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New Reliability-Based Model of Stock
Optimisation for Railroad Passenger
Wagon Maintenance

Today’s railroad passenger wagons experience a large frequency of
failures due to a large number of usage hours, and consequently planning
maintenance is complex and expensive. Due to high maintenance costs,
special attention should be given to the planning of part storage. This
study develops a model which by using the data collected in the
maintenance process, serves in optimising the costs of stock parts for a set
level of reliability. The data on drive schedules and wagon repairs, mean
time between failures and maintenance costs were collected over a year by
a rail carrier for its entire rolling stock of passenger wagons. The first
phase of developing the model using regression methods provided
mathematical models of reliability dependency in terms of train use time
and costs of spare parts for groups of passenger wagons grouped into
technical characteristics. In the second phase, the problem of optimal
stocks was solved by applying linear programming methods. The newly
obtained model can be applied in practice as a tool for optimising the
required stocks of parts based on a set level of equipment reliability and
set maintenance costs.

Keywords: optimising stock, equipment reliability, maintenance, passenger

carriages

1. INTRODUCTION

Railway systems are a key initiator of economic deve-
lopment, and railway cars have a primary role to that
effect, and due to the intense use and usability of rail-
way cars as well as frequency of faulty components and
devices, maintaining them is essential. Maintenance is a
series of activities undertaken to keep the system in
proper working order or return it to a state in which set
functions can be executed. Furthermore, maintenance is
a series of essential activities in which equipment, mac-
hinery, facilities or production function in a set manner,
developing work-related features within stipulated
limits along with required effectiveness, without delays,
in a quality manner, while adhering to the protection of
the environment and people, and also suitable logistics
[1]. The most commonly accepted definition of main-
tenance is an action necessary for the normal functi-
oning or establishing once more the entirety and func-
tioning of a technical system (TS), which includes
inspection, overhauls, repairs, preservation and replace-
ment of parts [2]. Today, existing maintenance strate-
gies are divided into corrective maintenance (CM), pre-
ventive maintenance (PM), terotechnology, logistic
maintenance, condition-based maintenance (CBM), pla-
nned maintenance, total productive maintenance (TPM),
reliability-centered maintenance (RCM), and self-
maintenance [3-5]. Regular maintenance is essential for
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preserving railroad cars and their integral components in
an operational state with the aim of eliminating failures.
Omitted and inadequate maintenance activities may lead
to trains not arriving on time, the termination of train
schedules, dangerous situations and even serious acci-
dents, where all of the mentioned adverse events
primarily affect transport safety, including competiti-
veness and profitability of the rail carrier, and are
exceptionally important. Maintenance processes are
becoming increasingly complex for a number of
reasons. Sophisticated passenger wagons and locomo-
tives have replaced mechanical systems with systems
that combine mechanical, electronic and computer devi-
ces by incorporating completely different characteristics
in terms of degradation and faults. This leads to more
complex requirements in planning maintenance as well
as professional and scientific approaches to planning
optimal quantities of spare parts and materials. An
evaluation of maintenance strategy requires modelling
the effects of possible alternative strategies in terms of
system performance, as well as costs during the life-
cycle. However, the increased system complexity
including increased requirements for system perfor-
mance in terms of reliability and safety results inevi-
tably in complexities when evaluating maintenance stra-
tegies. In addition to the concept of maintenance, it is
also linked to the concept of system reliability. The
consequences of not considering reliability are huge
material losses and the slowing down of technological
progress in many vital areas. Moreover, reliability is an
interesting, prospective and appreciative scientific
discipline, the concept and ideas may find their way into
all branches of engineering. Knowledge and engineering
in the area of reliability provides a wide scope of
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methods which when applied lead to the optimal con-
sumption of materials, time and money while achieving
greater efficiency. Mean time between failures (MTBF)
is one of the most important system reliability parame-
ters indicating the average time between system failures
and is used for repairable devices and systems. If vie-
wed as only one device, it is then mean time between
failures [6]:

k
MTBF:%ZQ. (D

i=l

where: ¢, — operating time between (i-/) and the i-th
failure, k — total number of failures in the observed time
period.

If n elements are observed, then the mean time
between failures is:

MTBF =Z=L=1 )

where: #; — operating time between (i-/) and the i-th
failure, k — total number of failures in the observed time
period.

Increasing the mean time between failures results in
reliability increasing. The reliability function R(?) is the
level of system operation in time.

