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METHODOLOGY OF DETERMINING THE PARAMETERS OF
TRACTION ELECTRIC MOTOR FAILURES WHEN OPERATING
TROLLEYBUSES

Purpose. The work is aimed to study the change in parameters of traction electric motors of trolleybuses during
operation and improvement of the technical state control system, using modern diagnostic methods.
Methodology. Solution of the scientific problem is based on the control of technical state and change in the parame-
ters of traction electric motors in the process of operation. For analysis of operational factors, we used the method of
mathematical statistics and probability theory. Mathematical modelling and design of experiment, multifactor re-
gression analysis provides an assessment of the reliability of the electric traction motor elements. Physical and sta-
tistical methods provide for research and detection of patterns of influence of the factors that accelerate the wear of
parts. This allows us to generate models of system reliability that take into account the influence of operational fac-
tors on the reliability. Findings. As a result of the studies we obtained quantitative characteristics of the reliability of
commutator and established that the failures of traction motors make up 20% of all failures of electrical equipment.
We analysed the operation conditions of traction electric motors and determined the failure distribution law
N{my,ox}, which allows assessing the progression between gradual failures. We obtained a mathematical model
characterizing the object operation. A generalized equation of the failure rate of elements for traction electric motor
(TEM) was found. We improved the estimation methods of reliability of TEM element base that makes it possible to
determine the ETM lifetime taking into account the features of each trolleybus. We established the failure rate of
commutators using physical and statistical methods. Originality. For the first time, the choice of physico-statistical
methods of simulation and reliability calculation was substantiated. We determined the regularities of change in
parameters of the trolleybus traction electric motor elements, which makes it possible to control the processes of
their wear in the operation conditions. We developed a mathematical model for estimating the traction electric
motor reliability, based on a system analysis of the probabilities of failures of subsystems to be diagnosed.
Practical value. Based on the results of the study, we developed practical recommendations for rational choice of
diagnostic parameters of traction motors. Their implementation at the enterprises of electric transport will increase
reliability of electric motors in general up to 10%. It is proposed to use the results of the work in the educational
process and in the research work of students at the Department of Electric Transport of the O.M. Beketov National
University of Urban Economy in Kharkiv. The developed methodology for determination of parameters of traction
electric motors when operating trolleybuses allows assessing the reliability of any type of trolleybus traction motor.
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Introduction

Trolleybuses are equipped with traction electric
motors of direct and alternating current, which de-
termine the functional purpose of the rolling stock
as a whole.

The main task of the operation of urban electric
transport, in particular that of trolleybuses, is to
ensure uninterrupted process of transportation of
passengers, traffic safety on routes, as well as elec-
trical safety.

Providing the appropriate level of reliability of
traction electric motors is an urgent task that con-
tributes to the efficiency of urban electric transport
in general [1].

It is possible to obtain the solution of the prob-
lem by saving resources and controlling parameters
in the process of the object operation. This can be
achieved by ensuring the quality of maintenance
and timely control of the relevant parameters of the
traction electric motors while operating trolleybus-
es on routes. This set of tasks emphasizes the rele-
vance of the work [1, 2].

Purpose

The main purpose of the work is to study the
change in parameters of traction electric motors of
trolleybuses during operation and improvement of
the technical state control system, using modern
diagnostic me.

According to the purpose of the work, the fol-
lowing tasks are defined:

— To study the parameters of traction electric
motors of trolleybuses in the course of their opera-
tion, to obtain quantitative characteristics of the
commutator reliability and to define the failure
distribution laws;

— To establish the mathematical expectation of
the time between failures of the commutator ele-
ments;

To define the commutator wear rate distribution
law;

To develop the methods of failure prediction
for trolleybus traction electric motor elements.

Solving these tasks will increase the operational
reliability of trolleybus traction electric motors.

Methodology

The achievement of this purpose is based on the
control of technical state and change in the pa-

rameters of traction electric motors in the process
of operation.

Analysis of operational factors is carried out
using methods of mathematical statistics and prob-
ability theory. To evaluate the reliability of traction
electric motor elements, the method of mathemati-
cal modeling and the design of experiment are
used.

The history of the development and improve-
ment of methods for assessing reliability allows to
distinguish two main stages: the study of statistical
parameters and analysis of physico-statistical cha-
racteristics.

Comparison of methods in terms of accuracy of
the obtained parameters and the adequacy of simu-
lated processes makes it possible to highlight their
features.

This allows us to form the system reliability
models that take into account the influence of
operational factors [1, 2].

