�R���U�y�G�� �E�D�G�D�Q�\�F�K�� �U�R�]�N�á�D�G�y�Z��
hipotetycznych.  

 
 

3. �3�U�]�H�G�P�L�R�W���E�D�G�D�� 
 

Zagregowane kryterium rangowania �U�R�]�N�á�D�G�y�Z���F�]�D�V�y�Z�� �]�G�D�W�Q�R���F�L�� �Z�\�E�U�D�Q�\�F�K�� �H�O�H�P�H�Q�W�y�Z��
pojazdu przeprowadzono na podstawie danych eksploatacyjnych floty 45 jednorodnych �S�R�M�D�]�G�y�Z��
szynowych transportu miejskiego. �%�D�G�D�Q�R�� �S�L�
�F�L�R�F�]�á�R�Q�R�Z�H�� �Q�L�V�N�R�S�R�G�á�R�J�R�Z�H�� �W�U�D�P�Z�D�M�H�� �7�U�D�P�L�Q�R��
�6�������3�� �R�� �F�D�á�N�R�Z�L�W�H�M�� �P�D�V�L�H�� ���������� �W�R�Q�\�� �L�� �R�N�R�á�R�� ������ �P�H�W�U�D�F�K�� �G�á�X�J�R���F�L���� �6���� �W�R�� �Z�D�J�R�Q�\�� �S�U�]�H�J�X�E�R�Z�H��i 
jednoprzestrzenne. �7�U�D�P�Z�D�M�� �P�R�*�H �]�D�E�U�D�ü�� �Q�D�� �S�R�N�á�D�G��maksymalnie �������� �S�D�V�D�*�H�U�y�Z���� �Z�� �W�\�P�� ������ �Q�D��
�P�L�H�M�V�F�D�F�K�� �V�L�H�G�]���F�\�F�K����Zakres danych eksploatacyjnych �R�E�H�M�P�R�Z�D�á�� �S�L�
�ü�� �S�R�F�]���W�N�R�Z�\�F�K�� �O�D�W��
�X�*�\�W�N�R�Z�D�Q�L�D���I�O�R�W�\�����Z���W�\�P���G�Z�D���O�D�W�D���R�E�M�
�W�H���J�Z�D�U�D�Q�F�M��, a trzy kolejne kontraktem serwisowym [31, 9]. 
Wszystkie tramwaje �X�*�\�W�N�R�Z�D�Q�H�� �E�\�á�\�� �Z�� �S�R�G�R�E�Qych warunkach eksploatacyjnych tj. tej samej 
infrastrukturze torowej, �]�E�O�L�*�R�Qych dziennych i rocznych przebiegach oraz takim samym 
harmonogramem i zakresem �V�H�U�Z�L�V�R�Z�D�Q�L�D�����R�E�V�á�X�J���S�U�H�Z�H�Q�F�\�M�Q�\�F�K����  
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Rys. 2. Tramwaj Tramino S105P 

 
�=�� �E�D�]�\�� �G�D�Q�\�F�K�� �R�� �X�V�]�N�R�G�]�H�Q�L�D�F�K�� �W�U�D�P�Z�D�M�y�Z badanej floty, �G�R�� �E�D�G�D�Q�L�D�� �U�R�]�N�á�D�G�X�� �F�]�D�V�X�� �G�R��

uszkodzenia �Z�\�E�U�D�Q�R�� �]�D�P�H�N�� �R�W�Z�L�H�U�D�Q�L�D�� �G�U�]�Z�L�� �N�D�E�L�Q�\�� �P�R�W�R�U�Q�L�F�]�H�J�R���� �8�V�]�N�R�G�]�L�á�� �V�L�
�� �R�Q�� ������ �U�D�]�\�� �Z��
�F�L���J�X�� �S�L�H�U�Z�V�]�\�F�K�� �S�L�
�F�L�X�� �O�D�W�� �H�N�V�S�O�R�D�W�D�F�M�L�� �E�D�G�D�Q�H�M�� �I�O�R�W�\�� �L�� �Z�\�J�H�Q�H�U�R�Z�D�á�� �N�R�V�]�W�\�� �Z�� �Z�\�V�R�N�R���F�L�� ������������
�Z�V�]�\�V�W�N�L�F�K�� �R�E�V�á�X�J�� �N�R�U�H�N�F�\�M�Q�\�F�K [5]���� �=�D�P�H�N�� �]�D�P�R�F�R�Z�D�Q�\�� �M�H�V�W���Q�D�� �G�U�]�Z�L�D�F�K�� �S�R�P�L�
�G�]�\�� �S�U�]�H�V�W�U�]�H�Q�L����
�S�D�V�D�*�H�U�V�N���� �D�� �N�D�E�L�Q���� �P�R�W�R�U�Q�L�F�]�H�J�R���� �$�E�\�� �R�W�Z�R�U�]�\�ü�� �G�U�]�Z�L�� �N�D�E�L�Q�\�� �P�R�W�R�U�Q�L�F�]�H�J�R�� �R�G�� �]�H�Z�Q���W�U�]�� �Q�D�O�H�*�\��
specjalnym klu�F�]�H�P�� �R�G�E�O�R�N�R�Z�D�ü�� �P�H�F�K�D�Q�L�F�]�Q�L�H�� �]�D�P�H�N�� �8�V�]�N�R�G�]�H�Q�L�X�� �X�O�H�J�D�á �H�O�H�P�H�Q�W�� �U�\�J�O�X�M���F�\ 
zamek, �E�O�R�N�X�M���F�� �V�L�
�� �L�� �W�\�P�� �V�D�P�\�P�� �X�Q�L�H�P�R�*�O�L�Z�L�D�M���F�� �R�W�Z�D�U�F�L�H�� �G�U�]�Z�L�� �L�� �Z�H�M��cie do pojazdu 
�P�R�W�R�U�Q�L�F�]�H�P�X���� �1�D�O�H�*�D�á�R�� �Z�y�Z�F�]�D�V�� �Z�� �]�D�O�H�*�Q�R���F�L�� �R�G�� �P�L�H�M�V�F�D���� �Z�� �N�W�y�U�\�P�� �Q�D�V�W���S�L�á�R�� �X�V�]�N�R�G�]�H�Q�L�H����
�Z�H�]�Z�D�ü���V�H�U�Z�L�V���O�X�E���V�L�á�R�Z�R���Z�\�Z�D�*�\�ü���G�U�]�Z�L�����X�V�]�N�D�G�]�D�M���F���N�R�Q�V�W�U�X�N�F�M�
���P�R�F�R�Z�D�Q�L�D���]�D�F�]�H�S�X���U�\�J�O�D�� Za 
�N�D�*�G�\�P�� �U�D�]�H�P���� �X�V�]�N�R�G�]�R�Q�\�� �]�D�P�H�N�� �Z�\�P�L�H�Q�L�D�Q�\�� �E�\�á�� �Q�D�� �Q�R�Z�\�� �3�U�]�\�F�]�\�Q���� �X�V�]�Nadzania zamka �E�\�á�R 
�]�E�\�W���L�Q�W�H�Q�V�\�Z�Q�H���]�X�*�\�Z�D�Q�L�H���V�L�
���P�H�F�K�D�Q�L�]�P�X �Z�H�Z�Q�
�W�U�]�Q�H�J�R���R�G�S�R�Z�L�H�G�]�L�D�O�Q�H�J�R���]�D���Z�\�V�X�Z�D�Q�L�H���U�\�Jla, 
�V�S�R�Z�R�G�R�Z�D�Q�H�� �(�O�H�� �G�R�E�U�D�Q�\�P�� �P�D�W�H�U�L�D�á�H�P�� �N�R�Q�V�W�U�X�N�F�\�M�Q�\�P, w wyniku czego zamek zacina�á �V�L�
���� �D 
�F�]�D�V�H�P���X�Q�L�H�P�R�*�O�L�Z�L�D�á���Z�\�M�
�F�L�H �Z�á�R�*�R�Qego do niego klucza�����)�R�W�R�J�U�D�I�L�
���]�D�P�N�D���]�D�P�L�H�V�]�F�]�R�Q�R���Q�D���U�\�V����
3.  

 

 
Rys. 3. Zamek otwierania drzwi kabiny motorniczego 
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4. Dane empiryczne 
 

Proces eksploatacji �W�U�D�P�Z�D�M�y�Z���V�W�D�Q�R�Z�L�� �F�H�Q�Q�H�� �(�U�y�G�á�R�� �L�Q�I�R�U�P�D�F�M�L�� �N�R�Q�L�H�F�]�Q�H�� �G�R�� �R�F�H�Q�\��
�Q�L�H�]�E�
�G�Q�\�F�K�� �F�K�D�U�D�N�W�H�U�\�V�W�\�N�� �Q�L�H�]�D�Z�R�G�Q�R���F�L�R�Z�\�F�K�� �R�U�D�]�� �S�U�R�J�Q�R�]�R�Z�D�Q�L�D�� �N�R�V�]�W�y�Z��ich utrzymania. 
�3�R�G�� �S�R�M�
�F�L�H�P�� �L�Q�I�R�U�P�D�F�M�L�� �H�N�V�S�O�R�D�W�D�F�\�M�Q�H�M�� �Q�D�O�H�*�\�� �U�R�]�X�P�L�H�ü�� �Z�V�]�H�O�N�L�H�� �G�D�Q�H�� �R�� �]�G�D�U�]�H�Q�L�D�F�K��
�]�D�F�K�R�G�]���F�\�F�K�� �Z�� �I�D�]�L�H�� �X�*�\�W�N�R�Z�D�Q�L�D�� �L�� �R�E�V�á�X�J�L�Z�D�Q�L�D���W�U�D�P�Z�D�M�y�Z [13]. Dane t�H�� �R�G�J�U�\�Z�D�M���� �N�O�X�F�]�R�Z����
�U�R�O�
�� �Z�� �S�O�D�Q�R�Z�D�Q�L�X�� �L���E�L�H�*���F�\�P���]�D�U�]���G�]�D�Q�L�X�� �H�N�V�S�O�R�D�W�D�F�M���� �I�O�R�W�\�� �S�R�M�D�]�G�y�Z���� �M�D�N�� �U�y�Z�Q�L�H�*�� �Z��
�G�R�V�N�R�Q�D�O�H�Q�L�X�� �W�H�F�K�Q�R�O�R�J�L�L�� �L�� �N�R�Q�V�W�U�X�N�F�M�L�� �S�R�M�D�]�G�y�Z [4, 35]���� �,�Q�I�R�U�P�D�F�M�H�� �H�N�V�S�O�R�D�W�D�F�\�M�Q�H�� �R�G�J�U�\�Z�D�M����
�V�]�F�]�H�J�y�O�Q�L�H�� �Z�D�*�Q���� �U�R�O�
�� �G�O�D�� �S�U�]�H�Z�R�(�Q�L�N�y�Z�� �X�*�\�W�N�X�M���F�\�F�K�� �S�R�M�D�]�G�\���� �J�G�\�*�� �X�P�R�*�O�L�Z�L�D�M���� �Z�á�D���F�L�Z�H��
planowanie kos�]�W�y�Z���H�N�V�S�O�R�D�W�D�F�M�L���� �S�U�]�H�J�O���G�y�Z���L���Q�D�S�U�D�Z���R�U�D�]�� �R�F�H�Q�
�� �V�W�R�V�R�Z�D�Q�L�D�����U�R�G�N�y�Z���W�U�D�Q�V�S�R�U�W�X 
[24, 34]. 

�3�U�]�H�G�� �S�U�]�\�V�W���S�L�H�Q�L�H�P�� �G�R�� �H�V�W�\�P�D�F�M�L�� �S�D�U�D�P�H�W�U�y�Z���S�U�R�E�D�E�L�O�L�V�W�\�F�]�Q�\�F�K�� �P�R�G�H�O�L�� �F�]�D�V�y�Z�� �]�G�D�W�Q�R���F�L��
�Z�\�E�U�D�Q�\�F�K���H�O�H�P�H�Q�W�y�Z���S�R�M�D�]�G�X���Q�D�O�H�*�\���R�G�S�R�Z�L�H�G�Q�L�R���S�U�]�\�J�R�W�R�Z�D�ü���G�D�Q�H eksploatacyjne. Dla badanej 
floty �X�*�\�W�N�R�Z�D�Q�\�F�K���W�U�D�P�Z�D�M�y�Z��dane eksploatacyjne �G�R�W�\�F�]���F�H���S�R�V�]�F�]�H�J�y�O�Q�\�F�K���H�O�H�P�H�Q�W�y�Z���S�R�M�D�]�G�X��
�V���� �X�F�L�
�W�H�� �S�U�D�Z�R�V�W�U�R�Q�Q�L�H�� �W�\�S�X�� �,���� �F�R�� �R�]�Q�D�F�]�D�� �*�H��dla ustalonego czasu �X�*�\�W�N�R�Z�D�Q�L�D �I�O�R�W�\�� �W�U�D�P�Z�D�M�y�Z��
�W�\�O�N�R�� �Z�� �F�]�
���F�L�� �S�R�M�D�]�G�y�Z�� �]�D�P�H�N�� �X�O�H�J�á�� �X�V�]�N�R�G�]�H�Q�L�X �L�� �E�\�á�� �Z�\�P�L�H�Q�L�D�Q�\�� �Q�D�� �Q�R�Z�\���� �D�� �Z�� �Q�L�H�N�W�y�U�\�F�K��
�S�R�M�D�]�G�D�F�K�� �E�\�á�� �Z�\�P�L�H�Q�L�D�Q�\�� �Z�L�H�O�R�N�U�R�W�Q�L�H�����3�R�Q�L�H�Z�D�*�� �R�E�L�H�N�W�H�P�� �E�D�G�D���� �V�����L�Q�W�H�Q�V�\�Z�Q�L�H�� �X�*�\�W�N�R�Z�D�Q�H��
pojazdy���� �Z�L�
�F�� �F�]�D�Vy do uszkodzenia �S�R�V�]�F�]�H�J�y�O�Q�\�F�K�� �H�O�H�P�H�Q�W�y�Z�� �W�U�D�P�Z�D�M�X��liczone �V�� przebiegiem 
�Z�\�U�D�*�R�Q�\�P�� �Z�� �N�L�O�R�P�H�W�U�D�F�K�� Z�Q�D�Q�\�� �M�H�V�W�� �F�]�D�V�� �U�R�]�S�R�F�]�
�F�L�D�� �H�N�V�S�O�R�D�W�D�F�M�L�� �N�D�*�G�H�J�R�� �S�R�M�D�]�G�X��oraz 
�U�H�M�H�V�W�U�R�Z�D�Q�H���V�����S�U�]�H�E�L�H�J�L���W�U�D�P�Z�D�M�y�Z���S�U�]�\���N�W�y�U�\�F�K���Q�D�V�W���S�L�á�\���X�V�]�N�R�G�]�H�Q�L�D���M�H�J�R���H�O�H�P�H�Q�W�y�Z [33, 2]. Z 
�S�U�]�H�E�L�H�J�y�Z�� �W�U�D�P�Z�D�M�y�Z�� �Z�\�]�Q�D�F�]�D�Q�H�� �V���� �S�U�]�H�E�L�H�J�L�� �X�V�]�N�D�G�]�D�M���F�\�F�K�� �V�L�
��el�H�P�H�Q�W�y�Z. �0�H�W�R�G�
��
wyznaczania przebiegu �X�V�]�N�D�G�]�D�M���F�\�F�K���V�L�
���H�O�H�P�H�Q�W�y�Z��pojazdu przedstawiono w pracy [3].  

Odpowiednio przygotowane dane zestawiono w tab. 2. �=�D�Z�L�H�U�D�M�����R�Q�H���G�R�N�á�D�G�Q�\���F�]�D�V���G�R���F�K�Z�L�O�L��
uszkodzenia badanego elementu �± zamka kabiny motorniczego z floty 45 badanych �W�U�D�P�Z�D�M�y�Z 
�Z�\�U�D�*�R�Q�\���S�U�]ebiegiem w kilometrach i oznaczony jako F (ang. failure�����R�U�D�]���F�]�D�V���S�U�D�F�\���S�R�]�R�V�W�D�á�\�F�K��
nieuszkodzonych �]�D�P�N�y�Z, oznaczonych jako S (ang. suspension������ �W�D�N�*�H�� �Z�\�U�D�*�R�Q�\���R�V�L���J�Q�L�
�W�\�P��
przebiegiem do chwili �]�D�W�U�]�\�P�D�Q�L�D���E�D�G�D���� �:���P�R�P�H�Q�F�L�H���]�D�W�U�]�\�P�D�Q�L�D���E�D�G�D�����Z�V�]�\�V�W�N�L�H���]�Dmki w 45 
�S�R�M�D�]�G�D�F�K�� �E�\�á�\�� �V�S�U�D�Z�Q�H, �P�L�P�R�� �*�H�� �Z�L�H�O�H�� �]�� �Q�L�F�K�� �E�\�á�R�� �Z�\�P�L�H�Q�L�D�Qych z powodu uszkodzenia. 
�3�R�Q�L�H�Z�D�*���J�á�y�Z�Q�\�P���S�R�Z�R�G�H�P���Z�\�P�L�D�Q�\���]�D�P�N�D���Q�D���Q�R�Z�\��jest uszkadzanie mechanizmu otwierania, 
dlatego uszkodzenia tego typu zakwalifikowano do kat�H�J�R�U�L�L���X�V�]�N�R�G�]�H����mechanicznych. 

 
Tab. 2. Prawostronnie cenzurowane czasy do uszkodzenia zamka w 5-letnim okresie eksploatacji 

 

Przebieg [km] F/S      Przebieg [km] F/S     Przebieg [km] F/S     Przebieg [km] F/S 
174 124 F 256 382 F 114 128 S 67 733 F 
196 837 S 144 819 S 135 078 F 300 557 S 
317 275 S 223 684 F 136 600 F 103 378 F 
292 525 F 46 217 F 97 832 S 177 506 F 
112 431 S 43 897 S 377 101 S 23 153 S 
196 218 F 155 522 F 93 585 F 242 544 F 
1 910 F 201 423 S 238 103 S 89 047 S 
93 529 S 119 376 F 285 538 F 125 785 F 
334 484 S 198 190 S 43 117 S 58 407 F 
366 935 F 368 449 S 221 226 F 117 646 S 
28 826 S 340 330 F 117 701 S 202 396 F 
191 367 F 58 964 S 28 934 F 127 143 S 
21 117 F 193 641 F 135 673 F 287 695 F 
135 831 S 155 920 S 155 828 S 53 863 S 
348 956 F 206 246 F 92 594 F 174 580 F 
38 020 S 144 352 S 197 981 S 139 571 S 
188 493 F 371 800 S 148 840 F 210 775 F 
70 534 F 22 482 F 27 858 F 102 038 S 
102 343 S 139 974 F 107 491 F 131 537 F 
340 236 F 39 840 F 52 280 S 126 738 F 
52 022 S 127 333 F 250 370 S 83 497 S 
115 592 F 21 021 S 282 989 F 176 928 F 
79 071 F 376 601 S 77 834 S 81 021 F 
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72 135 F 354 513 S 86 028 F 103 807 S 
105 552 S 203 105 F 226 082 S - - 

F �± uszkodzenie, S �± p�U�]�H�*�\�F�L�H 
 

Na podstawie danych �]�� �W�D�E�H�O�L�� ���� �G�R�N�R�Q�D�Q�R�� �H�V�W�\�P�D�F�M�L�� �S�D�U�D�P�H�W�U�y�Z�� �G�O�D�� ������ �K�L�S�R�W�H�W�\�F�]�Q�\�F�K��
�U�R�]�N�á�D�G�y�Z�����:�\�Q�L�N�L�� �H�V�W�\�P�D�F�M�L�� �Z�V�]�\�V�W�N�L�F�K�� �E�D�G�D�Q�\�F�K�� �U�R�]�N�á�D�G�y�Z�� �S�R�G�D�Q�R�� �Z�� �]�H�V�W�D�Z�L�H�Q�L�X��
tabelarycznym (tab. 3). 

 
�7�D�E�����������2�V�]�D�F�R�Z�D�Q�H���S�D�U�D�P�H�W�U�\���E�D�G�D�Q�\�F�K���U�R�]�N�á�D�G�y�Z 
1P-Exponential 2P-Exponential Normal Lognormal 
�ã�� = 3,413E-06 �ã�� = 3,937E-06 �ä� ̧= 218 279,5 �ä��̧" = 12,184 

 �Û
Ü = 21117 �ê
Ü = 115 461,8 �ê
Ü�" = 0,819 
2P-Weibull  3P-Weibull  Gamma G-Gamma 
�Ú�� = 1,745 �Ú�� = 1,885 �ä� ̧= 11,53 �ä� ̧= 12,415 
�ß� ̧= 255 316,9 �ß� ̧= 266 209,6 �â� ̧= 2,307 �ê
Ü = 0,605 

 �Û
Ü = -10 300,12  �ã�� = 0,857 
Logistic Loglogistic Gumbel  
�ä� ̧= 211 755,9 �ä� ̧= 12,198 �ä� ̧= 274 770,6  
�ê
Ü = 68 491,7 �ê
Ü = 0,447 �ê
Ü = 104 341,5  
 

 
5. Identyfikacja najlepszego �U�R�]�N�á�D�G�X �S�U�D�Z�G�R�S�R�G�R�E�L�H���V�W�Z�D 
 

�'�R�� �Z�\�E�R�U�X�� �Q�D�M�O�H�S�V�]�H�J�R�� �U�R�]�N�á�D�G�X��hipotetycznego �V�S�R���U�y�G��11 �U�R�]�Z�D�*�D�Q�\�F�K�� �]�D�V�W�R�V�R�Z�D�Q�R��
�R�S�L�V�D�Q�H�� �Z�� �F�]�
���F�L�� ����zagreg�R�Z�D�Q�H�� �N�U�\�W�H�U�L�X�P�� �L�F�K�� �U�D�Q�J�R�Z�D�Q�L�D���� �:�� �X�V�W�D�O�H�Q�L�X�� �U�D�Q�N�L�Q�J�X�� �U�R�]�N�á�D�G�y�Z��
�S�U�]�H�S�U�R�Z�D�G�]�R�Q�R�� �Q�D�M�S�L�H�U�Z�� �H�V�W�\�P�D�F�M�
�� �S�D�U�D�P�H�W�U�y�Z�� �K�L�S�R�W�H�W�\�F�]�Q�\�F�K�� �U�R�]�N�á�D�G�y�Z���� �D�� �Q�D�V�W�
�S�Q�L�H��
�S�U�]�H�S�U�R�Z�D�G�]�R�Q�R���U�D�Q�N�L�Q�J���W�\�F�K�*�H���U�R�]�N�á�D�G�y�Z���Q�D���S�R�G�V�W�D�Z�L�H���R�S�L�V�D�Q�\�F�K���W�U�]�H�F�K���N�U�\�W�H�U�L�y�Z���� �:�\�Q�L�N�L���W�H�J�R��
�U�D�Q�N�L�Q�J�X���]�H�V�W�D�Z�L�R�Q�H���V�����Z���W�D�E���������� 

P�L�H�U�Z�V�]�D�� �N�R�O�X�P�Q�D�� �Z�V�N�D�]�X�M�H�� �Q�D�]�Z�
�� �U�R�]�N�á�D�G�X�� �S�U�D�Z�G�R�S�R�G�R�E�L�H���V�W�Z�D���� �'�U�X�J�D�� �]�D�Z�L�H�U�D�� �Z�D�U�W�R���F�L��
statystyki �.�R�á�P�R�J�R�U�R�Z�D-Smirnowa AVGOF �± �S�U�D�Z�G�R�S�R�G�R�E�L�H���V�W�Z�R���R�G�U�]�X�F�H�Q�L�D���K�L�S�R�W�H�]�\�� �U�R�E�R�F�]�H�M��
dla statystki MK-S. Kolumna trzecia opisana jako AVPLOT przedstawia �Z�D�U�W�R���ü�� ���U�H�G�Q�L����
�E�H�]�Z�]�J�O�
�G�Q�\�F�K�� �Z�D�U�W�R���F�L�� �U�y�*�Q�L�F�� �S�R�P�L�
�G�]�\�� �G�\�V�W�U�\�E�X�D�Q�W�D�P�L�� �H�P�S�L�U�\�F�]�Q���� �D���K�L�S�R�W�H�W�\�F�]�Q��. Czwarta 
kolumna oznaczona jako LKV przedstawia miary dopasowania �U�R�]�N�á�D�G�y�Z�� �Z�\�]�Q�D�F�]�R�Q�H�� �]��
zastosowaniem kryterium zlogarytmowanej �I�X�Q�N�F�M�L���Z�L�D�U�\�J�R�G�Q�R���F�L��[8, 36, 21].  

 
Tab. 4. �:�\�Q�L�N�L���S�R�V�]�F�]�H�J�y�O�Q�\�F�K��statystyk dla danych z tabeli 1 

�5�R�]�N�á�D�G AVGOF AVPLOT  LKV  
1P-Exponential 80,740 7,599 -720,16 
2P-Exponential 55,253 5,666 -712,58 
Normal 30,946 4,178 -715,65 
Lognormal 14,276 2,790 -711,82 
2P-Weibull 1,034 1,709 -709,71 
3P-Weibull 2,396 1,870 -710,23 
Gamma 0,045 1,585 -709,78 
G-Gamma 0,289 1,589 -709,66 
Logistic 36,386 3,730 -717,34 
Loglogistic 1,716 1,768 -710,49 
Gumbel 84,250 6,355 -723,73 

 
Po wyznaczeniu statystyk �]�J�R�G�Q�R���F�L�� �G�O�D�� �W�U�]�H�F�K�� �N�U�\�W�H�U�L�y�Z�� �L�� �Q�D�G�D�Q�L�X�� �U�D�Q�J �S�R�V�]�F�]�H�J�y�O�Q�\�P��

�U�R�]�N�á�D�G�R�P�� �S�U�D�Z�G�R�S�R�G�R�E�L�H���V�W�Z�D, kolejnym krokiem b�\�á�R�� �S�U�]�\�S�L�V�D�Q�L�H�� �Z�D�J�� �W�U�]�H�P��kryteriom 
�]�J�R�G�Q�R���F�L. W �S�U�D�F�\�� �X�*�\�W�R�� �Z�D�U�W�R���F�L��wag dobranych przez producenta oprogramowania jako 
�G�R�P�\���O�Q�H����wyznaczone �Q�D�� �S�R�G�V�W�D�Z�L�H�� �S�U�D�N�W�\�N�L�� �L�Q�*�\�Q�L�H�U�V�N�L�H�M���� �Z�\�Q�L�N�D�M���F�H�M�� �]�� �Z�L�H�O�X�� �D�Q�D�O�L�]��
�S�U�R�Z�D�G�]�R�Q�\�F�K�� �Z�� �]�D�V�W�R�V�R�Z�D�Q�L�D�F�K�� �S�U�]�H�P�\�V�á�R�Z�\�F�K�� �6�W�R�V�X�M���F�� �Z�D�J�L�� �S�U�]�\�S�L�V�D�Q�H�� �N�D�*�G�H�Pu z �N�U�\�W�H�U�L�y�Z 
�R�E�O�L�F�]�R�Q�R�� ���U�H�G�Q�L���� �Z�D�*�R�Q���� �G�O�D�� �X�]�\�V�N�D�Q�\�F�K��rang �S�R�V�]�F�]�H�J�y�O�Q�\�F�K�� �N�U�\�W�H�U�L�y�Z���� �1�D�� �N�R�Q�L�H�F���]�D�� �S�R�P�R�F����
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zaprezentowanego zagregowanego kryterium DESV dokonano ostatecznego rankingu jedenastu 
hipotetycznych �U�R�]�N�á�D�G�y�Z�� �:�� �H�V�W�\�P�D�F�M�L�� �S�D�U�D�P�H�W�U�y�Z�� �K�L�S�R�W�H�W�\�F�]�Q�\�F�K���U�R�]�N�á�D�G�y�Z�� �R�U�D�]�� �Z�� �L�F�K��
rankingowaniu korzystano z programu Weibull++. �'�O�D���D�Q�D�O�L�]�R�Z�D�Q�\�F�K���G�D�Q�\�F�K���S�U�]�\�M�
�W�R���Q�D�V�W�
�S�X�M���F�H��
�Z�D�J�L�� �G�O�D�� �S�R�V�]�F�]�H�J�y�O�Q�\�F�K���N�U�\�W�H�U�L�y�Z AVGOF �± 40, AVPLOT �± 10 i LKV �± 50. Po wyliczeniu 
�Z�D�U�W�R���F�L�� �'�(�6�9�� �Z�\�]�Q�D�F�]�D�Q�R�� �U�D�Q�N�L�Q�J�� �U�R�]�N�á�D�G�y�Z�� ���W�D�E����5). �5�R�]�N�á�D�G���� �N�W�y�U�\�� �X�]�\�V�N�D�á�� �Q�D�M�P�Q�L�H�M�V�]����
�Z�D�U�W�R���ü �'�(�6�9�� �M�H�V�W�� �S�R�]�\�F�M�R�Q�R�Z�D�Q�\�� �M�D�N�R�� �Q�D�M�O�H�S�L�H�M�� �G�R�S�D�V�R�Z�D�Q�\�� �Z�H�G�á�X�J�� �]�D�S�U�H�]�H�Q�W�R�Z�D�Qego 
zagregowanego kryterium �L���R�W�U�]�\�P�D�á���Z���U�D�Q�N�L�Q�J�X���Q�X�P�H�U������ �-�D�N���Z�L�G�D�ü���]���W�D�E���������Qajmniejsz�� w�D�U�W�R���F�L��
statystyki DESV �X�]�\�V�N�D�Q�R���G�O�D���X�R�J�y�O�Q�L�R�Q�H�J�R���U�R�]�N�á�D�G�X���J�D�P�P�D�����2�E�O�L�F�]�R�Q�D���R�Q�D���]�R�V�W�D�á�D��ze wzoru (11) 
�Z���Q�D�V�W�
�S�X�M���F�\���V�S�R�V�y�E���� 

 
 �������� 
L �:�t 
H�v�r�; 
E�:�t 
H�s�r�; 
E�:�s
H�w�r�; 
L �s�w�r (12) 
 

�7�D�N�� �Z�L�
�F���� �Gla danych zawartych w tabeli 2, �G�R�W�\�F�]���F�\�F�K���X�V�]�N�R�G�]�H���� �]�D�P�N�D���Z�� �F�L���J�X��5 lat 
eksploatacji �I�O�R�W�\���W�U�D�P�Z�D�M�y�Z, s�W�R�V�X�M���F opracowane zagregowane kryterium jako najlepszy wybrano 
�X�R�J�y�O�Q�L�R�Q�\���U�R�]�N�á�D�G���J�D�P�P�D, co jest odnotowane w ostatniej kolumnie tab. 5.  

 
Tab. 5. �:�D�U�W�R���F�L�����U�H�G�Q�L�F�K���Z�D�*�R�Q�\�F�K���R�U�D�]���U�D�Q�N�L�Q�J���U�R�]�N�á�D�G�y�Z 

 

�5�R�]�N�á�D�G AVGOF AVPLOT    LKV     DESV Ranking 
1P-Exponential 10 11 10 1010 9 
2P-Exponential 9 9 7 800 7 
Normal 7 8 8 760 6 
Lognormal 6 6 6 600 5 
2P-Weibull 3 3 2 250 3 
3P-Weibull 5 5 4 450 4 
Gamma 1 1 3 200 2 
G-Gamma 2 2 1 150 1 
Logistic 8 7 9 840 8 
Loglogistic 4 4 5 450 4 
Gumbel 11 10 11 1090 10 

 
Oszacowane reparametryzowane parametry �ä�á�ê�á�ã���G�O�D�� �W�H�J�R�� �U�R�]�N�á�D�G�X���X�]�\�V�N�D�á�\�� �Q�D�V�W�
�S�X�M���F�H��

�Z�D�U�W�R���F�L���ä� 
̧L �s�t�á�v�s�w; �ê
Ü
L �r�á�x�r�w�z; �ã�� 
L �r�á�z�w�y�t. Obliczona �L�Q�W�H�Q�V�\�Z�Q�R���ü�� �X�V�]�N�R�G�]�H����zamka 
�Z�\�Q�L�R�V�á�D 0,000000617/km, a ���U�H�G�Q�L��czas do uszkodzenia 229 623 km. 

Dla zobrazowania dopasowania wytypow�D�Q�H�J�R�� �U�R�]�N�á�D�G�X�� �Q�D�� �U�\�V����4 zaprezentowano dane na 
siatce �X�R�J�y�O�Q�L�R�Q�H�J�R���U�R�]�N�á�D�G�X��gamma. Na kolejnych rysunkach przedstawiono �I�X�Q�N�F�M�
��
�Q�L�H�]�D�Z�R�G�Q�R���F�L (rys. 5), �J�
�V�W�R���F�L�� �S�U�D�Z�G�R�S�R�G�R�E�L�H���V�W�Z�D��(rys. 6) oraz histogram �O�L�F�]�H�E�Q�R���F�L��
�X�V�]�N�R�G�]�H�������U�\�V�� 7).  

 
  

Rys. 4. Przedstawienie danych w siatce 
�S�U�R�E�D�E�L�O�L�V�W�\�F�]�Q�H�M���X�R�J�y�O�Q�L�R�Q�H�J�R���U�R�]�N�á�D�G�X��gamma 

Rys. 5. Funkcja �Q�L�H�]�D�Z�R�G�Q�R���F�L 
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Na rys. 4. niebieska linia reprezentuje zamodelowane �S�U�D�Z�G�R�S�R�G�R�E�L�H���V�W�Z�R �Z�\�V�W���S�L�H�Q�L�D 

�X�V�]�N�R�G�]�H���� �]�J�R�G�Q�L�H�� �]���X�R�J�y�O�Q�L�R�Q�\�P �U�R�]�N�á�D�G�H�P��gama, a czerwona linia to dwustronne 95% 
�S�U�]�H�G�]�L�D�á�\�� �X�I�Q�R���F�L����Wykres �I�X�Q�N�F�M�L�� �Q�L�H�]�D�Z�R�G�Q�R���F�L (rys. 5) pokazuje �]�P�L�D�Q�
���Z�D�U�W�R���F�L��
�Q�L�H�]�D�Z�R�G�Q�R���F�L�� �Z�� �F�]�Dsie �Z�\�U�D�*�R�Q�\�P�� �M�D�N�R�� �S�U�]�H�E�L�H�J�� �Z�� �N�P, w�V�N�D�]�X�M���F�� �W�U�H�Q�G�� �Z�� �]�D�F�K�R�Z�D�Q�L�X�� �V�L�
��
badanego elementu �Z�� �S�U�]�\�S�D�G�N�X�� �N�R�O�H�M�Q�\�F�K�� �X�V�]�N�R�G�]�H��. Wykres funkcji �J�
�V�W�R���F�L��
�S�U�D�Z�G�R�S�R�G�R�E�L�H���V�W�Z�D���X�V�]�N�R�G�]�H������ �X�P�R�*�O�L�Z�L�D�� �Z�L�]�X�D�O�L�]�D�F�M�
�� �U�R�]�N�á�D�G�X�� �G�D�Q�\�F�K��w czasie (rys. 6). 
Wykres histogramu (rys. 7) �S�R�N�D�]�X�M�H���� �*�H�� �V�W�R�V�X�Q�N�R�Z�R�� �G�X�*�D�� �F�]�
���ü���X�V�]�N�R�G�]�H�� �P�L�H���F�L�� �V�L�
�� �P�L�
�G�]�\��
�Z�D�U�W�R���F�L�D�P�L��50 000 a 200 000 km. 

