. mathematics

Article

Stochastic Models and Processing Probabilistic Data for
Solving the Problem of Improving the Electric Freight
Transport Reliability

Nikita V. Martyushev 1-*(, Boris V. Malozyomov 2(7, Olga A. Filina 3, Svetlana N. Sorokova ¢,

Egor A. Efremenkov 40, Denis V. Valuev ®

check for
updates

Citation: Martyushev, N.V.,;
Malozyomov, B.V.; Filina, O.A.;
Sorokova, S.N.; Efremenkov, E.A.;
Valuev, D.V.; Qi, M. Stochastic
Models and Processing Probabilistic
Data for Solving the Problem of
Improving the Electric Freight
Transport Reliability. Mathematics
2023, 11, 4836. https:/ /doi.org/
10.3390/math11234836

Academic Editor: David D. Hanagal

Received: 25 October 2023
Revised: 24 November 2023
Accepted: 28 November 2023
Published: 30 November 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Mengxu Qi !

Department of Advanced Technologies, Tomsk Polytechnic University, 634050 Tomsk, Russia;
mensyuyl@tpu.ru

Department of Electrotechnical Complexes, Novosibirsk State Technical University,

630073 Novosibirsk, Russia; borisnovel@mail.ru

Department of Electrotechnical Complexes and Systems, Kazan State Energy University,

634050 Kazan, Russia; olga_yuminova83@mail.ru

Department of Mechanical Engineering, Tomsk Polytechnic University, 634050 Tomsk, Russia;
s_sorokova@tpu.ru (5.N.S.); egorefr@tpu.ru (E.A.E.)

Yurga Technological Institute (Branch), Tomsk Polytechnic University, 652055 Yurga, Russia; valuev@tpu.ru
Correspondence: martjushev@tpu.ru

Abstract: Improving the productivity and reliability of mining infrastructure is an important task
contributing to the mining performance enhancement of any enterprise. Open-pit dump trucks that
move rock masses from the mining site to unloading points are an important part of the infrastructure
of coal mines, and they are the main transport unit used in the technological cycle during open-pit
mining. The failure of any of the mining truck systems causes unscheduled downtime and leads to
significant economic losses, which are associated with the need to immediately restore the working
state and lost profits due to decreased site productivity and a disruption of the production cycle.
Therefore, minimizing the number and duration of unscheduled repairs is a necessity. The most
time-consuming operations are the replacement of the diesel engine, traction generator, and traction
motors, which requires additional disassembly of the dump truck equipment; therefore, special
reliability requirements are imposed on these units. In this article, a mathematical model intended
for processing the statistical data was developed to determine the reliability indicators of the brush
collector assembly and the residual life of brushes of electric motors, which, unlike existing models,
allow the determination of the refined life of the brushes based on the limiting height of their wear. A
method to predict the residual life of an electric brush of a DC electric motor is presented, containing
a list of controlled reliability indicators that are part of the mathematical model. Using the proposed
mathematical model, the reliability of the brush-collector assembly, the minimum height of the brush
during operation, and the average rate of its wear were studied and calculated.

Keywords: reliability; stochastic models; electric freight transport; traction motor; brush wear;
diagnosing; technical resource; operating modes

MSC: 35C99

1. Introduction

The coal industry, which has significantly explored and projected coal reserves, re-
quires improvement to achieve efficient mining and utilization in order to satisfy stable
energy needs in coal products and export development [1-3].

An important part of the infrastructure of coal mines is the transportation of coal
by open-pit dump trucks, which move rock masses from mining sites to unloading sites.
They are the main transport units in the technological cycle of open-pit mining [4-6]. The
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failure of any of the dump truck systems causes unscheduled downtime and leads to
significant economic losses, which are associated with the need to immediately restore
working condition and lost profits due to the site productivity loss and the violation of
the mining technological cycle [7-9]. Therefore, it is important to minimize the number of
unscheduled repairs and the time needed for them. The most labor-intensive operations
are the replacement of the diesel-electric generator, traction generator, and traction motors,
which requires additional disassembly of the dump truck equipment. Therefore, special
reliability requirements are imposed on these units [10].

This article synthesized a mathematical model intended for determining the reliability
indicators of the brush collector unit and the remaining life of the brushes of electric motors.
In addition, the work developed a mathematical model for processing statistical data,
which allows the classification of types of failures and, unlike the existing models, the
determination of the specified resource brushes based on limiting parameters [11,12].

BELAZ quarry dump trucks with traction electric direct current motors (TEMs) serve
as transport in the working area of the quarry and are mostly exposed to the pressure
forces influencing the electric motors and electrical equipment. These forces become more
complicated depending on the depth of mining conditions [13,14].