The failures of traction electric motors largely
depend on the properties of the design, materials,
load modes and operating conditions. Quantitative-
ly, they can be estimated by probabilistic-statistical
characteristics.

A significant number of works is devoted to the
issue of increasing the reliability of traction electric
motors (TEM) of trolleybuses [3-5, 9, 12, 13]. How-
ever, most of them do not meet the necessary re-
quirements to ensure maximum accuracy of assess-
ment and forecast during the trolleybus operation.

To diagnose electric motors of trolleybuses, we
determined the intensity of change in parameters,
which contributes to the disturbance of switching
of the motors due to the intense wear of the com-
mutator. This phenomenon reflects a deterministic
process.

In order to determine the intensity of wear of
the traction electric motor commutators, we carried
out the studies in the conditions of trolleybus oper-
ation in Ukraine. Herewith we took into account
the geometry of the commutators and the state of
the contact surface. These studies confirmed the
well-known provisions on the random nature of the
wear intensity of the commutator.

Based on the main property of inconsistent
events, the sum of probabilities will be equal to
one. If the random variable x is expanded at inter-
vals, then it is possible to obtain probability char-
acteristics, or the failure distribution law.
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According to the statistical analysis, we deter-
mined the characteristics of the mathematical expec-
tations and the commutator wear intensity, taking
into account the state of the contact surface [9, 12].

Findings

The studies have shown that in most cases, the
wear of commutators obeys the Gaussian distribu-
tion law N {my, ox}. But the influence of operational

factors on the characteristics can vary with the
running time. The form of the distribution of the
commutator wear V. from the probability of scat-
tering of the stagnant failures will be the empirical
dependencies shown in Fig. 1, with the corre-

sponding parameters m, i and o, for different
commutators.
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Fig. 1. Empirical dependencies of distribution of the commutator wear rate:
1 —normal palette with black-out of plates; 2 — plate burning;
3 — abrasive destruction of the oxide film;
4 —circular and chaotic burning

If we accept the change in the commutator wear
intensity as a diffusion process, then, after the end
of the working period (in the stable period), it fluc-
tuates relative to a certain level. The time between
failures T in this case is determined by the formula
[9, 12]:

M)

where AH — allowable value of wear, um; f(x) —

distribution density;

If the wear of the commutator is subject to the
Gaussian law, then the formula will have as fol-
lows:

T AH 1

by,

262

)

Texp X

o271 0

where o— mean square deviation; x— a random
variable; x —average value of random variable.

Studying the dispersion of the parameter P and
the characteristics of the commutator reliability,
depending on the state, showed that the contact
surface may have a varied colour and composition.
The normal palette of plate surfaces has a uniform
oxide film without traces of erosion. The plate
black-out or chaotic burning shows the destruction
of the contact surface by different schemes.
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In the case of plate burning there is oxide film
destruction, which affects the commutation process
and the reliability of the commutator unit. Results

of the study of pre-statistical characteristics of the
commutator elements wear are shown in Fig. 2
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Fig. 2. Dependence of commutator

Graphic dependencies demonstrate the signifi-
cant influence of the plate burning on the disper-
sion of reliability characteristics.

In case of black-out or the normal state of the
oxide film, the dispersion level is almost two times
lower than that of commutators with plate burning.

In general, one can note the following: the level
of dispersion of the gradual failure of the commu-
tators is high, which requires the turning of the
commutators and practically complicates the com-
bination with planned types of technical inspec-
tions and repairs.

Practice shows that during TEM operation
commutator turning is often performed. This is
explained, as was shown earlier, by the magnitude
of the spread of the mean time between failures.

The spread of the characteristics of wear is
mainly determined by the state of the surface of the
plates, the properties of the switching process, vi-
bration. Accelerated wear of commutators requires
premature turning, which is performed mainly dur-
ing unscheduled repairs. Due to frequent grinding,
this group of commutators prematurely runs its
course.

But there is a group of commutators that has
low wear intensity. In this case, grinding occurs
during scheduled repairs when the parameters and
condition of the commutator allow it to be used
until the next scheduled repair, which involves re-

6 10 rmi"cf;hw

reliability on the nature of its wear

duction of the resource.

The results of studies are important, which is
that the deformation of the commutator during op-
eration is considered as a random process. This
gives a qualitative estimate of the change in the
commutator geometry under exploitation condi-
tions.

The conducted studies allowed determining the
laws of changing the commutator geometry, de-
pending on the operating time and condition of the
palette of different types of traction electric mo-
tors. This confirms the increase in the life of the
commutators without having to be turned in the
interval between repairs.