Rit)=e ™. 3)

where: R(z) — system reliability, A—failure rate (1/MTBF),
t — time (in minutes, hours, days..).

The reliability of parallel connected elements is
calculated as [6]:

R, =1-[(1-R)(1-Ry)...1-R,)]. 4)

where: R;, R,...R, - reliability of particular system
components.

1.1 Literature survey

Existing methods and techniques in predicting main-
tenance and reliability can be classified into a number of
groups, where the most common methods applied in
research are statistical and data mining methods. Based
on the analysis of data on railroad cars (passenger wa-
gons), Milkovi¢ et al. [7] applied data mining methods
(cluster and Pareto analysis, multi-dimensional scaling)
with the aim of determining the frequency of faults in
devices and equipment on air-conditioned passenger
wagons operated by rail carriers in the Republic of
Croatia. Applying the mentioned methods identifies
devices with the greatest frequency of faults, and using
mathematical models can determine certain parameters
of mean time between failures and repair time. Based on
the obtained results, the proposal is to install devices
with greater reliability, i.e., a greater mean time between
failures and reduced repair time, which has the effect of
reducing wagon maintenance costs and increasing fleet
reliability for a certain series of passenger wagons. The
research undertaken by Conradie et al. [8] led to
proposals for quantifying the reliability of railway cars
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in the Republic of South Africa by using fault statistics.
A distribution of faults and interdependency of various
systems were used to determine the effect of faulty
components on the reliability of the entire system and
determine the reliability of particular railroad cars and
trains. Decision tree methods and Monte Carlo simula-
tions were applied by Szkoda et al. [9] in estimating
reliability and availability of diesel locomotives, type
6Dg, in Polish Railways. The primary goal of these met-
hods was to determine the reliability indicator and
identify the ‘weakest’ components in railroad cars whi-
ch had the greatest effect on reducing the technical
availability of railroad cars. The estimation of availa-
bility and reliability was conducted on a sample of 75
diesel locomotives. Furthermore, Milutinovi¢ et al. [10]
presented the possibility of determining the effect of
reliability of railroad cars and their availability using an
example that takes into consideration the real values of
such characteristics for conditions in Serbian Railways.
With the application of abbreviated Petri nets and in
combination with the Monte Carlo simulation, Eisen-
berger et al. [11] conducted research for a railroad fleet
in order to estimate maintenance. In the first step, the
application of the abbreviated Petri nets was illustrated
on a theoretical case study which contains a condition-
based system maintenance. In the second case study, by
covering a number of real case studies, the use of three
components in railroad cars was modelled and com-
pared with processes and actual data from relevant
fields. There are also ways in which an optimal policy
in preventive maintenance for light rail systems is deter-
mined in terms of reliability, availability and main-
tenance costs. The maintenance policy defines one of
three already defined actions for preventive mainte-
nance in certain time intervals for each of the brake sub-
systems. Based on data for operation, maintenance and
faults, Corman et al. [12] modelled system and sub-
system reliability with respect to maintenance policies
using Weibull distribution. Niksi¢’s [13] doctoral thesis
explored availability, reliability and the structure of a
railroad car fleet belonging to Croatian Railways and
also analysed faults in a particular series of tow railroad
cars and maintenance costs. Based on the research
results, an optimal model strategy for the use and main-
tenance of the railroad tow car fleet was devised. The
model is divided into three areas (railroad cars, mainte-
nance and facility technologies). Costs associated with
the optimal maintenance strategy were compared with
existing costs in maintaining railroad cars. The results
indicated the justifiability of ongoing development and
application of models as it allows significant savings for
railroad car owners and rail carriers with significant
increases in reliability and availability of railroad car
fleet. In the previously cited research from a number of
years ago, research relating to the maintenance and
reliability of railroad cars was shown.

2. METHODOLOGY

The aim of the research is to develop a model for
optimising part stocks for a given level of part reliability
within the railroad wagon maintenance process. In the
first phase, mathematical regression models of depen-
dency for railroad car reliability in terms of operating
times and costs of replacement parts for groups of pas-
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senger wagons were derived based on data mining, i.e.,
maintenance parameters and grouped in line with tech-
nical characteristics. The second phase devised a model
for determining the optimal quantity of spare parts using
a linear programming method. A workflow diagram for
resolving relevant issues is shown in Figure 1.