Prezentacja graficzna estymo�Z�D�Q�\�F�K�� �F�K�D�U�D�N�W�H�U�\�V�W�\�N�� �I�X�Q�N�F�\�M�Q�\�F�K�� ���Q�L�H�]�D�Z�R�G�Q�R���ü���� �J�
�V�W�R���ü��
�S�U�D�Z�G�R�S�R�G�R�E�L�H���V�W�Z�D���� �R�U�D�]�� �K�L�V�W�R�J�U�D�P�X�� �O�L�F�]�H�E�Q�R���F�L�� �X�V�]�N�R�G�]�H���� �P�R�*�H�� �]�R�V�W�D�ü�� �X�*�\�W�D�� �Z�� �F�H�O�X��
�á�D�W�Z�L�H�M�V�]�H�J�R���X�V�W�D�O�H�Q�L�D���S�R�V�W�D�F�L���X�V�]�N�R�G�]�H�Q�L�D���� �,�Q�I�R�U�P�D�F�M�D���W�D���M�H�V�W���L�V�W�R�W�Q�D���Z���S�U�]�\�S�D�G�N�X���S�U�R�J�Q�R�]�R�Z�D�Q�L�D��
�S�U�]�H�E�L�H�J�X�� �X�V�]�N�R�G�]�H�� oraz wyznaczania �N�R�V�]�W�y�Z���R�E�V�á�X�J�� �N�R�U�H�N�F�\�M�Q�\�F�K���]�� �Q�L�P�L�� �]�Z�L���]�D�Q�\�F�K�� �Z��
�S�U�]�\�V�]�á�R���F�L�� 

  

Rys. 6. Funkcja �J�
�V�W�R���F�L���S�U�D�Z�G�R�S�Rdo�E�L�H���V�W�Z�D Rys. 7. Histogram 
 

�=�� �S�U�]�H�G�V�W�D�Z�L�R�Q�\�F�K�� �E�D�G�D�� �F�]�D�V�X�� �G�R�� �X�V�]�N�R�G�]�H�Q�L�D�� �]�D�P�N�D�� �N�D�E�L�Q�\�� �P�R�W�R�U�Q�L�F�]�H�J�R�� �Z�\�Q�L�N�D���� �*�H��
�Q�D�M�O�H�S�L�H�M�� �G�R�S�D�V�R�Z�D�Q�\�P�� �U�R�]�N�á�D�G�H�P�� �Z�\�]�Q�D�F�]�R�Q�\�P�� �Z�H�G�á�X�J zagregowanego kryterium jest 
�X�R�J�y�O�Q�L�R�Q�\ �U�R�]�N�á�D�G�� �J�D�P�P�D���� �1�D�O�H�*�\�� �U�y�Z�Q�L�H�*�� �]�D�]�Q�D�F�]�\�ü���� �L�*�� �Z�U�D�]�� �]�� �S�R�M�D�Z�L�D�M���F�\�P�L�� �V�L�
�� �N�R�O�H�M�Q�\�P�L��
uszkodzeniami zagregowana metoda dopasowania �U�R�]�N�á�D�G�X �P�R�*�H���Z�V�N�D�]�D�ü inny �U�R�]�N�á�D�G jako 
najlepiej dopasowany �J�G�\�*�� �Q�R�Z�H�� �G�D�Q�H���� �]�Z�á�D�V�]�F�]�D�� �J�G�\�� �E�
�G�]�L�H�� �L�F�K�� �G�X�*�R�� �Z�� �V�W�R�V�X�Q�N�X�� �G�R�� �G�R�W�\�F�K�F�]�D�V��
�X�Z�]�J�O�
�G�Q�L�R�Q�\�F�K���� �P�R�J���� �X�N�á�D�G�D�ü�� �V�L�
�� �Z�J�� �L�Q�Q�H�J�R�� �P�R�G�H�O�X����Bardzo pomocna w takim przypadku jest 
analiza siatki ro�]�N�á�D�G�X���S�U�D�Z�G�R�S�R�G�R�E�L�H���V�W�Z�D�����S�R�]�Z�D�O�D�M���F�D �Z�V�W�
�S�Q�L�H���R�F�H�Q�L�ü��dopasowanie wybranego 
modelu hipotetycznego do odpowiedniego przypadku. 

�$�Q�D�O�L�]�X�M���F�� �G�D�Q�H�� �R�� �X�V�]�N�R�G�]�H�Q�L�D�F�K�� �] �X�*�\�F�L�H�P�� �]�D�J�U�H�J�R�Z�D�Q�H�M�� �P�H�W�R�G�\���� �Q�D�O�H�*�\�� �]�G�D�Z�D�ü�� �V�R�E�L�H��
�V�S�U�D�Z�
�� �]�� �W�H�J�R���� �*�H�� �F�]�D�V�D�P�L�� �*�D�G�H�Q�� �]�� �P�R�G�H�O�L�� �V�W�D�W�\�V�W�\�F�]�Q�\�F�K�� �U�R�]�N�á�D�G�X�� �Q�L�H�� �S�D�V�X�M�H�� �G�R�� �D�Q�D�O�L�]�R�Z�D�Q�\�F�K��
�G�D�Q�\�F�K���� �:�� �W�D�N�L�P���S�U�]�\�S�D�G�N�X���R�W�U�]�\�P�X�M�H���V�L�
�� �Q�D�M�O�H�S�V�]�H���U�R�]�Z�L���]�D�Q�L�H���]�� �Q�D�M�J�R�U�V�]�\�F�K���� �N�W�y�U�H���P�R�*�H���V�á�D�E�R��
�R�S�L�V�\�Z�D�ü�� �G�D�Q�H�� ���Q�L�H�Z�L�H�O�N�L�H�� �G�R�S�D�V�R�Z�D�Q�L�H������ �:�� �L�Q�Q�\�F�K�� �S�U�]�\�S�D�G�N�D�F�K���� �Z�� �N�W�y�U�\�F�K�� �Z�L�H�O�H�� �P�R�G�H�O�L�� �P�R�*�H��
�E�\�ü�� �G�R�E�U�]�H�� �G�R�S�D�V�R�Z�D�Q�\�F�K�� �G�R�� �G�D�Q�\�F�K�� �H�P�S�L�U�\�F�]�Q�\�F�K���� �V�D�P�H�� �V�W�D�W�\�V�W�\�N�L�� �Q�L�H�� �Z�\�V�W�D�U�F�]������ �Z�� �W�D�N�L�P��
�S�U�]�\�S�D�G�N�X�� �]�Q�D�M�R�P�R���ü�� �P�H�F�K�D�Q�L�]�P�X�� �X�V�]�N�R�G�]�H�Q�L�D�� �P�R�*�H�� �E�\�ü�� �Q�L�H�R�F�H�Q�L�R�Q�D�� �S�U�]�\�� �G�R�E�R�U�]�H�� �Q�D�M�E�D�U�G�]�L�H�M��
odpowiedniego modelu hipotetycznego. �:�D�*�Q�H���M�H�V�W�����D�E�\���S�D�P�L�
�W�D�ü�����*�H���F�K�R�F�L�D�*��zagregowana metoda 
�G�O�D���P�D�á�\�F�K�� �S�U�y�E���� �W�D�N�*�H�� �X�V�]�H�U�H�J�X�M�H�� �Z�\�E�U�D�Q�H�� �U�R�]�N�á�D�G�\�� �S�U�D�Z�G�R�S�R�G�R�E�L�H���V�W�Z�D�� �Z�� �]�D�O�H�*�Q�R���F�L�� �R�G�� �O�L�F�]�E�\��
�S�D�U�D�P�H�W�U�y�Z�� �Z�� �N�R�Q�N�U�H�W�Q�\�P�� �U�R�]�N�á�D�G�]�L�H hipotetycznym���� �W�R�� �X�*�\�Z�D�Q�L�H��jej w takich przypadkach, 
obarczone jest �G�X�*�� �Q�L�H�S�H�Z�Q�R���F�L����i zalecane �M�H�V�W���D�E�\���X�*�\�Z�D�ü��jej �G�O�D���Z�L�
�N�V�]�\�F�K���]�E�L�R�U�y�Z���G�D�Q�\�F�K�� 

�1�D�O�H�*�\�� �S�R�Q�D�G�W�R�� �P�L�H�ü�� �Q�D�� �X�Z�D�G�]�H���� �*�H�� �G�Z�X�S�D�U�D�P�H�W�U�R�Z�\�� �U�R�]�N�á�D�G�� �Z�\�N�á�D�G�Q�L�F�]�\, �W�U�y�M�S�D�U�D�P�H�W�U�R�Z�\��
�:�H�L�E�X�O�O�D�� �R�U�D�]�� �X�R�J�y�O�Q�L�R�Q�\��g�D�P�P�D���� �]�D�Z�L�H�U�D�M���� �S�D�U�D�P�H�W�U�� �S�R�á�R�*�H�Q�L�D���� �N�W�y�U�H�J�R�� �]�P�L�D�Q�D�� �S�R�Z�R�G�X�M�H��
�S�U�]�H�V�X�Q�L�
�F�L�H�� �G�\�V�W�U�\�E�X�D�Q�W�\�� �L�� �I�X�Q�N�F�M�L�� �U�R�]�N�á�D�G�X�� �S�U�D�Z�G�R�S�R�G�R�E�L�H���V�W�Z�D�� �E�H�]�� �]�P�L�D�Q�\�� �M�H�J�R�� �N�V�]�W�D�á�W�X����
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�8�R�J�y�O�Q�L�R�Q�\�� �U�R�]�N�á�D�G��g�D�P�P�D�� �W�R�� �Q�D�W�R�P�L�D�V�W�� �]�á�R�*�R�Q�\�� �P�R�G�H�O���� �N�W�y�U�\�� �P�R�*�H�� �á�D�W�Z�R�� �Q�D���O�D�G�R�Z�D�ü�� �Z�L�H�O�H��
�L�Q�Q�\�F�K�� �U�R�]�N�á�D�G�y�Z�� �L�� �G�O�D�W�H�J�R�� �F�]�
�V�W�R�� �Z�\�G�D�M�H�� �V�L�
�� �E�\�ü�� �Q�D�M�O�H�S�L�H�M�� �G�R�S�D�V�R�Z�D�Q�\�P�� �G�R�� �D�Q�D�O�L�]�R�Z�D�Q�\�F�K��
danych.  

�$�Q�D�O�L�]�X�M���F��dane naniesione na siatki probabilistyczne���� �F�]�
�V�W�R�� �P�R�*�Q�D�� �V�W�Z�L�H�U�G�]�L�ü���� �*�H�� �P�D�M����one 
�Z�L�
�F�H�M�� �Q�L�*�� �M�H�G�H�Q rodzaj uszkodzenia (np.: �]�P�
�F�]�H�Q�L�R�Z�H���� �H�N�V�S�O�R�D�W�D�F�\�M�Q�H���� �N�R�Q�V�W�U�X�N�F�\�M�Q�H, 
technologiczne, itd.������ �:���W�D�N�L�P���S�U�]�\�S�D�G�N�X���Z�V�]�\�V�W�N�L�H���U�R�]�N�á�D�G�\��uszeregowa�Q�H���Z�H�G�á�X�J��zagregowanej 
metody wyboru �U�R�]�N�á�D�G�X���P�R�J�����R�N�D�]�D�ü���V�L�
���(�O�H���G�R�S�D�V�R�Z�D�Q�\�P�L�����S�R�Q�L�H�Z�D�*���R�S�U�D�F�R�Z�D�Q�D���P�H�W�R�G�D���P�R�*�H��
�E�\�ü�� �V�W�R�V�R�Z�D�Q�D�� �W�\�O�N�R�� �G�O�D�� �M�H�G�Q�R�U�R�G�Q�H�J�R�� �W�\�S�X�� �X�V�]�N�R�G�]�H���� �E�D�G�D�Q�H�J�R elementu. W takich sytuacjach 
�Q�D�O�H�*�\���X�Z�]�J�O�
�G�Q�L�ü�� �P�R�*�O�L�Z�R���ü�� �V�N�R�U�]�\�V�W�D�Q�L�D�� �]���P�L�H�V�]�D�Q�L�Q�\�� �M�H�G�Q�H�J�R�� �O�X�E�� �N�L�O�N�X�� �U�R�]�N�á�D�G�y�Z���� �Q�S���� �]��
�S�R�á���F�]�H�Q�L�D���G�Z�y�F�K���U�R�]�N�á�D�G�y�Z���:�H�L�E�X�O�O�D�� 

 
 
6. Podsumowanie 
 

�8�]�\�V�N�D�Q�H�� �Z�\�Q�L�N�L�� �V�W�D�Q�R�Z�L���� �Z�D�*�Q�\�� �D�U�J�X�P�H�Q�W�� �G�R�� �P�R�*�O�L�Z�R���F�L�� �]�D�V�W�R�V�R�Z�D�Q�L�D�� �S�U�R�S�R�Q�R�Z�D�Q�H�M��
�]�D�J�U�H�J�R�Z�D�Q�H�M�� �P�H�W�R�G�\�� �G�R�E�R�U�X�� �U�R�]�N�á�D�G�X�� �K�L�S�R�W�H�W�\�F�]�Q�H�J�R�� �G�R�� �G�D�Q�\�F�K�� �H�P�S�L�U�\�F�]�Q�\�F�K���� �8�Z�]�J�O�
�G�Q�L�D�M���F����
trzy �N�U�\�W�H�U�L�D���R�F�H�Q�\���G�R�N�á�D�G�Q�R���F�L �G�R�S�D�V�R�Z�D�Q�L�D�����X�Q�L�N�D���V�L�
���E�á�
�G�y�Z���M�D�N�L�H���P�R�*�Q�D���S�R�S�H�á�Q�L�ü���X�]�D�O�H�*�Q�L�D�M���F��
�V�L�
���W�\�O�N�R���R�G���M�H�G�Q�H�J�R���]���Q�L�F�K���� 

�8�*�\�Z�D�Q�L�H�� �W�\�O�N�R��jednego kryterium �R�N�U�H���O�D�M���F�H�J�R�� �M�D�N�R���ü��dopasowania dystrybuanty 
�K�L�S�R�W�H�W�\�F�]�Q�H�M�� �G�R�� �H�P�S�L�U�\�F�]�Q�H�M���� �F�]�
�V�W�R�� �P�R�*�H�� �R�N�D�]�D�ü�� �V�L�
�� �Q�L�H�Z�\�V�W�D�U�F�]�D�M���F�H���� �]�D�O�H�*�\�� �W�R��od wielu 
zmiennych �J�á�ywnie od �L�O�R���F�L�� �G�D�Q�\�F�K���� �F�]�\�� �G�D�Q�H�� �V�� �S�H�á�Q�H�� �F�]�\�� �X�F�L�
�W�H�� ���F�H�Q�]�X�U�R�Z�D�Q�H������ �D�O�H�� �S�U�]�H�G�H��
wszystkim od rodzaju uszkodzenia. 

�=�D�J�U�H�J�R�Z�D�Q�D�� �P�H�W�R�G�D�� �L�G�H�Q�W�\�I�L�N�D�F�M�L�� �U�R�]�N�á�D�G�X�� �K�L�S�R�W�H�W�\�F�]�Q�H�J�R�� �X�Z�]�J�O�
�G�Q�L�D�M���F�D�� �W�U�]�\�� �N�U�\�W�H�U�L�D���� �M�H�V�W��
�P�H�W�R�G�����R�J�y�O�Q�����L���P�D���V�]�H�U�R�N�L�H���]�D�V�W�R�V�R�Z�D�Q�L�H�����S�U�]�\���V�S�H�á�Q�L�H�Q�L�X���R�G�S�R�Z�L�H�G�Q�L�F�K���Z�D�U�X�Q�N�y�Z�����D���Z�L�
c liczba 
obserwacji �P�X�V�L���E�\�ü���R�G�S�R�Z�L�H�G�Q�L�R �G�X�*�D���R�U�D�]���S�R�Z�L�Q�Q�D���]�D�Z�L�H�U�D�ü���G�R�N�á�D�G�Q�H���G�D�Q�H���G�R�W�\�F�]���F�H���F�]�D�V�y�Z���G�R��
uszkodzenia lub do �]�D�N�R���Fz�H�Q�L�D���E�D�G�D���� Zmodyfikowana statystyka K-S (AVGOV) jest �Z�U�D�*�O�L�Za na 
�O�R�N�D�O�Q�H�� �R�G�F�K�\�O�H�Q�L�D���� �=�� �N�R�O�H�L�� ���U�H�G�Q�L�H�� �R�G�F�K�\�O�H�Q�Le �E�H�]�Z�]�J�O�
�G�Q�H�� �G�\�V�W�U�\�E�X�D�Q�W�\�� �K�L�S�R�W�H�W�\�F�]�Q�H�M�� �R�G��
dystrybuanty empirycznej (AVPLOT), nie jest �M�X�*���W�D�N���Z�U�D�*�O�L�Ze na lo�N�D�O�Q�H���R�G�F�K�\�O�H�Q�L�D�����X�Z�]�J�O�
�G�Q�L�D��
�Q�D�W�R�P�L�D�V�W���J�O�R�E�D�O�Q�H���]�U�y�*�Q�L�F�R�Z�D�Q�L�H���U�R�]�N�á�D�G�y�Z���L���V�W�D�Q�R�Z�L���G�R�E�U�H���X�]�X�S�H�á�Q�L�H�Q�L�H���G�R���N�U�\�W�H�U�L�X�P���0�.-S. Dla 
trzeciego kryterium, czyli �O�R�J�D�U�\�W�P�X�� �I�X�Q�N�F�M�L�� �Z�L�D�U�\�J�R�G�Q�R���F�L ���/�.�9���� �L�V�W�R�W�Q�D�� �M�H�V�W�� �Z�L�H�O�N�R���ü�� �S�U�y�E�\����
�J�G�\�*���Z���S�U�]�\�S�D�G�N�X���P�D�á�\�F�K���S�U�y�E�H�N �X�]�\�V�N�D�Q�D���Z�D�U�W�R���ü���P�R�*�H���E�\�ü���P�R�F�Q�R���R�E�F�L���*�R�Q�D.  

�.�R�U�]�\���F�L���Z�\�Q�L�N�D�M���F�H���]���S�R�S�U�D�Z�Q�H�J�R���G�R�E�R�U�X���U�R�]�N�á�D�G�X���]�P�L�H�Q�Q�H�M���O�R�V�R�Z�H�M���F�]�D�V�X���]�G�D�W�Q�R���F�L���R�E�L�H�N�W�X��
odnawialnego jakim j�H�V�W�� �S�R�M�D�]�G�� �V�]�\�Q�R�Z�\�� �V���� �]�Q�D�F�]���F�H��m.in. ze �Z�]�J�O�
�G�X�� �Q�D�� �N�R�V�]�W�\�� �J�H�Q�H�U�R�Z�D�Q�H��
popr�]�H�]���Q�L�H�Z�\�N�R�U�]�\�V�W�D�Q�L�H���W�U�Z�D�á�R���F�L���S�R�W�H�Q�F�M�D�O�Q�H�M elementu jak i strat �Z�\�Q�L�N�D�M���F�\�F�K���]���Z�\�P�X�V�]�R�Q�\�F�K��
�R�E�V�á�X�J���N�R�U�H�N�F�\�M�Q�\�F�K��i nieplanowanego przestoju pojazdu. 

 
�%�D�G�D�Q�L�D�� �]�R�V�W�D�á�\�� �V�I�L�Q�D�Q�V�R�Z�D�Q�R�� �]���Q�D�V�W�
�S�X�M���F�\�F�K�� ���U�R�G�N�y�Z�� PUT 04/43/SBAD/0111 oraz 
05/51/SBAD/3584 
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�$�E�V�W�U�D�F�W�����7�K�H���H�I�I�L�F�L�H�Q�F�\���R�I���R�S�H�U�D�W�L�R�Q���R�I���P�R�W�R�U���Y�H�K�L�F�O�H�V���Z�L�W�K���D���'�0�&�����3�H�U�P�L�V�V�L�E�O�H���/�D�G�H�Q���0�D�V�V��������������
�W�R�Q�Q�H�V���L�V���F�R�Q�V�L�G�H�U�H�G�����7�K�H�V�H���D�U�H���Y�H�K�L�F�O�H�V���E�H�O�R�Q�J�L�Q�J���P�R�W�R�U���Y�H�K�L�F�O�H�V���R�I���F�D�W�H�J�R�U�\���1�������X�V�X�D�O�O�\���U�H�I�H�U�U�H�G���W�R���D�V��
�G�H�O�L�Y�H�U�\���Y�H�K�L�F�O�H�V�����7�K�H���U�H�V�X�O�W�V���R�I���R�E�V�H�U�Y�D�W�L�R�Q�V���R�Q���W�K�H���L�P�S�O�H�P�H�Q�W�D�W�L�R�Q���R�I���W�U�D�Q�V�S�R�U�W���R�U�G�H�U�V���L�Q�������W�U�D�Q�V�S�R�U�W��
�F�R�P�S�D�Q�L�H�V�� �I�U�R�P�� �W�K�H�� �0���3�� ���6�P�D�O�O�� �D�Q�G�� �0�L�G�G�O�H���V�L�]�H�� �&�R�P�S�D�Q�L�H�V���� �V�H�F�W�R�U�� �Z�H�U�H�� �X�V�H�G�� �W�R�� �F�R�Q�G�X�F�W�� �W�K�H��
�H�I�I�H�F�W�L�Y�H�Q�H�V�V���D�Q�D�O�\�V�L�V�����7�K�H���U�H�V�H�D�U�F�K���J�U�R�X�S���F�R�Y�H�U�H�G���������Y�H�K�L�F�O�H�V���W�K�D�W���L�P�S�O�H�P�H�Q�W�D�W�L�R�Q���W�U�D�Q�V�S�R�U�W���R�U�G�H�U�V���L�Q��
�W�K�H���X�U�E�D�Q���]�R�Q�H���D�Q�G���L�Q���W�K�H���L�P�P�H�G�L�D�W�H���Y�L�F�L�Q�L�W�\���R�I���W�K�H���F�L�W�\�����,�Q�I�R�U�P�D�W�L�R�Q���Z�D�V���F�R�O�O�H�F�W�H�G���R�Q���D���P�R�Q�W�K�O�\���E�D�V�L�V����

�'�X�U�L�Q�J���W�K�H���D�Q�D�O�\�V�L�V���R�I���H�F�R�Q�R�P�L�F���H�I�I�L�F�L�H�Q�F�\���W�K�H���L�Q�F�R�P�H���P�H�D�V�X�U�H�V�����D�E�V�R�O�X�W�H���D�Q�G���U�H�O�D�W�L�Y�H�����Z�H�U�H���X�V�H�G����
�7�K�H���F�D�O�F�X�O�D�W�L�R�Q�V���Z�H�U�H���F�D�U�U�L�H�G���R�X�W���X�V�L�Q�J���W�K�H���P�R�G�H�O���R�I���W�K�H���Y�H�K�L�F�O�H���R�S�H�U�D�W�L�R�Q���S�U�R�F�H�V�V���L�Q���W�K�H���I�R�U�P���R�I���D���Q�H�X�U�D�O��
�Q�H�W�Z�R�U�N�����L�Q���Z�K�L�F�K���D���V�H�W���R�I���������L�Q�S�X�W���Y�D�U�L�D�E�O�H�V���D�Q�G�������R�X�W�S�X�W���Y�D�U�L�D�E�O�H�V���Z�H�U�H���W�D�N�H�Q���L�Q�W�R���D�F�F�R�X�Q�W�����8�V�L�Q�J���W�K�H��
�6�W�D�W�L�V�W�L�F�D�� ���������� �F�R�P�S�X�W�H�U�� �S�U�R�J�U�D�P�� �D�Q�G�� �G�H�I�L�Q�L�Q�J�� �W�K�H�� �J�U�R�X�S�� �D�Q�G�� �I�D�F�W�R�U�V�� �G�H�V�F�U�L�E�L�Q�J�� �W�K�H�� �S�U�R�F�H�V�V�� �R�I��
�L�P�S�O�H�P�H�Q�W�D�W�L�R�Q���R�I���L�Q�G�L�Y�L�G�X�D�O���W�U�D�Q�V�S�R�U�W���W�D�V�N�V�����W�K�H���G�H�Y�H�O�R�S�H�G���Q�H�X�U�D�O���Q�H�W�Z�R�U�N���P�R�G�H�O���H�Q�D�E�O�H�G���V�H�D�U�F�K�L�Q�J���I�R�U��
�W�K�H���L�P�S�D�F�W���R�I���V�H�O�H�F�W�H�G���R�S�H�U�D�W�L�R�Q�D�O���I�D�F�W�R�U�V���R�Q���W�K�H���H�F�R�Q�R�P�L�F���H�I�I�L�F�L�H�Q�F�\���R�I���1�����F�D�W�H�J�R�U�\���F�D�U�V����
�����������������7�K�H���F�D�O�F�X�O�D�W�L�R�Q�V���V�K�R�Z�H�G���D���V�L�J�Q�L�I�L�F�D�Q�W���L�P�S�D�F�W���R�I���W�K�H���Q�X�P�E�H�U���R�I���Y�H�K�L�F�O�H���G�D�\�V���L�Q���D���P�R�Q�W�K�����W�K�H���Z�H�L�J�K�W��
�R�I���W�K�H���O�R�D�G�����D�V���Z�H�O�O���D�V���W�K�H���W�L�P�H���R�I���\�H�D�U�����7�K�H���R�E�W�D�L�Q�H�G���F�D�O�F�X�O�D�W�L�R�Q���U�H�V�X�O�W�V���V�K�R�Z�H�G���W�K�H���V�S�H�F�L�I�L�F���I�H�D�W�X�U�H�V���R�I��
�W�K�H���L�P�S�D�F�W���R�I���W�K�H���Q�X�P�E�H�U���R�I���Z�R�U�N�L�Q�J���G�D�\�V���R�Q���U�H�Y�H�Q�X�H���L�Q���D���W�U�D�Q�V�S�R�U�W���F�R�P�S�D�Q�\�����7�K�H���L�Q�F�U�H�D�V�H���L�Q���W�K�H���Q�X�P�E�H�U��
�R�I�� �Z�R�U�N�L�Q�J�� �G�D�\�V�� �I�D�Y�R�U�V�� �W�K�H�� �L�Q�F�U�H�D�V�H���L�Q���L�Q�F�R�P�H�� �L�Q�� �D���O�L�P�L�W�H�G���Z�D�\���� �D�Q�G���W�K�L�V�� �U�H�V�W�U�L�F�W�L�R�Q�� �G�H�S�H�Q�G�V���� �D�P�R�Q�J��
�R�W�K�H�U�V���V�L�Q�F�H���W�K�H���W�L�P�H���R�I���\�H�D�U����
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���›�•�—�Ž�ƒ�…�›�Œ�•�ƒ���ƒ�•�ƒ�Ž�‹�œ�ƒ���‡�•�‡�”�‰�‘�…�Š�Ï�‘�•�•�‘�ä�…�‹���’�‘�Œ�ƒ�œ�†�×�™��

elektrycznych w testach badawczych  
 

���Ï�‘�™�ƒ�� �•�Ž�—�…�œ�‘�™�‡�ã pojazdy samochodowe, n�ƒ�’�¸�†�� �‡�Ž�‡�•�–�”�›�…�œ�•�›�á�� �ƒkumulatory 
�™�›�•�‘�•�‘�•�ƒ�’�‹�¸�…�‹�‘�™�‡�á���’�”�œ�‡�’�Ï�›�™���‡�•�‡�”�‰�‹�‹�á��testy jezdne 

 
Streszczenie: Ocena �’�”�œ�‡�’�Ï�›�™�— energii przez �—�•�Ï�ƒ�†�›��pojazd�×�™ elektrycznych �—�•�‘���Ž�‹�™�‹�ƒ��
oszacowanie ich �‡�•�‡�”�‰�‘�…�Š�Ï�‘�•�•�‘�ä�…�‹�ä�������ƒ�”�–�›�•�—�Ž�‡���’�”�œ�‡�†�•�–�ƒ�™�‹�‘�•�‘���ƒ�•�ƒ�Ž�‹�œ�›���†�‘�–�›�…�œ�¦�…�‡���œ�—���›�…�‹�ƒ���‡�•�‡�”�‰�‹�‹��
�’�‘�Œ�ƒ�œ�†�×�™��elektrycznych w wybranych testach jezdnych (NEDC, WLTC oraz w rzeczywistych 
warunkach ruchu �� test RDC) �™���‘�†�•�‹�‡�•�‹�‡�•�‹�—���†�‘���œ�”�×���•�‹�…�‘�™�ƒ�•�‡�Œ���•�ƒ�•�›���’�‘�Œ�ƒ�œ�†�×�™�ä�����•�ƒ�Ž�‹�œ�‹�‡���’�‘�†�†�ƒ�•�‘��
�”�×�™�•�‹�‡���� �™�›�•�‘�”�œ�›�•�–�ƒ�•�‹�‡�� �•�‹�Ž�•�‹�•�×�™�� �‡�Ž�‡�•�–�”�›�…�œ�•�›�…�Š, �’�”�œ�‡�†�•�–�ƒ�™�‹�ƒ�Œ�¦�…�� �•�ƒ�’�›�� �‹�…�Š�� �’�”�ƒ�…�›�á���™�‹�‡�Ž�•�‘�ä�…�‹��
�’�”�œ�‡�’�Ï�›�™�—�� �‡�•�‡�”�‰�‹�‹�� �™�� �ƒ�•�—�•�—�Ž�ƒ�–�‘�”�ƒ�…�Š�� �‘�”�ƒ�œ�� �•�–�‘�’�‹�‡�Ñ��zmiany ich na�Ï�ƒ�†�‘�™�ƒ�•�‹�ƒ�ä Badania i analizy 
symulacyjne wykonano z wykorzystaniem oprogramowania AVL Cruise. ���–�™�‹�‡�”�†�œ�‘�•�‘�á�� ���‡�� �•�‹�•�‘��
�’�‘�†�‘�„�•�›�…�Š�� �™�ƒ�”�–�‘�ä�…�‹�� �‡�•�‡�”�‰�‘�…�Š�Ï�‘�•�•�‘�ä�…�‹�� �’�‘�Œ�ƒ�œ�†�×�™�� �™�� �–�‡�•�–�ƒ�…�Š�� �„�ƒ�†�ƒ�™�…�œ�›�…�Š NEDC oraz RDC, to 
�™�›�•�–�¸�’�—�Œ�¦���œ�•�ƒ�…�œ�¦�…�‡�� �”�×���•�‹�…�‡���’�”�œ�‡�’�Ï�›�™�—�� �‡�•�‡�”�‰�‹�‹�� �™�� �—�•�Ï�ƒ�†�ƒ�…�Š�� �ƒ�•�—�•�—�Ž�ƒ�…�Œ�‹ �’�‘�Œ�ƒ�œ�†�×�™. Zmiany 
�•�–�‘�’�•�‹�ƒ���•�ƒ�Ï�ƒ�†�‘�™�ƒ�•�‹�ƒ���ƒ�•�—�•�—�Ž�ƒ�–�‘�”�ƒ���‘�†�•�‹�‡�•�‹�‘�•�‡���†�‘���s�r�r���•�•���–�‡�•�–�—���•�¦���œ�„�Ž�‹���‘�•�‡���™���–�‡�•�–�ƒ�…�Š��������C oraz 
RDC ���”�×���•�‹�…�ƒ�� �x�¨���â�� �†�Ž�ƒ�� �–�‡�•�–�—�� ���������� �”�×���•�‹�…�ƒ�� �–�ƒ�� �™�›�•�‘�•�‹�� �•�ƒ�•�•�›�•�ƒ�Ž�•�‹�‡�� �t�w�¨ (w odniesieniu do 
poprzednich �–�‡�•�–�×�™��. ���•�‡�”�‰�‘�…�Š�Ï�‘�•�•�‘�ä�© pojazd�×�™ �‡�Ž�‡�•�–�”�›�…�œ�•�›�…�Š�� �Œ�‡�•�–�� �•�‹�Ž�•�‹�‡�� �œ�ƒ�Ž�‡���•�‡�� �‘�†�� �–�‡�•�–�—��
�„�ƒ�†�ƒ�™�…�œ�‡�‰�‘�â�� �™�ƒ�”�–�‘�ä�…�‹�� �—�œ�›�•�•�ƒ�•�‡�� �™�� �–�‡�•�–�ƒ�…�Š�� �•�•�œ�–�ƒ�Ï�–�—�Œ�¦�� �•�‹�¸�� �•�ƒ�� �’�‘�œ�‹�‘�•�‹�‡�� �s�r,1��13,5 kWh/100 km 
(test NEDC); 13��15 kWh/100 km  (test WLTC) oraz 12,5��16,2 kWh/100 km  w �–�‡�ä�…�‹�‡�� �������ä��
���ƒ�”�–�‘�ä�…�‹���‡�•�‡�”�‰�‘�…�Š�Ï�‘�•�•�‘�ä�…�‹���™���–�‡�•�–�ƒ�…�Š�������������‘�”�ƒ�œ��������C �•�¦��odpowiednio mniejsze �‘���‘�•�‘�Ï�‘��20% i 
10% �™�� �‘�†�•�‹�‡�•�‹�‡�•�‹�—�� �†�‘�� �–�‡�•�–�—�� �������ä�� ���™�‹�¸�•�•�œ�‡�•�‹�‡�� �•�ƒ�•�›�� �’�‘�Œ�ƒ�œ�†�—�� �œ�™�‹�¸�•�•�œ�ƒ�� �œ�—���›�…�‹�‡�� �‡�•�‡�”�‰�‹�‹��
���œ�™�‹�¸�•�•�œ�‡�•�‹�‡���‘���s�r�r���•�‰���•�ƒ�•�›���’�‘�Œ�ƒ�œ�†�—���œ�™�‹�¸�•�•�œ�ƒ���œ�—���›�…�‹�‡���‡�•�‡�”�‰�‹�‹���‘ 0,34 kWh/100 km) . 

 
1. Wprowadzenie  

 
���‘�•�‹�‡�…�œ�•�‘�ä�©���‘�‰�”�ƒ�•�‹�…�œ�ƒ�•�‹�ƒ���œ�—���›�…�‹�ƒ���’�ƒ�Ž�‹�™�ƒ���’�”�œ�‡�œ���’�‘�Œ�ƒ�œ�†�›���•�ƒ�•�‘�…�Š�‘�†�‘�™�‡���™�›�’�‘�•�ƒ���‘�•�‡���™��

silniki spalinowe ���‘�”�ƒ�œ���•�ƒ�’�¸�†�›���Š�›�„�”�›�†�‘�™�‡�����•�•�—�–�•�—�Œ�‡���œ�™�‹�¸�•�•�œ�‡�•�‹�‡�•���’�”�‘�†�—�•�…�Œ�‹���’�‘�Œ�ƒ�œ�†�×�™��
z elektrycznymi �—�•�Ï�ƒ�†�ƒ�•�‹�� �•�ƒ�’�¸�†�‘�™�›�•�‹�á�� �…�‘�� �’�”�‘�™�ƒ�†�œ�‹�� �†�‘�� �œ�™�‹�¸�•�•�œ�ƒ�•�‹�ƒ���‹�…�Š�� �—�†�œ�‹�ƒ�Ï�—�� �™��
�‘�‰�×�Ž�•�‡�Œ�� �Ž�‹�…�œ�„�‹�‡�� �’�‘�Œ�ƒ�œ�†�×�™�ä ���ƒ�‘�•�–�”�œ�‡�•�‹�‡�� �•�–�ƒ�•�†�ƒ�”�†�×�™�� �†�‘�–�›�…�œ�¦�…�›�…�Š�� �‘�‰�”�ƒ�•�‹�…�œ�‡�•�‹�ƒ�� �œ�—���›�…�‹�ƒ��
�’�ƒ�Ž�‹�™�ƒ�� �œ�� �ˆ�Ž�‘�–�›�� �’�‘�Œ�ƒ�œ�†�×�™�� �™��2030 r.�á�� �’�‘�™�‹�•�•�‘�� �’�”�œ�›�…�œ�›�•�‹�©�� �•�‹�¸�� �†�‘�� �œ�•�ƒ�…�œ�¦cego rozwoju 
�‡�Ž�‡�•�–�”�‘�•�‘�„�‹�Ž�•�‘�ä�…�‹��[3]  przy jednoczesnym ogranicze�•�‹�—���‡�•�‹�•�Œ�‹���‰�ƒ�œ�×�™���…�‹�‡�’�Ž�ƒ�”�•�‹�ƒ�•�›�…�Š.  

���’�”�œ�‡�†�ƒ���� �’�‘�Œ�ƒ�œ�†�×�™�� �‡�Ž�‡�•�–�”�›�…�œ�•�›�…�Š�� �������� �� battery electric vehicle���� �•�ƒ�� �ä�™�‹�ƒ�–�‘�™�›�…�Š��
�”�›�•�•�ƒ�…�Š���—�Ž�‡�‰�ƒ���œ�™�‹�¸�•�•�œ�‡�•�‹�—�á���Œ�‡�†�•�ƒ�•���—�†�œ�‹�ƒ�Ï���–�›�…�Š���’�‘�Œ�ƒ�œ�†�×�™���™���‘�‰�×�Ž�•�›�•���”�›�•�•�—���•�ƒ�•�‘�…�Š�‘�†�×�™��
�•�ƒ�†�ƒ�Ž���•�‹�‡���Œ�‡�•�–���œ�„�›�–���†�—���›�ä���c�”�‡�†�•�‹���‡�—�”�‘�’�‡�Œ�•�•�‹���—�†�œ�‹�ƒ�Ï���’�‘�Œ�ƒ�œ�†�×�™��������(electric vehicle) w rynku 
wy�•�‘�•�‹���‘�•�‘�Ï�‘���t�á�w�¨�á���•�‹�•�‘���•�’�”�œ�‡�†�ƒ���›���–�›�…h �’�‘�Œ�ƒ�œ�†�×�™���™���t�r�s�z���”. na poziomie 200 tys. szt. 