The degree of wear of the brushes depends on
the state of the commutator working surface, the
armature and pole winding and the insulation
(switching stages).

The wear of the brushes is based on the fact
that the destruction of individual areas of the fric-
tion surface and the separation of the material in
the form of wear products is due to repeated inter-
action of the projections of rough friction surfaces.
Interaction of friction surfaces is accidental. Con-
sequently, the microgeometry can be determined
only by means of the functions of the distribution
of surface areas at the height by the reference
curves.
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Since the projections on surfaces have different
height and shape, then the magnitude of the stress-
es and deformations that arise during the interac-
tion will also be characterized by a certain spec-
trum. This allows us to determine that the process
of destruction from weariness can be considered
accidental.

The condition of friction pair «commutator-
electrical brush» is characterized by a certain set of
loads, speeds and other parameters that have a sig-
nificant effect on their wear. Significant impact on
wear is also caused by specific pressure of the
brush springs on the brushes. As the practice of
exploitation shows, the wear of electro-brushes of

different types has significant deviations of pre-
statistical characteristics. The fig. 3 shows the
graphic dependences of the of wear rate of the
brushes of different types V on the probability of
dispersion of the gradual failure of the brushes.

Taking into account the statistical data, we de-
termined the mathematical expectation, the mean
square deviation, and the variance of the intensity
of the wear of the brushes [9, 12-14]. This makes it
possible to make a comparative analysis of various
variants of assembly units of commutators. How-
ever, in practice, the combination with planned
types of technical inspections and repairs is com-
plicated.
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Fig. 3. Dependence of wear rate of the brushes of different types:
1 — wear distribution curve of EG-2A type brushes; 2 — wear distribution curve of EG-62 type brushes;
3 — wear distribution curve of EG-74C type brushes

The value of the mean square deviation of the
wear intensity indicates a high degree of dispersion
of the reliability parameters (see Fig. 3). From the
given data it is seen that the time between failures
is characterized by a high level of dispersion for
uneven wear. This indicates that the failure of the
brushes occurs between the repairs, which creates
the preconditions for unscheduled work to elimi-
nate failures and increases operating costs.

Thus, a decrease in the dispersion between fail-
ures will allow concentrating the change of brushes
of ultimate wear on scheduled repairs.

As the practice of trolleybus traction electric
motors shows, the failures of system elements can
be caused by the inconsistency of load factors af-
fecting the increased wear. Such influence extends

to each element of the system separately or togeth-
er, and levels can take different values. Temporary
and quantitative characteristics depend on operat-
ing conditions, under which such factors as ambi-
ent temperature, barometric pressure, pollution,
frost, snow, etc. operate.

The factors that affect the elements of the trac-
tion electric motors include temperature, vibration,
current, voltage, power, humidity, frequency of
rotation; we denote them as f,...f,. The part of

these factors under operating conditions varies de-
pending on load modes and affects accordingly the
elements of traction electric motors.

The failure rate with factors of
[9-12]:

influence
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M (f)=kexplc £}, ©)

where f, — variable parameter depending on the
operating conditions; ¢, — load factor
G =G...C);

k. — coefficient with regard to the properties of the

design of the traction electric motor, the state of
gap in the joints of parts; i = 1...7 — influence fac-

tors with regard to current, vibration, power, volt-
age, etc.

The fig. 4 shows the dependence of the failure
rate of the insulation for traction electric motors A
on the nominal value of the load mode fin. De-
pendencies are constructed for different implemen-
tations of the load factor ¢ (c1 = 0.073; ¢, = 0.146;
c3=0.219; ¢4 = 0.299; ¢5s = 0.365; cs= 0.438; ¢7 =
0.511).
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Fig. 4. Dependences of failure rate of the traction electric motor isolation A on the nominal value
of loading mode fin and various realizations of the load factor ¢

The shown factors are independent and operate
simultaneously. Failure of an element due to one of
the factors leads to system failure.

The dependence of the failure rate of the trac-
tion electric motor element on the failure rate by
factors is taken linear and has the form:

M Fref) =Ry (F) 2 (F2)ee 2 (1),

or

[T (f

i=1

(4)

Numerous studies [3-8, 10-12] and operational
data show the distribution law for the probability
of failure-free operation for some elements of the
traction electric motor. For relaxation failures in
time t this is a product with the parameter A, ,
This parameter is determined taking into account
the normal law of the distribution of failures
N{m,,s }. E(A,;t) Then the reliability of Py (t)
element for the independence of the parametric
and the relaxation N(m,;s,;t)failures will be

equal to the product:

R (1) =E(::t)N(m;oyst), (5)
where E(A,;t) =exp{r;t}
N(m ;o ;t)=1 GJ—I/EXP{ x :k) }dx-
k
R (t)=E(Ags;t) N (t:myy ;0144 ) (6)

Based on the data (see Fig. 4), for the given
value of the load factor c, the reliability character-
ristics for the assembly element are calculated:

m; = 3.8~10'4; o1= 5-10’4; c1=0.776;
m,=1.1-10% o,=1.7-10% c,= 0.742;
ms=1.7-10"* o53=2.6-10"%; c3= 0.736.