DATA ON RAILROAD CARS

DEFINING GROUPS FOR ANALYSIS
BASED ON TECHNICAL
CHARACTERISTICS OF THE CAR

DATA MINING

MODELLING RELIABILITY IN
DEPENDENCY OF TIME FOR CAR
USAGE AND COSTS OF
INSTALLED PARTS

OPTIMIZING STOCKS BASED
ON THE REALIABILITY MODEL
AND BY APPLYING LINEAR
PROGRAMMING METHODS

VERIFICATION OF THE MODEL

Figure 1. Workflow for resolving issues
2.1 Regression analysis

Regression analysis is a statistical method with the goal
being to model relationships between dependent (also
called variables or regresands) and one or more inde-
pendent variables (often called explanatory variables or
regressors). They are most commonly used when rela-
tionships need to be described quantitatively or the
values of dependent variables have to be forecasted. The
most common regression analysis model is the linear
regression, where the graph line (or more complex
linear function) which best complies with the data based
on certain mathematical criteria is used. For example,
the usual least squares model calculates the graph line,
sums the squares of deviation between the actual data
and this graph line, thereby minimising the remaining
(residual) sum of squares [14]. Regression analysis is
most used for two conceptually different purposes. Fir-
stly, regression analysis is often used for estimating and
predicting where the application overlaps with the
machine learning. Secondly, in some situations, regre-
ssion analysis can be used for concluding the cause-
effect relationship between independent and dependent
variables. Regression between the two variables x and y
can be shown using the following expression:

yi=f(x)+ei=1,...,n). 5)

where: y; - is the dependent variable, f{x;) — is the
regression function, and e,,...,e, — are the independent
random variables.

When there is only one independent variable, it re-
fers to a one-dimensional or simple regression model,
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but when there is more than one independent variable —
it then refers to a multiple regression model. Further-
more, the coefficient of determination 7 provides infor-
mation on the strength of the functional relationship bet-
ween variables x and y. The closer the coefficient value
of / is to 1, dependency is stronger and vice versa. The
coefficient of determination r is given in the following

manner:
n A — 2
Z[J’i -y ]
PPl L (6)

3o-s]

The values of the determination coefficient vary in the
internal 0 < 7 < 1. The regression model is most typical
when this indicator is closer to 1. In practice, sometimes
it is difficult to find the variable which properly describes
the dependency phenomenon, hence this boundary of
representativeness is lowered to 0.6 [15].

2.2 Optimisation using linear programming

Linear programming solves system optimisation prob-
lems within set limits. Some of the definitions are that
linear programming is an operations research technique,
where optimisation quantitative models are linear: limi-
tations and the goal, i.e., the goal function are linear
functions [16]. Furthermore, linear programming can be
defined as operations research which by definition per-
forms “mathematical modelling of real processes for the
purpose of making optimal decisions.” Based on avai-
lable data, operations research enables managers to
make effective decisions and develop more productive
systems. The linear programming model is used to
resolve numerous technical-technological as well as
techno-economic issues when an optimal solution is
sought, e.g., maximum productivity, maximum profit,
optimal use of materials and minimum production costs
[17]. The basic features of linear programming are:

1. Linearity of relationship between variables — met-
hods and procedures can resolve such problems where
the goal function is expressed by using a linear combi-
nation of variables, where a group of constraints is gi-
ven using a system of linear equations and inequalities.

2. Ability to define the goal — an important feature of
this approach is to clearly define the goal and optimi-
sation criteria in resolving the linear programming
problem, and then mathematically define it.

3. Multiple possible solutions — there is no sense in
using linear programming models if each problem has
only one solution.

4. Constraints — constraints in the form of limiting factors
such as material and time are placed on variables appe-
aring in models. The problem of the standard maximum
is a special type of linear programming which is simple to
analyse. It is a form of linear programming for maxi-
mising the goal function as shown in equation (7) [18]:

Z =X +CoXy F e, +c,x, . (7
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where:
¢1, €3......c, — coefficients of proportionality with
variables in the goal function
X;, X;...x, — variables (optimal quantities of spare parts)
providing extreme values of the goal function
(minimum or maximum).

In addition to inequalities (functions) of constraints:

X tepXxy +. +c,x, <
C1Xy +CpXp F e +c,x, <by ®)
C1Xy +CpXp F e +c,x, <b,.

where:

¢y, €, .....c, — coefficients of proportionality in addition
to variables in constraints, (unit price for each spare

part),
b, by, ......b, — constraint elements.