At present, a significant number of DC traction motors are in operation around the
world, which are designed for a certain purpose [15,16]. After exhaustion, the reliability of
DC motors decreases. It is economically expedient to prolong the residual life of DC electric
motors by means of improving their design and forecasting their technical conditions on
the basis of diagnostics results. Due to the lack of reliable methods to control the technical
condition of brush collector assembly (BCA) and the timely measures taken to restore
performance, about 50-60% of TEM becomes unusable due to brush failures that do not
operate properly until reaching the routine period of their replacement.

One of the methods to increase BCA reliability is the introduction of modern, high-
precision, objective methods of technical condition control and diagnostics, which allows
the determination of incipient defects in proper time, the prediction of changes occurring
in the technical condition, and the implementation of measures to prevent failures [17,18].

Proper BCA operation requires assessing the possibility of providing the assigned
resources and service life through the correct acquisition of brushes, spare parts, and
tools [19].

The necessity to increase the reliability and residual life of the brush collector units of
DC electric motors arises due to constantly increasing requirements for design improvement
and the growth of speeds, loads, and technical and economic efficiency.

The main factors affecting the design reliability of the electric motor are the choice
of the scheme and design solution of TEMs, the installation of its constituent units, the
selection of materials, and the assignment of normal operating modes. They also include
arranging maintenance and repair, selecting the modes of running-in and the testing of
electric motors, and justifying and developing the technological processes of manufacturing
or repairing the parts and assemblies.

The operation reliability of various units is quantitatively estimated by setting the
reliability level according to the data of corresponding tests or the operation of dump truck
TEMs [20].

During long-term BCA operation, brush damage or malfunctions of its elements in-
evitably occur, even in the absence of manufacturing defects and with ultimate compliance
with the operation rules. The developing microdefects can be detected on the brush surface,
as it experiences constant pressure because it is a loaded element. The deposits settling on
the collector plates hinder the technical process of energy transfer [21].

The maximum brush life before the brush reaches its limit state is its failure. BCA
failures can be divided into three types: mechanical, technological, and operational. The
proportion of failures of the third type is determined mainly by the maintenance level
at a particular plant, specifying the volume of sampling data on the brush state during
testing [22,23].
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Currently, there are methods used for predicting the reliability indicators of the traction
motors (TEMs) of self-propelled BELAZ mining trucks, which differ in the set of tasks to be
solved and the features of the mathematical apparatus used. Therefore, we can conclude
that the production and long-term, trouble-free operation of electrical machines largely
depend on the quality of assembly units and parts used in TEMs and their operation
reliability [24].

Constantly maintaining the vehicle’s technical readiness and preventing intensive
wear of parts during operation require the performance of timely periodic maintenance
of assemblies (truck maintenance TM-1, truck maintenance TM-2, and truck mainte-
nance TM-3) and systems. Table 1 presents the types and frequency of such maintenance
(https:/ /mazsz.ru/samosvaly/vidy-i-periodichnost/, accessed on 25 June 2023).

Table 1. Types and frequency of maintenance.

Type of Inspection Engine Run Time Mileage
Daily maintenance (DMS)
Dump truck maintenance (TM-1) 250 h of operation 5000 km of tipper mileage
Dump truck maintenance (TM-2) 500 h of operation 10,000 km mileage of the truck
Dump truck maintenance (TM-3) 1000 h of operation 20,000 km run of the truck

Performed when preparing the truck for

Seasonal maintenance (SMA) spring-summer or autumn-winter

operating conditions

Predicting the residual life (wear) of the brushes necessitates determining the wear
rate and, on the basis of this, proposing the brush height (life), which is fully exhausted
before reaching the time of technical repair (TR) or maintenance. This procedure allows
the replacement of the worn brushes with new ones (Table 1). Seasonal maintenance is
combined with regular maintenance and is performed during the latter. Car maintenance
and repair costs account for 35-38% of the transportation cost [25].

The statistical data show that up to 18% of the unscheduled repairs of BELAZ dump
trucks (Figure 1) are associated with the failure of electromechanical transmission units;
among them, up to 34% fall to the share of traction electric motors (TEMs). The greatest
number of failures occurs in the engines, units, and assemblies of the hydromechanical
transmission and the hydraulic system. In addition, BELAZ dump trucks have sudden
failures, 20% of which are caused by a combination of unfavorable factors [26-29].

Figure 1. Exterior view of BELAZ KT30 B-240.