From the given dependencies it is clear that the
parameters of the composite structure of the model
significantly affect the reliability of the traction
electric motor.

For my = Mkn; 0k = oH; Ak =
will look as follows:

Expression of the failure rate for a particular
structural scheme of an element will have the form:

Akn the equation (5)
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M (i 1) =2 (1),

By making the appropriate substitution, we can
obtain the equation [16-18]:

M (8 £ Ty fy) = kMilnl{dsfs}x

m

(7)

7 . .
cop Y d f 1| K ONEMo)) L
i dt N(t;m;oy)

where k is the coefficient taking into account the
properties of the traction electric motor design,
namely the state of the gap in the part joints;

M, is a mathematical expectation;

The obtained dependences for various load fac-
tors indicate that the effect on the failure rate for
a particular structural scheme of the element A is
not the same (Fig. 5). In the general case, the equa-
tion that binds the failure rate, the probability of
failure-free operation and derivative, depends on
the load factors and may have the following form:

A

1 dP, (t; fy....T;) ®)
P (to; fy.. ;) dt

Thus, we have an important condition under
which the expression connects the failure rate with
the parameters of the load element.

To diagnose the technical condition of the turn
and main insulation we take into account the pa-
rameter change processes under the influence of
the heating temperature. The combination of
changes in the factors influences the level and na-
ture of the TEM load.

During the study of the reliability of the trac-
tion motor during operation, it is important to pro-
vide an opportunity to analyze the reliability of the
insulation, taking into account the number of avail-
able factors.

Therefore, it is important to have such a re-
search scheme that would cover, if possible, fac-
tors that are not significant, but in aggregate have
a great influence on the assessment of reliability
parameters.

My (8 £y ) =—

29

A J0F0 o
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Fig. 5. Influence of load modes on the failure rate of insulation of armature winding

for electric motors A against the nominal value of load mode fin:
the curves 1-7 are load factors

We will show this for the insulation of armature
winding when determining the dependence of the
probability of failure-free operation of a system
element on the base space elements. To do this
from the factor space elements we select the base
space elements.

Let us suppose: g: is the flow rate of the cool-
ing air from 0 to 80 m*/min; g is the voltage from
0 to 700 V; gz is the current of 0 to 720 A;
04 is the air humidity of 98 %.

In the process of research, there are some diffi-
culties in choosing the main factors. Thus, the
temperature depends on the insulation, which de-
pends on the electrical, magnetic, mechanical loss-
es, and they, in turn, depend on the current, air
flow, the frequency of the armature rotation, etc. If
we take into account that they are correlated with
each other to varying degrees, then the formaliza-
tion of the process will not take place. Therefore,
only factors of direct influence are taken into ac-
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count, in particular the temperature of heating of
insulation, etc.

The method of multivariable regression analy-
sis in the presence of statistics that characterizes
the work of the object, allowed us to obtain a re-
gression model of temperature dependence on the
base space elements and load modes, taking into
account the effects of pressure:

f, =d;0; +d,g; +d;Xx+d,0; + dll@h2 +b* +
+d11X2 +0;3050; —d30; — 050, gsX +d; X+ by, (9)

where x is a random variable that has the form of
the dependence of the rotational frequency on the
voltage g, Then there will be an expression:

f,=d,g+dykg, +0; +0 +k’07 + 95 +
+0,0; — 95 — k0,095 — 9, —Kg,0; +kg,. (10)

By summing the similar and transforming the
right side (10) we obtain the equation:

2 2.2
fi =ug, +U,Kg, +U;0; +U,0; +Usk"g; +

+U69:§ —U;0,0, —Ugkg, g3 +Ug0,05 +Up, (11)

where Uo...ug are the factor space elements.

The equation (11) characterizes the dependence
of temperature as an element of the factor space on
the strength of current, the flow of cooling air and
voltage.