���”�›�•�ä�� �s���ä�� ���ƒ�Œ�„�ƒ�”�†�œ�‹�‡�Œ�� �†�›�•�ƒ�•�‹�…�œ�•�›�•�� �”�›�•�•�‹�‡�•�� �Œ�‡�•�–�� �”�›�•�‡�•�� �…�Š�‹�Ñ�•�•�‹�á�� �•�ƒ�� �•�–�×�”�›�•�� �•�‘�–�—�Œ�‡�� �•�‹�¸��
ponad 800 000 nowych rejestracji w 2018 �”�ä�� ���‹�•�‘�� �–�‡�‰�‘�� �—�†�œ�‹�ƒ�Ï�� �’�‘�Œ�ƒ�œ�†�×�™�� �������� �™�›�•�‘�•�‹��
�–�ƒ�•�� �‘�•�‘�Ï�‘�� �u�á�w�¨�ä�� ���� ���—�”�‘�’�‹�‡�� �’�”�œ�‘�†�—�Œ�‡�� ���‘�”�™�‡�‰�‹�ƒ�� �œ�� �v�w�� �–�›�•�‹�¦�…�ƒ�•�‹�� �•�‘�™�›�…�Š�� �”�‡�Œ�‡�•�–�”�ƒ�…�Œ�‹�� �™��
2018 r. ���—�†�œ�‹�ƒ�Ï���™���”�›�•�•�—���’�‘�Œ�ƒ�œ�†�×�™�����������™�›�•�‘�•�‹���‘�„�‡�…�•�‹�‡���t�{�¨���ä���������‘�Ž�•�…�‡���—�†�œ�‹�ƒ�Ï���’�‘�Œ�ƒ�œ�†�×�™��
�������� �‘�•�”�‡�ä�Ž�ƒ�•�›�� �Œ�‡�•�–�� �•�ƒ��poziomie 0,4% [10]; na koniec lipca 2019 r. zarejestrowanych 
�„�›�Ï�‘��4009 pojazd�×�™ elektrycznych [14]. 
 

 

Rys. 1. �c�™�‹�ƒ�–�‘�™�ƒ���•�’�”�œ�‡�†�ƒ�����’�‘�Œ�ƒ�œ�†�×�™���‡�Ž�‡�•�–�”�›�…�œ�•�›�…�Š���‹���‹�…�Š���—�†�œ�‹�ƒ�Ï���™���”�›�•�•�ƒ�…�Š���™�›�„�”�ƒ�•�›�…�Š��
�’�ƒ�Ñ�•�–�™���‹���”�‡�‰�‹�‘�•�×�™���ä�™�‹�ƒ�–�ƒ [5] 

 
W ostatnich kil�•�—���Ž�ƒ�–�ƒ�…�Š���‘�„�•�‡�”�™�—�Œ�‡���•�‹�¸���†�—���›���’�”�œ�›�”�‘�•�– �•�‘�†�‡�Ž�‹���’�‘�Œ�ƒ�œ�†�×�™���‡�Ž�‡�•�–�”�›�…�œ�•�›�…�Š�á��

�™�� �œ�”�×���•�‹�…�‘�™�ƒ�•�›�…�Š�� �•�‡�‰�•�‡�•�–�ƒ�…�Š�� ��rys. �t���ä�� ���ƒ�Œ�™�‹�¸�•�•�œ�›�� �’�”�œ�›�”�‘�•�–�� �•�‘�†�‡�Ž�‹�� �†�‘�–�›�…�œ�›�� �”�›�•�•�—��
�…�Š�‹�Ñ�•�•�‹�‡�‰�‘���� we wszystkich segmentach. ���‘�•�–�¸�’�•�›�…�Š�� �Œ�‡�•�–�� �–�ƒ�•�� �‘�•�‘�Ï�‘�� �s�t�r�� �•�‘�†�‡�Ž�‹��
�•�ƒ�•�‘�…�Š�‘�†�×�™�������ä�����ƒ���”�›�•�•�—���‡�—�”�‘�’�‡�Œ�•�•�‹m �‘�•�‘�Ï�‘���t�r���•�‘�†�‡�Ž�‹���� i dwukrotnie mniej na rynku 
�ƒ�•�‡�”�›�•�ƒ�Ñ�•�•�‹�•��[5]. �����‘�‰�×�Ž�•�‡�Œ���•�’�”�œ�‡�†�ƒ���›���’�‘�Œ�ƒ�œ�†�×�™���™���t�r�s8 r. na rynku �…�Š�‹�Ñ�•�•�‹�•����90% to 
pojazdy typu small car. ���ƒ�� �”�›�•�•�—�� �‡�—�”�‘�’�‡�Œ�•�•�‹�•�� �‘�„�•�‡�”�™�—�Œ�‡�� �•�‹�¸�� �”�‘�œ�™�×�Œ�� �’�‘�Œ�ƒ�œ�†�×�™��
elektrycznych typu crossover oraz SUV.  

 

 

Rys. 2. Modele �’�‘�Œ�ƒ�œ�†�×�™���‡�Ž�‡�•�–�”�›�…�œ�•�›�…�Š���œ���’�‘�†�œ�‹�ƒ�Ï�‡�•���•�ƒ���•�ƒ�–�‡�‰�‘�”�‹�‡���†�‘�•�–�¸�’�•�‡���•�ƒ���™�›�„�”�ƒ�•�›�…�Š��
�”�›�•�•�ƒ�…�Š���ä�™�‹�ƒ�–�ƒ��[5] 



Na �”�›�•�•�—���’�‘�Ž�•�•�‹�•���Œ�‡�•�–���‘�ˆ�‹�…�Œ�ƒ�Ž�•�‹�‡���†�‘�•�–�¸�’�•�›�…�Š���t�r���•�‘�†�‡�Ž�‹���’�‘�Œ�ƒ�œ�†�×�™���–�›�’�—�������������™�Ž�‹�…�œ�ƒ�Œ�¦�…��
w to samochody dostawcze) [14]�ä�����…�Š���œ�ƒ�•�‹�¸�‰���Œ�‡�•�–���†�‘�ä�©���œ�”�×���•�‹�…�‘�™�ƒ�•�›���‹���™�›�•�‘�•�‹���‘�†��100 km 
do 540 �•�•�����™���–�‡�ä�…�‹�‡���������� �� New European Driving Cycle���á���…�‘���œ�ƒ�’�‡�™�•�‹�ƒ�Œ�¦���ƒ�•�—�•�—�Ž�ƒ�–�‘�”�›���‘��
pojemno�ä�…�‹, odpowiednio, od 6,1 kWh do 90 �•���Š�ä�����‡�•�–�ƒ�™�‹�‡�•�‹�‡���•�‹�‡���—�™�œ�‰�Ž�¸�†�•�‹�ƒ���’�‘�Œ�ƒ�œ�†�×�™��
���‡�•�Ž�‹�á�� �‰�†�›���� �‹�…�Š�� �‘�ˆ�‹�…�Œ�ƒ�Ž�•�ƒ�� �•�’�”�œ�‡�†�ƒ���� ���‘�•-�Ž�‹�•�‡���� �”�‘�œ�’�‘�…�œ�¸�Ï�ƒ�� �•�‹�¸�� �†�‘�’�‹�‡�”�‘�� �’�‘�†�� �•�‘�•�‹�‡�…�� �•�‹�‡�”�’�•�‹�ƒ��
2019 r. 

Z danych przedstawionych przez Transport & Environment [10] �™�›�•�‹�•�ƒ�á�� ���‡�� �—�†�œ�‹�ƒ�Ï��
�’�‘�Œ�ƒ�œ�†�×�™���‡�Ž�‡�•�–�”�›cznych �„�¸�†�œ�‹�‡���™�›�•�‘�•�‹�Ï���‘�•�‘�Ï�‘��8�¨���…�ƒ�Ï�‡�Œ���•�’�”�œ�‡�†�ƒ���›��w 2025 r. oraz �‘�•�‘�Ï�‘��
17% w 2030 r. 

���•�ƒ�Ž�‹�œ�¸�� �‡�•�‡�”�‰�‘�…�Š�Ï�‘�•�•�‘�ä�…�‹�� �•�ƒ�’�¸�†�×�™�� �•�‘�•�™�‡�•�…�Œ�‘�•�ƒ�Ž�•�›�…�Š�� �’�”�‘�™�ƒ�†�œ�‹�� �•�‹�¸�� �™�� �‘�’�ƒ�”�…�‹�—�� 
�‘�� �™�ƒ�”�–�‘�ä�…�‹�� �œ�—���›�…�‹�ƒ�� �’�ƒ�Ž�‹�™�ƒ�� �Ž�—�„�� �‡�•�‹�•�Œ�‹�� �†�™�—�–�Ž�‡�•�•�—�� �™�¸�‰�Ž�ƒ�ä���
�‡�†�•�ƒ�•���‡�� �ƒnalizy emisyjne 
�•�ƒ�’��̧†�×�™�� �•�’�ƒ�Ž�‹�•�‘�™�›�…�Š�� �’�‘�Œ�ƒ�œ�†�×�™�� �•�ƒ�•�‘�…�Š�‘�†�‘�™�›�…�Š�� �™�•�•�ƒ�œ�—�Œ�¦�� �•�ƒ�� �†�—���‡�� �”�‘�œ�„�‹�‡���•�‘�ä�…�‹�� 
���‘�� �™�ƒ�”�–�‘�ä�…�‹�� �u�r���v�r�¨���� �™�� �œ�—���›�…�‹�—�� �’�ƒ�Ž�‹�™�ƒ�� �‹�� �‡�•�‹�•�Œ�‹�� ����2 w badaniach certyfikacyjnych  
i w warunkach rzeczywistych [4]. 

���ƒ�� �™�ƒ�”�–�‘�ä�©�� �‡�•�‹�•�Œ�‹�� �†�™�—�–�Ž�‡�•�•�—�� �™�¸�‰�Ž�ƒ�� �•�ƒ�Œ�¦�� �”�×�™�•�‹�‡���� �™�’�Ï�›�™�� �™�ƒ�”�—�•�•�‹�� �’�”�ƒ�…�›��pojazd�×�™ 
�‘�”�ƒ�œ�� �™�›�’�‘�•�ƒ���‡�•�‹�‡�� �‹�…�Š�� �™�� �•�›�•�–�‡�•�›�� �‘�‰�”�ƒ�•�‹�…�œ�ƒ�•�‹�ƒ�� �œ�—���›�…�‹�ƒ�� �’�ƒ�Ž�‹�™�ƒ�� �•�ƒ�� �’�‘�•�–�‘�Œ�—�ä�� ���’�Ï�›�™��
�”�×���•�›�…�Š�� �–�”�ƒ�•�� �„�ƒ�†�ƒ�™�…�œ�›�…�Š�� �‘�”�ƒ�œ�� �ƒ�•�–�›�™�ƒ�…�Œ�‹�� �•�›�•�–�‡�•�—�� �•�–�ƒ�”�–-�•�–�‘�’�� �„�›�Ï�›�� �’�”�œ�‡�†�•�‹�‘�–�‡�•�� �„�ƒ�†�ƒ�Ñ��
�’�”�‘�™�ƒ�†�œ�‘�•�›�…�Š�� �’�‘�†�…�œ�ƒ�•�� �–�‡�•�–�×�™�� �™�� �”�œ�‡�…�œ�›�™�‹�•�–�›�…�Š�� �™�ƒ�”�—�•�•�ƒ�…�Š�� �”�—�…�Š�—�� �†�Ž�ƒ�� �•�ƒ�•�‘�…�Š�‘�†�×�™��
osobowych [8���ä�����–�™�‹�‡�”�†�œ�‘�•�‘���™���•�‹�…�Š�á�����‡���•�‹�‡�’�‘�™�–�ƒ�”�œ�ƒ�Ž�•�‘�ä�©���™�ƒ�”�—�•�•�×�™���’�”�ƒ�…�›���’�‘�Œ�ƒ�œ�†�×�™���•�ƒ��
�–�‡�Œ�� �•�ƒ�•�‡�Œ�� �–�”�ƒ�•�‹�‡�� �„�ƒ�†�ƒ�™�…�œ�‡�Œ�� �•�‘�‰�¦�� �’�‘�™�‘�†�‘�™�ƒ�©�� �”�×���•�‹�…�¸�� �™�� �™�ƒ�”�–�‘�ä�…�‹�� �‡�•�‹�•�Œ�‹�� �†�™�—�–�Ž�‡�•�•�—��
�™�¸�‰�Ž�ƒ���‘�•�‘�Ï�‘���t�x�¨�ä�����‘�†�ƒ�–�•�‘�™�‘���•�–�‘�•�‘�™�ƒ�•�‹�‡���•�›�•�–�‡�•�—���•�–�ƒ�”�–���•�–�‘�’���—�•�‘���Ž�‹�™�‹�ƒ���œ�•�•�‹�‡�Œ�•�œ�‡�•�‹�‡���–�‡�Œ��
emisji o kolejne 11��15%. 

���’�Ï�›�™�� �•�ƒ�� �‡�•�‹�•�Œ�¸�� �†�™�—�–�Ž�‡�•�•�—�� �™�¸�‰�Ž�ƒ�� �™�� �–�‡�•�–�ƒ�…�Š�� �†�”�‘�‰�‘�™�›�…�Š�� �‘�…�‡�•�‹�ƒ�•�‘�� �”�×�™�•�‹�‡���� �’�”�œ�‡�œ��
�’�”�›�œ�•�ƒ�–���™�ƒ�”�—�•�•�×�™���†�›�•�ƒ�•�‹�…�œ�•�›�…�Š���™���–�‡�•�–�ƒ�…�Š���†�”�‘�‰�‘�™�›�…�Š����6���ä�����‡�•�–�›���–�ƒ�•�‹�‡�á���‘�•�”�‡�ä�Ž�ƒ�•�‡���Œ�ƒ�•�‘��
�������� �����‡�ƒ�Ž�� ���”�‹�˜�‹�•�‰�� ���‘�•�†�‹�–�‹�‘�•�•���á�� �•�¦�� �™�›�•�ƒ�‰�ƒ�•�‡�� �‘�†�� �t�r�s�z�� �”�‘�•�—�� �Œ�ƒ�•�‘�� �…�œ�¸�ä�©�� �’�”�‘�…�‡�•�—��
homologacyjnego pojazd�×�™�ä�� ���—�–�‘�”�œ�›�� �•�–�™�‹�‡�”�†�œ�‹�Ž�‹�á�� ���‡�� �‹�•�–�•�‹�‡�Œ�‡�� �•�‹�Ž�•�ƒ�� �œ�ƒ�Ž�‡���•�‘�ä�©�� �•�‹�¸�†�œ�›��
�‡�•�‹�•�Œ�¦�� �†�”�‘�‰�‘�™�¦�� �†�™�—�–�Ž�‡�•�•�—�� �™�¸�‰�Ž�ƒ�� �ƒ�� �™�ƒ�”�—�•�•�ƒ�•�‹�� �†�›�•�ƒ�•�‹�…�œ�•�›�•�‹�� �Œ�ƒ�œ�†�›�ä�� ���›�•�ƒ�œ�ƒ�•�‘�á�� ���‡��
�†�™�—�•�”�‘�–�•�‡�� �œ�™�‹�¸�•�•�œ�‡�•�‹�‡�� �™�ƒ�”�–�‘�ä�…�‹�� �™�œ�‰�Ž�¸�†�•�‡�‰�‘�� �’�”�œ�›�•�’�‹�‡�•�œ�‡�•�‹�ƒ�� �†�‘�†�ƒ�–�•�‹�‡�‰�‘�� �•�•�—�–�•�—�Œ�‡�� 
3-�•�”�‘�–�•�›�•���œ�™�‹�¸�•�•�œ�‡�•�‹�‡�•���‡�•�‹�•�Œ�‹���†�”�‘�‰�‘�™�‡�Œ���†�™�—�–�Ž�‡�•�•�—���™�¸�‰�Ž�ƒ�ä 

���‡�†�Ï�—�‰��Pavlovic et al. [11] emisja CO2 �™�� �–�‡�ä�…�‹�‡�� ������C �Œ�‡�•�–�� �‘�� �‘�•�‘�Ï�‘��10�¨�� �™�‹�¸�•�•�œ�ƒ�� �‘�†��
�ƒ�•�ƒ�Ž�‘�‰�‹�…�œ�•�‡�Œ�� �™�� �–�‡�ä�…�‹�‡�� �������� (dla �’�‘�Œ�ƒ�œ�†�×�™�� �œ��silnikami ZI �‘�� �•�ƒ�•�‹�‡�� �‘�•�‘�Ï�‘�� �s�w�r�r�� �•�‰), 
�•�ƒ�–�‘�•�‹�ƒ�•�–�� �œ�—���›�…�‹�‡�� �‡�•�‡�”�‰�‹�‹���Œ�‡�•�–�� �™�‹�¸�•�•�œ�‡�� �‘�� �‘�•�‘�Ï�‘��40% (dla �’�‘�Œ�ƒ�œ�†�×�™ �™�›�’�‘�•�ƒ���‘�•�›�…�Š�� 
w silniki ZI). 

���ƒ�†�ƒ�•�‹�ƒ�� �•�›�•�—�Ž�ƒ�…�›�Œ�•�‡�� �œ�—���›�…�‹�ƒ�� �’�ƒ�Ž�‹�™�ƒ�� �‹�� �‡�•�‹�•�Œ�‹�� ����2 z wykorzystaniem AVL Cruise 
prowadzone przez Tsokolis et al. [16] �™�•�•�ƒ�œ�—�Œ�¦�� �•�ƒ�� �”�×���•�‹�…�‡�� �™�ƒ�”�–�‘�ä�…�‹�� �—�œ�›�•�•�‹�™�ƒ�•�›�…�Š�� 
�œ�� �–�‡�•�–�×�™�� ����������oraz WLTC�ä�� ���×���•�‹�…�‡�� �–�‡�� �†�‘�–�›�…�œ�¦�� �’�‘�•�ƒ�†��63% badanych �’�”�œ�›�’�ƒ�†�•�×�™ 
�’�‘�Œ�ƒ�œ�†�×�™�� �œ�� �•�‹�Ž�•�‹�ƒ�•�‹��ZI oraz 81% z silnikami ZS. Emisja CO2 �„�›�Ï�ƒ�� �™�‹�¸�•�•�œ�ƒ�� �ä�”�‡�†�•�‹�‘�� �†�Ž�ƒ��
�™�•�œ�›�•�–�•�‹�…�Š�� �’�‘�Œ�ƒ�œ�†�×�™�� �‘�� �s�s�¨�� �™�� �–�‡�ä�…�‹�‡�� ���������� �™�� �‘�†�•�‹�‡�•�‹�‡�•�‹�—�� �†�‘�� �–�‡�•�–�—�� ���������ä�� �c�”�‡�†�•�‹�‡��
�•�’�”�ƒ�™�•�‘�ä�…�‹�� �—�œ�›�•�•�ƒ�•�‘�� �™�‹�¸�•�•�œ�‡�� �™�� �–�‡�ä�…�‹�‡�� ������C ���•�‹���� �™�� ������������ �‹�� �™�›�•�‘�•�‹�Ï�›�� �‘�•�‡��
�‘�†�’�‘�™�‹�‡�†�•�‹�‘�ã�� �•�’�”�ƒ�™�•�‘�ä�…�‹�� �•ilnika �� �u�s�¨�� ���†�‘�� �t�w�¨���� �‘�”�ƒ�œ���•�’�”�ƒ�™�•�‘�ä�…�‹�� �’�‘�Œ�ƒ�œ�†�—���� 26% (do 
21%). 

���•�ƒ�Ž�‹�œ�ƒ���•�ƒ�’�¸�†�—���’�‘�Œ�ƒ�œ�†�—���‡�Ž�‡�•�–�”�›�…�œ�•�‡�‰�‘���Œ�‡�•�–���‘�„�‡�…�•�‹�‡���”�‘�œ�’�ƒ�–�”�›�™�ƒ�•�ƒ���™���†�™�×�…�Š���ˆ�‘�”�•�ƒ�…�Š�ä��
���‹�‡�”�™�•�œ�ƒ���†�‘�–�›�…�œ�›���„�ƒ�†�ƒ�Ñ���’�‘�Œ�ƒ�œ�†�×�™�á���†�”�—�‰�ƒ���� �’�”�‘�™�ƒ�†�œ�‡�•�‹�ƒ���„�ƒ�†�ƒ�Ñ���•�›�•�—�Ž�ƒ�…�›�Œ�•�›�…�Š�ä�����„ydwa 
�™�ƒ�”�‹�ƒ�•�–�›�� �„�ƒ�†�ƒ�Ñ�� �•�‘�‰�¦�� �„�›�©�� �Ï�¦�…�œ�‘�•�‡�� �™ �…�‡�Ž�—�� �‘�•�”�‡�ä�Ž�‡�•�‹�ƒ�� �‡�•�‡�”�‰�‘�…�Š�Ï�‘�•�•�‘�ä�…�‹�� �’�‘�Œ�ƒ�œ�†�—��
elektrycznego.  

Analizy prowadzone przez Wu et al. [18] �™�•�•�ƒ�œ�—�Œ�¦���•�ƒ���œ�™�‹�¸�•�•�œ�‘�•�¦���•�’�”�ƒ�™�•�‘�ä�©���•�ƒ�’�¸�†�—��
�‡�Ž�‡�•�–�”�›�…�œ�•�‡�‰�‘�� �’�‘�†�…�œ�ƒ�•�� �”�—�…�Š�—�� �•�‹�‡�Œ�•�•�‹�‡�‰�‘�� �•�‹���� �™�� �™�ƒ�”�—�•�•�ƒ�…�Š�� �”�—�…�Š�—�� �ƒ�—�–�‘�•�–�”�ƒ�†�‘�™�‡�‰�‘�ä 
���›�•�‹�•�ƒ���–�‘���œ���™�‹�¸�•�•�œ�›�…�Š���•�‘���Ž�‹�™�‘�ä�…�‹���‘�†�œ�›�•�•�‹�™ania energii w warunkach jazdy miejskiej. 



���•�ƒ�Ž�‹�œ�¸�� �’�”�œ�‡�’�Ï�›�™�—�� �‡�•�‡�”�‰�‹�‹�� �™�� �’�‘�Œ�ƒ�œ�†�ƒ�…�Š�� �Š�›�„�”�›�†�‘�™�›�…�Š�� �™�� �”�œ�‡�…�œ�›�™�‹�•�–�›�…�Š�� �™�ƒ�”�—�•�•�ƒ�…�Š��
�”�—�…�Š�—�� �†�”�‘�‰�‘�™�‡�‰�‘�� �’�”�‘�™�ƒ�†�œ�‹�� �•�‹�¸�� �‘�†�� �•�‹�Ž�•�—�� �Ž�ƒ�–��[12, 13, 17]. ���•�ƒ�Ž�‹�œ�ƒ�� �†�‘�–�›�…�œ�¦�…�ƒ�� �–�ƒ�•�‹�…�Š��
�—�•�Ï�ƒ�†�×�™�� �•�ƒ�’�¸�†�‘�™�›�…�Š�� �‘�’�‹�‡�”�ƒ�� �•�‹�¸�� �’�”�œ�‡�†�‡�� �™�•�œ�›�•�–�•�‹�•�� �•�ƒ�� �™�›�•�‘�”�œ�›�•�–�ƒ�•�‹�—�� �‡�Ž�‡�•�–�”�›�…�œ�•�‡�Œ��
�ƒ�•�ƒ�Ž�‹�œ�›�� �‡�•�‡�”�‰�‡�–�›�…�œ�•�‡�Œ�� �œ�� �’�‘�•�‹�•�‹�¸�…�‹�‡�•�� �œ�—���›�…�‹�ƒ�� �’�ƒ�Ž�‹�™�ƒ�� �’�”�œ�‡�œ�� �’�‘�Œ�ƒ�œ�†�›�ä�� ���›�•�‹�•�ƒ�� �–�‘�� �œ�� �ˆ�ƒ�•�–�—��
�’�”�ƒ�…�›�� �•�‹�Ž�•�‹�•�ƒ�� �•�’�ƒ�Ž�‹�•�‘�™�‡�‰�‘�� �…�œ�¸�ä�…�‹�‘�™�‘�� �Œ�ƒ�•�‘�� �‰�‡�•�‡�”�ƒ�–�‘�”�ƒ�� �’�”�¦�†�—�� �—�•�‘���Ž�‹�™�‹�ƒ�Œ�¦cego 
�œ�™�‹�¸�•�•�œ�‡�•�‹�‡���’�‘�Œ�‡�•�•�‘�ä�…�‹���‡�•�‡�”�‰�‡�–�›�…�œ�•�‡�Œ���ƒ�•�—�•�—�Ž�ƒ�–�‘�”�ƒ���’�‘�Œ�ƒ�œ�†�—�ä 

���„�‡�…�•�‡���’�”�ƒ�…�‡���†�‘�–�›�…�œ�¦�…�‡���”�‡�†�—�•�…�Œ�‹���œ�—���›�…�‹�ƒ���‡�•�‡�”�‰�‹�‹�� �™���’�‘�Œ�ƒ�œ�†�ƒ�…�Š���‡�Ž�‡�•�–�”�›�…�œ�•�›�…�Š�� �†�‘�–�›�…�œ�¦��
�ƒ�•�ƒ�Ž�‹�œ�� �œ�™�‹�¦�œ�ƒ�•�›�…�Š�� �œ���‘�’�–�›�•�ƒ�Ž�‹�œ�ƒ�…�Œ�¦�� �•�‘�•�‡�•�–�—�� �‘�„�”�‘�–�‘�™�‡�‰�‘�� �•�‹�Ž�•�‹�•�×�™�� �‡�Ž�‡�•�–�”�›�…�œ�•�›�…�Š��[19], 
ograniczaniem strat pracy sil�•�‹�•�×�™�� �‡�Ž�‡�•�–�”�›�…�œ�•�›�…�Š��[15], �’�”�‘�ˆ�‹�Ž�‡�•�� �’�”�¸�†�•�‘�ä�…�‹�� �’�‘�Œ�ƒ�œ�†�×�™��
[1] , �’�”�‘�„�Ž�‡�•�ƒ�–�›�•�¦�� �™�›�œ�•�ƒ�…�œ�ƒ�•�‹�ƒ�� �–�”�ƒ�•�›�� �™�� �ƒ�•�’�‡�•�…�‹�‡�� �•�–�ƒ�…�Œ�‹�� �Ï�ƒ�†�‘�™�ƒ�•�‹�ƒ��[7, 20], a �–�ƒ�•���‡��
�‘�’�–�›�•�ƒ�Ž�‹�œ�ƒ�…�Œ�‹���‹�•�ˆ�”�ƒ�•�–�”�—�•�–�—�”�›���‹�…�Š���Ï�ƒ�†�‘�™�ƒ�•�‹�ƒ��[2, 9]. 

G�Ï�×�™�•�›�•��celem �„�ƒ�†�ƒ�Ñ�� �Œ�‡�•�–�� �‘�•�”�‡�ä�Ž�‡�•�‹�‡�� �”�×���•�‹�…�� �™�� �Œ�‡�†�•�‘�•�–�•�‘�™�›�•�� �œ�—���›�…�‹�—�� �‡�•�‡�”gii 
elektrycznej przez pojazdy samochodowe w testach badawczych. Konieczna jest zatem 
�‘�†�’�‘�™�‹�‡�†���� �•�ƒ�� �’�›�–�ƒ�•�‹�‡�ã��w jakim stopniu �”�×���•�‡���–�‡�•�–�›�� �™�’�Ï�›�™�ƒ�Œ�¦�� �•�ƒ�� �•�œ�ƒ�…�‘�™�ƒ�•�‹�‡��
�Œ�‡�†�•�‘�•�–�•�‘�™�‡�‰�‘�� �œ�—���›�…�‹�ƒ�� �‡�•�‡�”�‰�‹�‹�� �‹�� �…�œ�›�� �•�‘���Ž�‹�™�‡�� �Œ�‡�•�–�� �•�–�‘�•�‘�™�ƒ�•�‹�‡�� �œ�ƒ�•�‹�‡�•�•�‡�� �–akich �–�‡�•�–�×�™�ä��
Dodatkowym cz�›�•�•�‹�•�‹�‡�•���—�™�œ�‰�Ž�¸�†�•�‹�ƒ�•�›�•���™���„�ƒ�†�ƒ�•�‹�ƒ�…�Š���„�¸�†�œ�‹�‡���œ�•�‹�‡�•�•�ƒ���•�ƒ�•�ƒ���’�‘�Œ�ƒ�œ�†�—�ä 

 
2. ���‡�–�‘�†�›�•�ƒ���„�ƒ�†�ƒ�Ñ 

 
Badania prowadzono z wykorzystaniem oprogramowania symulacyjnego AVL Cruise. 

�
�‡�•�–�� �–�‘�� �•�›�•�–�‡�•�� �’�‘�œ�™�ƒ�Ž�ƒ�Œ�¦�…�›�� �•�ƒ�� �•�›�•�—�Ž�ƒ�…�Œ�¸�� �—�•�Ï�ƒ�†�—�� �•�ƒ�’�¸�†�‘�™�‡�‰�‘�� ���������á�� �������� �Ž�—�„��
konwencjonalnego), �•�–�×�”�‡�‰�‘�� �•�œ�…�œ�‡�‰�×�Ž�•�‡�� �…�‡�…�Š�›�� �–�‘�ã�� ���s���� �’�‘�†�œ�‹�ƒ�Ï�� �—�•�Ï�ƒ�†�—�� �•�ƒ�’�¸�†�‘�™�‡�‰�‘�� �•�ƒ��
�‡�Ž�‡�•�‡�•�–�›�� �ˆ�—�•�•�…�Œ�‘�•�ƒ�Ž�•�‡�� �‘�� �’�”�‡�†�‡�ˆ�‹�•�‹�‘�™�ƒ�•�›�…�Š�� �…�Š�ƒ�”�ƒ�•�–�‡�”�›�•�–�›�•�ƒ�…�Š�� �’�‘�•�œ�…�œ�‡�‰�×�Ž�•�›�…�Š��
�•�‘�•�’�‘�•�‡�•�–�×�™�â�� ���t���� �•�‹�‡�œ�ƒ�Ž�‡���•�‘�ä�©�� �•�–�”�—�•�–�—�”�›�� �•�‘�†�‡�Ž�—�� �‘�”�ƒ�œ�� �ƒ�Ž�‰�‘�”�›�–�•�—�� �”�‘�œ�™�‹�¦�œ�ƒ�•�‹�ƒ�â�� ���u����
�‰�‡�•�‡�”�‘�™�ƒ�•�‹�‡�� �”�×�™�•�ƒ�Ñ�� �•�ƒ�� �’�‘�†�•�–�ƒ�™�‹�‡�� �’�‡�Ï�•�‡�Œ�� �†�‡�ˆ�‹�•�‹�…�Œ�‹�� �•�›�•�–�‡�•�� �‘�”�ƒ�œ�� ���v���� �‹�•�–�‡�‰�”�ƒ�Ž�•�‘�ä�©��
�™�‹�‡�Ž�‘�™�¦�–�•�‘�™�›�…�Š���•�‘�†�‡�Ž�‹���†�ƒ�•�›�…�Š�ä�� 

Modelowano pojazd elektryczny o �”�×���•ej masie �™�Ï�ƒ�•�•ej�á���•�–�×�”�‡�‰�‘���•�‘�†�‡�Ž��strukturalny 
przedstawiono na rys. 3�ä�����Š�ƒ�”�ƒ�•�–�‡�”�›�•�–�›�•�¸���–�‡�…�Š�•�‹�…�œ�•�¦��pojazdu przedstawiono w tabeli 1. 

 

 

���›�•�ä���y�ä�����…�Š�‡�•�ƒ�–���—�•�Ï�ƒ�†�—���•�ƒ�’�¸�†�—���‡�Ž�‡�•�–�”�›�…�œ�•�‡�‰�‘���’�‘�Œ�ƒ�œ�†�—���������������”�—�‹�•�‡�� 



Tabela 1. ���ƒ�•�‡���–�‡�…�Š�•�‹�…�œ�•�‡���•�›�•�—�Ž�‘�™�ƒ�•�‡�‰�‘���’�‘�Œ�ƒ�œ�†�—���‹���•�ƒ�’�¸�†�— 

Pojazd 
Masa �™�Ï�ƒ�•�•�ƒ���’�‘�Œ�ƒ�œ�†�— 1000; 1500; 2000 kg 
Rozstaw osi 2467 mm 

���•�Ï�ƒ�†���‡�Ž�‡�•�–�”�›�…�œ�•�› 
Akumulator Li-Ion, 25 kWh 
���ƒ�’�‹�¸�…�‹�‡��nominalne 360 V 
���‘�Œ�‡�•�•�‘�ä�©���…�‡�Ž�‹���­ liczba celi 36 �­ 2 Ah 

Silnik elektryczny 
Typ asynchroniczny  
Moment obrotowy 240 @ 0��3000 Nm@rpm 

���”�œ�‡�•�Ï�ƒ�†�•�‹�ƒ 
���”�œ�‡�Ï�‘���‡�•�‹�‡ 6.058  

 
���ƒ�†�ƒ�•�‹�ƒ�� �‡�•�‡�”�‰�‘�…�Š�Ï�‘�•�•�‘�ä�…�‹�� �’�”�‘�™�ƒ�†�œ�‘�•�‘�� �™�� �‘�†�•�‹�‡�•�‹�‡�•�‹�—�� �†�‘�� �œ�”�×���•�‹�…�‘�™�ƒ�•�›�…�Š�� �–�‡�•�–�×�™��

jezdnych (NEDC, WLTC �‹�� ���������� �‘�”�ƒ�œ�� �’�‘�Œ�ƒ�œ�†�—�� �‘�� �”�×���•�›�…�Š�� �•�ƒ�•�ƒ�…�Š�� �™�Ï�ƒ�•�•�›�…�Š�� ���s�r�r�r�â�� �s�w�r�r��
oraz 2000 kg). ���Š�ƒ�”�ƒ�•�–�‡�”�›�•�–�›�•�¸�� �–�‡�•�–�×�™�� �„�ƒ�†�ƒ�™�…�œ�›�…�Š�� �’�”�œ�‡�†�•�–�ƒ�™�‹�‘�•�‘�� �•�ƒ�� �”�›�•�ä�� �v�ä�� 
���� �„�ƒ�†�ƒ�•�‹�ƒ�…�Š�� �—�™�œ�‰�Ž�¸�†�•�‹�‘�•�‘�� �†�‘�–�›�…�Š�…�œ�ƒ�•�‘�™�›�� �–�‡�•�–�� �Œ�‡�œ�†�•�›�� ���������á�� �™�•�’�×�Ï�…�œ�‡�•�•�›�� �–�‡�•�–��
badawczy WLTC oraz test drogowy RDC. ���‡�…�Š�—�Œ�‡�� �Œ�‡�� �œ�”�×���•�‹�…�‘�™�ƒ�•�›�� �’�”�‘�ˆ�‹�Ž�� �Œ�ƒ�œ�†�›�á�� �”�×���•�‡��
�†�Ï�—�‰�‘�ä�…�‹�� �–�”�ƒ�•�� �’�”�œ�›�� �œ�„�Ž�‹���‘�•�›�…�Š�� �™�ƒ�”�–�‘�ä�…�‹�ƒ�…�Š�� �’�”�¸�†�•�‘�ä�…�‹�� �•�ƒ�•�•�›�•�ƒ�Ž�•�›�…�Š�ä�� ���‡�� �™�œ�‰�Ž�¸�†�—�� �•�ƒ��
�”�×���•�‡�� �™�ƒ�”�—�•�•�‹�� �’�”�œ�›�•�’�‹�‡�•�œ�ƒ�•�‹�ƒ�� �’�‘�Œ�ƒ�œ�†�—�� �•�’�‘�†�œ�‹�‡�™�ƒ�•�‡�� �•�¦�� �”�×���•�‡�� �™�ƒ�”�–�‘�ä�…�‹�� �…�ƒ�Ï�•�‘�™�‹�–�‡�‰�‘��
�œ�—���›�…�‹�ƒ���‡�•�‡�”�‰�‹�‹�ä�� 
 

 

Rys. 4. Testy badawcze wykorzystane w badaniach oraz ich charakterystyki 
 

3. ���Š�ƒ�”�ƒ�•�–�‡�”�›�•�–�›�•�ƒ���•�ƒ�’�¸�†�—��elektrycznego pojazdu  
 
���ƒ�†�ƒ�•�‹�ƒ���•�ƒ�’�¸�†�—���‡�Ž�‡�•�–�”�›�…�œ�•�‡�‰�‘���’�”�‘�™�ƒ�†�œ�‘�•�‘���’�”�œ�›���•�–�ƒ�Ï�‡�Œ���™�ƒ�”�–�‘�ä�…�‹���’�‘�…�œ�¦�–�•�‘�™�‡�Œ���•�–�‘�’�•�‹�ƒ��

�•�ƒ�Ï�ƒ�†�‘�™�ƒ�•�‹�ƒ���ƒ�•�—�•�—�Ž�ƒ�–�‘�”�ƒ�������������±���{�w�¨���ä�����‡���™�œ�‰�Ž�¸�†�—���•�ƒ���•�‘���Ž�‹�™�‘�ä�©���†�‘�Ï�ƒ�†�‘�™�ƒ�•�‹�ƒ���Œ�‡�†�›�•ie 
�’�‘�†�…�œ�ƒ�•���Š�ƒ�•�‘�™�ƒ�•�‹�ƒ���”�‡�‰�‡�•�‡�”�ƒ�…�›�Œ�•�‡�‰�‘���•�‹�‡���†�‘�•�‘�•�ƒ�•�‘���œ�•�‹�ƒ�•���–�‡�Œ���™�ƒ�”�–�‘�ä�…�‹�ä�����–�™�‹�‡�”�†�œ�‘�•�‘�á�����‡��
rodzaj testu badawczego �œ�•�ƒ�…�œ�¦�…�‘ �™�’�Ï�›�™�ƒ�� �•�ƒ���•�‘�Ñ�…�‘�™�¦ �™�ƒ�”�–�‘�ä�©�� �•�ƒ�Ï�ƒ�†�‘�™�ƒ�•�‹�ƒ��
akumulatora (rys. 5). ���ƒ�Œ�•�”�×�–�•�œ�›�� �–�‡�•�–�� �������������� �’�‘�™�‘�†�—�Œ�‡�� �•�‹�Ž�•�—�’�”�‘�…�‡�•�–�‘�™�¦�� �œ�•�‹�ƒ�•�¸�� ��������
�ƒ�•�—�•�—�Ž�ƒ�–�‘�”�ƒ�ä�� ���™�‹�¸�•�•�œ�‡�•�‹�‡�� �†�Ï�—�‰�‘�ä�…�‹�� �‹�� �‹�•�–�‡�•�•�›�™�•�‘�ä�…�‹�� �–�‡�•�–�—�� �•�•�—�–�•�—�Œ�‡�� �•�•�‹�‡�Œ�•�œ�›�•�‹��
�™�ƒ�”�–�‘�ä�…�‹�ƒ�•�‹�� �•�‘�Ñ�…�‘�™�›�•�‹�� �������ä�����™�œ�‰�Ž�¸�†�•�‹�ƒ�Œ�¦�…�� �†�Ï�—�‰�‘�ä�©�� �–�‡�•�–�—�� �„�ƒ�†�ƒ�™�…�œ�‡�‰�‘�� �‘�•�”�‡�ä�Ž�‘�•�‘��
�•�‘�Ñ�…�‘�™�¦�� �™�ƒ�”�–�‘�ä�©���������� �’�”�œ�›�’�ƒ�†�ƒ�Œ�¦�…�¦�� �•�ƒ���s�r�r�� �•�•���–�‡�•�–�—�ä������ �–�‡�ä�…�‹�‡������������ �™�ƒ�”�–�‘�ä�©���•�‘�Ñ�…�‘�™�ƒ��
�' ���������s�r�r�� �•�•�� ���’�”�œ�›�� �—�™�œ�‰�Ž�¸�†�•�‹�‡�•�‹�—�� �{�w�¨�� �’�‘�…�œ�¦�–�•�‘�™�‡�‰�‘�� �•�ƒ�Ï�ƒ�†�‘�™�ƒ�•�‹�ƒ�� �ƒ�•�—�•�—�Ž�ƒ�–�‘�”�ƒ����
�™�›�•�‘�•�‹�� �w�u�¨�á�� �™�� �–�‡�ä�…�‹�‡�� ������C �� 42%, a �™�� �–�‡�ä�…�‹�‡�� ���������� �v�w�¨�ä�� ���œ�•�ƒ�…�œ�ƒ�� �–�‘�á�� ���‡�� �•�ƒ�Œ�„�ƒ�”�†�œ�‹�‡�Œ��
�ƒ�‰�”�‡�•�›�™�•�›�•�� �–�‡�ä�…�‹�‡�� �Œ�‡�œ�†�•�›�•�� �������� �™�ƒ�”�–�‘�ä�…�‹�� �•�‘�Ñ�…�‘�™�‡�� �������� �•�‹�‡�� �•�¦�� �•�ƒ�Œ�•�•�‹�‡�Œ�•�œ�‡�ä��



���ƒ�•�•�›�•�ƒ�Ž�•�‡�� �”�×���•�‹�…�‡���' �������� �•�‹�¸�†�œ�›�� �–�‡�•�–�ƒ�•�‹�� �™�›�•�‘�•�œ�¦�� �s�s�¨�� ������������ �‹�� ������C) i �•�¦�� �‘�•�‡��
�•�‹�‡�™�‹�‡�Ž�•�‹�‡���’�”�œ�›���’�‘�”�×�™�•�ƒ�•�‹�—���' SOC w testach WLTC oraz RDC �� �™�›�•�‘�•�œ�¦���u�¨�ä�� 

���‘�†�ƒ�–�•�‘�™�‘�� �œ�™�‹�¸�•�•�œ�‡�•�‹�‡���•�ƒ�•�›�� �’�‘�Œ�ƒ�œ�†�—�� �’�‘�™�‘�†�—�Œ�‡�� �w�¨�� �œ�•�‹�ƒ�•�¸�� �������� ���–�‡�•�–�� �����������á�� 
12-�’�”�‘�…�‡�•�–�‘�™�¦���œ�•�‹�ƒ�•�¸���’�‘�†�…�œ�ƒ�•���–�‡�•�–�—�����������ä�����‘�†�…�œ�ƒ�•���–�‡�•�–�—�����������•�ƒ�•�ƒ���’�‘�Œ�ƒ�œ�†�—���œ�•�ƒ�…�œ�¦�…�‘��
�™�’�Ï�›�™�ƒ�� �•�ƒ�� �œ�•�‹�ƒ�•�¸�� �•�‘�Ñ�…�‘�™�›�…�Š�� �™�ƒ�”�–�‘�ä�…�‹�� �������ä�� ���™�‹�¸�•�•�œ�‡�•�‹�‡�� �•�ƒ�•�›�� �‘�� �s�r�r�� �•�‰�� �œ�™�‹�¸�•�•�œ�ƒ��
�™�›�Ï�ƒ�†�‘�™�ƒ�•�‹�‡���ƒ�•�—�•�—�Ž�ƒ�–�‘�”�ƒ���ä�”�‡�†�•�‹�‘���‘���‘�•�‘�Ï�‘���v�¨�ä���
�‡�•�–���–�‘���™�ƒ�”�–�‘�ä�©���„�ƒ�”�†�œ�‘���‹�•�–�‘�–�•�ƒ�á���‰�†�›�����’�”�œ�›��
�•�‹�•�‹�•�ƒ�Ž�•�‡�Œ���•�ƒ�•�‹�‡���’�‘�Œ�ƒ�œ�†�—�����s�r�r�r���•�‰�����œ�•�‹�ƒ�•�ƒ���™�ƒ�”�–�‘�ä�…�‹�����������™���–�›�•���–�‡�ä�…�‹�‡���™�›�•�‘�•�‹���ƒ�����{�w���� 
�w�y�� �±�� �u�z�¨�ä�� ���‹�‘�”�¦�…�� �’�‘�†�� �—�™�ƒ�‰�¸�á�� ���‡��ener�‰�‹�ƒ�� �…�ƒ�Ï�•�‘�™�‹�–�ƒ�� �ƒ�•�—�•�—�Ž�ƒ�–�‘�”�ƒ�� �™�›�•�‘�•�‹�� �t�w�� �•���Š�� �‘�”�ƒ�œ��
�Œ�‡�‰�‘���•�‘���Ž�‹�™�‘�ä�…�‹���’�”�ƒ�…�›���™���’�”�œ�‡�†�œ�‹�ƒ�Ž�‡���”�œ�‡�…�œ�›�™�‹�•�–�‡�‰�‘���”�‘�œ�Ï�ƒ�†�‘�™�ƒ�•�‹�ƒ���™�›�•�‘�•�œ�¦�…�‡��20��80%, to 
�œ�•�‹�ƒ�•�ƒ�� �������� �™�›�•�‘�•�‹�� �Œ�—���� �x�u�¨�� �•�‘���Ž�‹�™�‡�Œ�� �†�‘�� �™�›�•�‘�”�œ�›�•�–�ƒ�•�‹�ƒ�� �‡�•�‡�”�‰�‹�‹�� �ƒ�•�—�•�—�Ž�ƒ�–�‘�”�ƒ�ä�� ���œ�•�ƒ�…�œ�ƒ��
�–�‘�á�����‡ 1/3 zmian SOC odpowiada za 2/3 skutecznej energii akumulatora Li-Ion.  
 

 

���›�•�ä���{�ä�����•�ƒ�Ž�‹�œ�ƒ���œ�•�‹�ƒ�•���•�–�‘�’�•�‹�ƒ���•�ƒ�Ï�ƒ�†�‘�™�ƒ�•�‹�ƒ���ƒ�•�—�•�—�Ž�ƒ�–�‘�”�×�™���†�Ž�ƒ���”�×���•�›�…�Š���•�ƒ�•���’�‘�Œ�ƒ�œ�†�—��(1000 
kg �� �Ž�‹�•�‹�ƒ���…�‹�¦�‰�Ï�ƒ�á���w�{�v�v���•�‰���� �Ž�‹�•�‹�ƒ���’�”�œ�‡�”�›�™�ƒ�•�ƒ���‘���•�ƒ�Ï�‡�Œ���…�œ�¸�•�–�‘�ä�…�‹�á���x�v�v�v���•�‰���� �Ž�‹�•�‹�ƒ���‘���†�—���‡�Œ��

�…�œ�¸�•�–�‘�ä�…�‹�����‹���”�×���•�›�…�Š���–�‡�•�–�×�™���„�ƒ�†�ƒ�™�…�œ�›�…�Š 
 

���‘�†�ƒ�–�•�‘�™�‘�� �•�–�™�‹�‡�”�†�œ�‘�•�‘�á�� ���‡�� �•�ƒ�•�•�›�•�ƒ�Ž�•�ƒ�� �œ�•�‹�ƒ�•�ƒ�� �������� �™�� �–�‡�ä�…�‹�‡�� ���������� �™�›�•�–�¸�’�—�Œ�‡�� �’�‘��
�v�r�¨���†�Ï�—�‰�‘�ä�…�‹���–�‡�•�–�—�����������‘�”�ƒ�œ���’�‘���x�w�¨���…�œ�ƒ�•�—���–�”�™�ƒ�•�‹�ƒ���–�‡�•�–�—��������C�ä�����œ�•�ƒ�…�œ�ƒ���–�‘���†�—���›���™�’�Ï�›�™��
�Œ�ƒ�•�‘�ä�…�‹���–�‡�•�–�—���•�ƒ���•�‘�Ñ�…�‘�™�¦���™�ƒ�”�–�‘�ä�©�����������ƒ�•�—�•�—�Ž�ƒ�–�‘�”�ƒ. 

Do oceny stopnia wykorzystania pola pracy silnik�×�™�� �‡�Ž�‡�•�–�”�›�…�œ�•�›�…�Š�� �™�›�•�‘�”�œ�›�•�–�ƒ�•�‘��
�•�–�ƒ�Ï�¦�� �•�ƒ�–�”�›�…�¸�� �™�‡�� �™�•�’�×�Ï�”�œ�¸�†�•�›�…�Š�� ���‘�� �±�� �ˆ���•���� �’�”�œ�›�� �•�ƒ�•�–�¸�’�—�Œ�¦�…�›�…�Š�� �œ�ƒ�Ï�‘���‡�•�‹�ƒ�…�Š 
(uproszczony schemat przedstawiono na rys. 6a): 

�x n = 250 obr/min �� �…�‘���•�•�—�–�•�—�Œ�‡���u�r���’�”�œ�‡�†�œ�‹�ƒ�Ï�ƒ�•�‹�����™���œ�ƒ�•�”�‡�•�‹�‡���r��7000 obr/min ), 
�x Mo = 20 Nm �� co skutkuje 25 przedz�‹�ƒ�Ï�ƒ�•�‹�����™���œ�ƒ�•�”�‡�•�‹�‡����250��250 Nm). 
���”�œ�›�•�Ï�ƒ�†�‘�™�¦�� �•�ƒ�’�¸�� �™�›�•�‘�”�œ�›�•�–�ƒ�•�‹�ƒ�� �•�‹�Ž�•�‹�•�ƒ�� �‡�Ž�‡�•�–�”�›�…�œ�•�‡�‰�‘�� �™�� �–�‡�ä�…�‹�‡�� �������� �†�Ž�ƒ�� �•�ƒ�•�›��

pojazdu m = 2�r�r�r�� �•�‰�� �’�”�œ�‡�†�•�–�ƒ�™�‹�‘�•�‘�� �•�ƒ�� �”�›�•�ä�� �x�„�ä�� ���‹�†�‘�…�œ�•�‡�� �Œ�‡�•�–�� �†�—���‡�� �œ�ƒ�‰�¸�•�œ�…�œ�‡�•�‹�‡��
�•�ƒ�•�•�›�•�ƒ�Ž�•�›�…�Š�� �™�ƒ�”�–�‘�ä�…�‹�� �•�‘�•�‡�•�–�—�� �‘�„�”�‘�–�‘�™�‡�‰�‘�� �’�”�œ�›�� �•�ƒ�Ï�›�…�Š�� �’�”�¸�†�•�‘�ä�…�‹�ƒ�…�Š�� �‘brotowych, 
�‘�”�ƒ�œ�� �•�‹�‡�™�›�•�‘�”�œ�›�•�–�ƒ�•�‡�� �‘�„�•�œ�ƒ�”�›�� �‘�� �†�—���‡�Œ�� �•�’�”�ƒ�™�•�‘�ä�…�‹�� �•�‹�Ž�•�‹�•�ƒ�ä��Hamowanie regeneracyjne 
�’�‘�œ�™�ƒ�Ž�ƒ���•�ƒ���™�›�•�‘�”�œ�›�•�–�ƒ�•�‹�‡���”�×�™�•�‹�‡���� �†�—���‡�‰�‘�� �’�‘�Ž�ƒ���’�”�ƒ�…�›�����’�”�ƒ�…�ƒ���†�™�—�•�™�ƒ�†�”�ƒ�•�–�‘�™�ƒ���•�‹�Ž�•�‹�•�ƒ��
�‡�Ž�‡�•�–�”�›�…�œ�•�‡�‰�‘���á�� �’�”�œ�›�� �…�œ�›�•�� �™�ƒ�”�–�‘�ä�…�‹�� �•�ƒ�•�•�›�•�ƒ�Ž�•�‡�� �•�¦�� �‘�‰�”�ƒ�•�‹�…�œ�‘�•�‡�� �•�œ�…�œ�‡�‰�×�Ž�•�‹�‡�� 
�™���ä�”�‘�†�•�‘�™�›�•���œ�ƒ�•�”�‡�•�‹�‡���’�”�¸�†�•�‘�ä�…�‹���‘�„�”�‘�–�‘�™�‡�Œ���–�‡�‰�‘���•�‹�Ž�•�‹�•�ƒ�ä 

 
  



a) b) 

   

Rys. 6. ���”�œ�›�•�Ï�ƒ�†�‘�™�ƒ���•�‡�–�‘�†�›�•�ƒ���™�›�œ�•�ƒ�…�œ�ƒ�•�‹�ƒ���‘�„�•�œ�ƒ�”�×�™���—���›�–�‡�…�œ�•�›�…�Š��pola pracy silnika 
elektrycznego�ã���ƒ�����’�‡�Ï�•�‡���’�‘�Ž�‡���’�”�ƒ�…�›�á���„����rzeczywiste �’�‘�Ž�‡���’�”�ƒ�…�›���•�‹�Ž�•�‹�•�ƒ���‡�Ž�‡�•�–�”�›�…�œ�•�‡�‰�‘���™���–�‡�ä�…�‹�‡��

RDC  
 

���Ž�ƒ�� �–�ƒ�•�� �™�›�•�‘�•�ƒ�•�›�…�Š�� �•�ƒ�’�� �—�•�–�ƒ�Ž�‘�•�‘�� �•�–�‘�’�‹�‡�Ñ�� �™�›�•�‘�”�œ�›�•�–�ƒ�•�‹�ƒ�� �’�‡�Ï�•�‡�Œ�� �…�Š�ƒ�”�ƒ�•�–�‡�”�›�•�–�›�•�‹��
�’�”�ƒ�…�›�� �•�‹�Ž�•�‹�•�ƒ�� �‡�Ž�‡�•�–�”�›�…�œ�•�‡�‰�‘�ä�� ���ƒ�”�–�‘�ä�…�‹�� �™�›�•�‘�”�œ�›�•�–�ƒ�•�‹�ƒ�� �’�‘�Ž�ƒ�� �’�”�ƒ�…�›�� �œ�ƒ�™�ƒ�”�–�‘�� �•�ƒ�� �”�›�•�—�•�•�—��7. 
���� �•�ƒ���†�›�•�� �Œ�‡�†�•�‘�•�–�•�‘�™�›�•�� �’�‘�Ž�—�� �œ�ƒ�™�ƒ�”�–�‘�� �‹�•�ˆ�‘�”�•�ƒ�…�Œ�¸�� �‘�� �…�œ�ƒ�•�‹�‡�� �™�›�•�‘�”�œ�›�•�–�ƒ�•�‹�ƒ�� �†�ƒ�•�‡�‰�‘��
�‘�„�•�œ�ƒ�”�—�� �‘�� �™�ƒ�”�–�‘�ä�…�‹ach �' Mo i �' �•�ä�� �
�‡�†�•�‘�…�œ�‡�ä�•�‹�‡�� �™�ƒ�”�–�‘�ä�…�‹�� �–�‡�� �•�¦�� �œ�‰�‘�†�•�‡�� �œ�� �Ž�‡�‰�‡�•�†�¦��
�’�”�œ�‡�†�•�–�ƒ�™�‹�‘�•�ƒ���’�”�œ�›���•�ƒ���†�‡�Œ���…�Š�ƒ�”�ƒ�•�–�‡�”�›�•�–�›�…�‡�ä�����ƒ�–�‘�•�‹�ƒ�•�–���’�‘�Œ�‡�†�›�•�…�œ�‡���™�ƒ�”�–�‘�ä�…�‹���’�”�‘�…�‡�•�–�‘�™�‡��
�™�•�•�ƒ�œ�—�Œ�¦�� �•�ƒ�� �™�‹�‡�Ž�•�‘�ä�©�� �™�›�•�‘�”�œ�›�•�–�ƒ�•�‹�ƒ�� �•�ƒ�•�•�›�•�ƒ�Ž�•�‡�‰�‘�� ���…�ƒ�Ï�•�‘�™�‹�–�‡�‰�‘���� �†�‘�•�–�¸�’�•�‡�‰�‘�� �’�‘�Ž�ƒ��
pracy silnika elektrycznego. Charak�–�‡�”�›�•�–�›�…�œ�•�‡�� �Œ�‡�•�–�� �œ�™�‹�¸�•�•�œ�‡�•�‹�‡�� �™�›�•�‘�”�œ�›�•�–�ƒ�•�‹�ƒ�� �’�‘�Ž�ƒ��
pracy silnika elektrycznego przy zmianie testu jezdnego. Dla testu NEDC wykorzystanie 
pola pracy wynosi maksymalnie 22%, natomiast dla testu RDC �� 78% (przy masie m = 
2000 kg). ���™�‹�¸�•�•�œ�‡�•�‹�‡��momentu obrotowego silnika elektrycznego jest najistotniejsze 
�’�”�œ�›�� �œ�™�‹�¸�•�•�œ�ƒ�•�‹�—�� �•�ƒ�•�›�� �’�‘�Œ�ƒ�œ�†�—���™���–�‡�ä�…�‹�‡�� �•�›�•�—�Ž�—�Œ�¦�…�›�•�� �”�œ�‡�…�œ�›�™�‹�•�–�‡�� �™�ƒ�”�—�•�•�‹�� �Œ�ƒ�œ�†�›�� ���–�‡�•�–��
RDC). 
 

 

���›�•�ä���}�ä�����Š�ƒ�”�ƒ�•�–�‡�”�›�•�–�›�•�‹���’�”�ƒ�…�›���•�‹�Ž�•�‹�•�ƒ���‡�Ž�‡�•�–�”�›�…�œ�•�‡�‰�‘���™���”�×���•�›�…�Š���–�‡�•�–�ƒ�…�Š���„�ƒ�†�ƒ�™�…�œ�›�…�Š���‹���’�”�œ�›��
�”�×���•�›�…�Š���•�ƒ�•�ƒ�…�Š���’�‘�Œ�ƒ�œ�†�—�� 



4. Analiza �’�”�œ�‡�’�Ï�›�™�—���‡�•�‡�”�‰�‹�‹���’�”�œ�‡�œ���ƒ�•�—�•�—�Ž�ƒ�–�‘�” 
 
���•�—�•�—�Ž�ƒ�–�‘�”�� �™�›�•�‘�•�‘�•�ƒ�’�‹�¸�…�‹�‘�™�›�� �‘�� �•�ƒ�’�‹�¸�…�‹�—�� �•�‘�•�‹�•�ƒ�Ž�•�›�•�� �u�x�r�� ���� �œ�ƒ�•�›�•�—�Ž�‘�™�ƒ�•�‘�� �Œ�ƒ�•�‘��

�—�•�Ï�ƒ�†�� �•�•�Ï�ƒ�†�ƒ�Œ�¦�…�›�� �•�‹�¸�� �œ�� �†�™�×�…�Š�� �”�œ�¸�†�×�™�� �…�‡�Ž�� �‘�� �’�‘�Œ�‡�•�•�‘�ä�…�‹��elektrycznej �u�x�� ���Š�ä�� ���ƒ�•�‹�� �—�•�Ï�ƒ�†��
�’�‘�™�‘�†�—�Œ�‡�á�����‡���…�ƒ�Ï�•�‘�™�‹�–�ƒ���™�ƒ�”�–�‘�ä�©���œ�‰�”�‘�•�ƒ�†�œ�‘�•�‡�Œ���‡�•�‡�”�‰�‹�‹���™�›�•�‘�•�‹���‘�•�‘�Ï�‘���t�w���•���Š�ä�� 

���›�•�—�Ž�ƒ�…�Œ�‹�� �’�”�œ�‡�’�Ï�›�™�—�� �‡�•�‡�”�‰�‹�‹�� �†�‘�•�‘�•�ƒ�•�‘�� �†�Ž�ƒ�� �™�•�œ�›�•�–�•�‹�…�Š�� �–�”�ƒ�•�� �’�”�œ�‡�Œ�ƒ�œ�†�—�á�� �•�ƒ�–�‘�•�‹�ƒ�•�–��
�’�”�œ�›�•�Ï�ƒ�†�‘�™�›�� �’�”�œ�‡�„�‹�‡�‰�� �Ï�ƒ�†�‘�™�ƒ�•�‹�ƒ�� �‹�� �”�‘�œ�Ï�ƒ�†�‘�™�ƒ�•�‹�ƒ�� �ƒ�•�—�•�—�Ž�ƒ�–�‘�”�ƒ�� �œ�ƒ�™�ƒ�”�–�‘�� �•�ƒ�� �”�›�•�ä�� �z�ä�� ���‡��
�™�œ�‰�Ž�¸�†�—�� �•�ƒ�� �†�—���‡�� �™�ƒ�”�–�‘�ä�…�‹�� �œ�•�‹�ƒ�•�� �������� ���”�›�•�ä�� �w���� �™�›�•�‹�•�‹�� �’�”�œ�‡�†�•�–�ƒ�™�‹�‘�•�‘�� �†�Ž�ƒ�� �–�‡�•�–�—�� �������ä�� 
Z prz�‡�†�•�–�ƒ�™�‹�‘�•�›�…�Š�� �†�ƒ�•�›�…�Š�� �™�›�•�‹�•�ƒ�á�� ���‡�� �•�‘���Ž�‹�™�›�� �Œ�‡�•�–�� �‘�†�œ�›�•�•�� �Œ�‡�†�›�•�‹�‡�� �•�‹�Ž�•�—�•�ƒ�•�–�—�� �’�”�‘�…�‡�•�–��
�Ï�ƒ�†�—�•�•�—���ƒ�•�—�•�—�Ž�ƒ�–�‘�”�ƒ��do pokonania trasy przejazdu.  

���‹�•�‘�á�� ���‡�� �–�‡�•�–�� �������� �‰�‡�•�‡�”�—�Œ�‡�� �•�ƒ�Œ�™�‹�¸�•�•�œ�‡�� �œ�•�‹�ƒ�•�›�� �������á�� �–�‘�� �•�‹�‡�� �’�”�œ�›�…�œ�›�•�‹�ƒ�� �•�‹�¸�� �†�‘��
�‘�†�œ�›�•�•�‹�™�ƒ�•�‹�ƒ�� �†�—���›�…�Š�� �™�œ�‰�Ž�¸�†�•�›�…�Š�� �™�ƒ�”�–�‘�ä�…�‹���Ï�ƒ�†�—�•�•�—. W o�†�•�‹�‡�•�‹�‡�•�‹�—�� �†�‘�� �–�‡�•�–�×�™�� ����������
oraz WLTC �ä�”�‡�†�•�‹�‡�� �™�ƒ�”�–�‘�ä�…�‹�� �—�†�œ�‹�ƒ�Ï�—�� �Ï�ƒ�†�‘�™�ƒ�•�‹�ƒ�� �•�¦�� �‘�� �‘�•�‘�Ï�‘�� �u��4 punkty procentowe 
�™�‹�¸�•�•�œ�‡���†�Ž�ƒ���•�ƒ���†�‡�Œ���•�ƒ�•�›���’�‘�Œ�ƒ�œ�†�—�ä 

 

 

���›�•�ä���~�ä�����•�‹�ƒ�•�›���Ï�ƒ�†�—�•�•�—���ƒ�•�—�•�—�Ž�ƒ�–�‘�”�ƒ���’�‘�†�…�œ�ƒ�•���–�‡�•�–�—�����������’�”�œ�›���”�×���•�›�…�Š���•�ƒ�•�ƒ�…�Š���’�‘�Œ�ƒ�œ�†�—���‘�”�ƒ�œ��
�…�Š�ƒ�”�ƒ�•�–�‡�”�›�•�–�›�•�‹���Œ�‡�‰�‘���Ï�ƒ�†�‘�™�ƒ�•�‹�ƒ �‹���”�‘�œ�Ï�ƒ�†�‘�™�ƒ�•�‹�ƒ 

 
���œ�…�œ�‡�‰�×�Ï�‘�™�‡�� �†�ƒ�•�‡�� �†�‘�–�›�…�œ�¦�…�‡�� �’�”�œ�‡�’�Ï�›�™�—�� �‡�•�‡�”�‰�‹�‹�� �’�”�œ�‡�†�•�–�ƒ�™�‹�‘�•�‘�� �•�ƒ�� �”�›�•�ä�� �{�ä�� ���•�”�‡�ä�Ž�‘�•�‘��

�–�ƒ�•�� �™�ƒ�”�—�•�•�‹�� �Ï�ƒ�†�‘�™�ƒ�•�‹�ƒ�� �‹�� �”�‘�œ�Ï�ƒ�†�‘�™�ƒ�•�‹�ƒ�� �ƒ�•�—�•�—�Ž�ƒ�–�‘�”�×�™�� �‘�”�ƒ�œ�� �…�ƒ�Ï�•�‘�™�‹�–�¦�� �œ�•�‹�ƒ�•�¸�� �‹�…�Š��
�‡�•�‡�”�‰�‹�‹�ä�� ���� �œ�ƒ�•�‹�‡�•�œ�…�œ�‘�•�›�…�Š�� �†�ƒ�•�›�…�Š�� �™�›�•�‹�•�ƒ�á�� ���‡�� �œ�™�‹�¸�•�•�œ�‡�•�‹�‡�� �•�ƒ�•�›�� �’�‘�Œ�ƒ�œ�†�—, mimo 
�œ�™�‹�¸�•�•�œ�‡�•�‹�ƒ�� �‘�†�œ�›�•�•�‹�™�ƒ�•�‡�Œ�� �‡�•�‡�”�‰�‹�‹, �™�’�Ï�›�™�ƒ�� �•�ƒ�� �‘�‰�”�ƒ�•�‹�…�œ�‡�•�‹�‡�� �Œ�‡�Œ�� �—�†�œ�‹�ƒ�Ï�—�� �™�� �…�ƒ�Ï�•�‘�™�‹�–�›�•��
�„�‹�Ž�ƒ�•�•�‹�‡�ä�����ƒ�•�‹���™�›�•�‹�•���™�•�•�ƒ�œ�—�Œ�‡���•�ƒ���•�‘�•�‹�‡�…�œ�•�‘�ä�©���‘�’�–�›�•�ƒ�Ž�‹�œ�ƒ�…�Œ�‹���•�ƒ�•�›���’�‘�Œ�ƒ�œ�†�—���™���•�‘�•�–�‡�•�ä�…�‹�‡��
�’�”�œ�‡�’�Ï�›�™�—�� �‡�•�‡�”�‰�‹�‹�� �™�� �’�‘�Œ�‡���†�œ�‹�‡�� �‡�Ž�‡�•�–�”�›�…�œ�•�›�•�ä�� ���—���‡�� �’�”�œ�‡�’�Ï�›�™�›�� �‡�•�‡�”�‰�‹�‹�� �’�‘�†�…�œ�ƒ�•�� �–�‡�•�–�—��
RD�����™�•�•�ƒ�œ�—�Œ�¦���”�×�™�•�‹�‡�����•�ƒ���•�‘�•�‹�‡�…�œ�•�‘�ä�©���œ�ƒ�’�‡�™�•�‹�‡�•�‹�ƒ���†�—���›�…�Š���’�‘�Œ�‡�•�•�‘�ä�…�‹���‡�•�‡�”�‰�‡�–�›�…�œ�•�›�…�Š��
�ƒ�•�—�•�—�Ž�ƒ�–�‘�”�×�™�� �’�‘�Œ�ƒ�œ�†�×�™��B������ �‘�”�ƒ�œ�� �†�—���›�…�Š�� �’�‘�…�œ�¦�–�•�‘�™�›�…�Š�� �™�ƒ�”�–�‘�ä�…�‹�� �������ä�����ƒ�”�–�‘�ä�…�‹��
�…�ƒ�Ï�•�‘�™�‹�–�‡�Œ���œ�•�‹�ƒ�•�›���‡�•�‡�”�‰�‹�‹���•�¦���•�ƒ�Œ�™�‹�¸�•�•�œ�‡���’�‘�†�…�œ�ƒ�•���–�‡�•�–�—�����������‹���•�¦���u��4-�•�”�‘�–�•�‹�‡���™�‹�¸�•�•�œ�‡���‘�†��
zmian energii w t�‡�ä�…�‹�‡�� ���������ä�� ���×���•�‹�…�‡�� �•�‹�¸�†�œ�›�� �œ�•�‹�ƒ�•�ƒ�•�‹�� �‡�•�‡�”�‰�‹�‹�� �™�� �–�‡�•�–�ƒ�…�Š�� ���������� �‘�”�ƒ�œ��
�������� �•�¦�� �‘�•�‘�Ï�‘�� �z-�•�”�‘�–�•�‡�� ���•�ƒ�� �•�‘�”�œ�›�ä�©�� �–�‡�•�–�—�� �����������ä�� ���™�‹�¸�•�•�œ�‡�•�‹�‡�� �•�ƒ�•�›�� �’�‘�Œ�ƒ�œ�†�×�™�� ���‘�� �s���u����
�™�’�Ï�›�™�ƒ�� �™�� �‘�•�‘�Ï�‘�� �s2�¨�� �•�ƒ�� �‘�‰�×�Ž�•�‡�� �œ�™�‹�¸�•�•�œ�‡�•�‹�‡�� �œ�—���›�…�‹�ƒ�� �‡�•�‡�”�‰�‹�‹�á�� �•�‹�‡�œ�ƒ�Ž�‡���•�‹�‡�� �‘�†�� �–�‡�•�–�—. 
���ƒ�Œ�•�•�‹�‡�Œ�•�œ�›�� �™�’�Ï�›�™�� �•�ƒ�•�›���•�ƒ�� �œ�—���›�…ie energii �—�œ�›�•�•�ƒ�•�‘�� �™�� �–�‡�ä�…�‹�‡�� ���������� ���‘�•�‘�Ï�‘�� �x�¨���á��
�•�ƒ�Œ�™�‹�¸�•�•�œ�›���™���–�‡�ä�…�‹�‡������������ 17%. 

 



 

���›�•�ä���•�ä�����ƒ�”�—�•�•�‹���’�”�ƒ�…�›���ƒ�•�—�•�—�Ž�ƒ�–�‘�”�×�™���‹���’�”�œ�‡�’�Ï�›�™�—���‡�•�‡�”�‰�‹�‹���’�‘�†�…�œ�ƒ�•���–�‡�•�–�×�™���Œ�‡�œ�†�•�›�…�Š 
 

���…�‡�•�¸��zapotrzebowania energetycznego w postaci energii odniesionej do 100 kg 
�•�ƒ�•�›���’�‘�Œ�ƒ�œ�†�—���‘�”�ƒ�œ���†�‘���†�Ï�—�‰�‘�ä�…�‹���–�‡�•�–�—���Œ�‡�œ�†�•�‡�‰�‘���‘�•�”�‡�ä�Ž�‘�•�‘���”�×�™�•�ƒ�•�‹�‡�•: 

 �¿�� 
L
�I �_�á�c �. �?�I �_�á�c �-

�l ���®�W�j�[�i�j�á�`
 (1) 

gdzie: E �� �™�ƒ�”�–�‘�ä�©�� �‡�•�‡�”�‰�‹�‹�� �ƒ�•�—�•�—�Ž�ƒ�–�‘�”�ƒ [Wh] ; i �� �ˆ�ƒ�œ�›�� �Œ�ƒ�œ�†�›�� �—�™�œ�‰�Ž�¸�†�•�‹�ƒ�Œ�¦�…�‡��
�”�‘�œ�Ï�ƒ�†�‘�™�ƒ�•�‹�‡, �Ï�ƒ�†�‘�™�ƒ�•�‹�‡ �‘�”�ƒ�œ���…�ƒ�Ï�•�‘�™�‹�–�›���’�”�œ�‡�’�Ï�›�™���‡�•�‡�”�‰�‹�‹; j �� realizowane testy jezdne: 
NEDC, WLTC, RDC, S �� dystans testu jezdnego [km] ; m2 = 2000 kg, m1 = 1000 kg; n = 10 �� 
oznacza odniesienie energii do 100 kg masy pojazdu. 

���›�•�‹�•�‹���–�›�…�Š���‘�„�Ž�‹�…�œ�‡�Ñ���’�”�œ�‡�†�•�–�ƒ�™�‹�‘�•�‘���•�ƒ���”�›�•�ä���s�r�ä�������ƒ�•�ƒ�Ž�‹�œ�›���™�›�•�‹�•�ƒ�á�����‡���’�‘�†�‘�„�•�‡���•�ƒ�•�Ï�ƒ�†�›��
�‡�•�‡�”�‰�‡�–�›�…�œ�•�‡���•�ƒ���s�r�r���•�‰���•�ƒ�•�›���’�‘�Œ�ƒ�œ�†�—���‘�”�ƒ�œ���•�ƒ���Œ�‡�†�•�‘�•�–�•�‘�™�¦���†�Ï�—�‰�‘�ä�©���–�‡�•�–�—���™�›�•�–�¸�’�—�Œ�¦���†�Ž�ƒ��
�–�‡�•�–�×�™�� ���������� �‘�”a�œ�� �������ä�� ���‹�•�‘�á�� ���‡�� �–�‡�•�–�� ���������� �™�� �‘�†�•�‹�‡�•�‹�‡�•�‹�—�� �†�‘�� ���������� �Œ�‡�•�–�� �•�•�‹�‡�Œ��
�†�›�•�ƒ�•�‹�…�œ�•�›�á���–�‘���Œ�‡�†�•�‘�•�–�•�‘�™�‡���•�ƒ�•�Ï�ƒ�†�›���‡�•�‡�”�‰�‡�–�›�…�œ�•�‡���œ�‰�‘�†�•�‹�‡���œ���”�×�™�•�ƒ�•�‹�‡�•����2�����•�¦���œ�•�ƒ�…�œ�•�‹�‡��
�™�‹�¸�•�•�œ�‡�����‘��oko�Ï�‘ 50%). ���ƒ�Ž�‡���›�� �œ�ƒ�—�™�ƒ���›�©�á�����‡�� �•�ƒ�•�Ï�ƒ�†�›�� �–�ƒ�•�‹�‡���•�¦�� �œ�„�Ž�‹���‘�•�‡�� �™���–�‡�•�–�ƒ�…�Š������������
oraz RDC; p�‘�†�‘�„�‹�‡�Ñ�•�–�™�ƒ�� �–�‡�� �™�›�•�–�¸�’�—�Œ�¦�� �œ�ƒ�”�×�™�•�‘�� �’�‘�†�…�œ�ƒ�•�� �”�‘�œ�Ïa�†�‘�™�ƒ�•�‹�ƒ�� �‘�”�ƒ�œ�� �Ï�ƒ�†�‘�™�ƒ�•�‹�ƒ��
�ƒ�•�—�•�—�Ž�ƒ�–�‘�”�×�™�ä 

 

 

Rys. 10. Analiza zmian �’�”�œ�‡�’�Ï�›�™�—��energii przez �ƒ�•�—�•�—�Ž�ƒ�–�‘�”���’�”�œ�›���—�™�œ�‰�Ž�¸�†�•�‹�‡�•�‹�—���œ�•�‹�ƒ�•�›��
masy pojazdu �‘���™�ƒ�”�–�‘�ä�…�‹���' m = 100 kg 



5. Analiza jednostkowego �œ�—���›�…�‹�ƒ���‡�•�‡�”�‰�‹�‹ pojazdu  
 
���—���›�…�‹�‡�� �‡�•�‡�”�‰�‹�‹�� �’�‘�Œ�ƒ�œ�†�—�� �‘�•�”�‡�ä�Ž�‘�•�‘��w postaci energii jednostkowej �†�Ž�ƒ�� �•�ƒ���†�‡�‰�‘�� 

�œ�� �–�‡�•�–�×�™�� �Œ�‡�œ�†�•�›�…�Š�� �‘�”�ƒ�œ�� �’�”�œ�›�� �—�™�œ�‰�Ž�¸�†�•�‹�‡�•�‹�—�� �•�ƒ�•�›��pojazdu w zakresie od 1000 kg do 
2000 kg. Jednostkowe �œ�—���›�…�‹�‡���‡nergii ���‡�•�‡�”�‰�‘�…�Š�Ï�‘�•�•�‘�ä�©����[kWh/100 km] �‘�•�”�‡�ä�Ž�‘�•�‘���Œ�ƒ�•�‘ 
�™�ƒ�”�–�‘�ä�©���œ�—���›�…�‹�ƒ���‡�•�‡�”�‰�‹�‹���‘�†�•�‹�‡�•�‹�‘�•�‡���†�‘���†�Ï�—�‰�‘�ä�…�‹���–�‡�•�–�—���‘���™�ƒ�”�–�‘�ä�…�‹���s�r�r���•�•: 

 �� �h
L
�ì �I�b�r

�j
�j�8�,

�W
�®�s�r�r (2) 

gdzie: t0 �� �‘�œ�•�ƒ�…�œ�ƒ�� �’�‘�…�œ�¦�–�‡�•�� �–�‡�•�–�—�á�� �–max �� �„�‹�‡���¦�…�›��czas testu, S �� �†�Ï�—�‰�‘�ä�©�� �–�‡�•�–�—�� �ƒ�� ������ 
�„�‹�‡���¦�…�¦���™�ƒ�”�–�‘�ä�©���œ�—���›�–�‡�Œ���‡�•�‡�”�‰�‹�‹���™���–�‡�ä�…�‹�‡. 