2.3 Algorithm of model for stock optimisation based
on reliability

The Matlab application was used to devise the algorithm
for calculating optimal stocks of spare parts and
materials as well as optimal maintenance costs, based
on the given input parameters of unit prices for parts
and materials (c; to ¢s¢7) and limited quantities of spare
parts obtained for the observed period (x; to xs47) of
study. The next step involved setting the goal function
(Z) and system of 36 inequalities with limits (b; to bs)
for the values of material costs (T,,) for the desired and
given reliability (values from graphs in Figures 4 and 6).
Furthermore, the procedure is defined for invoking the
optimisation algorithm after which the calculated
resulting optimal quantities of spare parts are provided
(Table 2) and the goal function (Z). Finally, the
algorithm (Figure 2) is verified and tested.

( smarT )

| ENTRY OF INPUT PARAMETERS

DEFINING LIMITS TO
INPUT PARAMETERS

DEFINITION OF THE SYSTEMS
OF 36 INEQUALITIES

INVOKING OF THE OPTIMISATION
ALGORITHM

| OUTPUT OF RESULTS |

| VERIFICATION OF ALGORITHM |

END
Figure 2. Steps in devising model algorithm
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3. RESULTS AND DISCUSSION

This study uses collected data on prices and quantities
of consumed spare parts and materials, as well as
operating time in exploiting and repairing an entire fleet
of rail carrier passenger wagons in a single year. All in
all, 36 groups were created based on technical cons-
tructive characteristics (Table 1), where the research
included consumption for a total of N = 567 (x; to Xs¢7)
positions in a single year of spare parts and materials
along with unit (c; to cs¢7) and total prices installed into
all series of passenger wagons. In the first phase of the
research, regression modelling provided mathematic
models of dependency for railroad car reliability based
on operating time: R(z)-t (reliability - operating time)
and R(#)-T, (reliability — costs of parts and materials)
for each previously defined group, where the mean time
between failures was calculated in line with equation (2)
for each group (Table 1). The obtained models indicate
that the costs of the installed parts and materials can be
calculated for each value of reliability for a group of
railroad cars at any given time. In the second phase of
the research, a total of 36 inequalities were defined for
the mentioned groups of railroad cars and the goal
function was calculated for the costs of replacing the
parts. Based on the given equations (7) and (8), the
optimal quantity of spare parts and materials for the
desired reliability of railroad car group was calculated.
The reliability of elements (elements are railroad cars in
this research) and devices decreases during the time
spent in operation, i.e., exploitation. The results in Table
1 indicate that railroad cars with a smaller mean time
between failures are those that have incorporated mo-
dern devices for power supply — static frequency con-
verters (Groups 2, 3, 4, 5 and 6)., air conditioning units
(Groups 13, 14 and 15), automatic closing doors (Group
22) and sanitary vacuum systems (Group 21). Compared
to the results obtained for the above-mentioned groups,
groups with classic power sources (Group 1) and hea-
ting systems (Group 12), doors without automatic clo-
sing (Group 23) and classical sanitary systems (Group
20) had a greater mean time between failures.

The research results show that there is greater
reliability, i.e., a greater mean time between failures for
those groups which only comprise mechanical compo-
nents (Groups 1, 12, 20 and 23) and are older compared
to the groups which comprise mechanical and electronic
components (Groups 2, 3, 4, 5, 6, 13, 14, 15 and 21)
from newer production. The obtained results can be
explained by a greater frequency of defects due to actual
and temporary faults on the associated software and
electronic modules.

The brake systems (Groups 7, 9 and 11) are from
older production and have a smaller mean time between
failures compared to sophisticated brake systems
(Groups 8 and 10) of newer production, which can
simply be explained with a greater reduction in
reliability of older equipment with respect to newer
equipment. Regarding brake systems, the reduction in
reliability of devices from an older production can be
explained due to the lack of original spare parts
produced using an original licence and the absence of
original equipment manufacturers, where the alternative
is to install parts of secondary quality.
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Table 1. Results of mean time between failures for groups of classic passenger cars