Similarly to the vibration parameter, depending
on the frequency of the armature rotation, we have:

f, =k =kkg,, . (12)

Substituting the obtained expressions into the
basic equation (7) of the element failures rate, we
obtain a generalized equation:

k |, _
Ay (t;gl...gA)zM—In 1(1+dlgf)exp >dyg’gy
n i=2
j=2
i<j

X{k +[_dN (t;(;r;k 15y) . (t;rrl1k;ck)ﬂ (13)

From equation (13) we find the characteristics
of the failure rate against the factors by solving the
differential equations of the form:

1 dR, (t;9;...0,)
P (t;9...94) dt

Thus we obtained the dependences of the prob-
ability of failure-free operation on the temperature
and load modes.

The calculation of reliability made it possible to
estimate the level of the system element failure

rate, which is A =1.29x10°km. The failure rate
when exceeding the factor levels by 1.5 times
gives the magnitude of the failure rate

A =2.23x10"°km.

The obtained results show that in the presence
of exploitation data, it is possible to predict the
failure rate by calculation and, based on the given
service life, to predict the probability of failure-
free operation.

Consequently, it is possible to predict the fail-
ure rate of all elements of traction electric motors
without exception and by using compositional
models to determine the reliability of the whole
system.

Rational choice of diagnostic parameters of
traction motors will increase their reliability in
general up to 10%.

The conducted researches provide the basis for
further  development of the calculation-
experimental method for estimating the parameters
of the maintenance system of trolleybus traction
electric motors, which reached the end of their as-
signed service life.

The proposal for practical use of the method of
structural and functional analysis of the reliability
of the traction electric motor elements allowed for
the particular structural assembly to obtain ade-
quate estimates of the reliability parameters [9,
12].

These methods allow making a calculation of
pre-statistical characteristics parameters of failures
and damages of parts and units, on the basis of
which it becomes possible to adjust the parameters
of inter-repair runs of the trolleybus traction elec-
tric motor as a whole.

My (t;gl"'g4): .(14)

Originality and practical value

For the first time, the choice of physico-
statistical methods of simulation and reliability
calculation was substantiated. We determined the
regularities of change in parameters of the trolley-
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bus traction electric motor elements, which makes
it possible to control the processes of their wear in
the operation conditions. We developed a mathe-
matical model for estimating the traction electric
motor reliability, based on a system analysis of the
probabilities of failures of subsystems to be diag-
nosed.

Based on the results of the study, we developed
practical recommendations for rational choice of
diagnostic parameters of traction motors. Their
implementation at the enterprises of electric
transport will increase reliability of electric motors
in general up to 10%.

It is proposed to use the results of the work in
the educational process and in the research work of
students at the Department of Electric Transport of
the O.M. Beketov National University of Urban
Economy in Kharkiv.

The developed methodology for determination
of parameters of traction electric motors when op-
erating trolleybuses allows to assess the reliability
of any type of trolleybus traction motor.

Conclusions

1. As a result of the conducted research we ob-
tained the quantitative characteristics of the com-
mutator reliability. It has been established that the
failure of traction motors make up 20% of all fail-
ures of electric equipment. Conditions of operation

of traction electric motors were analysed. We de-
termined the failure distribution law N {my, &},
which allows assessing the progression between
gradual failures.

2. We obtained the mathematical model (9) us-
ing the multi-factor regression analysis method in
the presence of statistics. This model characterizes
the work of the object. We also obtained the gener-
alized equation of the failure rates (13) of the TEM
elements. We improved the method of estimating
the reliability of the elemental base of traction
electric motors. The obtained solution allows to
determine the TEM service life taking into account
the characteristics of each trolleybus.

3. We established the intensity of commutator
wear using the distribution law. The calculation of
reliability parameters allowed to estimate the level
of the system element failure rate. In case of excess
of the wear intensity factors by 1.5 times the pa-

rameter 1. =1.29x107°(km) is changed by the val-

ue of 1 =2.23x10"°(km).

4. The use of composite models and necessary
calculation methods will allow to predict the fail-
ure of elements of the trolleybus traction electric
motors. Practical recommendations, taking into
account the research results, will increase the relia-
bility of TEM up to 10%.
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METOJOJIOI' TSI BUSHAUYEHHS ITAPAMETPIB BIIMOB TSITOBUX
EJEKTPUUYHUX JBUT'YHIB IIJ] YAC EKCIIJTYATAIIII
TPOJIEMBYCIB

Merta. Y po0oTi He0OXiTHO TPOBECTH JOCITIHKEHHS 3MIHM MapaMeTpiB TAroBux enekrpudaux AsuryHis (TEJ)