���•�‡�”�‰�‹�¸�� �–�¸�� �‘�•�”�‡�ä�Ž�‘�•�‘��na dwa sposoby: �™�� �…�ƒ�Ï�›�•�� �–�‡�ä�…�‹�‡��(Eend) �‘�”�ƒ�œ�� �Œ�ƒ�•�‘�� �ˆ�—�•�•�…�Œ�¸��
�„�‹�‡���¦�…�‡�‰�‘��czasu trwania testu �� Ej ���”�›�•�ä���s�s���ä�����‘�…�œ�¦�–�•�‘�™�ƒ���ˆ�ƒ�œ�ƒ���•�ƒ���†�‡�‰�‘���œ���–�‡�•�–�×�™���‰�‡�•�‡�”�—�Œ�‡��
�†�—���‡���™�ƒ�”�–�‘�ä�…�‹����j ���œ�‡���™�œ�‰�Ž�¸�†�—���•�ƒ���•�”�×�–�•�‹���…�œ�ƒ�•���–�”�™�ƒ�•ia testu)�á���•�ƒ�–�‘�•�‹�ƒ�•�–���™���†�ƒ�Ž�•�œ�‡�Œ���…�œ�¸�ä�…�‹���� 
�•�ƒ�•�–�¸�’�—�Œ�‡�� �•�–�ƒ�„�‹�Ž�‹�œ�ƒ�…�Œ�ƒ��tej �™�ƒ�”�–�‘�ä�…�‹�ä�� ���†�� �†�›�•�ƒ�•�‹�•�‹�� �–�‡�•�–�—���„�ƒ�†�ƒ�™�…�œ�‡�‰�‘�� �œ�ƒ�Ž�‡���›�á�� �…�œ�›�� �•�‘�Ñ�…�‘�™�ƒ��
�™�ƒ�”�–�‘�ä�©��energ�‘�…�Š�Ï�‘�•�•�‘�ä�…�‹���™���–�‡�ä�…�‹�‡���Œ�‡�•�–���•�–�ƒ�„�‹�Ž�‹�œ�‘�™�ƒ�•�ƒ���™���†�Ï�—���•�œ�›�•���…�œ�›���•�”�×�–�•�œ�›�•���‘�•�”�‡�•�‹�‡��
�…�œ�ƒ�•�—�ä�� ���’�‡�…�›�ˆ�‹�•�ƒ�� �–�‡�•�–�×�™�� �Œ�‡�œ�†�•�›�…�Š�� �’�‘�™�‘�†�—�Œ�‡�á�� ���‡ nawet podczas statycznego testu NEDC 
�™�ƒ�”�–�‘�ä�©�� �•�‘�Ñ�…�‘�™�ƒ��energ�‘�…�Š�Ï�‘�•�•�‘�ä�…�‹��jest uzyskiwana po 98% czasu jego trwania. 
���ƒ�”�–�‘�ä�©�� �–�¸�� �—�•�–�ƒ�Ž�‘�•�‘�� �Œ�ƒ�•�‘�� �’�”�œ�‡�†�œ�‹�ƒ�Ï�� �w-�’�”�‘�…�‡�•�–�‘�™�›�…�Š�� �œ�•�‹�ƒ�•�� �™�ƒ�”�–�‘�ä�…�‹�� �—�•�–�ƒ�Ž�‘�•�‡�Œ od 
�™�ƒ�”�–�‘�ä�…�‹���•�‘�Ñ�…�‘�™�‡�Œ: 
 �–�¨ 
L�¬�w�¨���‘�ˆ����end (3) 

gdzie: t% �� �™�œ�‰�Ž�¸�†�•�›�� �…�œ�ƒ�•�� �•�–�ƒ�„�‹�Ž�‹�œ�ƒ�…�Œ�‹�� ���™�� �’�”�œ�‡�†�œ�‹�ƒ�Ž�‡�� �¬�w�¨�� �—�•�–�ƒ�Ž�‘�•�‡�Œ�� �•�‘�Ñ�…�‘�™�‡�Œ���™�ƒ�”�–�‘�ä�…�‹��
energii �…�ƒ�Ï�•�‘�™�‹�–�‡�Œ���� Eend). 

���‘�†�…�œ�ƒ�•���ƒ�•�ƒ�Ž�‹�œ���„�ƒ�”�†�œ�‹�‡�Œ���†�›�•�ƒ�•�‹�…�œ�•�›�…�Š���–�‡�•�–�×�™��������C oraz RDC, �™�ƒ�”�–�‘�ä�…�‹���–% �•�–�ƒ�•�‘�™�‹�Ï�›��
odpowiednio: 98% oraz 90% czasu trwania testu (rys. 11a). Oznacza to, ��e dla 
�•�ƒ�Œ�„�ƒ�”�†�œ�‹�‡�Œ�� �†�›�•�ƒ�•�‹�…�œ�•�‡�‰�‘�� �–�‡�•�–�—�� �������� �…�œ�ƒ�•�� �—�•�–�ƒ�Ž�‡�•�‹�ƒ�� �•�‘�Ñ�…�‘�™�‡�Œ�� �™�ƒ�”�–�‘�ä�…�‹���…�ƒ�Ï�•�‘�™�‹�–�‡�‰�‘ 
�œ�—���›�…�‹�ƒ �‡�•�‡�”�‰�‹�‹�� �Œ�‡�•�–�� �•�ƒ�Œ�•�”�×�–�•�œ�› (rys. 11c)�ä�� ���ƒ�Ž�‡���›�� �œ�ƒ�—�™�ƒ���›�©�á�� ���‡�� �•�‘�†�›�ˆ�‹�•�ƒ�…�Œ�ƒ�� �ˆ�ƒ�œ�� �–�‡�•�–�—��
���Œ�ƒ�œ�†�ƒ�� �•�‹�‡�Œ�•�•�ƒ�á�� �’�‘�œ�ƒ�•�‹�‡�Œ�•�•�ƒ�á�� �ƒ�—�–�‘�•�–�”�ƒ�†�‘�™�ƒ���� �•�‘���‡�� �’�”�œ�›�…�œ�›�•�‹�©�� �•�‹�¸�� �†�‘�� �™�…�œ�‡�ä�•�‹�‡�Œ�•�œ�‡�‰�‘��
ust�ƒ�Ž�‡�•�‹�ƒ���™�ƒ�”�–�‘�ä�…�‹���•�‘�Ñ�…�‘�™�‡�Œ�����’�”�œ�›���œ�ƒ�Ï�‘���‡�•�‹�—���•�‹�‡�œ�•�‹�‡�•�•�‘�ä�…�‹���•�‘�Ž�‡�Œ�•�‘�ä�…�‹���ˆ�ƒ�œ���Œ�ƒ�œ�†�›���ä�� 

 

 

���›�•�ä���w�w�ä�����ƒ�”�—�•�•�‹���‘�•�”�‡�ä�Ž�ƒ�•�‹�ƒ���•�‘�Ñ�…�‘�™�‡�Œ energ�‘�…�Š�Ï�‘�•�•�‘�ä�…�‹���•�ƒ�’�¸�†�—���’�‘�†�…�œ�ƒ�•���–�‡�•�–�×�™��
badawczych 

 
���ƒ�Œ�•�”�×�–�•�œ�›�� �…�œ�ƒ�•�� �•tabilizacji �‡�•�‡�”�‰�‘�…�Š�Ï�‘�•�•�‘�ä�…�‹ uzyskiwany jest podczas testu RDC.  

W tym te�ä�…�‹�‡ (najbardziej dynamicznym�����™�ƒ�”�–�‘�ä�©���•�‘�Ñ�…�‘�™�ƒ �œ�—���›�…�‹�ƒ���‡�•�‡�”�‰�‹�‹���Œ�‡�•�–���”�×�™�•�‹�‡����
�•�ƒ�Œ�™�‹�¸�•�•�œ�ƒ�ä�����ƒ�Œ�•�•�‹�‡�Œ�•�œ�‡�� �™�ƒ�”�–�‘�ä�…�‹���œ�—���›�…�‹�ƒ��tej energii �™�›�•�–�¸�’�—�Œ�¦�� �™ te�ä�…�‹�‡�����������ä�� ���ƒ�Ž�‡���›��
�•�–�™�‹�‡�”�†�œ�‹�©���’�”�‘�’�‘�”�…�Œ�‘�•�ƒ�Ž�•�›���™�’�Ï�›�™���•�ƒ�•�›���’�‘�Œ�ƒ�œ�†�—���•�ƒ���™�ƒ�”�–�‘�ä�…�‹���•�‘�Ñ�…�‘�™�‡���‡�•�‡�”�‰�‘�…�Š�Ï�‘�•�•�‘�ä�…�‹ 
�•�ƒ���†�‡�‰�‘ �œ���–�‡�•�–�×�™�ä�� 



Wyniki analiz �…�ƒ�Ï�•�‘�™�‹�–�‡�‰�‘ �œ�—���›�…�‹�ƒ�� �‡�•�‡�”�‰�‹�‹�� �’�”�œ�‡�†�•�–�ƒ�™�‹�‘�•�‘�� �•�ƒ�� �”�›�•�ä�� �s�t�ä�����ƒ�Œ�™�‹�¸�•�•�œ�‡��
�™�ƒ�”�–�‘�ä�…�‹��tego �œ�—���›�…�‹�ƒ�� �—�œ�›�•�•�ƒ�•�‘�� �’�‘�†�…�œ�ƒ�•�� �–�‡�•�–�—�� �������ä�� ���¦�� �‘�•�‡�� �™�‹�¸�•�•�œ�‡�� �‘�� �‘�•�‘�Ï�‘�� �t�r�¨�� �‘�†��
�™�ƒ�”�–�‘�ä�…�‹��energ�‘�…�Š�Ï�‘�•�•�‘�ä�…�‹���™�� �–�‡�ä�…�‹�‡�� ���������ä�����ƒ�œ�•�ƒ�…�œ�‘�•�‘�� �–�ƒ�•�� �”�×�™�•�‹�‡����jednostkowe 
przyrosty �–�‡�Œ�� �‡�•�‡�”�‰�‘�…�Š�Ï�‘�•�•�‘�ä�…�‹ odniesione do �œ�™�‹�¸�•�•�œ�‡�•�‹�ƒ��masy pojazdu o 100 kg. 
���–�™�‹�‡�”�†�œ�‘�•�‘�á�� ���‡�� �’�”�œ�›�”�‘�•�–�›���œ�—���›�…�‹�ƒ���‡�•�‡�”�‰�‹�‹�� �•�¦�� �Œ�‡�†�•�ƒ�•�‘�™�‡�� �†�Ž�ƒ�� �–�‡�•�–�×�™�� ���������� �‘�”�ƒ�œ�� �������� 
�‹�� �™�›�•�‘�•�œ�¦�� �‘�•�‡�� �‘�•�‘�Ï�‘�� �r�á�u�v�� �•���Š���s�r�r�� �•�•�� �•�ƒ�� �•�ƒ���†�‡�� �†�‘�†�ƒ�–�•�‘�™�‡�� �s�r�r�� �•�‰�� �•�ƒ�•�›�� �’�‘�Œ�ƒ�œ�†�—�ä��
Odnotowano dwukrotnie mniejs�œ�‡�� �’�”�œ�›�”�‘�•�–�›�� �œ�—���›�…�‹�ƒ�� �‡�•�‡�”�‰�‹�‹�� �—�œ�ƒ�Ž�‡���•�‹�‘�•�‡�� �‘�†�� �•�ƒ�•�›��
pojazdy podczas testu WLTC.  

 

 

Rys. 12. W�ƒ�”�–�‘�ä�…�‹��energ�‘�…�Š�Ï�‘�•�•�‘�ä�…�‹��pojazdu w testach �„�ƒ�†�ƒ�™�…�œ�›�…�Š���’�”�œ�›���—�™�œ�‰�Ž�¸�†�•�‹�‡�•�‹�—��
zmiany masy pojazdu 

 
���ƒ�•�‹�‡�� �•�œ�ƒ�…�‘�™�ƒ�•�‹�‡�� �™�ƒ�”�–�‘�ä�…�‹�� �’�”�œ�›�”�‘�•�–�—�� �‡�•�‡�”�‰�‘�…�Š�Ï�‘�•�•�‘�ä�…�‹���’�‘�œ�™�ƒ�Ž�ƒ�� �•�ƒ�� �‘�•�”�‡�ä�Ž�‡�•�‹�‡�� �–�‡�‰�‘��

�œ�—���›�…�‹�ƒ���„�‡�œ���•�‘�•�‹�‡�…�œ�•�‘�ä�…�‹���†�‘�•�‘�•�›�™�ƒ�•�‹�ƒ���•�›�•�—�Ž�ƒ�…�Œ�‹���Ž�—�„���”�œ�‡�…�œ�›�™�‹�•�–�›�…�Š���„�ƒ�†�ƒ�Ñ���’�‘�Œ�ƒ�œ�†�—��przy 
zmienionej jego �•�ƒ�•�‹�‡���™�Ï�ƒ�•�•�‡�Œ�ä 

 
6. Wnioski  

 
���ƒ�� �’�‘�†�•�–�ƒ�™�‹�‡�� �„�ƒ�†�ƒ�Ñ�� �•�›�•�—�Ž�ƒ�…�›�Œ�•�›�…�Š�� ���™�›�•�‘�”�œ�›�•�–�—�Œ�¦�…�� �‘�’�”�‘�‰�”�ƒ�•�‘�™�ƒ�•�‹�‡�� �������� ���”�—�‹�•�‡����

�‘�•�”�‡�ä�Ž�‘�•�‘�� �™�ƒ�”�—�•�•�‹�� �’�”�ƒ�…�›�� �•�‹�Ž�•�‹�•�×�™�� �‡�Ž�‡�•�–�”�›�…�œ�•�›�…�Š�� �’�‘�Œ�ƒ�œ�†�—�� ������ �‘�”�ƒ�œ�� �‡�•�‡�”�‰�‘�…�Š�Ï�‘�•�•�‘�ä�©��
�’�‘�Œ�ƒ�œ�†�—�� �‘�� �œ�”�×���•�‹�…�‘�™�ƒ�•�›�…�Š�� �•�ƒ�•�ƒ�…�Š�� �™�Ï�ƒ�•�•�›�…�Š�� �™�� �”�×���•�›�…�Š�� �–�‡�•�–�ƒ�…�Š�� �„�ƒ�†�ƒ�™�…�œ�›�…�Š. Na ich 
�’�‘�†�•�–�ƒ�™�‹�‡���•�ˆ�‘�”�•�—�Ï�‘�™�ƒ�•�‘���•�ƒ�•�–�¸�’�—�Œ�¦�…�‡���™�•�‹�‘�•�•�‹���•�œ�…�œ�‡�‰�×�Ï�‘�™�‡: 

1. W odniesieniu do �’�‘�œ�‹�‘�•�—���•�ƒ�Ï�ƒ�†�‘�™�ƒ�•�‹�ƒ���ƒ�•�—�•�—�Ž�ƒ�–�‘�”�×�™�ã 
�x Dynamika testu RDC �’�‘�™�‘�†�—�Œ�‡�� �•�ƒ�Œ�™�‹�¸�•�•�œ�‡�� �œ�•�‹�ƒ�•�› �•�–�‘�’�•�‹�ƒ�� �•�ƒ�Ï�ƒ�†�‘�™�ƒ�•�‹�ƒ��

akumulatora (�' SOC)�ä�� ���¦�� �‘�•�‡�� �u-�•�”�‘�–�•�‹�‡�� �™�‹�¸�•�•�œ�‡�� �•�‹���� �™�� �‘�†�•�‹�‡�•�‹�‡�•�‹�—�� �†�‘�� �–�‡�•�–�—��
WLTC oraz 7-krotnie �™�‹�¸�•�•�œ�‡��w odniesieniu do testu NEDC.  

�x ���™�œ�‰�Ž�¸�†�•�‹�‡�•�‹�‡�� �†�Ï�—�‰�‘�ä�…�‹�� �–�‡�•�–�—�� �’�‘�™�‘�†�—�Œ�‡�á�� ���‡�� �•�–�‘�•�—�•�‡�•�� �œ�•�‹�ƒ�•���' SOC na 100 km 
testu odpowiednio RDC:WLTC�ã���������� �Œ�‡�•�–���•�ƒ�•�–�¸�’�—�Œ�¦�…�›�ã���s,06:1:1,25. Oznacza to 
�œ�•�‹�ƒ�•�¸���' ���������s�r�r�� �•�•�� �™�� �™�ƒ�”�–�‘�ä�…�‹�ƒ�…�Š��procentowych odpowiednio: 
�w�u�¨�ã�v�t�¨�ã�v�w�¨�ä�� ���ƒ�Œ�•�•�‹�‡�Œ�•�œ�‡�� �”�×���•�‹�…�‡�� �‘�†�•�‘�–�‘�™�ƒ�•�‘�� �™�� �–�‡�ä�…�‹�‡�� ������C oraz RDC �� 
tylko 6%. 

2. �����‘�†�•�‹�‡�•�‹�‡�•�‹�—���†�‘���’�”�œ�‡�’�Ï�›�™�—���‡�•�‡�”�‰�‹�‹���’�”�œ�‡�œ���ƒ�•�—�•�—�Ž�ƒ�–�‘�”: 
�x ���ƒ�”�–�‘�ä�…�‹���…�ƒ�Ï�•�‘�™�‹�–�‡�Œ���œ�•�‹�ƒ�•�›���‡�•�‡�”�‰�‹�‹���Ï�ƒ�†�‘�™�ƒ�•�‹�ƒ���‹���”�‘�œ�Ï�ƒ�†�‘�™�ƒ�•�‹�ƒ���ƒ�•�—�•�—�Ž�ƒ�–�‘�”�ƒ���•�¦��

�•�ƒ�Œ�™�‹�¸�•�•�œ�‡�� �’�‘�†�…�œ�ƒ�•�� �–�‡�•�–�—�� ������; �•�¦��one 3��4-�•�”�‘�–�•�‹�‡�� �™�‹�¸�•�•�œ�‡�� �‘�†�� �œ�•�‹�ƒ�•�� �‡�•�‡�”�‰�‹�‹�� 
�™���–�‡�ä�…�‹�‡�����������ä�����×���•�‹�…�‡���•�‹�¸�†�œ�›���œ�•�‹�ƒ�•�ƒ�•�‹���‡�•�‡�”�‰�‹�‹���™���–�‡�•�–�ƒ�…�Š�������������‘�”�ƒ�œ�����������•�¦��
�‘�•�‘�Ï�‘���z-�•�”�‘�–�•�‡�����•�ƒ���•�‘�”�œ�›�ä�©��testu NEDC). 



�x ���™�‹�¸�•�•�œ�‡�•�‹�‡�� �•�ƒ�•�›�� �’�‘�Œ�ƒ�œ�†�×�™�� ���‘�� �s���u���� �™�’�Ï�›�™�ƒ�� �™�� �‘�•�‘�Ï�‘�� �s�t�¨�� �•�ƒ�� �‘�‰�×�Ž�•�‡��
�œ�™�‹�¸�•�•�œ�‡�•�‹�‡�� �œ�—���›�…�‹�ƒ�� �‡�•�‡�”�‰�‹�‹ ���‡�•�‡�”�‰�‘�…�Š�Ï�‘�•�•�‘�ä�©���á�� �•�‹�‡�œ�ƒ�Ž�‡���•�‹�‡�� �‘�†�� �–�‡�•�–�—�ä��
���ƒ�Œ�•�•�‹�‡�Œ�•�œ�›�� �™�’�Ï�›�™�� �•�ƒ�•�›�� �•�ƒ�� �…�ƒ�Ï�•�‘�™�‹�–�›�� �’�”�œ�‡�’�Ï�›�™�� �‡�•�‡�”�‰�‹�‹�� �’�”�œ�‡�œ�� �ƒ�•�—�•�—�Ž�ƒ�–�‘�”��
�—�œ�›�•�•�ƒ�•�‘���™���–�‡�ä�…�‹�‡���������������‘�•�‘�Ï�‘���x�¨���á���•�ƒ�Œ�™�‹�¸�•�•�œ�›���™���–�‡�ä�…�‹�‡������������ 17%. 

3. �����‘�†�•�‹�‡�•�‹�‡�•�‹�—���†�‘���œ�—���›�…�‹�ƒ���‡�•�‡�”�‰�‹�‹ ���‡�•�‡�”�‰�‘�…�Š�Ï�‘�•�•�‘�ä�…�‹�����™���–�‡�ä�…�‹�‡: 
�x ���ƒ�Œ�™�‹�¸�•�•�œ�‡�� �™�ƒ�”�–�‘�ä�…�‹�� �œ�—���›�…�‹�ƒ�� �‡�•�‡�”�‰�‹�‹�� �—�œ�›�•�•�ƒ�•�‘�� �’�‘�†�…�œ�ƒ�•�� �–�‡�•�–�—�� �������ä�� ���¦�� �‘�•�‡��

�™�‹�¸�•�•�œ�‡���‘���‘�•�‘�Ï�‘���t�r�¨���‘�†���™�ƒ�”�–�‘�ä�…�‹���œ�—���›�…�‹�ƒ���‡�•�‡�”�‰�‹�‹���™���–�‡�ä�…�‹�‡�����������ä�����‘�†�…�œ�ƒ�•���–�‡�•�–�—��
WLTC �™�ƒ�”�–�‘�ä�…�‹���‡�•�‡�”�‰�‘�…�Š�Ï�‘�•�•�‘�ä�…�‹���•�¦�� �™�‹�¸�•�•�œ�‡�� �‘�†�� �u�r�� �†�‘�� �s�r�¨�� �‘�†��
�‡�•�‡�”�‰�‘�…�Š�Ï�‘�•�•�‘�ä�…�‹���™���–�‡�ä�…�‹�‡���������������‘�†�’�‘�™�‹�‡�†�•�‹�‘���†�‘���œ�™�‹�¸�•�•�œ�ƒ�•�‹�ƒ���•�ƒ�•�›���’�‘�Œ�ƒ�œ�†�—���ä 

�x ���™�‹�¸�•�•�œ�‡�•�‹�‡�� �‡�•�‡�”�‰�‘�…�Š�Ï�‘�•�•�‘�ä�…�‹�� �™ testach NEDC oraz RDC jest jednakowe  
i wynosi �‘�•�‘�Ï�‘�� �r�á�u�v���•���Š���s�r�r�� �•�•�� �•�ƒ���•�ƒ���†�‡�� �†�‘�†�ƒ�–�•�‘�™�‡���s�r�r�� �•�‰���•�ƒ�•�›�� �’�‘�Œ�ƒ�œ�†�—. 
Odnotowano dwukrotnie mniejsze przyrosty �‡�•�‡�”�‰�‘�…�Š�Ï�‘�•�•�‘�ä�…�‹ �—�œ�ƒ�Ž�‡���•�‹�‘�•�‡���‘�†��
masy pojazdy podczas testu WLTC. 

���œ�›�•�•�ƒ�•�‡���™�›�•�‹�•�‹���„�ƒ�†�ƒ�Ñ���‹���ƒ�•�ƒ�Ž�‹�œ���œ�—���›�…�‹�ƒ���‡�•�‡�”�‰�‹�‹���’�‘�Œ�ƒ�œ�†�×�™���‡�Ž�‡�•�–�”�›�…�œ�•�›�…�Š���™�•�•�ƒ�œ�—�Œ�¦���•�ƒ��
�•�‘�•�‹�‡�…�œ�•�‘�ä�©�� �’�”�‘�™�ƒ�†�œ�‡�•�‹�ƒ dalszych prac symulacyjnych oraz �„�ƒ�†�ƒ�Ñ��w rzeczywistych 
�™�ƒ�”�—�•�•�ƒ�…�Š�� �”�—�…�Š�—�ä�� ���—���›�…�‹�‡�� �‡�•�‡�”�‰�‹�‹�� �™�� �–�ƒ�•�‹�…�Š�� �’�‘�Œ�ƒ�œ�†�ƒ�…�Š�� �Œ�‡�•�–�� �•�‹�Ž�•�‹�‡�� �œ�ƒ�Ž�‡���•�‡�� �‘�†�� �–�‡�•�–�—��
�„�ƒ�†�ƒ�™�…�œ�‡�‰�‘�â���™�ƒ�”�–�‘�ä�…�‹���—�œ�›�•�•�ƒ�•�‡���™���–�‡�•�–�ƒ�…�Š���„�ƒ�†�ƒ�™�…�œ�›�…�Š �•�•�œ�–�ƒ�Ï�–�—�Œ�¦���•�‹�¸���•�ƒ���’�‘�œ�‹�‘�•�‹�‡���s�r,1��
13,5 kWh/100 km (test NEDC); 13��15 kWh/100 km (test WLTC) oraz 12,5��16,2 
kWh/10 0 km �™�� �–�‡�ä�…�‹�‡�� �������ä�� ���×���•�‹�…�‡�� �™�� �—�•�–�ƒ�Ž�‘�•�›�…�Š�� �–�‡�•�–�ƒ�…�Š�� �„�ƒ�†�ƒ�™�…�œ�›�…�Š�� ������������ �‘�”�ƒ�œ��
WLTC���� �™�›�•�‘�•�œ�¦�� �†�‘��25�¨�� ���™�‹�¸�•�•�œ�‡�� �™�� �–�‡�ä�…�‹�‡�� ������C �†�Ž�ƒ�� �’�‘�Œ�ƒ�œ�†�×�™ o mniejszej masie 
�™�Ï�ƒ�•�•�‡�Œ). Badania prowadzone w warunkach rzeczywistych �™�›�•�ƒ�œ�—�Œ�¦���’�‘�†�‘�„�•�‡���™�ƒ�”�–�‘�ä�…�‹��
�œ�—���›�…�‹�ƒ���‡�•�‡�”�‰�‹�‹�����’�‘�Œ�ƒ�œ�†�›���Ž�‡�•�•�‹e �� �‘�•�‘�Ï�‘���s�r�r�r���•�‰�����‘�”�ƒ�œ���œ�™�‹�¸�•�•�œ�‡�•�‹�‡��tego �œ�—���›�…�‹�ƒ���‘���•�‘�Ž�‡�Œ�•�‡��
10% w odniesieniu do pojazd�×�™ �‘���•�ƒ�•�‹�‡���‘�•�‘�Ï�‘���t�r�r�r���•�‰�ä 
 
���‘�†�œ�‹�¸�•�‘�™�ƒ�•�‹�ƒ  
���ƒ�†�ƒ�•�‹�ƒ�� �„�›�Ï�›�� �’�”�‘�™�ƒ�†�œ�‘�•�‡�� �œ�� �™�›�•�‘�”�œ�›�•�–�ƒ�•�‹�‡�•�� �‘�’�”�‘�‰�”�ƒ�•�‘�™�ƒ�•�‹�ƒ�� �������� ���”�—�‹�•�‡�� �†�œ�‹�¸�•�‹��
programowi AVL University Partnership Program. 

 
Bibliografia  
1.  ���ƒ�•�•�‘�� ���á�� ���—�Ž�…�•�ž�”�� ���á�� ���‰�ƒ�”�†�–�� ���á�� ���‹�•�†�”�‘�–�Š�� ���á�� ���ƒ�•�…�Š�‡�œ-Diaz I. Energy consumption 

estimation integrated into the Electric Vehicle Routing Problem. Transportation 
Research Part D: Transport and Environment 2019; 69: 141��167, 
https://doi.org/10.1 016/j.trd.2019.01.006. 

 
2.  ���ƒ�˜�‹�†�‘�˜�� ���á�� ���ƒ�•�–�‘�æ�� ��. Planning of electric vehicle infrastructure based on charging 

reliability and quality of service. Energy 2017; 118: 1156��1167, 
https://doi.org/10.1016/j.energy.2016.10.142 . 

 
3.  European Commission. Proposal for a regulation of the European Parliament and of 

the Council setting emission performance standards for new passenger cars and for 
new light-commercial vehicles as part of the Union's integrated approach to reduce 
CO2 emissions from LDVs. Brussels, 8.11.2017, SWD(2017) 650 final. 
ec.europa.eu/clima/sites/clima/files/transport/vehicles/docs/swd_2017_650_p1_e
n.pdf. 

 
4.  Fontaras G, Zacharof N-G, Ciuffo B. Fuel consumption and CO2 emissions from 

passenger cars in Europe �� Laboratory versus real-world emissions. Progress in 
Energy and Combustion Science 2017; 60: 97��131, 
https://doi.org/10.1016/j.pecs.2016.12.004 . 

https://ec.europa.eu/clima/sites/clima/files/transport/vehicles/docs/swd_2017_650_p1_en.pdf
https://ec.europa.eu/clima/sites/clima/files/transport/vehicles/docs/swd_2017_650_p1_en.pdf


 
5.  IEA, Global EV Outlook 2019. IEA, Paris, 

www.iea.org/publications/reports/globalevoutlook2019 . 
 
6.  Kurtyka K, Pielecha J. The evaluation of exhaust emission in RDE tests including 

dynamic driving conditions. Transportation Research Procedia 2019; 40: 338��345, 
https://doi.org/ 10.1016/j.trp ro.2019.07.050. 

 
7.  ���ƒ�•�‰�„�”�‘�‡�•�� �
�� ���� ���á�� ���‡�„�‡�…�ƒ�—�‡�”�� ���á�� ���ƒ�Ž�•�•�–�‡�•�� �
�á�� �	�”�ƒ�•�•�Ž�‹�•�� �
�� ���á�� ���—�•�‹�Ž�‘�� ���� ���á�� �
�‡�‘�”�±�• P. 

Electric vehicle rental and electric vehicle adoption. Research in Transportation 
Economics 2019; 73: 72��82, https://doi.org/10.1016/j.retrec.2019.02.002 . 

 
8.  Merkisz J, Pielecha J, Radzimirski S. New trends in emission control in the European 

Union. Springer Tracts on Transportation and Traffic 2014; 4: 170, 
https:// doi.org/10.1007/978-3-319-02705-0. 

 
9.  Micari S, Polimeni A, Napoli G, Andaloro L, Antonucci V. Electric vehicle charging 

infrastructure planning in a road network. Renewable and Sustainable Energy 
Reviews 2017; 80: 98��108, https://doi.org/10.1016/j.rser.2017.05.022 . 

 
10.  Muzi N. New car CO2 standards: Is the job of securing electric cars in Europe done? 

Transport & Environment 2019. www.transportenvironment.org . 
 
11.  Pavlovic J, Marotta A, Ciuffo B. CO2 emissions and energy demands of vehicles tested 

under the NEDC and the new WLTP type approval test procedures. Applied Energy 
2016; 177: 661��670, https://doi.org/10.1016/j.apenergy.2016.05.110 . 

 
12.  Pielecha I, Cieslik W, Szalek A. Operation of electric hybrid drive systems in varied 

driving conditions. Eksploatacja i Niezawodnosc �� Maintenance and Reliability 
2018; 20 (1): 16��23, https://doi.org/10.17531/ein.2018.1.3.  

 
13.  Pielecha I, Cieslik W, Szalek A. Operation of hybrid propulsion systems in conditions 

of increased supply voltage. International Journal of Precision Engineering and 
Manufacturing 2017; 18: 1633��1639, https://doi.org/10.1007/s12541 -017-0192-3. 

 
14.  ���������á�� �t�r�s�{�ä�� ���‹�…�œ�•�‹�•�� �‡�Ž�‡�•�–�”�‘�•�‘�„�‹�Ž�•�‘�ä�…�‹�ä�� ���‘�Ž�•�•�‹�‡�� ���–�‘�™�ƒ�”�œ�›�•�œ�‡�•�‹�‡�� ���ƒ�Ž�‹�™��

Alternatywnych. pspa.com.pl 
 
15.  Sun B, Zhang T, Ge W, Tan C, Gao S. Driving energy management of front-and-rear-

motor-drive electric vehicle based on hybrid radial basis function. Archives of 
Transport 2019; 49 (1): 47��58, https://doi.org/10.5604/01.3001.0013.2775 . 

 
16.  Tsokolis D, Tsiakmakis S, Dimaratos A, Fontaras G, Pistikopoulos P, Ciuffo B, 

Samaras Z. Fuel consumption and CO2 emissions of passenger cars over the New 
Worldwide Harmonized Test Protocol. Applied Energy 2016; 179: 1152��1165, 
https://doi.org/10.1016/j.apenergy. 2016.07.091. 

 
17.  Wei Z, Xu Z, Halim D. Study of HEV power management control strategy based on 

driving pattern recognition. Energy Procedia 2016; 88: 847��853. 



https://doi.org/10.1016/j.egypro.2016.06.062 . 
 
18.  Wu W, Freese D, Cabrera A, Kitch W A. ���Ž�‡�…�–�”�‹�…�� �˜�‡�Š�‹�…�Ž�‡�•�ï�� �‡�•�‡�”�‰�›�� �…�‘�•�•�—�•�’tion 

measurement and estimation. Transportation Research Part D: Transport and 
Environment 2015; 34: 52��67, https://doi.org/10.1016/j .trd.2014.10.007. 

 
19.  Xie L, Luo Y, Zhang D, Chen R, Li K. Intelligent energy-saving control strategy for 

electric vehicle based on preceding vehicle movement. Mechanical Systems and 
Signal Processing 2019; 130: 484��501. 
https://doi.org/10.1016/j.ymssp.2019.05.027 . 

 
20.  Zhang S, Gajpal Y, Appadoo S S, Abdulkader M M S. Electric vehicle routing problem 

with recharging stations for minimizing energy consumption. International Journal 
of Production Economics 2018; 203: 404��413, 
https://doi.org/10.1016/j.ijpe.2018.07.016 . 