Group Name MTBF [h] | Group Name MTBF [h]
1 Classic power sources 163.05 19. Type D bogie 181.92
2 Type A static converters 146.86 20. Classic sanitary system 163.92
3 Type B static converters 172.23 21. Vacuum sanitary system 161.76
4. Type C static converters 147.28 22. Automatic closing doors 156.60
5. Type D static converters 198.80 23. Doors without automatic closing 172.17
6 Type E static converters 124.72 24. Mass of wagon between 40 and 45 tons 154.96
7 Type A brake system 144.18 25. Mass of wagon between 45 and 50 tons 157.70
8 Type B brake system 172.72 26. Age of wagon over 50 years 145.67
9. Type C brake system 137.47 27. Age of wagon between 40 and 50 years 140.50
10. Type D brake system 174.73 28. Age of wagon between 30 and 40 years 171.66
11. Type E brake system 149.71 29. Age of wagon less than 30 years 151.32
12. Classic heating system 169.04 30. Wagon speed up to 120 km/h 149.51
13. Type A air conditioning device 158.69 31. Wagon speed up to 160 km/h 164.53
14. Type B air conditioning device 152.77 32. Wagon speed up to 200 km/h 151.32
15. Type C air conditioning device 149.66 33. Servicer of A passenger wagons 161.86
16. Type A bogie 144.18 34. Servicer of B passenger wagons 162.25
17. Type B bogie 149.71 35. Wagons for domestic transport 154.96
18. Type C bogie 143.53 36. Wagons for international transport RIC 164.09

Given the other technical characteristics, wagons
manufactured more than 50 years ago (Group 26) and
those between 40 and 50 (Group 27) have a smaller mean
time between failures, i.e., reliability of wagons manufac-
tured between 30 and 40 years ago (Group 28) and within
the last 30 years (Group 29), which is as expected in terms
of age. The results relating to the servicer (Groups 33 and
34) show approximately the same mean time between
failures, which is an indication that there is no difference
in the manner of servicing by both companies.

Passenger wagons with speeds of up to 120 km/h
(Group 30) have a smaller mean time between failures
with respect to those with speeds of up to 160 km/h and
200 km/h (Groups 31 and 32), which can be explained
by the fact that the wagons are of older production
models.

Finally, passenger wagons intended for transport
abroad (Group 36) showed greater mean time between
failures with respect to wagons used for domestic
transport (Group 35), which can be explained by the
fact that more attention to maintenance cycles is given
to wagons intended for transport abroad. Based on the
obtained results, given below are separate and pre-
sented derived mathematical models of reliability for
two groups (from a total of 36) of the oldest passenger
wagons equipped with rotational classic power sources
(Group 1) and modernised passenger wagons (newer
production models) equipped with air conditioning
systems from manufacturer A (Group 13).

The reliability (calculed with equations (3) and (4)
for each group) dependency of the wagons in terms of
operating time for Group 1 (Figure 3) and Group 13
(Figure 5), as well as the reliability dependency of
wagons in terms of spare part costs and materials for
Group 1 (Figure 4) and Group 13 (Figure 6). Based on
the derived models, the total cost of parts and materials
for each group of railroad cars as well as their
reliability and vice versa can be obtained at any time
during their exploitation.

The estimated mathematical model for calculating
reliability as dependency in terms of time spent in
operation shown in Figure 3 is:

Ry () =3.54—0.469 - In(?). )

where: R;(t) — reliability of Group 1 of cars, ¢t —
operating time of Group 1 of cars (hours).
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Figure 3. Reliability — operating time curve for passenger
wagons in Group 1

The obtained model in the first 400 hours of the
passenger wagons in exploitation shows for Group 1 a
car reliability of 100% whereas in the interval from 401
to 1,300 hours of operation, the reliability decreases
and behaves linearly based on the curve R, ;,(t) = 1.34-
0.001-¢ along with a coefficient of determination
0.8691. From 1,301 hours and onwards, the reliability
of Group 1 cars decreases to zero. The coefficient of
determination for dependency of passenger car relia-
bility in terms of time, based on equation (9) in explo-
itation is very high during and amounts to 0.832, which
describes a strong link between the two values. Given
below is the reliability dependency curve (Figure 4) for
Group 1 passenger wagons in terms of total costs of
parts and materials for repairs, i.e., maintenance.

~
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R =0.7439

.0002

Reliability (Rim) x 100(%)

Figure 4. Curve for reliability-costs of materials Group 1
passenger wagons
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The estimated mathematical model for calculating
reliability as a dependency of material costs in Figure 4
is as follows:

Ry, (£)=3.02-0.541-In(T, ;). (10)

where: R;,(t) — reliability of Group 1 cars, 7,,; — total
cost of Group 1 materials (US Dollars).