TpoJIeii0yciB y mpoleci eKkciuryaTtanii i yJZOCKOHAJICHHS CHCTEMH KEpyBaHHS TEXHIYHHUM CTAHOM 3a JIOTIOMOTOIO
BUKOPHUCTaHHS Cy4acHHUX METOJIB JiarHocTyBaHHs. MeTtoauka. Po3B’s13aHHs HayKoBOi 3a/1a4i 0a3yeThest Ha IPOLEypi
KOHTPOJIFO TEXHIYHOTO CTaHy i 3MiHM IapamMeTpiB TATOBHX €JIEKTPHYHHX JBUTYHIB Yy Tporieci excrutyaramnii. st anamizy
eKCILTyaTaliiHNX (haKTOpiB 3aCTOCOBAHO METO/I MaTeMaTHYHOI CTaTHCTHKH 1 Teopii iiMoBipHOCTI. MaTremaTniHe MOZENIo-
BaHHS ¥ IUIAHYBaHHS €KCIIEPUMEHTY, 0araTopakTOpHUI perpeciiHuil aHasi3 Jae OLHKY HaJiHOCTI €JIEMEHTIB TATOBHX
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CIIEKTPIYHUX IBHUTYHIB. (Di3WKO-CTATUCTIYHI METOIW TependadaroTh IOCHIHKEHHS W BHABICHHS 3aKOHOMipHOCTEH
BIUIMBY (DaKTOpiB, sIKi MPUCKOPIOIOTH 3HOC aertaneil. Lle mo3Boiste chopmyBaTH MOJelNi HAIIMHOCTI CHCTEMH, IO
BpaxoBYIOTh BIUIMB €KCIUTyaTallifHUX (hakTopiB Ha HamiiHICTh. Pe3yabTaTn. ABTOpaMu y pe3yibTaTi MPOBEACHUX
TOCTIKCHb OTPHUMAHO KiTBbKICHI XapaKTepUCTHKH HATIMHOCTI KOJEKTOPHO-IIITKOBOTO BY3Ja Ta BCTAHOBIICHO, IO
BIZIMOBH TSTOBHX JIBUT'YHIB cKianaioTh 20 % Bij ycix BiAMOB enekTtpoobnanHanHs. [IpoaHanizoBaHo yMOBH eKc-
TUTyaTarlii TATOBHUX eJEKTPHYHMX IBUI'YHIB i BU3HAUEHO 3aKOH po3mofiny BimMoB N{my,ox}, 10 M03BOJISIE OMiHUTH
HaNpalioBaHHs MK HOCTYNOBHUMH BigMoBamu. OTpHUMaHO MaTeMaTH4YHY MOJEJb, sIKa XapakTepusye poOoTy
00’exTa miJ yac ekciutyaranii. 3Hai/IeHO y3arajibHeHe PIBHSHHS IHTEHCHBHOCTI BiJIMOB €JIEMEHTIB TATOBUX €JIEKT-
POJBHI'YHIB. ¥YIOCKOHAJIEHO METO/M OLIHKHM HaJAIHHOCTI €JIeMEHTHOI 0331 TATOBHX €JIEKTPO/BUTYHIB, SIKa J03BOJISIE
BusHauntu pecypc TEJ] i3 ypaxyBaHHSM 0COOIHMBOCTEH KOXHOTO Tpouieiibyca. BcTaHOBIEHO iHTEHCHBHICTH 3HOCY
KOJICKTOPIB 13 BUKOPUCTaHHAM (i3UKO-CTATHCTHYHMX MeToniB. HaykoBa HoBM3HA. Ynepiie oOIpyHTOBaHO BHOIp
(i3UKO-CTaTHCTUYHUX METO/IB MOJICITIOBAHHS W pO3paxyHKy HaAilHOCTI. BCTaHOBICHO 3aKOHOMIPHOCTI 3MiHH Ta-
paMeTpiB eIeMEHTIB TATOBUX €JICKTPOABUTYHIB TPOJNIEHOyCiB, 0 Ja€ MOKIMBICTE KOHTPOJIOBATH MPOIECH iX 3HO-
IIyBaHHS B yMOBax ekciuryartamii. CTBOPEHO MaTeMaTHYHy MOJENb OLIHKKA HaIiHOCTI TATOBOTO €JIEKTPUYHOTO
IIBUTYHA, sika 0a3yeThCs HAa CHCTEMHOMY aHali3i HMOBIpHOCTEH BiAMOB IiJCHCTEM, IO IMiUIATAIOTh JiarHOCTYBaH-
Hio. IIpakTyHa 3HauMMicTh. Ha OCHOBI OTpMMaHUX pe3yNabTaTiB AOCIIKEHHS pO3pOOJICHO MPAKTUYHI PEKOMEH-
JAIlii mo0 parioHaIbHOTO BHOOPY MiaTHOCTHYHHX ITAPaMETpPiB TATOBHUX BUTYHIB. Ix peaitizaris Ha MiIIpHEMCTBAX
€JIEKTPOTPAHCIIOPTY JO3BOJIUTH MiABUIIMTH HAIHHICTD €JIEKTPUYHUX JBUI'YHIB Yy oMy 1o 10 %. 3amponoHoBaHo
BUKOPHCTOBYBaTH PE3yJbTaTH POOOTH B HaBYAILHOMY IPOILEC Ta B HAYKOBO-IOCTIJHUIBKII poOOTI CTYIEHTIB Ha
Kadenpi eneKTPUYHOro TPAHCHOPTY XapKiBChKOTO HAI[IOHAJIFHOTO YHIBEPCHTETY MIChbKOTO rocrmojaapcrsa imeHi O.
M. BekeroBa. Po3po0iieHa METO/10JI0TisS BU3HAUSHHS TApaMETPiB TATOBUX EJIEKTPUYHHX JIBUTYHIB I/ 4ac eKCILTya-
TaIil TPOJICHOYCIB H03BOJISE MPOBOAUTH OIIHKY HaIIHHOCTI OYy/b-sIKOTO THITY TATOBOTO JBUTYHA TpoJieiiOyca.