Parameters and indicators of the new traction electrical equipment are provided in
Table 2 (https:/ /sib-energomash.ru/product/kteo-b-240/, accessed on 25 June 2023).
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Table 2. Technical characteristics of the BELAZ KT30 B-240 dump truck with a 240-ton payload.

Parameter Name Value

Power at the generator output, kW, not more 1600

DC bus voltage (at the output of rectifiers), V:

in traction mode, not more than 1000
in braking mode, not more than 1200
Power of the braking resistor unit, kW 2 x 1200

Power on the shaft of the asynchronous motor, kW:
in long traction mode (ultimate) 700
in prolonged braking mode 1200
Maximum starting torque on the motor shaft, KNm 30
Maximum rotation speed of the asynchronous traction motor, rpm 3000

Proceeding from the fact that the TEM is an expensive unit and that its failure leads to
long downtimes, the issue of checking its reliability is very relevant.

According to the available data collected at various coal mines, traction electric drive
failure accounts for up to 18% of all failures (Figure 2), of which 34% fall to TEMs.

diesel and fuel hydraulics and

equipment braking system
9%

I
. 15%
other _____ ——— .
6% electromechanical
- e transmission
; - 18%
tires _——

9%

mechanical part and

suspension 26% \

electrical equipment

Y e 17%

Figure 2. Distribution of failures by mining truck systems.

The main reasons for DC motor failure in dump trucks are circular fire occurrences,
working surface violations of the collector, and increased wear of brushes. These fail-
ures account for up to 72% of unscheduled repairs of DC motors (Figure 3). During the
long-term operation of dump trucks, the following typical failures can occur in the elec-
trical equipment: the destruction of the insulation of electrical wires, brush abrasions of
electric machines, the oxidation of terminals and contacts, and adjustment violations of
electrical apparatuses.

Noises, vibrations, and temperature increases appear in defective or excessively worn
TEM assemblies, which allow conclusions about the defect’s presence [30-32].
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Figure 3. Diagram of traction motor malfunctions: 1—breakdown of insulation and interturn short
circuits of the armature; 2—melting of solder from collector cockerels; 3—Ilubricant ingress into the
skeleton; 4—beating the collector; 5—damage caused to anchor bearings; 6—low insulation of the
windings; 7—breakdown of insulation and interturn short circuits; 8—other malfunctions.

The novelty of this work lies in its development of a mathematical model intended for
the determination and prediction of the reliability of the brush collector unit and bearings
of the DC traction motor. The model allows the estimation of such parameters as the time
of wear and failure-free operation of the brushes, the optimal mileage determination of
the dump truck by the amount of brush wear, the failure-free operation probability of the
brushes, the residual life of the brushes before reaching the permissible wear limit, and the
wear rate of the brushes depending on the operation time. The results of such modeling
allow conclusions about brush serviceability according to its actual technical condition.

The analysis of the operation data of the traction engines of BELAZ dump trucks
allowed the conclusion that implementing this model requires the determination of the
percentage of failures associated with brush wear.

This aim necessitates the creation of an effective and convenient method to diagnose
and forecast the life of the brush collector units of DC traction motors. At the same time,
it is possible to increase the accuracy of forecasting the technical life of the BCA with the
help of remote diagnostics, which simplifies the diagnostics procedure (by not requiring
the disconnection of the electric motor).

2. Materials and Methods

The current work on the creation and introduction of new electric traction drive
systems used in BELAZ (Minsk, Belarus) dump trucks into production and operation was
carried out in several directions. To date, dump trucks equipped with the DC traction drive
have been in steady demand among end-users.

The BELAZ KT30 B-240 (Minsk, Belarus) electric actuator contains the following main
components (Figure 4):

e A traction synchronous alternator driven by an engine. The traction generator stator
winding consists of two electrically unconnected three-phase windings, each connected
in a star. There is also a single-phase auxiliary self-excitation winding on the traction
generator stator connected through an external regulator and contact rings to the
excitation winding located on its rotor.

e Two DC traction electric motor wheel motors with series excitation, forced blower
ventilation, and built-in speed and thermal monitoring sensors.

e  Two power three-phase bridge uncontrolled rectifiers the input terminals of which are
connected to the traction generator stator three-phase windings.
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e A module of ventilated braking resistors with individual braking resistors for each
traction motor and a common motor fan.

e  The excitation current regulator of the traction generator, whose power part is a semi-
controlled single-phase bridge rectifier, which is connected to the input terminals of
the traction generator’s self-excitation winding. Its excitation winding is connected to
the output terminals.

e A common regulator of excitation current of traction motors (a smooth field-weakening
regulator of electric motors). The power part of the regulator is a controlled three-
phase zero-phase rectifier connected in parallel with the circuit containing an anode
group of one of the power rectifiers and two series-connected excitation windings of
traction motors.

e  Power switching equipment consisting of contactors that switch the power circuits
and excitation circuits and reverse the traction motors.