The curve model in Figure 4 for Group 1 passenger
wagons, shows an increase in costs of parts and
materials up to 80,000 US Dollars, reflecting a 100%
railroad car reliability. The increase in costs of
materials continues to increase up to 225,000 US
Dollars until the moment when reliability for Group 1
cars falls to zero. The coefficient of determination for
dependency of passenger wagon reliability in terms of
part costs and materials is 0.7439 based on equation
(10). For example, maintaining railroad car reliability
at 90% requires allocating approx. 105,250 US Dollars
according to the graph in Figure 4.
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Figure 5. Reliability — operating time curve for passenger
wagons in Group 13

The estimated mathematical model for calculating
reliability as dependency in terms of time spent in
operation shown in Figure 5 is:

Ry5(f) = 3.452 - 0.46 - log(?). (11)

where: Rj3(1) — reliability for Group 13 cars, ¢ —
operating time for Group 13 cars (hours).

1.0
0o\ N\ |
0'8 \ \ — Estimated curve

R13m_Tm13
0.7 1

0.6 1
0.5 1
0.4 X
0.3
02| ¥*© -0.4129Ln(x) + 2.3001

) R?=0.7576

N B \
2.(1) : ‘ T~ |

0 45 90 135 180 225 270
Cost of materials in thousands of USD

T T
—©—Curve R13m_Tm13

Reliability (Rim) X 100(%)

Figure 6. Curve for reliability-costs of materialsGroup 13
passenger wagons

The derived model in the first 300 hours for the
group of passenger wagons in use shows car reliability
at 100% for Group 13, whereas in an interval of 301 to
1,500 hours, the reliability decreases and acts linearly
based on the curve R;;;,(1)=1,2514-0,001-¢t with a
coefficient of determination of 0.863. From 1,501
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hours onwards, reliability decreases to zero for Group
13 cars. The coefficient of determination for reliability
dependency regarding passenger vehicles in terms of
time in use according to formula (11) is very high and
amounts to 0.895, which also reveals a strong link
between the two values.

The derived mathematical model describing the
curve in Figure 6 is as follows:

R13m(t):2.3—0.413'10g(Tm13). (12)

where: R;;,(t) — reliability of Group 13 cars, 7,5 —
total cost of Group 13 materials (US Dollars).

The curve in Figure 6 for Group 13 passenger
wagons shows an increase in costs of parts and materials
amounting up to 62,456 US Dollars and reflecting a car
reliability of 100%. The increase in costs of materials
increases to 202,500 US Dollars up until the reliability
falls to zero for Group 13 cars. The coefficient of
determination of dependency for passenger wagon
reliability in terms of costs of materials and in line with
equation (12) amounts to 0.7439. Hence, for example,
maintaining railroad car reliability at 90% requires
allocating approx. 75,000 US Dollars. The remaining 34
x 2 = 68 mathematical models were obtained in the same
way for the passenger wagon groups based on the
technical characteristics given in Table 1.

Table 2. Optimal quantities for given fleet reliability of
90% obtained using linear programming

Part Unit price in Optimal

designation Part code US Dollars quantities

(Ci=1..567). (Xi=1.567)
X; 2218003172 10.31 0
X 2211110230 4.32 0
Xsg 6216008117 32.43 1
X509 2213300466 231.4 29
X224 6217104501 48.83 0
X225 2216160719 187.5 1
X226 2213314194 49.7 3
X333 2211001439 81.7 0
X334 2214142065 450 48
X335 6210042104 58.67 0

X491 6216103678 81.4

X492 6214142371 4,177.8 1
X566 2855573255 6.75 0
X567 1111100000 0.03 0

Calculated goal-function (Z)= 33,011 US Dollars

After obtaining the model for dependency of
reliability for the group of wagons in terms of operating
time and costs of parts using regression models, phase 2
defined 36 inequalities according to equation (8) and in
line with constraints to costs of parts and materials (right
side of equation (8) — b; to b3s) as a function of reli-
ability for groups of passenger wagons according to
equations (10) and (12) with a given goal function based
on equation (7) for calculating optimal costs of main-
tenance. Shown below in Table 2 is the result of the
obtained optimal quantities of parts and materials for
some of the total 567 parts and materials which were
included in the study, using the linear programming
method as well as goal function, while the value of
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optimal costs in the US Dollars necessary for main-
taining the reliability of the entire fleet of passenger
wagons at the given 90% level for a total of 36
inequalities.