Kniouosi crosa: eneKTpUYHUI TPAaHCIIOPT; TATOBUH €JIEKTPUYHMI NBUTYH; NIarHOCTYBaHHS; eKCIUTyaTalliiiHa
HaaiiHICTh; IHTEHCUBHICTH BIJIMOB
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METO/I0JIOT sl ONIPEJAEJEHUS TAPAMETPOB OTKA30B
TSATOBBIX DJIEKTPHUYECKHNX JIBUTATEJIEN ITPU SKCIIYATAIIUA
TPOJLJIEUBYCOB

Leas. B pabore HE0OX0MMO NPOBECTH HCCIIENOBaHNE M3MEHEHHS IIAPaMETPOB TATOBBIX AJIEKTPOIBHIATEINCH
(TOM) TposueitdycoB B mpolecce 3KCIUTyaTallik M COBEPIICHCTBOBAHMS CHCTEMbI YIPABICHHUS TEXHHIECKUM CO-
CTOSIHUEM ITOCPEJICTBOM HCITOJB30BAHNS COBPEMEHHBIX METOIOB AWAarHOCTHKH. MeToauka. Pemenne HaydHOH 3a-
nadn OazupyeTcd Ha MpoIeType KOHTPOJS TEXHHIECKOTO COCTOSIHUS M M3MEHEHHS MapaMeTpOB TATOBBIX JICKTPH-
YEeCKHX JIBUTATENIeH B IMpoIlecce SKCIuTyaTannu. s aHaiam3a SKCIUTyaTallMOHHBIX ()aKTOPOB MPUMEHEH METOJ Ma-
TEMaTHYECKON CTAaTUCTHKH W TEOPUH BEPOATHOCTH. MaTeMaTHUeCcKOoe MOJEIHPOBAHUE W IIAHUPOBAHHE JKCIEPH-
MEHTa, MHOTO(aKTOPHBIN PEerpeCCHOHHBIN aHAIN3 JaeT OICHKY HaJIeKHOCTH JJIEMEHTOB TATOBBIX 3JIEKTPHUECKUX
nBurareneil. PU3NKO-CTaTHCTUYECKHE METOABI IPEIyCMaTPUBAIOT UCCIICAOBAHNS M BBISBICHUS 3aKOHOMEPHOCTEH
BIMSHHA (PAKTOPOB, KOTOPBIE YCKOPSIIOT M3HOC JeTaieil. ITO MOo3BOJSEeT CHOPMUPOBATH MOJICIN HA/IEKHOCTH CH-
CTEMBI, YUNUTHIBAIOLIHNE BINSHHUE SKCIUTyaTallMOHHBIX ()aKTOPOB HA HAZEKHOCTh. Pe3ysabTaThl. ABTOpaMu B pe3yiib-
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Tare NPOBEICHHBIX MCCICJOBAaHUH IONTYyYCHBI KOJIMYECTBCHHBIC XapaKTEPHCTHKU HAIEKHOCTH KOJJIEKTOPHO-
IIETOYHOTO y3JIa U YCTAHOBJIEHO, YTO OTKA3bl TSATOBBIX JBUraTeneit coctaBisaioT 20 % 0T BCeX OTKa30B 3IEKTPO0OO-
pyznoBanus. [IpoaHaau3upoOBaHbl YCIOBHS IKCINTyaTallM TATOBBIX JICKTPHYCCKHUX JABUraTeNeil M OnpeeieH 3aKoH
pacnpenenerus 0TkazoB N {My,ox}, 4TO MO3BOJSIET OLIEHUTh HAPAOOTKU MEXAY MOCTEIICHHBIME OTKa3amu. [lomyde-