�P�J�U���L�Q�*�����0�D�U�W�D���0�L�H�O�F�]�D�U�H�N����

�G�U���K�D�E�����L�Q�*�����0�L�H�F�]�\�V�á�D�Z���6�á�R�Z�L�N�����S�U�R�I�����3�3����

�G�U���K�D�E�����.�D�U�R�O���$�Q�G�U�]�H�M�F�]�D�N����

��

�����,�Q�V�W�L�W�X�W�H���R�I���&�L�Y�L�O���(�Q�J�L�Q�H�H�U�L�Q�J����
�����3�R�]�Q�D�Q���8�Q�L�Y�H�U�V�L�W�\���R�I���7�H�F�K�Q�R�O�R�J�\����������
�����3�L�R�W�U�R�Z�R���6�W�������������������������3�R�]�Q�D�������3�R�O�D�Q�G��
�����(���P�D�L�O�����P�D�U�W�D���P�L�H�O�F�]�D�U�H�N�#�S�X�W���S�R�]�Q�D�Q���S�O��
�� �P�L�H�F�]�\�V�O�D�Z���V�O�R�Z�L�N�#�S�X�W���S�R�]�Q�D�Q���S�O��
��
�����,�Q�V�W�L�W�X�W�H���R�I���0�D�W�K�H�P�D�W�L�F�V����
�����3�R�]�Q�D�Q���8�Q�L�Y�H�U�V�L�W�\���R�I���7�H�F�K�Q�R�O�R�J�\����������
�����3�L�R�W�U�R�Z�R���6�W�������$�������������������3�R�]�Q�D�������3�R�O�D�Q�G��
�����(���P�D�L�O�����N�D�U�R�O���D�Q�G�U�]�H�M�F�]�D�N�#�S�X�W���S�R�]�Q�D�Q���S�O��
��
��

�2�F�H�Q�D���Z�S�á�\�Z�X���]�D�Z�D�U�W�R���F�L���H�O�D�V�W�R�P�H�U�X���V�W�\�U�H�Q���E�X�W�D�G�L�H�Q���V�W�\�U�H�Q���Q�D���Z�á�D���F�L�Z�R���F�L����

�I�X�Q�N�F�M�R�Q�D�O�Q�H���O�H�S�L�V�]�F�]�\���D�V�I�D�O�W�R�Z�\�F�K��
��

��

�.�H�\�Z�R�U�G�V���� �G�\�Q�D�P�L�F���V�K�H�D�U�� �U�K�H�R�P�H�W�H�U�����'�6�5������ �U�X�W�W�L�Q�J�� �I�D�F�W�R�U���� �F�R�S�R�O�\�P�H�U���6�%�6���� �E�L�W�X�P�H�Q���� �F�R�P�S�O�H�[�� �V�K�H�D�U��
�P�R�G�X�O�X�V��

�6�á�R�Z�D���N�O�X�F�]�R�Z�H�����U�H�R�P�H�W�U���G�\�Q�D�P�L�F�]�Q�H�J�R�����F�L�Q�D�Q�L�D�����Z�V�N�D�(�Q�L�N���R�G�N�V�]�W�D�á�F�D�O�Q�R���F�L�����N�R�S�R�O�L�P�H�U���6�%�6�����D�V�I�D�O�W����
�G�\�Q�D�P�L�F�]�Q�\���P�R�G�X�á�����F�L�Q�D�Q�L�D��

��

�$�E�V�W�U�D�F�W�� �����7�H�P�D�W�\�N�D�� �S�U�D�F�\�� �]�Z�L���]�D�Q�D�� �M�H�V�W�� �]�� �]�D�J�D�G�Q�L�H�Q�L�H�P�� �S�R�O�H�S�V�]�H�Q�L�D�� �Z�á�D���F�L�Z�R���F�L�� �I�X�Q�N�F�M�R�Q�D�O�Q�\�F�K��
�G�U�R�J�R�Z�\�F�K�� �Q�D�Z�L�H�U�]�F�K�Q�L�� �D�V�I�D�O�W�R�Z�\�F�K�� �S�R�S�U�]�H�]�� �P�R�G�\�I�L�N�D�F�M�
�� �O�H�S�L�V�]�F�]�D�� �D�V�I�D�O�W�R�Z�H�J�R�� �N�R�S�R�O�L�P�H�U�H�P�� �6�%�6����
�*�á�y�Z�Q�\�P�� �F�H�O�H�P�� �S�U�D�F�\�� �M�H�V�W�� �R�F�H�Q�D�� �R�G�S�R�U�Q�R���F�L�� �Q�D�� �R�G�N�V�]�W�D�á�F�H�Q�L�D�� �W�U�Z�D�á�H�� �R�U�D�]�� �Z�U�D�*�O�L�Z�R���F�L�� �Q�D�� �]�P�L�D�Q�\��
�W�H�P�S�H�U�D�W�X�U�\�� �D�V�I�D�O�W�y�Z�� �G�U�R�J�R�Z�\�F�K�� �P�R�G�\�I�L�N�R�Z�D�Q�\�F�K�� �S�R�O�L�P�H�U�D�P�L���� �N�W�y�U�H�� �V���� �Q�D�M�F�]�
���F�L�H�M�� �X�*�\�Z�D�Q�H��
�Z���Z�L�H�U�]�F�K�Q�L�F�K�� �Z�D�U�V�W�Z�D�F�K�� �N�R�Q�V�W�U�X�N�F�M�L�� �Q�D�Z�L�H�U�]�F�K�Q�L�� �G�U�R�J�R�Z�\�F�K�� �L�� �O�R�W�Q�L�V�N�R�Z�\�F�K���� �3�U�]�H�G�P�L�R�W�H�P�� �E�D�G�D����
�E�\�á�\���D�V�I�D�O�W�\���S�R�F�K�R�G�]���F�H���]���U�y�*�Q�\�F�K���]�á�y�*���U�R�S�\���Q�D�I�W�R�Z�H�M�����U�R�V�\�M�V�N�L�H�M���L���Z�H�Q�H�]�X�H�O�V�N�L�H�M�������$�V�I�D�O�W�\���W�H���S�R�G�G�D�Q�R��
�P�R�G�\�I�L�N�D�F�M�L�� �Z�� �Z�D�U�X�Q�N�D�F�K�� �O�D�E�R�U�D�W�R�U�\�M�Q�\�F�K�� �]���G�R�G�D�W�N�L�H�P�� �N�R�Q�F�H�Q�W�U�D�W�X�� �R�� �]�Q�D�Q�H�M�� �]�D�Z�D�U�W�R���F�L�� �N�R�S�R�O�L�P�H�U�X��
�6�%�6�� �U�y�Z�Q�H�M�� �������� �2�W�U�]�\�P�D�Q�R�� �Z�� �W�H�Q�� �V�S�R�V�y�E�� �O�H�S�L�V�]�F�]�D�� �D�V�I�D�O�W�R�Z�H�� �R�� �]�Q�D�Q�H�M�� �]�D�Z�D�U�W�R���F�L�� �N�R�S�R�O�L�P�H�U�X�� �6�%�6��
�U�y�Z�Q�H�M�������������������������������������R�U�D�]�����������:�á�D���F�L�Z�R���F�L���U�H�R�O�R�J�L�F�]�Q�H���E�D�G�D�Q�\�F�K���D�V�I�D�O�W�y�Z���R�]�Q�D�F�]�R�Q�R���]���X�*�\�F�L�H�P��
�U�H�R�P�H�W�U�X�� �G�\�Q�D�P�L�F�]�Q�H�J�R�� ���F�L�Q�D�Q�L�D�� �'�6�5�� �V�W�R�V�X�M���F�� �Z�� �W�H�V�W�D�F�K�� �R�E�F�L���*�H�Q�L�H�� �V�L�Q�X�V�R�L�G�D�O�Q�L�H�� �]�P�L�H�Q�Q�H����
�Z���V�]�H�U�R�N�L�P���]�D�N�U�H�V�L�H���W�H�P�S�H�U�D�W�X�U�\���S�R�P�L�D�U�R�Z�H�M�����R�G�������ƒ�&���G�R���������ƒ�&�������$�Q�D�O�L�]�X�M���F���Z�D�U�W�R���F�L���G�\�Q�D�P�L�F�]�Q�H�J�R��
�P�R�G�X�á�X�� ���F�L�Q�D�Q�L�D�� �_�*�
�_�� �Z�V�]�\�V�W�N�L�F�K�� �E�D�G�D�Q�\�F�K�� �D�V�I�D�O�W�y�Z�� �P�R�*�Q�D�� �V�W�Z�L�H�U�G�]�L�ü���� �L�*�� �Z�]�U�R�V�W�� �]�D�Z�D�U�W�R���F�L��
�N�R�S�R�O�L�P�H�U�X�� �6�%�6�� �Z�� �E�D�G�D�Q�\�P�� �O�H�S�L�V�]�F�]�X�� �]�Z�L�
�N�V�]�D�� �Z�D�U�W�R���ü�� �_�*�
�_���� �F�R�� �P�R�*�H�� �V�N�X�W�N�R�Z�D�ü�� �Z�L�
�N�V�]����
�R�G�S�R�U�Q�R���F�L���� �Q�D�� �R�G�N�V�]�W�D�á�F�H�Q�L�D�� �W�U�Z�D�á�H�� �Q�D�Z�L�H�U�]�F�K�Q�L�� �G�U�R�J�R�Z�H�M�� �V�S�R�Z�R�G�R�Z�D�Q�H�� �Z�L�H�O�R�N�U�R�W�Q�L�H��
�S�R�Z�W�D�U�]�D�M���F�\�P�L�� �V�L�
�� �R�E�F�L���*�H�Q�L�D�P�L�� �U�X�F�K�H�P�� �S�R�M�D�]�G�y�Z���� �Z�� �V�]�F�]�H�J�y�O�Q�R���F�L�� �Z�� �S�U�]�\�S�D�G�N�X�� �Q�D�Z�L�H�U�]�F�K�Q�L��
�H�N�V�S�O�R�D�W�R�Z�D�Q�H�M�� �Z�� �Z�\�V�R�N�L�H�M�� �W�H�P�S�H�U�D�W�X�U�]�H�� �2�G�S�R�U�Q�R���ü�� �P�L�H�V�]�D�Q�H�N�� �P�L�Q�H�U�D�O�Q�R���D�V�I�D�O�W�R�Z�\�F�K�� ���0�0�$���� �Q�D��
�S�R�Z�V�W�D�Z�D�Q�L�H���N�R�O�H�L�Q���M�H�V�W���M�H�G�Q�\�P���]���S�R�G�V�W�D�Z�R�Z�\�F�K���S�D�U�D�P�H�W�U�y�Z���]�Z�L���]�D�Q�\�F�K���]���H�N�V�S�O�R�D�W�D�F�M�����Q�D�Z�L�H�U�]�F�K�Q�L��
�G�U�R�J�R�Z�\�F�K�����Z�S�á�\�Z�D�M���F���]�D�U�y�Z�Q�R���Q�D���E�H�]�S�L�H�F�]�H���V�W�Z�R�����M�D�N���L���N�R�P�I�R�U�W���M�D�]�G�\���X�*�\�W�N�R�Z�Q�L�N�y�Z����

��
�������:�S�U�R�Z�D�G�]�H�Q�L�H��



��
�� �1�D�Z�L�H�U�]�F�K�Q�L�H�� �G�U�R�J�R�Z�H�� �Z�� �G�]�L�V�L�H�M�V�]�\�F�K�� �F�]�D�V�D�F�K�� �V���� �S�R�G�G�D�Z�D�Q�H�� �F�R�U�D�]�� �W�R�� �Z�L�
�N�V�]�\�P��
�R�E�F�L���*�H�Q�L�R�P�� �Z�\�Z�R�á�D�Q�\�P�� �U�X�F�K�H�P�� �G�U�R�J�R�Z�\�P�� �>���@���� �=�Z�U�D�F�D�M���F�� �X�Z�D�J�
�� �Q�D�� �N�R�V�]�W�\�� �]�D�U�y�Z�Q�R��
�S�R�G�F�]�D�V�� �E�X�G�R�Z�\���� �M�D�N�� �L�� �H�N�V�S�O�R�D�W�D�F�M�L�� �G�U�R�J�L�� �>���@���� �Q�D�O�H�*�D�á�R�E�\�� �R�S�W�\�P�D�O�L�]�R�Z�D�ü�� �P���L�Q���� �V�N�á�D�G��
�P�D�W�H�U�L�D�á�y�Z���� �]�� �N�W�y�U�\�F�K�� �Z�\�N�R�Q�D�Q�D�� �M�H�V�W�� �N�R�Q�V�W�U�X�N�F�M�D�� �Q�D�Z�L�H�U�]�F�K�Q�L�� �G�U�R�J�R�Z�H�M���� �$�Q�D�O�L�]�X�M���F�� �Z�\�Q�L�N�L��
�E�D�G�D���� �S�U�]�H�G�V�W�D�Z�L�R�Q�H�� �Z�� �S�U�D�F�D�F�K�� �>���������������@�� �P�R�*�Q�D�� �V�W�Z�L�H�U�G�]�L�ü���� �L�*�� �� �M�H�G�Q�\�P�� �]�� �N�O�X�F�]�R�Z�\�F�K��
�F�]�\�Q�Q�L�N�y�Z���� �Z�S�á�\�Z�D�M���F�\�F�K�� �Q�D�� �S�R�Z�V�W�D�Z�D�Q�L�H�� �N�R�O�H�L�Q�� �Z�� �Q�D�Z�L�H�U�]�F�K�Q�L�D�F�K�� �G�U�R�J�R�Z�\�F�K�� �� �M�H�V�W�� �V�N�á�D�G��
�P�L�H�V�]�D�Q�N�L�� �P�L�Q�H�U�D�O�Q�R���D�V�I�D�O�W�R�Z�H�M�� ���0�0�$������ �D�� �]�Z�á�D�V�]�F�]�D�� �]�D�V�W�R�V�R�Z�D�Q�H�� �O�H�S�L�V�]�F�]�H�� �D�V�I�D�O�W�R�Z�H����
�:���]�Z�L���]�N�X�� �]�� �W�\�P�� �G���*�\�� �V�L�
���� �D�E�\�� �X�]�\�V�N�D�ü�� �M�D�N�� �Q�D�M�O�H�S�V�]�H�� �Z�á�D���F�L�Z�R���F�L�� �U�H�R�O�R�J�L�F�]�Q�H�� �V�W�R�V�R�Z�D�Q�\�F�K��
�D�V�I�D�O�W�y�Z�� �X�]�\�V�N�L�Z�D�Q�\�F�K�� �Z�� �S�U�R�F�H�V�L�H�� �G�H�V�W�\�O�D�F�M�L�� �U�R�S�\�� �Q�D�I�W�R�Z�H�M���� �3�R�S�U�D�Z�
�� �W�\�F�K�� �Z�á�D���F�L�Z�R���F�L��
�X�]�\�V�N�X�M�H�� �V�L�
�� �S�R�S�U�]�H�]�� �Z�S�U�R�Z�D�G�]�H�Q�L�H�� �G�R�� �V�W�U�X�N�W�X�U�\�� �O�H�S�L�V�]�F�]�D�� �U�y�*�Q�H�J�R�� �U�R�G�]�D�M�X�� �P�R�G�\�I�L�N�D�W�R�U�y�Z����
�W�M�����S�R�O�L�P�H�U�\���>���@�����U�R�]�G�U�R�E�Q�L�R�Q�D���J�X�P�D���]���R�S�R�Q���V�D�P�R�F�K�R�G�R�Z�\�F�K���>���@�����F�]�\���W�H�*���D�V�I�D�O�W�\���Q�D�W�X�U�D�O�Q�H���>���@����
�:���O�L�F�]�Q�\�F�K�� �D�U�W�\�N�X�á�D�F�K�� �Q�D�X�N�R�Z�\�F�K�� �D�Q�D�O�L�]�L�H�� �S�R�G�G�D�Q�R�� �H�I�H�N�W�\�� �P�R�G�\�I�L�N�D�F�M�L�� �D�V�I�D�O�W�X�� �Q�D�M�F�]�
���F�L�H�M��
�X�*�\�Z�D�Q�\�P�L�� �S�R�O�L�P�H�U�D�P�L���� �Z���U�y�G�� �Q�L�F�K�� �S�O�D�V�W�R�P�H�U�\�� ���Q�S���� �S�R�O�L�H�W�\�O�H�Q���� �S�R�O�L�S�U�R�S�\�O�H�Q���� �H�W�\�O�H�Q�� �R�F�W�D�Q��
�Z�L�Q�\�O�X���>�����@�������H�O�D�V�W�R�P�H�U�\���W�H�U�P�R�S�O�D�V�W�\�F�]�Q�H�������6�%�6�����V�W�\�U�H�Q���E�X�W�D�G�L�H�Q���V�W�\�U�H�Q�������>���������@�����6�,�6�����V�W�\�U�H�Q��
�L�]�R�S�U�H�Q�� �V�W�\�U�H�Q���� �� �O�X�E�� �P�R�G�\�I�L�N�D�W�R�U�\�� �P�L�H�V�]�D�Q�H�� �V�N�á�D�G�D�M���F�H�� �V�L�
�� �]�� �N�L�O�N�X�� �S�R�O�L�P�H�U�y�Z�� �>���������@����
�/�H�S�L�V�]�F�]�D�� �P�R�G�\�I�L�N�R�Z�D�Q�H�� �S�R�O�L�P�H�U�D�P�L�� �Z�\�N�D�]�X�M���� �S�R�S�U�D�Z�
�� �Z�á�D���F�L�Z�R���F�L�� �U�H�R�O�R�J�L�F�]�Q�\�F�K�� �Z��
�S�R�U�y�Z�Q�D�Q�L�X�� �]���D�V�I�D�O�W�D�P�L�� �Q�L�H�P�R�G�\�I�L�N�R�Z�D�Q�\�P�L�� �>�����@���� �1�D�M�F�]�
���F�L�H�M�� �X�*�\�Z�D�Q�\�� �Z�� �E�X�G�R�Z�Q�L�F�W�Z�L�H��
�G�U�R�J�R�Z�\�P�� �M�H�V�W�� �N�R�S�R�O�L�P�H�U�� �E�O�R�N�R�Z�\�� �6�%�6���� �S�R�� �G�R�G�D�Q�L�X�� �G�R�� �J�R�U���F�H�J�R�� �D�V�I�D�O�W�X�� �]�Z�L�
�N�V�]�D�� �V�Z�R�M����
�R�E�M�
�W�R���ü�� �N�L�O�N�X�N�U�R�W�Q�L�H�� �Z�� �V�W�R�V�X�Q�N�X�� �G�R�� �Z�D�U�W�R���F�L�� �S�R�F�]���W�N�R�Z�H�M�� �>�����@���� �:�� �S�U�]�\�S�D�G�N�X�� �J�G�\�� �V�W�
�*�H�Q�L�H��
�S�R�O�L�P�H�U�X�� �Z�� �D�V�I�D�O�F�L�H�� �P�R�G�\�I�L�N�R�Z�D�Q�\�P�� �Z�\�Q�R�V�L�� �R�N�R�á�R�� �������� �S�R�O�L�P�H�U�� �W�H�Q�� �V�W�D�Q�R�Z�L�� �I�D�]�
��
�U�R�]�S�U�D�V�]�D�M���F���� �L�� �W�Z�R�U�]�\�� �F�L���J�á���� �V�L�H�ü�� �Z�� �V�W�U�X�N�W�X�U�]�H�� �D�V�I�D�O�W�X���� �3�U�]�\�� �P�Q�L�H�M�V�]�\�P�� �V�W�
�*�H�Q�L�X�� �H�O�D�V�W�R�P�H�U�X��
�6�%�6���� �V�L�H�ü�� �S�R�O�L�P�H�U�X�� �P�R�*�H�� �Q�L�H�� �E�\�ü�� �F�L���J�á�D���� �'�O�D�W�H�J�R�� �E�D�U�G�]�R�� �Z�D�*�Q�H�� �M�H�V�W���� �]�D�U�y�Z�Q�R�� �]�H�� �Z�]�J�O�
�G�y�Z��
�W�H�F�K�Q�L�F�]�Q�\�F�K�� �M�D�N�� �L�� �H�N�R�Q�R�P�L�F�]�Q�\�F�K���� �R�N�U�H���O�H�Q�L�H�� �J�U�D�Q�L�F�]�Q�H�M�� �]�D�Z�D�U�W�R���F�L�� �N�R�S�R�O�L�P�H�U�X�� �6�%�6��
�Z���O�H�S�L�V�]�F�]�X�� �D�V�I�D�O�W�R�Z�\�P���� �S�U�]�\�� �N�W�y�U�\�P�� �W�Z�R�U�]�\�� �V�L�
�� �F�L���J�á�D�� �V�L�H�ü�� �S�R�O�L�P�H�U�X���� �(�O�D�V�W�R�P�H�U�R�D�V�I�D�O�W�\�� �Z��
�W�H�P�S�H�U�D�W�X�U�D�F�K�� �H�N�V�S�O�R�D�W�D�F�\�M�Q�\�F�K�� �F�K�D�U�D�N�W�H�U�\�]�X�M���� �V�L�
�� �V�S�U�
�*�\�V�W�R���F�L���� �Q�D�W�\�F�K�P�L�D�V�W�R�Z����
���R�G�N�V�]�W�D�á�F�H�Q�L�H���V�S�U�
�*�\�V�W�H�����L���R�S�y�(�Q�L�R�Q�������S�H�á�]�D�Q�L�H�����>�����������@�����:���S�U�D�F�D�F�K���>���������������@���S�U�]�H�G�V�W�D�Z�L�R�Q�R��
�V�S�R�V�R�E�\���P�R�G�\�I�L�N�D�F�M�L���R�U�D�]���N�R�U�]�\���F�L���M�D�N�L�H���Q�L�H�V�L�H���]�D�V�W�R�V�R�Z�D�Q�L�H���N�R�S�R�O�L�P�H�U�X���6�%�6���G�R���P�R�G�\�I�L�N�D�F�M�L��
�O�H�S�L�V�]�F�]�D���� �W�M���� �S�U�]�\�U�R�V�W�� �W�H�P�S�H�U�D�W�X�U�\�� �P�L�
�N�Q�L�H�Q�L�D���� �]�P�Q�L�H�M�V�]�H�Q�L�H�� �Z�U�D�*�O�L�Z�R���F�L�� �W�H�P�S�H�U�D�W�X�U�R�Z�H�M��
���Q�D�V�W�
�S�X�M�H�� �U�R�]�V�]�H�U�]�H�Q�L�H�� �W�H�P�S�H�U�D�W�X�U�R�Z�H�J�R�� �]�D�N�U�H�V�X�� �O�H�S�N�R�V�S�U�
�*�\�V�W�R���F�L������ �]�Z�L�
�N�V�]�H�Q�L�H�� �N�R�K�H�]�M�L��
�Z���Q�L�V�N�L�H�M�� �W�H�P�S�H�U�D�W�X�U�]�H���� �S�R�Z�R�G�X�M�H�� �]�Q�D�F�]�Q�H�� �S�R�O�H�S�V�]�H�Q�L�H�� �Z�á�D���F�L�Z�R���F�L�� �V�S�U�
�*�\�V�W�\�F�K��
���R�E�V�H�U�Z�R�Z�D�Q�H�� �Q�S���� �Z�� �W�H���F�L�H�� �Q�D�Z�U�R�W�X�� �V�S�U�
�*�\�V�W�H�J�R������ �3�R�S�U�D�Z�D�� �Z�á�D���F�L�Z�R���F�L�� �U�H�R�O�R�J�L�F�]�Q�\�F�K��
�O�H�S�L�V�]�F�]�\���S�U�]�H�N�á�D�G�D���V�L�
���Q�D���Z�á�D���F�L�Z�R���F�L���X�]�\�V�N�D�Q�\�F�K���0�0�$�����Z���N�W�y�U�\�F�K���]�D�V�W�R�V�R�Z�D�Q�R���O�H�S�L�V�]�F�]�H��
�P�R�G�\�I�L�N�R�Z�D�Q�H�����>�����@���W�M�����]�Z�L�
�N�V�]�H�Q�L�H���R�G�S�R�U�Q�R���F�L���Q�D���R�G�N�V�]�W�D�á�F�H�Q�L�D���W�U�Z�D�á�H���L���S�
�N�D�Q�L�H���L�Q�G�X�N�R�Z�D�Q�H��
�W�H�U�P�L�F�]�Q�L�H����
�$�L�U�H�\���Z���S�U�D�F�\���>���@���D�Q�D�O�L�]�L�H���S�R�G�G�D�á���D�V�I�D�O�W�\���S�R�F�K�R�G�]���F�H���]���G�Z�y�F�K���]�á�y�*���U�R�S�\���Q�D�I�W�R�Z�H�M�����U�R�V�\�M�V�N�L�H�M��
�L���Z�H�Q�H�]�X�H�O�V�N�L�H�M������ �'�R�� �P�R�G�\�I�L�N�D�F�M�L�� �D�V�I�D�O�W�y�Z�� �Z�\�N�R�U�]�\�V�W�D�á�� �N�R�S�R�O�L�P�H�U�� �6�%�6���� �X�]�\�V�N�X�M���F�� �V�W�
�*�H�Q�L�D��
�S�R�O�L�P�H�U�X�� �Z�� �D�V�I�D�O�F�L�H�� �R�G�S�R�Z�L�H�G�Q�L�R�� �������� ������ �L�� �������� �=�D�X�Z�D�*�\�á�� �L�V�W�R�W�Q�\�� �Z�S�á�\�Z�� �S�R�O�L�P�H�U�X�� �Q�D��
�Z�á�D���F�L�Z�R���F�L�� �U�H�R�O�R�J�L�F�]�Q�H�� �D�V�I�D�O�W�X�� �P�R�G�\�I�L�N�R�Z�D�Q�H�J�R���� �� �W�M���� �S�U�]�\�U�R�V�W�� �Z�D�U�W�R���F�L�� �G�\�Q�D�P�L�F�]�Q�H�J�R��
�P�R�G�X�á�X�� ���F�L�Q�D�Q�L�D�� �R�U�D�]�� �Z�L�
�N�V�]�\�� �X�G�]�L�D�á�� �F�]�
���F�L�� �V�S�U�
�*�\�V�W�H�M�� �D�V�I�D�O�W�X�� �]�Z�á�D�V�]�F�]�D�� �Z�� �Z�\�V�R�N�L�H�M��
�W�H�P�S�H�U�D�W�X�U�]�H���� �8�N�D�]�D�á�� �U�y�Z�Q�L�H�*�� �S�U�R�E�O�H�P�� �N�R�P�S�D�W�\�E�L�O�Q�R���F�L�� �X�N�á�D�G�X�� �D�V�I�D�O�W���S�R�O�L�P�H�U���� �$�L�U�H�\�� �>���@��
�Z�\�N�D�]�D�á���� �*�H���D�V�I�D�O�W�\�� �S�D�U�D�I�L�Q�R�Z�H�����S�R�F�K�R�G�]�H�Q�L�D���U�R�V�\�M�V�N�L�H�J�R���� �S�R�S�U�]�H�]�� �Z�L�
�N�V�]���� �]�D�Z�D�U�W�R���ü�� �F�]�
���F�L��
�D�U�R�P�D�W�\�F�]�Q�\�F�K�� �O�H�S�L�H�M�� �Z�L���*���� �S�R�O�L�P�H�U�� �Z�� �V�W�U�X�N�W�X�U�]�H�� �D�V�I�D�O�W�X�� �P�R�G�\�I�L�N�R�Z�D�Q�H�J�R���� �%�H�K�Q�R�R�G�� �L�� �2�O�H�N��
�>���@���G�R�N�R�Q�D�O�L���D�Q�D�O�L�]�\���S�R�U�y�Z�Q�D�Z�F�]�H�M���W�U�]�H�F�K���U�R�G�]�D�M�y�Z���P�R�G�\�I�L�N�D�W�R�U�y�Z�����N�R�S�R�O�L�P�H�U�X���6�%�6�����J�X�P�\��
�R�U�D�]�� �N�Z�D�V�X�� �S�R�O�L�I�R�V�I�R�U�R�Z�H�J�R���� �'�R�� �E�D�G�D���� �Z�á�D���F�L�Z�R���F�L�� �Q�L�V�N�R�W�H�P�S�H�U�D�W�X�U�R�Z�\�F�K�� �Z�\�N�R�U�]�\�V�W�D�O�L��
�U�H�R�P�H�W�U���]�J�L�Q�D�Q�H�M���E�H�O�N�L�����%�%�5�������Q�D�W�R�P�L�D�V�W���Z�á�D���F�L�Z�R���F�L���U�H�R�O�R�J�L�F�]�Q�H���Z���Z�\�V�R�N�L�F�K���W�H�P�S�H�U�D�W�X�U�D�F�K��
�R�N�U�H���O�L�O�L�� �S�U�]�\�� �X�*�\�F�L�X�� �U�H�R�P�H�W�U�X�� �'�6�5���� �:�� �Z�\�V�R�N�L�F�K�� �W�H�P�S�H�U�D�W�X�U�D�F�K�� �]�D�R�E�V�H�U�Z�R�Z�D�O�L�� �S�U�]�\�U�R�V�W��
�Z�D�U�W�R���F�L�� �G�\�Q�D�P�L�F�]�Q�H�J�R�� �P�R�G�X�á�X�� ���F�L�Q�D�Q�L�D�� �G�O�D�� �Z�V�]�\�V�W�N�L�F�K�� �E�D�G�D�Q�\�F�K�� �D�V�I�D�O�W�y�Z���� �$�V�I�D�O�W�\��
�Z�\�N�R�U�]�\�V�W�\�Z�D�Q�H�� �G�R�� �S�U�R�G�X�N�F�M�L�� �0�0�$���� �Z�� �Q�D�Z�L�H�U�]�F�K�Q�L�D�F�K�� �G�U�R�J�R�Z�\�F�K�� �V���� �Q�D�U�D�*�R�Q�H�� �Q�D�� �S�U�R�F�H�V�\��
�V�W�D�U�]�H�Q�L�D�� �]�D�U�y�Z�Q�R�� �S�R�G�F�]�D�V�� �P�D�J�D�]�\�Q�R�Z�D�Q�L�D���� �S�U�R�G�X�N�F�M�L�� �P�L�H�V�]�D�Q�N�L�� �P�L�Q�H�U�D�O�Q�R���D�V�I�D�O�W�R�Z�H�M����



�W�U�D�Q�V�S�R�U�W�X���� �Z�E�X�G�R�Z�D�Q�L�D���� �M�D�N�� �U�y�Z�Q�L�H�*�� �S�R�G�F�]�D�V�� �H�N�V�S�O�R�D�W�D�F�M�L�� �Q�D�Z�L�H�U�]�F�K�Q�L�� �>�����@���� �� �� �-�D�N�R��
�Q�D�M�E�D�U�G�]�L�H�M���Q�L�H�N�R�U�]�\�V�W�Q�H���]�H���Z�]�J�O�
�G�X���Q�D���Z�\�V�R�N�L�H���W�H�P�S�H�U�D�W�X�U�\���X�]�Q�D�M�H���V�L�
���V�W�D�U�]�H�Q�L�H���Z�\�V�W�
�S�X�M���F�H��
�S�R�G�F�]�D�V�� �S�U�R�G�X�N�F�M�L�� �L���Z�E�X�G�R�Z�D�Q�L�D�� �0�0�$�� �>�����@���� �3�R�G�F�]�D�V�� �V�W�D�U�]�H�Q�L�D�� �N�U�y�W�N�R�W�H�U�P�L�Q�R�Z�H�J�R��
���W�H�F�K�Q�R�O�R�J�L�F�]�Q�H�J�R���� �]�D�F�K�R�G�]���F�H�J�R�� �Z�� �F�]�D�V�L�H�� �S�U�R�F�H�V�X�� �S�U�R�G�X�N�F�M�L�� �L�� �E�X�G�R�Z�\�� �Q�D�Z�L�H�U�]�F�K�Q�L��
�D�V�I�D�O�W�R�Z�H�M���� �D�V�I�D�O�W�� �S�R�G�G�D�Z�D�Q�\�� �M�H�V�W�� �G�]�L�D�á�D�Q�L�X�� �Z�\�V�R�N�L�H�M�� �W�H�P�S�H�U�D�W�X�U�\�� ���������� ���� �������Û�&���� �R�U�D�]�� �W�O�H�Q�X��
�]�D�Z�D�U�W�H�J�R�� �Z�� �S�R�Z�L�H�W�U�]�X���� �$�L�U�H�\�� �>���@�� �R�U�D�]�� �6�D�U�Q�R�Z�V�N�L�� �>�����@�� �X�N�D�]�D�O�L�� �S�U�R�E�O�H�P�� �]�Z�L���]�D�Q�\�� �]�H��
�V�W�D�U�]�H�Q�L�H�P�� �D�V�I�D�O�W�y�Z�� �P�R�G�\�I�L�N�R�Z�D�Q�\�F�K���� �/�H�S�L�V�]�F�]�D�� �P�R�G�\�I�L�N�R�Z�D�Q�H�� �Z�\�N�D�]�X�M���� �S�R�S�U�D�Z�
��
�Z�á�D���F�L�Z�R���F�L���U�H�R�O�R�J�L�F�]�Q�\�F�K���Z���V�]�H�U�R�N�L�P���]�D�N�U�H�V�L�H���O�H�S�N�R�V�S�U�
�*�\�V�W�\�P�����$�X�W�R�U�]�\���]�D�R�E�V�H�U�Z�R�Z�D�O�L�����L�*��
�S�R�� �V�W�D�U�]�H�Q�L�X�� �D�V�I�D�O�W�y�Z�� �P�R�G�\�I�L�N�R�Z�D�Q�\�F�K�� �Z�\�V�W�
�S�X�M�H�� �Z�L�
�N�V�]�\�� �X�G�]�L�D�á�� �F�]�
���F�L�� �O�H�S�N�L�H�M�� �Z�� �V�W�R�V�X�Q�N�X��
�G�R���F�]�
���F�L���V�S�U�
�*�\�V�W�H�M�����F�R���P�R�*�H���E�\�ü���V�S�R�Z�R�G�R�Z�D�Q�H���F�]�
���F�L�R�Z�����G�H�J�U�D�G�D�F�M�����S�R�O�L�P�H�U�X���Z���Z�\�V�R�N�L�H�M��
�W�H�P�S�H�U�D�W�X�U�]�H���� �M�D�N�D�� �Z�\�V�W�
�S�X�M�H�� �S�R�G�F�]�D�V�� �S�U�R�F�H�V�y�Z�� �W�H�F�K�Q�R�O�R�J�L�F�]�Q�\�F�K�� �R�W�D�F�]�D�Q�L�D�� �N�U�X�V�]�\�Z�D��
�D�V�I�D�O�W�H�P���� �W�U�D�Q�V�S�R�U�W�X���� �Z�E�X�G�R�Z�D�Q�L�D�� �L�� �]�D�J�
�V�]�F�]�D�Q�L�D�� �0�0�$�� �>���@���� �1�D�V�W�
�S�Q�\�� �H�W�D�S�� �V�W�D�U�]�H�Q�L�D��
�Z�\�V�W�
�S�X�M�H�� �S�R�G�F�]�D�V�� �H�N�V�S�O�R�D�W�D�F�M�L�� �Q�D�Z�L�H�U�]�F�K�Q�L���� �M�H�V�W�� �W�R�� �W�]�Z���� �V�W�D�U�]�H�Q�L�H�� �G�á�X�J�R�W�H�U�P�L�Q�R�Z�H��
���H�N�V�S�O�R�D�W�D�F�\�M�Q�H������ �/�H�S�L�V�]�F�]�H���Q�D�U�D�*�R�Q�H���M�H�V�W���Z���W�\�P���S�U�]�\�S�D�G�N�X���Q�D���W�H�P�S�H�U�D�W�X�U�\�� �Z���R�N�U�H�V�L�H���O�H�W�Q�L�P��
�G�R�F�K�R�G�]���F�H���G�R�������Û�&�����S�U�]�\���M�H�G�Q�R�F�]�H�V�Q�\�P���R�G�G�]�L�D�á�\�Z�D�Q�L�X���W�O�H�Q�X�����S�U�R�P�L�H�Q�L�R�Z�D�Q�L�D���V�á�R�Q�H�F�]�Q�H�J�R����
�Z�R�G�\�� �R�U�D�]�� ���U�R�G�N�y�Z�� �F�K�H�P�L�F�]�Q�\�F�K�� �>�����������@���� �%�D�L�� �>���@�� �Z�\�N�R�Q�D�á�� �E�D�G�D�Q�L�D�� �Z�S�á�\�Z�X�� �V�W�D�U�]�H�Q�L�D��
�N�U�y�W�N�R�W�H�U�P�L�Q�R�Z�H�J�R���L���G�á�X�J�R�W�H�U�P�L�Q�R�Z�H�J�R���Q�D���Z�á�D���F�L�Z�R���F�L���U�H�R�O�R�J�L�F�]�Q�H���D�V�I�D�O�W�X���P�R�G�\�I�L�N�R�Z�D�Q�H�J�R��
�N�R�S�R�O�L�P�H�U�H�P���6�%�6�����%�D�G�D�Q�L�R�P���S�R�G�G�D�Q�R���W�U�]�\���V�W�
�*�H�Q�L�D���S�R�O�L�P�H�U�X���Z���D�V�I�D�O�F�L�H�����W�M�������������������R�U�D�]����������
�1�D���S�R�G�V�W�D�Z�L�H���E�D�G�D�����S�U�]�\���X�*�\�F�L�X���U�H�R�P�H�W�U�X���G�\�Q�D�P�L�F�]�Q�H�J�R�����F�L�Q�D�Q�L�D���'�6�5�����D�S�D�U�D�W�X���)�U�D�D�V�V�D���R�U�D�]��
�S�H�Q�H�W�U�R�P�H�W�U�X���Z�\�N�D�]�D�O�L���Q�H�J�D�W�\�Z�Q�\���Z�S�á�\�Z���V�W�D�U�]�H�Q�L�D�����Q�D���Z�á�D���F�L�Z�R���F�L���Q�L�V�N�R�W�H�P�S�H�U�D�W�X�U�R�Z�H����
�� �3�R�W�U�]�H�E�\�� �Z�� �]�D�N�U�H�V�L�H�� �X�W�U�]�\�P�D�Q�L�D�� �R�U�D�]�� �U�H�P�R�Q�W�y�Z�� �V�L�H�F�L�� �G�U�y�J�� �V���� �E�D�U�G�]�R�� �G�X�*�H����
�6�\�V�W�H�P�D�W�\�F�]�Q�L�H�� �]�Z�L�
�N�V�]�D�M���F�H�� �V�L�
�� �R�E�F�L���*�H�Q�L�H�� �U�X�F�K�H�P�� �Z�S�á�\�Z�D�� �E�D�U�G�]�R�� �Q�L�H�N�R�U�]�\�V�W�Q�L�H�� �Q�D�� �V�W�D�Q��
�Q�D�Z�L�H�U�]�F�K�Q�L�� �S�U�]�\���S�L�H�V�]�D�M���F�� �L�F�K�� �G�H�J�U�D�G�D�F�M�
�� �>�����@���� �'�X�*�H�� �]�Q�D�F�]�H�Q�L�H�� �Z�� �S�R�]�Q�D�Q�L�X�� �V�W�D�Q�X�� �G�U�y�J��
�R�G�J�U�\�Z�D�� �G�L�D�J�Q�R�V�W�\�N�D�� �Q�D�Z�L�H�U�]�F�K�Q�L�� �L�� �E�D�G�D�Q�L�D�� �F�H�F�K�� �I�X�Q�N�F�M�R�Q�D�O�Q�\�F�K�� �W�M���� �U�y�Z�Q�R���ü�� �S�R�G�á�X�*�Q�D����
�U�y�Z�Q�R���ü�� �S�R�S�U�]�H�F�]�Q�D�� ���N�R�O�H�L�Q�\���� �>���@���� �Z�V�S�y�á�F�]�\�Q�Q�L�N�� �W�D�U�F�L�D���� �Q�R���Q�R���ü�� �L�W�S���� �>�����������������@���� �'�R��
�S�R�G�V�W�D�Z�R�Z�\�F�K���U�R�G�]�D�M�y�Z���]�Q�L�V�]�F�]�H�Q�L�D���Q�D�Z�L�H�U�]�F�K�Q�L���D�V�I�D�O�W�R�Z�\�F�K���P�R�*�Q�D���]�D�O�L�F�]�\�ü�����N�R�O�H�L�Q�R�Z�D�Q�L�H����
�S�
�N�D�Q�L�H�� �]�P�
�F�]�H�Q�L�R�Z�H�� �R�U�D�]�� �S�
�N�D�Q�L�H�� �Q�L�V�N�R�W�H�P�S�H�U�D�W�X�U�R�Z�H�� �>�����������@���� �1�D�� �S�R�Z�V�W�D�Z�D�Q�L�H��
�R�G�N�V�]�W�D�á�F�H���� �W�U�Z�D�á�\�F�K�� ���N�R�O�H�L�Q���� �Z�� �Q�D�Z�L�H�U�]�F�K�Q�L�D�F�K�� �G�U�R�J�R�Z�\�F�K�� �Z�S�á�\�Z�� �P�D�� �Z�L�H�O�H�� �F�]�\�Q�Q�L�N�y�Z��
�>�����������@�� �P���L�Q���� �]�D�V�W�R�V�R�Z�D�Q�H�� �N�U�X�V�]�\�Z�R���� �O�H�S�L�V�]�F�]�H���� �P�L�H�V�]�D�Q�N�D�� �P�L�Q�H�U�D�O�Q�R���D�V�I�D�O�W�R�Z�D�� ���0�0�$������
�Z�\�V�W�
�S�X�M���F�H�� �Z�D�U�X�Q�N�L�� �N�O�L�P�D�W�\�F�]�Q�H���� �R�E�F�L���*�H�Q�L�H�� �U�X�F�K�H�P�� �>���@�� �F�]�\�� �W�H�*�� �]�D�V�W�R�V�R�Z�D�Q�D�� �N�R�Q�V�W�U�X�N�F�M�D��
�Q�D�Z�L�H�U�]�F�K�Q�L������

�&�H�O�H�P�� �Q�L�Q�L�H�M�V�]�H�J�R�� �D�U�W�\�N�X�á�X�� �M�H�V�W�� �D�Q�D�O�L�]�D�� �Z�á�D���F�L�Z�R���F�L�� �I�X�Q�N�F�M�R�Q�D�O�Q�\�F�K�� �O�H�S�L�V�]�F�]�\��
�P�R�G�\�I�L�N�R�Z�D�Q�\�F�K�� �N�R�S�R�O�L�P�H�U�H�P�� �6�%�6�� �]�H�� �V�]�F�]�H�J�y�O�Q�\�P�� �X�Z�]�J�O�
�G�Q�L�H�Q�L�H�P�� �Z�U�D�*�O�L�Z�R���F�L��
�W�H�P�S�H�U�D�W�X�U�R�Z�H�M���� �J�G�\�*�� �U�R�G�]�D�M�� �]�D�V�W�R�V�R�Z�D�Q�H�J�R�� �O�H�S�L�V�]�F�]�D�� �M�H�V�W�� �M�H�G�Q�\�P�� �]�� �N�O�X�F�]�R�Z�\�F�K�� �F�]�\�Q�Q�L�N�y�Z��
�P�D�M���F�\�F�K�� �Z�S�á�\�Z�� �Q�D�� �R�G�S�R�U�Q�R���ü�� �Q�D�� �S�R�Z�V�W�D�Z�D�Q�L�H�� �R�G�N�V�]�W�D�á�F�H���� �W�U�Z�D�á�\�F�K�� ���N�R�O�H�L�Q����
�Z���Q�D�Z�L�H�U�]�F�K�Q�L�D�F�K�� �D�V�I�D�O�W�R�Z�\�F�K���� �2�G�S�R�U�Q�R���ü�� �0�0�$�� �Q�D�� �S�R�Z�V�W�D�Z�D�Q�L�H�� �N�R�O�H�L�Q�� �M�H�V�W�� �M�H�G�Q�\�P�� �]��
�S�R�G�V�W�D�Z�R�Z�\�F�K�� �Z�D�U�X�Q�N�y�Z�� �S�U�D�Z�L�G�á�R�Z�H�M�� �H�N�V�S�O�R�D�W�D�F�M�L�� �Q�D�Z�L�H�U�]�F�K�Q�L�� �G�U�R�J�R�Z�\�F�K���� �Z�S�á�\�Z�D�M���F��
�]�D�U�y�Z�Q�R���Q�D���E�H�]�S�L�H�F�]�H���V�W�Z�R�����M�D�N���L���N�R�P�I�R�U�W���M�D�]�G�\�����2�U�\�J�L�Q�D�O�Q�\�P���R�V�L���J�Q�L�
�F�L�H�P���Q�L�Q�L�H�M�V�]�H�M���S�U�D�F�\��
�E�\�á�R���]�D�V�W�R�V�R�Z�D�Q�L�H���D�Q�D�O�L�]�\���Z�U�D�*�O�L�Z�R���F�L���W�H�P�S�H�U�D�W�X�U�R�Z�H�M���E�D�G�D�Q�\�F�K���O�H�S�L�V�]�F�]�\���P�R�G�\�I�L�N�R�Z�D�Q�\�F�K��
�Z���V�]�H�U�R�N�L�P���]�D�N�U�H�V�L�H���W�H�P�S�H�U�D�W�X�U����
��
�������&�K�D�U�D�N�W�H�U�\�V�W�\�N�D���E�D�G�D�Q�\�F�K���O�H�S�L�V�]�F�]�\��
��
�� �0�R�G�\�I�L�N�D�F�M�D�� �D�V�I�D�O�W�y�Z�� �N�R�S�R�O�L�P�H�U�H�P�� �6�%�6�� �]�� �U�H�J�X�á�\�� �R�G�E�\�Z�D�� �V�L�
�� �Z�� �U�D�I�L�Q�H�U�L�D�F�K���� �U�]�D�G�]�L�H�M��
�]�D�����Z���L�Q�V�W�D�O�D�F�M�D�F�K���N�R�Q�F�H�U�Q�y�Z���G�U�R�J�R�Z�\�F�K�����$�V�I�D�O�W���P�R�G�\�I�L�N�R�Z�D�Q�\���S�R�O�L�P�H�U�H�P���Z�\�N�R�U�]�\�V�W�\�Z�D�Q�\��
�G�R�� �S�U�R�G�X�N�F�M�L�� �P�L�H�V�]�D�Q�N�L�� �P�L�Q�H�U�D�O�Q�R���D�V�I�D�O�W�R�Z�H�M�� �P�R�*�Q�D�� �X�]�\�V�N�D�ü�� �S�R�S�U�]�H�]�� �]�D�N�X�S�� �]�� �U�D�I�L�Q�H�U�L�L��
�J�R�W�R�Z�H�J�R�� �O�H�S�L�V�]�F�]�D�� �P�R�G�\�I�L�N�R�Z�D�Q�H�J�R���� �S�U�R�G�X�N�F�M�
�� �D�V�I�D�O�W�X�� �P�R�G�\�I�L�N�R�Z�D�Q�H�J�R�� �Z�� �V�S�H�F�M�D�O�Q�H�M��
�L�Q�V�W�D�O�D�F�M�L���W�H�F�K�Q�R�O�R�J�L�F�]�Q�H�M���O�X�E���]�D�N�X�S���D�V�I�D�O�W�X���R���]�Q�D�Q�H�M���]�D�Z�D�U�W�R���F�L���P�D�V�R�Z�H�M���N�R�S�R�O�L�P�H�U�X���6�%�6���Q�S����
�������L���Z�\�P�L�H�V�]�D�Q�L�H���J�R���Z���R�G�S�R�Z�L�H�G�Q�L�F�K���S�U�R�S�R�U�F�M�D�F�K���]���S�R�Q�D�I�W�R�Z�\�P���D�V�I�D�O�W�H�P�����G�U�R�J�R�Z�\�P���>�����@������



�%�D�G�D�Q�L�D�� �Z�\�N�R�Q�D�Q�R�� �Z�\�N�R�U�]�\�V�W�X�M���F�� �D�V�I�D�O�W�\�� ������������ �R�� �]�E�O�L�*�R�Q�H�M�� �W�Z�D�U�G�R���F�L���� �Z�\�U�D�*�R�Q�H�M�� �S�R�S�U�]�H�]��
�Z�D�U�W�R���ü���S�H�Q�H�W�U�D�F�M�L���R�]�Q�D�F�]�R�Q�H�M���Z�������Û�&�����W�D�E�����������Z�\�S�U�R�G�X�N�R�Z�D�Q�H���]���U�R�S�\���Q�D�I�W�R�Z�H�M���S�R�F�K�R�G�]���F�H�M��
�]���:�H�Q�H�]�X�H�O�L�� �R�U�D�]�� �5�R�V�M�L���� �:�� �S�U�]�H�S�U�R�Z�D�G�]�R�Q�\�F�K�� �E�D�G�D�Q�L�D�F�K�� �D�V�I�D�O�W�\�� �S�R�á���F�]�R�Q�R�� �]�� �N�R�Q�F�H�Q�W�U�D�W�H�P��
�D�V�I�D�O�W�X�� �P�R�G�\�I�L�N�R�Z�D�Q�H�J�R�� �N�R�S�R�O�L�P�H�U�H�P�� �6�%�6�� ���N�R�S�R�O�L�P�H�U�� �E�O�R�N�R�Z�\�� �R�� �V�W�U�X�N�W�X�U�]�H�� �O�L�Q�L�R�Z�H�M���� �R��
�]�D�Z�D�U�W�R���F�L�� �S�R�O�L�P�H�U�X�� �������� �S�R�S�U�]�H�]�� �N�R�P�S�R�Q�R�Z�D�Q�L�H�� �Z�� �S�U�R�S�R�U�F�M�D�F�K�� ���������� ���������� �������� �R�U�D�]�� ��������
�R�W�U�]�\�P�X�M���F�� �R�G�S�R�Z�L�H�G�Q�L�R�� �D�V�I�D�O�W�� �R���]�D�Z�D�U�W�R���F�L�� �N�R�S�R�O�L�P�H�U�X�� �6�%�6���� ������������ ������������ ���������� �L�� ���������� ���Z��
�V�W�R�V�X�Q�N�X�� �G�R�� �P�D�V�\�� �R�W�U�]�\�P�D�Q�H�J�R�� �D�V�I�D�O�W�X�� �P�R�G�\�I�L�N�R�Z�D�Q�H�J�R������ �%�D�G�D�Q�H�� �O�H�S�L�V�]�F�]�D�� �D�V�I�D�O�W�R�Z�H��
�R�]�Q�D�N�R�Z�D�Q�R�� �Z�� �S�U�D�F�\�� �S�R�S�U�]�H�]�� �S�R�G�D�Q�L�H�� �S�R�F�K�R�G�]�H�Q�L�D�� �D�V�I�D�O�W�X���� �D�� �Q�D�V�W�
�S�Q�L�H�� �]�D�Z�D�U�W�R���F�L��
�S�U�R�F�H�Q�W�R�Z�H�M���N�R�S�R�O�L�P�H�U�X���6�%�6�����Q�S������

�x�� �5�����6�%�6�� �±�� �R�]�Q�D�F�]�D�� �D�V�I�D�O�W�� �Z�\�S�U�R�G�X�N�R�Z�D�Q�\�� �]�� �U�R�V�\�M�V�N�L�H�M�� �U�R�S�\�� �Q�D�I�W�R�Z�H�M�� �R�� �]�D�Z�D�U�W�R���F�L��
�����������N�R�S�R�O�L�P�H�U�X���6�%�6����

�x�� �9������������ �±�� �R�]�Q�D�F�]�D�� �D�V�I�D�O�W�� ������������ �S�R�F�K�R�G�]���F�\�� �]�� �Z�H�Q�H�]�X�H�O�V�N�L�H�M�� �U�R�S�\�� �Q�D�I�W�R�Z�H�M���� �Q�L�H��
�]�D�Z�L�H�U�D�M���F�\���N�R�S�R�O�L�P�H�U�X���6�%�6����

�x�� �.�����6�%�6���±���R�]�Q�D�F�]�D���N�R�Q�F�H�Q�W�U�D�W���D�V�I�D�O�W�X���P�R�G�\�I�L�N�R�Z�D�Q�H�J�R���]�D�Z�L�H�U�D�M���F�\�������������6�%�6����
��
�$�Q�D�O�L�]�L�H�� �]�R�V�W�D�á�\�� �S�R�G�G�D�Q�H�� �D�V�I�D�O�W�\�� �]�D�U�y�Z�Q�R�� �Z�� �V�W�D�Q�L�H�� �Z�\�M���F�L�R�Z�\�P���� �M�D�N�� �L�� �S�R�� �S�U�R�F�H�V�L�H�� �V�W�D�U�]�H�Q�L�D��
�W�H�F�K�Q�R�O�R�J�L�F�]�Q�H�J�R�� ���N�U�y�W�N�R�W�H�U�P�L�Q�R�Z�H�J�R������ �V�\�P�X�O�R�Z�D�Q�H�J�R�� �P�H�W�R�G���� �5�7�)�2�7�� ���5�R�O�O�L�Q�J�� �7�K�L�Q�� �)�L�O�P��
�2�Y�H�Q���7�H�V�W�����Z�J���3�1���(�1��������������������������������
��
�7�D�E�H�O�D���������3�R�G�V�W�D�Z�R�Z�H���Z�á�D���F�L�Z�R���F�L���E�D�G�D�Q�\�F�K���O�H�S�L�V�]�F�]�\���D�V�I�D�O�W�R�Z�\�F�K��

�:�á�D���F�L�Z�R���F�L��
��
�%�D�G�D�Q�\���P�D�W�H�U�L�D�á��

�7�3�L�.���>�ƒ�&�@��
��

�3�H�Q�������>�P�P�������@��
��

�9������������ ���������“�������� ���������“��������

�9���������6�%�6�� ���������“�������� ���������“��������
�9�����6�%�6�� ���������“�������� ���������“��������
�9���������6�%�6�� ���������“�������� ���������“��������
�9�����6�%�6�� ���������“�������� ���������“��������

�5������������ ���������“�������� ���������“��������
�5���������6�%�6�� ���������“�������� ���������“��������
�5�����6�%�6�� ���������“�������� ���������“��������
�5���������6�%�6�� ���������“�������� ���������“��������
�5�����6�%�6�� ���������“������ ���������“��������

�.�����6�%�6�� �����������“�������� ���������“��������
�J�G�]�L�H�����7�3�L�.�����W�H�P�S�H�U�D�W�X�U�D���P�L�
�N�Q�L�H�Q�L�D���Z�J���3�1���(�1��������������������������������
�3�H�Q�����������S�H�Q�H�W�U�D�F�M�D���Z�������ƒ�&���Z�J���3�1���(�1��������������������������

��
�$�Q�D�O�L�]�X�M���F�� �Z�\�Q�L�N�L�� �S�U�]�H�G�V�W�D�Z�L�R�Q�H�� �Z�� �W�D�E�H�O�L�� �Q�U�� ���� �O�H�S�L�V�]�F�]�D�� �D�V�I�D�O�W�R�Z�H�� �E�\�á�\�� �G�R�E�U�D�Q�H�� �Z�� �W�D�N�L��
�V�S�R�V�y�E���� �D�E�\�� �X�]�\�V�N�D�ü�� �D�V�I�D�O�W�\�� �R�� �]�E�O�L�*�R�Q�H�M�� �W�Z�D�U�G�R���F�L���� �Z�\�U�D�*�R�Q�H�M�� �S�R�S�U�]�H�]�� �S�H�Q�H�W�U�D�F�M�
�� �Z�� �����ƒ�&��
���3�H�Q������ �X�]�\�V�N�D�Q�R�� �Z�� �S�U�]�H�G�]�L�D�O�H�� ���������� �P�P�������� �G�R�� ���������� �P�P������������ �:�V�]�\�V�W�N�L�H�� �E�D�G�D�Q�H�� �D�V�I�D�O�W�\��
�P�R�G�\�I�L�N�R�Z�D�Q�H�� �P�R�*�Q�D�� �Z�L�
�F�� �]�D�N�Z�D�O�L�I�L�N�R�Z�D�ü�� �G�R�� �N�O�D�V�\�� �D�V�I�D�O�W�y�Z�� �P�R�G�\�I�L�N�R�Z�D�Q�\�F�K�� ������������
�G�R�V�W�
�S�Q�\�F�K�� �Q�D�� �S�R�O�V�N�L�P�� �U�\�Q�N�X���� �P�L�P�R�� �L�*�� �S�R�V�L�D�G�D�M���� �U�y�*�Q�H�� �S�U�R�F�H�Q�W�R�Z�H�� �]�D�Z�D�U�W�R���F�L�� �N�R�S�R�O�L�P�H�U�X��
�6�%�6����
��
�������&�H�O���L���P�H�W�R�G�\�N�D���E�D�G�D����
��
�� �*�á�y�Z�Q�\�P���F�H�O�H�P���S�U�D�F�\���M�H�V�W���R�F�H�Q�D���R�G�S�R�U�Q�R���F�L���Q�D���R�G�N�V�]�W�D�á�F�H�Q�L�D���W�U�Z�D�á�H���R�U�D�]���Z�U�D�*�O�L�Z�R���F�L��
�W�H�P�S�H�U�D�W�X�U�R�Z�H�M���D�V�I�D�O�W�y�Z���G�U�R�J�R�Z�\�F�K���P�R�G�\�I�L�N�R�Z�D�Q�\�F�K���N�R�S�R�O�L�P�H�U�H�P���6�%�6���Q�D���S�R�G�V�W�D�Z�L�H���E�D�G�D����
�S�U�]�H�S�U�R�Z�D�G�]�R�Q�\�F�K���S�U�]�\���S�R�P�R�F�\���U�H�R�P�H�W�U�X���G�\�Q�D�P�L�F�]�Q�H�J�R�����F�L�Q�D�Q�L�D�����'�6�5�����W�\�S�X���3�K�\�V�L�F�D���0�&�5��
�������� ���U�\�V���� �������� �2�G�N�V�]�W�D�á�F�H�Q�L�D�� �W�U�Z�D�á�H�� �R�U�D�]�� �Z�U�D�*�O�L�Z�R���ü�� �Q�D�� �]�P�L�D�Q�\�� �W�H�P�S�H�U�D�W�X�U�\�� �Z�� �V�W�U�H�I�L�H��
�N�O�L�P�D�W�\�F�]�Q�H�M�� �R�E�H�M�P�X�M���F�H�M�� �3�R�O�V�N�
�� �P�D�M���� �N�O�X�F�]�R�Z�H�� �]�Q�D�F�]�H�Q�L�H�� �Z�� �H�N�V�S�O�R�D�W�D�F�M�L�� �Q�D�Z�L�H�U�]�F�K�Q�L��
�D�V�I�D�O�W�R�Z�\�F�K����



�%�D�G�D�Q�L�D���S�U�]�H�S�U�R�Z�D�G�]�R�Q�R���]�J�R�G�Q�L�H���]���Q�R�U�P�����3�1���(�1�������������������������Ä�$�V�I�D�O�W�\���L���O�H�S�L�V�]�F�]�D���D�V�I�D�O�W�R�Z�H����
�2�]�Q�D�F�]�H�Q�L�H�� �]�H�V�S�R�O�R�Q�H�J�R�� �P�R�G�X�á�X�� ���F�L�Q�D�Q�L�D�� �L�� �N���W�D�� �S�U�]�H�V�X�Q�L�
�F�L�D�� �I�D�]�R�Z�H�J�R�� �Z�� �U�H�R�P�H�W�U�]�H��
�G�\�Q�D�P�L�F�]�Q�H�J�R�� ���F�L�Q�D�Q�L�D�� ���'�6�5���´�� �G�Z�L�H�P�D�� �P�H�W�R�G�D�P�L���� �Z�� �N�W�y�U�\�F�K�� �]�D�V�W�R�V�R�Z�D�Q�R�� �Z�\�P�X�V�]�H�Q�L�H��
�N�L�Q�H�P�D�W�\�F�]�Q�H�����V�L�Q�X�V�R�L�G�D�O�Q�H������

�D���� �S�U�]�\�� �U�y�*�Q�\�F�K�� �]�D�N�U�H�V�D�F�K�� �F�]�
�V�W�R���F�L�� �N���W�R�Z�H�M�� �R�G�� �������� �U�D�G���V�� �G�R�� �������� �U�D�G���V�� �R�U�D�]�� �V�W�D�á�H�M��
�W�H�P�S�H�U�D�W�X�U�]�H���E�D�G�D�Q�L�D���U�y�Z�Q�H�M�������ƒ�&�“���������Û�&������

�E���� �R�� �D�P�S�O�L�W�X�G�]�L�H�� �N���W�D�� �Z�\�F�K�\�O�H�Q�L�D�� �Z�U�]�H�F�L�R�Q�D�� �U�y�Z�Q�H�M�� ������ �P�U�D�G�� �R�U�D�]�� �S�U�]�\�� �]�P�L�H�Q�Q�H�M��
�W�H�P�S�H�U�D�W�X�U�]�H���� �W�M���� �R�G�� �������ƒ�&�� �G�R�� �����ƒ�&���� �S�U�]�\�� �F�]�\�P�� �F�R�� ���� �P�L�Q�� �Q�D�V�W�
�S�R�Z�D�á�R�� �R�E�Q�L�*�H�Q�L�H��
�W�H�P�S�H�U�D�W�X�U�\�� �R�� ���ƒ�&���� �:�� �W�H�M�� �S�U�R�F�H�G�X�U�]�H�� �E�D�G�D�Z�F�]�H�M�� �S�U�]�\�M�
�W�R�� �V�W�D�á���� �Z�D�U�W�R���ü�� �F�]�
�V�W�R���F�L��
�N���W�R�Z�H�M���U�y�Z�Q�����������U�D�G���V������

�3�U�y�E�N�
�� �O�H�S�L�V�]�F�]�D�� �D�V�I�D�O�W�R�Z�H�J�R�� �X�P�L�H�V�]�F�]�D�Q�R�� �S�R�P�L�
�G�]�\�� �G�Z�L�H�P�D�� �R�N�U���J�á�\�P�L�� �S�á�\�W�D�P�L��
�U�y�Z�Q�R�O�H�J�á�\�P�L�� �R�����U�H�G�Q�L�F�\�� �‘�����P�P���� �S�U�]�\�� �]�D�F�K�R�Z�D�Q�L�X�� �]�D�G�D�Q�H�M�� �Z�\�V�R�N�R���F�L�� �V�]�F�]�H�O�L�Q�\�� �U�y�Z�Q�H�M�� ����
�P�P�����U�\�V����������
��

�� ��
��
��
��

�5�\�V�����������:�L�G�R�N���]���E�R�N�X���S�U�y�E�N�L���E�D�G�D�Q�H�J�R��
�D�V�I�D�O�W�X����

�5�\�V���� ������ �5�H�R�P�H�W�U�� �G�\�Q�D�P�L�F�]�Q�H�J�R�� ���F�L�Q�D�Q�L�D�� �'�6�5�� �W�\�S�X��
�3�K�\�V�L�F�D���0�&�5����������

�� �=�J�R�G�Q�L�H�� �]�� �]�D�á�R�*�H�Q�L�D�P�L�� �D�P�H�U�\�N�D���V�N�L�H�M�� �V�S�H�F�\�I�L�N�D�F�M�L�� �6�X�S�H�U�S�D�Y�H���� �S�R�G�D�W�Q�R���ü�� �O�H�S�L�V�]�F�]�\��
�D�V�I�D�O�W�R�Z�\�F�K�� �Q�D�� �S�R�Z�V�W�D�Z�D�Q�L�H�� �R�G�N�V�]�W�D�á�F�H���� �W�U�Z�D�á�\�F�K�� �Z�� �Q�D�Z�L�H�U�]�F�K�Q�L�D�F�K�� �G�U�R�J�R�Z�\�F�K�� �R�N�U�H���O�D�� �V�L�
��
�]�D�� �S�R�P�R�F���� �Z�V�S�y�á�F�]�\�Q�Q�L�N�D�� �R�G�N�V�]�W�D�á�F�D�O�Q�R���F�L�� ���U�X�W�W�L�Q�J�� �I�D�F�W�R�U������ �Z�\�U�D�*�R�Q�H�J�R�� �S�R�S�U�]�H�]�� �Z�L�H�O�N�R���ü��
�_�*�
�_���V�L�Q���/�����:���S�U�D�F�\���Z�\�]�Q�D�F�]�R�Q�R���Z�Z�����Z�V�S�y�á�F�]�\�Q�Q�L�N���G�O�D���D�V�I�D�O�W�y�Z���]�D�U�y�Z�Q�R���Q�L�H���S�R�G�G�D�Q�\�F�K�����M�D�N��
�L���S�R�G�G�D�Q�\�F�K���V�W�D�U�]�H�Q�L�X���N�U�y�W�N�R�W�H�U�P�L�Q�R�Z�H�P�X���P�H�W�R�G�����5�7�)�2�7����
�$�Q�D�O�L�]�L�H���S�R�G�G�D�Q�R���U�y�Z�Q�L�H�*���Z�D�U�W�R���F�L���L�Q�G�H�N�V�X���P�R�G�X�á�X�����F�L�Q�D�Q�L�D�����6�0�,�� �±���6�K�H�D�U���0�R�G�X�O�X�V�� �,�Q�G�H�[������
�E�
�G���F�H�J�R�� �P�L�D�U���� �Z�U�D�*�O�L�Z�R���F�L�� �W�H�P�S�H�U�D�W�X�U�R�Z�H�M�� �E�D�G�D�Q�\�F�K�� �O�H�S�L�V�]�F�]�\���� �N�W�y�U�\�� �R�E�O�L�F�]�R�Q�R�� �Z�J�� �Z�]�R�U�X��
�>�����@����
��

�5�/�+�Í�. ���Í�- 
L �d
�Ž�‘�‰�Ž�‘�‰�+�)�Í�-

�Û�+
F �Ž�‘�‰�Ž�‘�‰�+�)�Í�.
�Û�+

�Ž�‘�‰�:�6�5 
E�t�y�u�á�s�w�; 
F �Ž�‘�‰�:�6�6 
E�t�y�u�á�s�w�;
�d��

��
��������

�J�G�]�L�H������
�6�0�,�������6�K�H�D�U���0�R�G�X�O�X�V���,�Q�G�H�[����
�+�)�Í�-

�Û�+�â�+�)�Í�.
�Û�+�������G�\�Q�D�P�L�F�]�Q�\���P�R�G�X�á�����F�L�Q�D�Q�L�D���Z���W�H�P�S�H�U�D�W�X�U�]�H���6�5�����6�6�����>�3�D�@��

�6�5�â�� �6�6�� �±�� �H�N�V�W�U�H�P�D�O�Q�H�� �W�H�P�S�H�U�D�W�X�U�\�� �S�R�P�L�D�U�y�Z�� �Z�\�N�R�Q�D�Q�\�F�K�� �Z�� �U�H�R�P�H�W�U�]�H�� �G�\�Q�D�P�L�F�]�Q�H�J�R��
���F�L�Q�D�Q�L�D���'�6�5�����S�U�]�\���F�]�\�P���6�5 
P �6�6�������>�ƒ�&�@��
��
�:���Q�L�Q�L�H�M�V�]�H�M���S�U�D�F�\���S�U�]�\�M�
�W�R���6�5 
L �s�r�r�¹�%�â���6�6 
L �v�r�¹�%�ä��
��

�������$�Q�D�O�L�]�D���Z�\�Q�L�N�y�Z���E�D�G�D����



�5�\�V�X�Q�H�N�� �Q�U�� ���� �S�U�]�H�G�V�W�D�Z�L�D�� �Z�\�N�U�H�V�� �]�D�O�H�*�Q�R���F�L�� �G�\�Q�D�P�L�F�]�Q�H�J�R�� �P�R�G�X�á�X�� ���F�L�Q�D�Q�L�D��
�E�D�G�D�Q�\�F�K�� �D�V�I�D�O�W�y�Z�� �R�G�� �F�]�
�V�W�R���F�L�� �N���W�R�Z�H�M�� ���]�D�N�U�H�V�� �R�G�� �������� �U�D�G���V�� �G�R�� �������� �U�D�G���V������ �'�\�Q�D�P�L�F�]�Q�\��
�P�R�G�X�á�� ���F�L�Q�D�Q�L�D�� �Z�]�U�D�V�W�D�� �Z�U�D�]�� �]�H�� �Z�]�U�R�V�W�H�P�� �F�]�
�V�W�R���F�L�� �N���W�R�Z�H�M�� �G�O�D�� �Z�V�]�\�V�W�N�L�F�K�� �D�Q�D�O�L�]�R�Z�D�Q�\�F�K��
�D�V�I�D�O�W�y�Z�����1�D�M�Z�L�
�N�V�]�����Z�D�U�W�R���ü���_�*�
�_���S�U�]�\���F�]�
�V�W�R���F�L���N���W�R�Z�H�M�����������U�D�G���V���S�R�V�L�D�G�D���D�V�I�D�O�W���R���]�D�Z�D�U�W�R���F�L��
�N�R�S�R�O�L�P�H�U�X�� �6�%�6�� �U�y�Z�Q�H�M�� �������� �Q�D�W�R�P�L�D�V�W�� �Q�D�M�P�Q�L�H�M�V�]���� �D�V�I�D�O�W�� �5�������������� �3�U�]�\�� �F�]�
�V�W�R���F�L�� �N���W�R�Z�H�M��
�U�y�Z�Q�H�M�� �������� �U�D�G���V�� �G�\�Q�D�P�L�F�]�Q�\�� �P�R�G�X�á�� ���F�L�Q�D�Q�L�D�� �X�]�\�V�N�X�M�H�� �Z�D�U�W�R���F�L�� �Q�D�� �]�E�O�L�*�R�Q�\�P�� �S�R�]�L�R�P�L�H�� �R�G��
�Z�D�U�W�R���F�L�� �U�y�Z�Q�H�M�� �����������3�D�� �G�O�D�� �.�����6�%�6�� �G�R�� �����������3�D�� �G�O�D�� �D�V�I�D�O�W�X�� �9�������������� �5�H�D�V�X�P�X�M���F�� �Z�]�U�R�V�W��
�]�D�Z�D�U�W�R���F�L�� �N�R�S�R�O�L�P�H�U�X�� �6�%�6�� �Z�� �O�H�S�L�V�]�F�]�X�� �D�V�I�D�O�W�R�Z�\�P�� �S�R�Z�R�G�X�M�H�� �S�U�]�\�U�R�V�W�� �Z�D�U�W�R���F�L��
�G�\�Q�D�P�L�F�]�Q�H�J�R���P�R�G�X�á�X�����F�L�Q�D�Q�L�D�����S�U�]�\���F�]�
�V�W�R���F�L���N���W�R�Z�H�M���������U�D�G���V����

��

��

�5�\�V���� ������ �:�\�N�U�H�V�� �]�D�O�H�*�Q�R���F�L�� �G�\�Q�D�P�L�F�]�Q�H�J�R�� �P�R�G�X�á�X�� ���F�L�Q�D�Q�L�D�� �R�G�� �F�]�
�V�W�R���F�L�� �N���W�R�Z�H�M�� �D�V�I�D�O�W�y�Z�� �E�D�G�D�Q�\�F�K��
�Z�������Û�&��

��

�5�\�V���� ������ �:�\�N�U�H�V�� �]�D�O�H�*�Q�R���F�L�� �G�\�Q�D�P�L�F�]�Q�H�J�R�� �P�R�G�X�á�X�� ���F�L�Q�D�Q�L�D�� �_�*�
�_�� �R�G�� �W�H�P�S�H�U�D�W�X�U�\�� �G�O�D�� �D�V�I�D�O�W�y�Z��
�S�R�F�K�R�G�]�H�Q�L�D�� �Z�H�Q�H�]�X�H�O�V�N�L�H�J�R�� �Q�L�H�S�R�G�G�D�Q�\�F�K�� �V�W�D�U�]�H�Q�L�X���� �S�U�]�\�� �V�W�D�á�H�M�� �F�]�
�V�W�R���F�L�� �N���W�R�Z�H�M�� �U�y�Z�Q�H�M�� ������

���������(������

���������(������

���������(������

���������(������

���������(������

������ �� ���� ������

�'�
\�Q

�D
�P

�L
�F

�]�
Q

�\
�P

�R
�G

�X
�á

���
��F

�L
�Q

�D
�Q

�L
�D

���
��3

�D

�&�]�
�V�W�R���ü���N���W�R�Z�D���>�U�D�G���V�@

�9���������� �9���������6�%�6
�9�����6�%�6 �9���������6�%�6
�9�����6�%�6 �5����������
�5���������6�%�6 �5�����6�%�6
�5���������6�%�6 �5�����6�%�6
�N�����6�%�6

���������(������

���������(������

���������(������

���������(������

���������(������

���������� ���������� ���������� ���������� ���������� ���������� �������������'�
\�Q

�D
�P

�L
�F

�]�
Q

�\�
��P

�R
�G

�X
�á

���
��F

�L
�Q

�D
�Q

�L
�D

���
�

�3
�D

�7�H�P�S�H�U�D�W�X�U�D�����Û�&

�9���������� �9���������6�%�6

�9�����6�%�6 �9���������6�%�6

�9�����6�%�6 �.�����6�%�6



�U�D�G���V

��

�5�\�V�������� �:�\�N�U�H�V�� �]�D�O�H�*�Q�R���F�L�� �G�\�Q�D�P�L�F�]�Q�H�J�R�� �P�R�G�X�á�X�� ���F�L�Q�D�Q�L�D�� �_�*�
�_�� �R�G�� �W�H�P�S�H�U�D�W�X�U�\�� �G�O�D�� �D�V�I�D�O�W�y�Z��
�S�R�F�K�R�G�]�H�Q�L�D�� �Z�H�Q�H�]�X�H�O�V�N�L�H�J�R�� �S�R�G�G�D�Q�\�F�K�� �V�W�D�U�]�H�Q�L�X�� �5�7�)�2�7���� �S�U�]�\�� �V�W�D�á�H�M�� �F�]�
�V�W�R���F�L�� �N���W�R�Z�H�M�� �U�y�Z�Q�H�M��
�����U�D�G���V

��

�5�\�V�������� �:�\�N�U�H�V�� �]�D�O�H�*�Q�R���F�L�� �G�\�Q�D�P�L�F�]�Q�H�J�R�� �P�R�G�X�á�X�� ���F�L�Q�D�Q�L�D�� �_�*�
�_�� �R�G�� �W�H�P�S�H�U�D�W�X�U�\�� �G�O�D�� �D�V�I�D�O�W�y�Z��
�S�R�F�K�R�G�]�H�Q�L�D���U�R�V�\�M�V�N�L�H�J�R���Q�L�H�S�R�G�G�D�Q�\�F�K���V�W�D�U�]�H�Q�L�X�����S�U�]�\���V�W�D�á�H�M���F�]�
�V�W�R���F�L���N���W�R�Z�H�M���U�y�Z�Q�H�M�������U�D�G���V��

�/�H�S�L�V�]�F�]�D�� �D�V�I�D�O�W�R�Z�H�� �V���� �P�D�W�H�U�L�D�á�D�P�L�� �R�� �Z�á�D���F�L�Z�R���F�L�D�F�K�� �O�H�S�N�R�V�S�U�
�*�\�V�W�\�F�K���� �$�Q�D�O�L�]�X�M���F��
�Z�D�U�W�R���F�L���N���W�D���S�U�]�H�V�X�Q�L�
�F�L�D���I�D�]�R�Z�H�J�R���/���P�R�*�Q�D���R�F�H�Q�L�ü���]�P�L�D�Q�\�� �Z�á�D���F�L�Z�R���F�L���U�H�R�O�R�J�L�F�]�Q�\�F�K��
�D�V�I�D�O�W�X���Z���F�D�á�\�P���V�S�H�N�W�U�X�P�� �W�H�P�S�H�U�D�W�X�U���]�D�U�y�Z�Q�R���S�R�G�F�]�D�V���S�U�R�F�H�V�X���S�U�R�G�X�N�F�M�L���� �Z�E�X�G�R�Z�D�Q�L�D����
�M�D�N�� �L�� �H�N�V�S�O�R�D�W�D�F�M�L�� �Q�D�Z�L�H�U�]�F�K�Q�L�� �D�V�I�D�O�W�R�Z�H�M���� �0�D�W�H�U�L�D�á�\�� �O�H�S�N�L�H�� �F�K�D�U�D�N�W�H�U�\�]�X�M���� �V�L�
�� �W�\�P���� �*�H��
�Z�V�S�y�á�F�]�\�Q�Q�L�N�� �W�á�X�P�L�H�Q�L�D�� �R�]�Q�D�F�]�D�Q�\�� �M�D�N�R�� �W�J�/�� �:�� �’�� ���/�� � �� �����ƒ������ �Q�D�W�R�P�L�D�V�W�� �Z�� �S�U�]�\�S�D�G�N�X��
�P�D�W�H�U�L�D�á�y�Z���V�S�U�
�*�\�V�W�\�F�K���W�J�/��� ���������/��� �����ƒ�������P�D�W�H�U�L�D�á�\���O�H�S�N�R�V�S�U�
�*�\�V�W�H���P�D�M�����N���W���S�U�]�H�V�X�Q�L�
�F�L�D��
�I�D�]�R�Z�H�J�R�� �R�� �Z�D�U�W�R���F�L�� �]�D�Z�L�H�U�D�M���F�H�M�� �V�L�
�� �Z�� �S�U�]�H�G�]�L�D�O�H�� ���Û�� ���� �/�� ���� �����ƒ���� �1�D�� �U�\�V���� ��������
�S�U�]�H�G�V�W�D�Z�L�R�Q�R�� �Z�\�N�U�H�V�\�� �]�D�O�H�*�Q�R���F�L�� �G�\�Q�D�P�L�F�]�Q�H�J�R�� �P�R�G�X�á�X�� ���F�L�Q�D�Q�L�D�� �_�*�
�_�� �R�G�� �W�H�P�S�H�U�D�W�X�U�\��
�E�D�G�D�Q�\�F�K���O�H�S�L�V�]�F�]�\�� �D�V�I�D�O�W�R�Z�\�F�K���S�R�F�K�R�G�]�H�Q�L�D���Z�H�Q�H�]�X�H�O�V�N�L�H�J�R���R�U�D�]���U�R�V�\�M�V�N�L�H�J�R�����]�D�U�y�Z�Q�R��
�D�V�I�D�O�W�y�Z���Q�L�H�S�R�G�G�D�Q�\�F�K���V�W�D�U�]�H�Q�L�X�����M�D�N���L���S�R���S�U�R�F�H�V�L�H���V�W�D�U�]�H�Q�L�D���5�7�)�2�7�����:�U�D�]���]�H���Z�]�U�R�V�W�H�P��
�W�H�P�S�H�U�D�W�X�U�\�� �E�D�G�D�Q�L�D���P�D�O�H�M�H���Z�D�U�W�R���ü���G�\�Q�D�P�L�F�]�Q�H�J�R���P�R�G�X�á�X�����F�L�Q�D�Q�L�D�� �_�*�
�_���G�O�D���Z�V�]�\�V�W�N�L�F�K��
�D�Q�D�O�L�]�R�Z�D�Q�\�F�K���D�V�I�D�O�W�y�Z����

���������(������

���������(������

���������(������

���������(������

���������(������

���������(������

���������� ���������� ���������� ���������� ���������� ���������� �������������'�
\�Q

�D
�P

�L
�F

�]�
Q

�\�
��P

�R
�G

�X
�á

���
��F

�L
�Q

�D
�Q

�L
�D

���
�

�3
�D

�7�H�P�S�H�U�D�W�X�U�D�����Û�&

�9���������� �9���������6�%�6

�9�����6�%�6 �9���������6�%�6

�9�����6�%�6 �.�����6�%�6

���������(������

���������(������

���������(������

���������(������

���������(������

���������� ���������� ���������� ���������� ���������� ���������� ������������

�'�
\�Q

�D
�P

�L
�F

�]�
Q

�\�
��P

�R
�G

�X
�á

���
��F

�L
�Q

�D
�Q

�L
�D

���
��3

�D

�7�H�P�S�H�U�D�W�X�U�D�����Û�&

�5���������� �5���������6�%�6

�5�����6�%�6 �5���������6�%�6

�5�����6�%�6 �.�����6�%�6



��

�5�\�V�������� �:�\�N�U�H�V�� �]�D�O�H�*�Q�R���F�L�� �G�\�Q�D�P�L�F�]�Q�H�J�R�� �P�R�G�X�á�X�� ���F�L�Q�D�Q�L�D�� �_�*�
�_�� �R�G�� �W�H�P�S�H�U�D�W�X�U�\�� �G�O�D�� �D�V�I�D�O�W�y�Z��
�S�R�F�K�R�G�]�H�Q�L�D���U�R�V�\�M�V�N�L�H�J�R���S�R�G�G�D�Q�\�F�K���V�W�D�U�]�H�Q�L�X���5�7�)�2�7�����S�U�]�\���V�W�D�á�H�M���F�]�
�V�W�R���F�L���N���W�R�Z�H�M���U�y�Z�Q�H�M�������U�D�G���V��

��
�� �=�H�� �Z�]�J�O�
�G�X�� �Q�D���Z�\�V�R�N�L�H�� �W�H�P�S�H�U�D�W�X�U�\�� �S�D�Q�X�M���F�H���Z�� �R�N�U�H�V�L�H�� �O�H�W�Q�L�P�� �L�V�W�R�W�Q�D�� �M�H�V�W���V�N�á�D�G�R�Z�D��
�V�S�U�
�*�\�V�W�D���� �F�R�� �Z�L���*�H�� �V�L�
�� �]�� �P�D�á�\�P�L�� �Z�D�U�W�R���F�L�D�P�L�� �W�J�/���� �3�R�G�F�]�D�V�� �E�D�G�D���� �]�D�R�E�V�H�U�Z�R�Z�D�Q�R���� �L�*�� �Z��
�S�U�]�\�S�D�G�N�X���D�V�I�D�O�W�y�Z���Q�L�H�P�R�G�\�I�L�N�R�Z�D�Q�\�F�K�����5���L���9�����R�U�D�]���D�V�I�D�O�W�y�Z���R���P�D�á�H�M���]�D�Z�D�U�W�R���F�L���N�R�S�R�O�L�P�H�U�X��
�6�%�6�� ���G�R�� ���������� �Z�\�V�W�
�S�X�M�H�� �S�U�D�Z�L�G�á�R�Z�R���ü���� �*�H�� �L�P�� �Z�L�
�N�V�]�H�� �Z�D�U�W�R���F�L�� �G�\�Q�D�P�L�F�]�Q�H�J�R�� �P�R�G�X�á�X��
���F�L�Q�D�Q�L�D���� �W�\�P�� �P�Q�L�H�M�V�]�H�� �Z�D�U�W�R���F�L�� �N���W�D�� �S�U�]�H�V�X�Q�L�
�F�L�D�� �I�D�]�R�Z�H�J�R�� �/���� �F�R�� �R�E�U�D�]�X�M�H�� �Z�\�N�U�H�V�� �%�O�D�F�N�
�D��
���U�\�V���� �������� �:�\�N�U�H�V�\�� �S�U�]�H�G�V�W�D�Z�L�D�M���F�H�� �]�D�O�H�*�Q�R���ü�� �G�\�Q�D�P�L�F�]�Q�H�J�R�� �P�R�G�X�á�X�� ���F�L�Q�D�Q�L�D�� �R�G�� �N���W�D��
�S�U�]�H�V�X�Q�L�
�F�L�D�� �I�D�]�R�Z�H�J�R���� �]�Z�D�Q�H�� �Z�\�N�U�H�V�D�P�L�� �%�O�D�F�N�
�D���� �S�R�]�Z�D�O�D�M���� �Q�D�� �Z�\�N�R�Q�D�Q�L�H�� �D�Q�D�O�L�]�\�� �G�Z�y�F�K��
�S�R�G�V�W�D�Z�R�Z�\�F�K���S�D�U�D�P�H�W�U�y�Z���Z�\�]�Q�D�F�]�R�Q�\�F�K���Z���U�H�R�P�H�W�U�]�H���'�6�5���>�������������@�����:���S�U�]�\�S�D�G�N�X���D�V�I�D�O�W�y�Z��
�R���]�D�Z�D�U�W�R���F�L�� �N�R�S�R�O�L�P�H�U�X�� �6�%�6�� ������ �L�� ������ �X�]�\�V�N�X�M�H�� �V�L�
�� �P�D�á�H�� �Z�D�U�W�R���F�L�� �N���W�D�� �S�U�]�H�V�X�Q�L�
�F�L�D��
�I�D�]�R�Z�H�J�R���� �]�D�U�y�Z�Q�R�� �S�U�]�\�� �E�D�U�G�]�R�� �P�D�á�\�F�K���� �M�D�N�� �L�� �S�U�]�\�� �G�X�*�\�F�K�� �Z�D�U�W�R���F�L�D�F�K�� �_�*�
�_���� �1�D�M�Z�L�
�N�V�]����
�]�P�L�H�Q�Q�R���ü���Z�D�U�W�R���F�L���N���W�D���S�U�]�H�V�X�Q�L�
�F�L�D���I�D�]�R�Z�H�J�R���]�D�R�E�V�H�U�Z�R�Z�D�Q�R���G�O�D���D�V�I�D�O�W�y�Z���U�H�I�H�U�H�Q�F�\�M�Q�\�F�K��
�������������R�U�D�]���D�V�I�D�O�W�y�Z���Q�L�V�N�R�P�R�G�\�I�L�N�R�Z�D�Q�\�F�K�����R���]�D�Z�D�U�W�R���F�L���N�R�S�R�O�L�P�H�U�X���G�R�������������:�D�U�W�R���F�L���W�H���Z��
�Z�\�V�R�N�L�F�K�� �W�H�P�S�H�U�D�W�X�U�D�F�K�� �V���� �E�O�L�V�N�L�H�� �����ƒ�� �P�R�*�Q�D�� �Z�L�
�F�� �X�]�Q�D�ü���� �*�H�� �O�H�S�L�V�]�F�]�D�� �W�H�� �Z�� �]�D�N�U�H�V�L�H��
�Z�\�V�R�N�L�F�K�� �W�H�P�S�H�U�D�W�X�U�� �P�D�M���� �Z�á�D���F�L�Z�R���F�L�� �]�E�O�L�*�R�Q�H�� �G�R�� �F�L�H�F�]�\�� �O�H�S�N�L�H�M���� �=�Z�L�
�N�V�]�H�Q�L�H�� �]�D�Z�D�U�W�R���F�L��
�N�R�S�R�O�L�P�H�U�X�� �6�%�6�� �Z�� �D�V�I�D�O�F�L�H�� �S�R�Z�R�G�X�M�H���� �*�H�� �]�U�y�*�Q�L�F�R�Z�D�Q�L�H�� �Z�D�U�W�R���F�L�� �/�� �M�H�V�W�� �F�R�U�D�]�� �P�Q�L�H�M�V�]�H����
�3�R�Z�\�*�H�M�� �W�H�P�S�H�U�D�W�X�U�\�� �����ƒ�&�� �Q�D�V�W�
�S�X�M�H�� �]�P�Q�L�H�M�V�]�H�Q�L�H�� �Z�D�U�W�R���F�L�� �/�� �G�O�D�� �D�V�I�D�O�W�y�Z�� �R�� �]�D�Z�D�U�W�R���F�L��
�N�R�S�R�O�L�P�H�U�X�� ������������ ������ �R�U�D�]�� �G�O�D�� �N�R�Q�F�H�Q�W�U�D�W�X�� ������ �6�%�6���� �F�R�� �X�N�D�]�X�M�H�� �N�R�U�]�\�V�W�Q�\�� �Z�S�á�\�Z��
�]�D�V�W�R�V�R�Z�D�Q�L�D�� �G�R�� �P�R�G�\�I�L�N�D�F�M�L�� �S�R�O�L�P�H�U�X���� �S�R�Q�L�H�Z�D�*�� �O�H�S�L�V�]�F�]�D�� �P�R�G�\�I�L�N�R�Z�D�Q�H�� �S�R�V�L�D�G�D�M���� �Z��
�Z�\�V�R�N�L�F�K�� �W�H�P�S�H�U�D�W�X�U�D�F�K�� �Z�L�
�N�V�]�\�� �X�G�]�L�D�á�� �F�]�
���F�L�� �V�S�U�
�*�\�V�W�H�M�� �F�R�� �P�R�*�H�� ���Z�L�D�G�F�]�\�ü�� �R�� �Z�L�
�N�V�]�H�M��
�R�G�S�R�U�Q�R���F�L���Q�D���R�G�N�V�]�W�D�á�F�H�Q�L�D���W�U�Z�D�á�H����
��

���������(������

���������(������

���������(������

���������(������

���������(������

���������(������

���������� ���������� ���������� ���������� ���������� ���������� ������������

�'�
\�Q

�D
�P

�L
�F

�]�
Q

�\�
��P

�R
�G

�X
�á

���
��F

�L
�Q

�D
�Q

�L
�D

���
��3

�D

�7�H�P�S�H�U�D�W�X�U�D�����Û�&

�5���������� �5���������6�%�6
�5�����6�%�6 �5���������6�%�6
�5�����6�%�6 �.�����6�%�6



��
��
�5�\�V�������� �:�\�N�U�H�V�� �%�O�D�F�N�
�D�� �S�U�]�H�G�V�W�D�Z�L�D�M���F�\�� �]�D�O�H�*�Q�R���ü�� �G�\�Q�D�P�L�F�]�Q�H�J�R�� �P�R�G�X�á�X�� ���F�L�Q�D�Q�L�D�� �R�G�� �N���W�D��
�S�U�]�H�V�X�Q�L�
�F�L�D���I�D�]�R�Z�H�J�R���E�D�G�D�Q�\�F�K���O�H�S�L�V�]�F�]�\���D�V�I�D�O�W�R�Z�\�F�K��
��
�� �:�� �E�D�G�D�Q�L�D�F�K�� �Z�\�]�Q�D�F�]�R�Q�R�� �Z�V�N�D�(�Q�L�N�� �R�G�N�V�]�W�D�á�F�D�O�Q�R���F�L�� ���G�H�I�L�Q�L�R�Z�D�Q�\�� �M�D�N�R�� �V�W�R�V�X�Q�H�N��
�G�\�Q�D�P�L�F�]�Q�H�J�R�� �P�R�G�X�á�X�� ���F�L�Q�D�Q�L�D�� �_�*�
�_�� �G�R�� �V�L�Q�X�V�D�� �N���W�D�� �S�U�]�H�V�X�Q�L�
�F�L�D�� �I�D�]�R�Z�H�J�R�� �/�� ���_�*�
�_���V�L�Q�/������ �Z��
�W�H�P�S�H�U�D�W�X�U�]�H�� �����ƒ�&���� �S�U�]�\�M�
�W�H�M�� �M�D�N�R�� �W�H�P�S�H�U�D�W�X�U�D�� �H�N�V�W�U�H�P�D�O�Q�D�� �Z�\�V�W�
�S�X�M���F�D�� �Z�� �Q�D�Z�L�H�U�]�F�K�Q�L�D�F�K��
�D�V�I�D�O�W�R�Z�\�F�K�� �Z�� �3�R�O�V�F�H�� ���Z�� �N�W�y�U�H�M�� �Z�\�N�R�Q�X�M�H�� �V�L�
�� �U�y�Z�Q�L�H�*�� �W�H�V�W�� �N�R�O�H�L�Q�R�Z�D�Q�L�D�� �0�0�$�� �Z�J�� �3�1���(�1��
����������������������������������

�6�S�H�F�\�I�L�N�D�F�M�D�� �6�X�S�H�U�S�D�Y�H�� �Z�V�N�D�]�X�M�H�� �Q�D�� �]�Z�L���]�H�N�� �S�R�P�L�
�G�]�\�� �R�G�S�R�U�Q�R���F�L���� �Q�D�� �S�R�Z�V�W�D�Z�D�Q�L�H��
�R�G�N�V�]�W�D�á�F�H���� �W�U�Z�D�á�\�F�K�� �Z�� �Q�D�Z�L�H�U�]�F�K�Q�L�D�F�K�� �D�V�I�D�O�W�R�Z�\�F�K���� �D�� �Z�á�D���F�L�Z�R���F�L�D�P�L�� �E�D�G�D�Q�\�F�K�� �O�H�S�L�V�]�F�]�\��
�R�]�Q�D�F�]�R�Q�\�F�K���Z���U�H�R�P�H�W�U�]�H���'�6�5���Z�S�U�R�Z�D�G�]�D�M���F���Q�D�V�W�
�S�X�M���F�H���Z�\�P�D�J�D�Q�L�D����

�_�*�
�_���V�L�Q�/���•�����������N�3�D�������G�O�D�����D�V�I�D�O�W�X���Q�L�H�S�R�G�G�D�Q�H�J�R���V�W�D�U�]�H�Q�L�X��
�_�*�
�_���V�L�Q�/�� �•�� �������� �N�3�D�� ���� �G�O�D�� �D�V�I�D�O�W�X�� �S�R�G�G�D�Q�H�J�R�� �V�W�D�U�]�H�Q�L�X�� �W�H�F�K�Q�R�O�R�J�L�F�]�Q�H�P�X��

�V�\�P�X�O�R�Z�D�Q�H�P�X���P�H�W�R�G�����5�7�)�2�7����
�$�Q�D�O�L�]�X�M���F�� �Z�\�Q�L�N�L�� �]�D�P�L�H�V�]�F�]�R�Q�H�� �Q�D�� �U�\�V�������� �P�R�*�Q�D�� �X�]�Q�D�ü�� �*�H�� �Z�V�]�\�V�W�N�L�H�� �E�D�G�D�Q�H�� �O�H�S�L�V�]�F�]�D��

�D�V�I�D�O�W�R�Z�H�� �V�S�H�á�Q�L�D�M���� �S�R�Z�\�*�V�]�H�� �Z�\�P�D�J�D�Q�L�D�� �V�W�D�Z�L�D�Q�H�� �S�U�]�H�]�� �V�S�H�F�\�I�L�N�D�F�M�H�� �6�X�S�H�U�S�D�Y�H���� �:�L�
�N�V�]�D��
�Z�D�U�W�R���ü�� �Z�V�N�D�(�Q�L�N�D�� �R�G�N�V�]�W�D�á�F�D�O�Q�R���F�L�� �D�V�I�D�O�W�X�� �F�K�D�U�D�N�W�H�U�\�]�X�M���F�H�J�R�� �R�G�S�R�U�Q�R���ü�� �Q�D�� �R�G�N�V�]�W�D�á�F�H�Q�L�D��
�W�U�Z�D�á�H���Q�D�Z�L�H�U�]�F�K�Q�L���D�V�I�D�O�W�R�Z�\�F�K���X�]�\�V�N�X�M�H���V�L�
���S�R�S�U�]�H�]���Z�L�
�N�V�]�����Z�D�U�W�R���ü���G�\�Q�D�P�L�F�]�Q�H�J�R���P�R�G�X�á�X��
���F�L�Q�D�Q�L�D���_�*�
�_���L���P�Q�L�H�M�V�]�����Z�D�U�W�R���ü���N���W�D���S�U�]�H�V�X�Q�L�
�F�L�D���I�D�]�R�Z�H�J�R���/����
��

��

���������(������

���������(������

���������(������

���������(������

���������(������

�� ���� ���� ���� ���� ���� ���� ���� ���� ����

�'�
\�Q

�D
�P

�L
�F

�]�
Q

�\�
��P

�R
�G

�X
�á

���
��F

�L
�Q

�D
�Q

�L
�D

���
��3

�D

�.���W���S�U�]�H�V�X�Q�L�
�F�L�D���I�D�]�R�Z�H�J�R�����ƒ

�9���������� �9���������6�%�6 �9�����6�%�6 �9���������6�%�6
�9�����6�%�6 �5���������� �5���������6�%�6 �5�����6�%�6
�5���������6�%�6 �5�����6�%�6 �.�����6�%�6

���������(������

���������(������

���������(������

���������(������

���������(������

���������(������

���������(������

���������(������

���������(������

���������(������

���������(������

�_
�*

�
�
_�

��V
�L

�Q
�/

�>
�3

�D
�@ �D�V�I�D�O�W���S�U�]�H�G���5�7�)�2�7

�D�V�I�D�O�W���S�R���5�7�)�2�7



�5�\�V���������*�
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�Q�L�H�P�R�G�\�I�L�N�R�Z�D�Q�\�F�K�� �S�R�F�K�R�G�]�H�Q�L�D�� �U�R�V�\�M�V�N�L�H�J�R�� �]�D�U�y�Z�Q�R�� �S�U�]�H�G�� �M�D�N�� �L�� �S�R�� �V�W�D�U�]�H�Q�L�X�� �P�H�W�R�G����
�5�7�)�2�7���� �6�]�F�]�H�J�y�O�Q���� �X�Z�D�J�
�� �Q�D�O�H�*�\�� �]�Z�U�y�F�L�ü�� �Q�D�� �Z�D�U�W�R���ü�� �_�*�
�_���V�L�Q�/�� �N�R�Q�F�H�Q�W�U�D�W�X�� �R�� �]�D�Z�D�U�W�R���F�L��
�N�R�S�R�O�L�P�H�U�X�� �6�%�6�� �������� �S�R�Q�L�H�Z�D�*�� �U�y�*�Q�L�F�D�� �Z�V�N�D�(�Q�L�N�D�� �R�G�N�V�]�W�D�á�F�D�O�Q�R���F�L�� �S�U�]�H�G�� �L�� �S�R�� �V�W�D�U�]�H�Q�L�X��
�Z�\�Q�R�V�L�� �]�D�O�H�G�Z�L�H�� �������N�3�D���� �F�R�� �P�R�*�H�� ���Z�L�D�G�F�]�\�ü�� �R�� �P�D�á�\�P�� �Z�S�á�\�Z�L�H�� �V�W�D�U�]�H�Q�L�D�� �Q�D�� �Z�D�U�W�R���F�L��
�Z�V�N�D�(�Q�L�N�D���R�G�N�V�]�W�D�á�F�D�O�Q�R���F�L�����U�X�W�W�L�Q�J���I�D�F�W�R�U������
��

��
�5�\�V�������������6�K�H�D�U���0�R�G�X�O�X�V���,�Q�G�H�[���E�D�G�D�Q�\�F�K���O�H�S�L�V�]�F�]�\���D�V�I�D�O�W�R�Z�\�F�K����

�� �0�L�D�U�����Z�U�D�*�O�L�Z�R���F�L���W�H�P�S�H�U�D�W�X�U�R�Z�H�M���M�H�V�W���L�Q�G�H�N�V���S�H�Q�H�W�U�D�F�M�L���3�,�����0�R�*�H���E�\�ü���Z�\�]�Q�D�F�]�R�Q�\���Q�D��
�S�R�G�V�W�D�Z�L�H�� �Z�\�Q�L�N�y�Z�� �S�H�Q�H�W�U�D�F�M�L�� �Z���G�Z�y�F�K�� �W�H�P�S�H�U�D�W�X�U�D�F�K�� �O�X�E�� �P�H�W�R�G���� �S�R���U�H�G�Q�L���� �Z�\�N�R�U�]�\�V�W�X�M���F��
�S�H�Q�H�W�U�D�F�M�
���Z�������ƒ�&���L���W�H�P�S�H�U�D�W�X�U�
���P�L�
�N�Q�L�H�Q�L�D�����3�R�Z�\�*�V�]�H���P�H�W�R�G�\���S�R�]�Z�D�O�D�M�����R�V�]�D�F�R�Z�D�ü���L�Q�G�H�N�V��
�S�H�Q�H�W�U�D�F�M�L���D�V�I�D�O�W�y�Z���Q�L�H�P�R�G�\�I�L�N�R�Z�D�Q�F�\�F�K�����1�D�W�R�P�L�D�V�W���Z���S�U�]�\�S�D�G�N�X���D�V�I�D�O�W�y�Z���P�R�G�\�I�L�N�R�Z�D�Q�\�F�K��
�H�O�D�V�W�R�P�H�U�D�P�L���� �Z�\�Q�L�N�L�� �X�]�\�V�N�D�Q�H�� �]�� �]�D�V�W�R�V�R�Z�D�Q�L�H�P�� �N�D�*�G�H�M�� �]�� �P�H�W�R�G�� �P�R�J���� �]�Q�D�F�]�Q�L�H�� �V�L�
�� �U�y�*�Q�L�ü��
�>�����@���� �:�� �Q�L�Q�L�H�M�V�]�H�M�� �S�U�D�F�\�� �Z�U�D�*�O�L�Z�R���ü�� �W�H�P�S�H�U�D�W�X�U�R�Z���� �Z�\�]�Q�D�F�]�R�Q�R�� �Q�D�� �S�R�G�V�W�D�Z�L�H�� �Z�]�R�U�X�� ����������
�0�R�*�Q�D�� �Z�Q�L�R�V�N�R�Z�D�ü���� �*�H�� �]�D�á�R�*�H�Q�L�D�� �G�R�W�\�F�]���F�H�� �S�H�Q�H�W�U�D�F�M�L�� �Z�� �W�H�P�S�H�U�D�W�X�U�]�H�� �P�L�
�N�Q�L�H�Q�L�D�� ����������
�P�P���������� �R�U�D�]�� �W�H�P�S�H�U�D�W�X�U�]�H�� �á�D�P�O�L�Z�R���F�L�� ������������ �P�P���������� �G�O�D�� �D�V�I�D�O�W�y�Z�� �P�R�G�\�I�L�N�R�Z�D�Q�\�F�K��
�H�O�D�V�W�R�P�H�U�D�P�L�� �Q�L�H�� �V���� �V�á�X�V�]�Q�H�� �>�����@���� �$�Q�D�O�L�]�D�� �X�]�\�V�N�D�Q�\�F�K�� �Z�D�U�W�R���F�L�� �6�0�,�� ���U�\�V���� �������� �Z�\�N�D�]�D�á�D��
�L�V�W�R�W�Q�\�� �Z�S�á�\�Z�� �]�D�Z�D�U�W�R���F�L�� �N�R�S�R�O�L�P�H�U�X�� �Q�D�� �]�P�Q�L�H�M�V�]�H�Q�L�H�� �Z�U�D�*�O�L�Z�R���F�L�� �D�V�I�D�O�W�y�Z�� �Q�D�� �]�P�L�D�Q�\��
�V�]�W�\�Z�Q�R���F�L�� �Z�� �U�y�*�Q�\�F�K�� �W�H�P�S�H�U�D�W�X�U�D�F�K���� �$�V�I�D�O�W�� �5������������ �R�N�D�]�D�á�� �V�L�
�� �Q�D�M�E�D�U�G�]�L�H�M�� �Z�U�D�*�O�L�Z�\�� �Q�D��
�]�P�L�D�Q�\���Z�á�D���F�L�Z�R���F�L���S�R�G���Z�S�á�\�Z�H�P���]�P�L�D�Q�\���W�H�P�S�H�U�D�W�X�U�\�����1�D�M�P�Q�L�H�M�V�]�����Z�D�U�W�R���ü���6�0�,���Z���]�D�N�U�H�V�L�H��
�W�H�P�S�H�U�D�W�X�U�� �������ƒ�&�� ���� �����ƒ�&�� �R�V�L���J�Q���á�� �D�V�I�D�O�W�� �R�� �]�D�Z�D�U�W�R���F�L�� �N�R�S�R�O�L�P�H�U�X�� �6�%�6�� �U�y�Z�Q�H�M�� ������ �Z�� �V�W�D�Q�L�H��
�Z�\�M���F�L�R�Z�\�P�� ���S�U�]�H�G�� �S�U�R�F�H�V�H�P�� �V�W�D�U�]�H�Q�L�D�� �V�\�P�X�O�R�Z�D�Q�H�J�R�� �P�H�W�R�G���� �5�7�)�2�7������ �Q�D�W�R�P�L�D�V�W�� �S�R��
�V�W�D�U�]�H�Q�L�X���Z�D�U�W�R���ü���6�0�,���Z�]�U�R�V�á�D���G�O�D���W�H�M���J�U�X�S�\���D�V�I�D�O�W�y�Z�����]�D�U�y�Z�Q�R���S�R�F�K�R�G�]�H�Q�L�D���Z�H�Q�H�]�X�H�O�V�N�L�H�J�R����
�M�D�N�� �L���U�R�V�\�M�V�N�L�H�J�R������ �F�R�� �P�R�*�H�� ���Z�L�D�G�F�]�\�ü�� �R�� �F�]�
���F�L�R�Z�\�P�� �U�R�]�S�D�G�]�L�H�� �S�R�O�L�P�H�U�X�� �S�R�G�� �Z�S�á�\�Z�H�P��
�Z�\�V�R�N�L�H�M���W�H�P�S�H�U�D�W�X�U�\�����������ƒ�&�����L���G�R�S�á�\�Z�X���W�O�H�Q�X�����V�W�D�U�]�H�Q�L�H���P�H�W�R�G�����5�7�)�2�7��������
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��
�Q�D�S�U�
�*�H�Q�L�D�P�L�� ���F�L�Q�D�M���F�\�P�L�� ���F�R�� �R�E�U�D�]�X�M�H�� �Z�� �Z�D�U�X�Q�N�D�F�K�� �U�]�H�F�]�\�Z�L�V�W�\�F�K�� �S�R�Z�W�D�U�]�D�M���F�H�� �V�L�
�� �F�\�N�O�H��
�R�E�F�L���*�H�����Z�\�Z�R�á�D�Q�H���U�X�F�K�H�P���S�R�M�D�]�G�y�Z������
�� �:�U�D�]�� �]�H�� �Z�]�U�R�V�W�H�P�� �]�D�Z�D�U�W�R���F�L�� �N�R�S�R�O�L�P�H�U�X�� �6�%�6�� �Z�� �E�D�G�D�Q�\�F�K�� �D�V�I�D�O�W�D�F�K�� �]�P�Q�L�H�M�V�]�D�� �V�L�
��
�Z�D�U�W�R���ü���N���W�D���S�U�]�H�V�X�Q�L�
�F�L�D���I�D�]�R�Z�H�J�R�����F�R���V�N�X�W�N�X�M�H���S�R�O�H�S�V�]�H�Q�L�H�P���L�F�K���Z�á�D���F�L�Z�R���F�L���V�S�U�
�*�\�V�W�\�F�K������

�$�Q�D�O�L�]�D�� �Z�D�U�W�R���F�L�� �6�0�,�� ���6�K�H�D�U�� �0�R�G�X�O�X�V�� �,�Q�G�H�[���� �Z�\�N�D�]�D�á�D�� �]�Q�D�F�]���F�\�� �Z�S�á�\�Z�� �]�D�Z�D�U�W�R���F�L��
�N�R�S�R�O�L�P�H�U�X���V�W�\�U�H�Q���E�X�W�D�G�L�H�Q���V�W�\�U�H�Q�����6�%�6�����Q�D���]�P�Q�L�H�M�V�]�H�Q�L�H���Z�U�D�*�O�L�Z�R���F�L���O�H�S�L�V�]�F�]�\���D�V�I�D�O�W�R�Z�\�F�K��
�Q�D�� �]�P�L�D�Q�\�� �V�]�W�\�Z�Q�R���F�L�� �S�U�]�\�� �]�P�L�H�Q�Q�H�M�� �W�H�P�S�H�U�D�W�X�U�]�H���� �=�P�Q�L�H�M�V�]�H�Q�L�H�� �S�R�G�D�W�Q�R���F�L�� �Q�D�� �]�P�L�D�Q�\��
�W�H�P�S�H�U�D�W�X�U�\�� �R�E�U�D�]�X�M�H�� �E�D�U�G�]�R�� �N�R�U�]�\�V�W�Q�\�� �Z�S�á�\�Z�� �]�D�V�W�R�V�R�Z�D�Q�L�D�� �M�D�N�R�� �P�R�G�\�I�L�N�D�W�R�U�D�� �N�R�S�R�O�L�P�H�U�X��
�6�%�6���Z���O�H�S�L�V�]�F�]�X���D�V�I�D�O�W�R�Z�\�P������

�=�D�V�W�R�V�R�Z�D�Q�L�H�� �Z�� �0�0�$�� �O�H�S�L�V�]�F�]�\�� �P�R�G�\�I�L�N�R�Z�D�Q�\�F�K�� �N�R�S�R�O�L�P�H�U�H�P�� �6�%�6�� �S�R�S�U�D�Z�L�D��
�Z�á�D���F�L�Z�R���F�L�� �I�X�Q�N�F�M�R�Q�D�O�Q�H�� �Q�D�Z�L�H�U�]�F�K�Q�L�� �S�R�G�D�W�Q�\�F�K�� ���F�R�� �S�R�W�Z�L�H�U�G�]�D�M���� �Z�D�U�W�R���F�L�� �Z�V�N�D�(�Q�L�N�D��
�R�G�N�V�]�W�D�á�F�D�O�Q�R���F�L�� �R�U�D�]�� �6�0�,������ �Z�S�á�\�Z�D�M���F�� �W�\�P�� �V�D�P�\�P�� �Q�D�� �S�R�S�U�D�Z�
�� �S�D�U�D�P�H�W�U�y�Z��
�H�N�V�S�O�R�D�W�D�F�\�M�Q�\�F�K���Q�D�Z�L�H�U�]�F�K�Q�L���G�U�R�J�R�Z�\�F�K���L���W�\�P���V�D�P�\�P���L�F�K���W�U�Z�D�á�R���ü����
��
�5�H�I�H�U�H�Q�F�H�V��
��

������ �$�L�U�H�\�� �*���� �5�K�H�R�O�R�J�L�F�D�O�� �S�U�R�S�H�U�W�L�H�V�� �R�I�� �V�W�\�U�H�Q�H�� �E�X�W�D�G�L�H�Q�H�� �V�W�\�U�H�Q�H�� �S�R�O�\�P�H�U�� �P�R�G�L�I�L�H�G�� �U�R�D�G��
�E�L�W�X�P�H�Q�V�����)�X�H�O��������������������������������������������
��

������ �$�K�P�H�G�]�D�G�H�� �3���� �7�K�H�� �L�Q�Y�H�V�W�L�J�D�W�L�R�Q�� �D�Q�G�� �F�R�P�S�D�U�L�V�R�Q�� �H�I�I�H�F�W�V�� �R�I�� �6�%�6�� �D�Q�G�� �6�%�6�� �Z�L�W�K�� �Q�H�Z��
�U�H�D�F�W�L�Y�H�� �W�K�H�U�P�R�S�R�O�\�P�H�U�� �R�Q�� �W�K�H�� �U�K�H�R�O�R�J�L�F�D�O�� �S�U�R�S�H�U�W�L�H�V�� �R�I�� �E�L�W�X�P�H�Q���� �&�R�Q�V�W�U�X�F�W�L�R�Q�� �D�Q�G��
�%�X�L�O�G�L�Q�J���0�D�W�H�U�L�D�O�V����������������������������������������
��

������ �$�Q�G�U�L�H�V�F�X�� �$���� �+�H�V�S�� �6���$���0���� �7�L�P�H���W�H�P�S�H�U�D�W�X�U�H�� �V�X�S�H�U�S�R�V�L�W�L�R�Q�� �L�Q�� �U�K�H�R�O�R�J�\�� �D�Q�G�� �G�X�F�W�L�O�H��
�I�D�L�O�X�U�H���R�I���D�V�S�K�D�O�W���E�L�Q�G�H�U�V�����,�Q�W�H�U�Q�D�W�L�R�Q�D�O���-�R�X�U�Q�D�O���R�I���3�D�Y�H�P�H�Q�W���(�Q�J�L�Q�H�H�U�L�Q�J����������������������������
������������������
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������ �$�Q�G�U�]�H�M�F�]�D�N�� �.���� �=�P�L�D�Q�\�� �Z�]�U�R�V�W�X�� �Z�V�N�D�(�Q�L�N�D�� �Q�D�V�\�F�H�Q�L�D�� �V�D�P�R�F�K�R�G�D�P�L�� �R�V�R�E�R�Z�\�P�L����
�:�L�D�G�R�P�R���F�L���6�W�D�W�\�V�W�\�F�]�Q�H������������������������������������
��
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