Table 2 clearly shows that maintaining a level of
reliability for the entire fleet of passenger wagons at
90% for a complete maintenance of passenger wagons
requires allocating approx. 33,011 US Dollars. Based on
the data from Table 2. and given the obtained quantities,
the cost of a particular required spare part can be
calculated, hence the part designated as 2214142065
(334" position) needs an allocation of 450 US Dollars x
48 items = 21,600 US Dollars. This problem is solved
according algorithm block scheme described in 2.3.

4. CONCLUSION

The aim of this paper is to devise a new model for
optimising stocks in the maintenance of passenger
wagons which is based on a set level of reliability. The
newly devised model serves as a management tool for
deciding which policies to choose, i.e., strategies for
maintaining passenger wagon fleets, and which are
based on reliability. The research was conducted using
real data on maintenance processes at a rail carrier with
a fleet of 216 passenger wagons over a period of one
year. The data on maintenance is classified into 36
groups of technical characteristics. A mathematical
model of railroad car reliability in the dependency of
operating time as well as models of reliability in the
dependency of maintenance costs is obtained for each
of the mentioned groups. The newly developed model
algorithm provides an estimation of maintenance costs
and requirements for spare parts regarding each desired
level of reliability, thereby optimising stocks of
necessary materials, i.e., costs. The model algorithm
also provides an estimation of reliability for the desired
value of costs, i.e., stocks of necessary parts, where
reliability is attainable based on the respective costs.
Also, the derived models and algorithms will enable
company management in the future to forecast the
requirements of new railroad cars, equipment and
devices. Finally, it should be emphasised that the
newly devised model is applicable not only for railroad
carrier companies, but also for all companies that have
processes for maintaining vehicle fleets.
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HOBH MOJEJI IOY3JAHOCTH
OIITUMM3AIIMJE 3AJINXA 3A OJP’KABAIBE
KEJESHUYKHUX ITYTHUYKUX BAI'OHA

B. Muaxosuh, /I. JTucjaxk, /. Koaap

Kom xene3HHYKHUX IMyTHUYKUX BaroHa JaHac CE jaBJba
BeMKKM OpOj OTKa3a ycieq IpeTepaHe eKCILIoaTalluje,
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TaKo Ja je MJIaHUpame OJpiKaBarmba CIOXKEHO U CKYIIO.
[ocebHy maxmy Tpeda MOCBETUTH TUIAHUPAKY 3alTuXa
JIermoBa 3a BaroHe. PasBHjeH je MoOIeNn  Kojd
kopumhemeM TomaTaka JOOMjEHMX W3 Iporeca
OJlp’kaBama CIy)KH 332 ONTUMHU3ALH]y 3anuxa JAelioBa
[peMa MOCTaBJLEHOM HHBOY Ioy3gaHocTd. Ilomamm o
IUTaHy paja ¥ MOIpaBKe BaroHa, Cpeimbe BpeMe u3Mely
OTKa3a W TPOIIKOBA OJp)KaBama NPUKYIJBEHU CY Yy
HepUOJy O] jellHE TOAMHE OJ CTpaHe NPEBO3HHUKA 3a
LEJIOKYIaH >eJe3HWYKH BO3HH mHapkK. Y mnpBoj ¢asu
pa3Boja MoJenda INPUMEHOM METOAE perpecuje

FME Transactions

n3paleHn cy MaTeMaTH4KH MOJENH 3aBHCHOCTH
NOY3JaHOCTH Ca acleKTa BpeMeHa Kopuinhema Bo3a U
TPOLIKOBAa PE3ePBHUX JIEIOBAa 3a BaroHe CBPCTAaHE Y
rpyle npeMa TEeXHHYKHM KapaKTepHCTHKama. Y JpYyroj
¢dasm je pemaBaH mnpoOJIeM ONTUMAJIHUX 3ajiUXa
[IPUMEHOM JIMHEapHHX MeToAa Iporpamuparma. Hosu
MOZEN MOXeE Jla ce KOPUCTH Yy IIPaKkCH Kao ajar 3a
ONTHMU3AIIM]y MOTPEOHMX 3ajKMxa JieJioBa 0a3upaH Ha
NOCTaBJEHOM  HHBOY IIOY3JaHOCTH  OIpeMe |
yTBpheHNM TPOILIKOBUMA OJpKaBakba.
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