Ha MaTeMaTHYecKash MOJeib, KOTopas XapakTepusyeT paboTy oOBekTa BO BpeMs 3KcIinryaTannu. HaiimeHo 00600-
IICHHOE YPaBHEHHWE HHTCHCUBHOCTH OTKA30B JICMEHTOB TATOBBIX AJICKTPOJBUIATENeH. Y COBEPLIICHCTBOBAHBI METO-
JIbl OLICHKH HaJIeKHOCTH AJIEMEHTHOM 0a3bl TATOBBIX 3JEKTPOABUTATENICH, KOTOpPas IMO3BOJIAET ONPENEIUTh pPECype
T3J] ¢ yueToM 0COOEHHOCTEH KaKIOro TpoJuieiidyca. YCTaHOBJIEHa MHTEHCHBHOCTh W3HOCA KOJUIEKTOPOB C HC-
MOJIb30BaHUEM (PU3MKO-CTATUCTUYECKUX MeTonoB. Hayunass HoBu3Ha. Buepsble 00ocHOBaH BbIOOp (DH3UKO-
CTaTUCTUYECKUX METOJOB MOJIEJIMPOBAHUS M pacueTa Ha/JeKHOCTH. YCTaHOBIICHbI 3aKOHOMEPHOCTH H3MEHEHUS
MapaMeTpoB DJIEMEHTOB TATOBBIX 3JICKTPOABUTATENEd TPOJIEHOYCOB, YTO JIaeT BO3MOXHOCTh KOHTPOJIMPOBATH
MPOLIECCHl UX M3HOCA B YCIOBHSX KcIUTyaTtanuy. Co3aHa MaTeMaTHYecKas MOJeIb OLCHKN HaJIe)KHOCTH TATOBOTO
3NIEKTPUYECKOrO JBHTATENs, KOTOpask 0a3upyeTcss Ha CUCTEMHOM aHAJIN3€ BEPOSTHOCTEH OTKa30B IOJCHUCTEM, IO .-
JeXaIUX AUarHocTHpoBaHuio. IlpakTuyeckas 3Ha4UNMOCTb. Ha OCHOBE IOTyYeHHBIX Pe3yJIbTaTOB HCCICIOBAHUS
pa3paboTaHbl MPAKTHYCCKHE PEKOMEHIAUH MO0 PAllMOHAJIBHOMY BBHIOOPY IMAarHOCTHYSCKHX MapaMeTPOB TATOBBIX
nBuratereil. Ux peanmusanys Ha NPEINPUATHSAX JIEKTPOTPAHCIIOPTA MO3BOJMT MOBBICHTH HAIIGKHOCTH DIICKTpUYE-
ckux apuratened B meiaoMm 10 10 %. IlpemnoskeHO HCMONB30BaTh pE3ynbTaThl pabOTHl B ydeOHOM Iporiecce
U B Hay4HO-HCCIE0BaTeIbCKONH paboTe CTYACHTOB Ha Kadeape 3NEeKTPUIECKOT0 TPaHCIOpTa XapbKOBCKOH HAIMO-
HaJIbHOH aKaJeMHHU TOpoJcKoro xo3siicTsa uMeHu A. H. Bexerosa. PaspaboranHas MeTo0JIOTHS ONIPEACIICHUS TIa-
pPaMeTpOB TATOBBIX AIIEKTPHYECKUX JIBUraTeiedl MpH JKCIUTyaTallid TPOJUICHOYCOB MO3BOJISIET MPOBOAUTH OLCHKY
HaJIeAKHOCTH JIF000T0 THIIA TATOBOTO JBUraTeNs Tposuleiidyca.

Kniouesvie crosa: 3neKTpUUECKUN TPAHCIOPT; TATOBBIA 3JEKTPUYECKUH JBUTATENb; AMArHOCTHPOBAHHE; JKC-
IryaTallMOHHasd HaACKHOCTh, MHTCHCUBHOCTH OTKAa30B
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