Figure 4. Three-dimensional image of the components of the AC-DC BELAZ traction electric
drive (1—traction generator; 2—converter cabinet with the control equipment; 3—traction motor;
4—installation of ventilated braking resistors).

Exceeding the dump truck’s allowable load (Figure 5), which leads to increased inrush
currents and power circuit currents in traction mode, requires applying more intensive
braking on descents. The large inrush current flowing through the stationary collector
can cause the blistering of the lamellas. This allows the control room to operate without
sparking and leads to the accelerated wear of the brushes and the collector and, as a result,
the premature dismantling of the TEM for collector flushing.

BELAZ mining dump trucks with a payload capacity of 180 t and 280 t are equipped
with two electric traction motors, ED-132 and EDP-800, made by LLC Sibelectroprivod
(Novosibirsk, Russia) or DK-724, made by CJSC PTFK ZTEO (Naberezhnye Chelny, Russia).
DK-724 motors were used and installed in the crankcases of the unified drive axles of the
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dump trucks according to the design scheme that is traditional for serial domestic dump
trucks. They transfer the onboard reducer in the hub of the motor wheel from the side
opposite the TEM collector. In this case, the servicing of the TEM brush collector unit
was limited by the dimensions of the driving axle, and TEM dismantling was impossible
without the complete disassembly of the motor wheel. The rated speed was 910 rpm.

280
270
260
250
240
230
220
210
200

Load weight, tons

OOV —=O—= ORIl (0o m ot o0 TOATONODONVNDO — P [
v e e e g e g e e Ve g e v e e e e e (]

Trip number

Figure 5. Data on the BELAZ 75306 dump truck operation depending on the trip number.

One of the main advantages of DC traction motors is their ability to generate a traction
drive mechanical characteristic that is ideal for traction purposes.

DC electric motors are characterized by two factors that determine their operational
reliability: commutation and thermal operation. However, DC electric machines have
a brush collector assembly, which requires systematic maintenance accompanied by a
periodic replacement of the brushes and the collector maintenance. Carrying out these
operations requires a certain amount of time and money. Monitoring the condition of
the collector and brushes during operation necessitates satisfactory access to the collector,
which must be ensured by the electric motor wheel layout.

The collection and analysis of the operational data are required to create mathematical
models that take into account defect occurrence. In this work, the authors propose an
algorithm for determining the technical condition of a brush, owing to which the wear
and height of the brush are monitored (Figure 6). The algorithm clearly shows the work-
ing cycle of brush use, including the moments of diagnostics, checking for wear, and
issuing a decision for its replacement or continued operation depending on its current
technical condition.

Therefore, the purpose of the technological measures performed according to the
algorithm is mainly to provide the best indicators of brush wear properties. The possibility
of predicting the BCA residual life by the extrapolation method is provided in the presence
of the following conditions:

—  The BCA technical condition parameters are known on the basis of the survey;

—  The defining parameters of the technical condition, changing according to the revealed
brush wear rate, are known;

— The criteria of the brush limiting state are known, reaching the limiting values of
which is possible when the revealed defects develop.

After performing the algorithm to determine the technical condition of the brushes, the
decision on the need to replace the brushes is made, and the final decision on the amount
of the required repair is made.

The maximum operating time of a brush before it reaches its limit state is time to
failure. Brush failures can be divided into three types: mechanical, technological, and
operational. The percentage of failures of the third type depends on the external factors at
a particular plant, determining the brush condition during operation.
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Obtaining information about the technical parameters of the
brush: material, weight, height, width, length, shape
(composite, double}

Determination of brush wear

P |

v

yes no

Permissible brush
wear height > 15%

yes

brush wear
height > 50%

the brush is 4

the brush |s/ the brush is in / worn out

fine > extreme
condition
The livowik i
serviceable
yes There are chips, no
cracks, scuffs on
the brush body
need a brush The brush is The live wire is
treatment suitable for damaged
further use

brush replacement

brush treatment

Finish I

Figure 6. Algorithm for determining the technical condition of the brush.

The probability that the BCA will work without fail after operating time ¢ is equal to:
P(t)y=1- KZ\;)' when n(t) <N, (1)

where P(t) is the reliability function during time ¢;

n(t) is the permissible number of brush failures that does not lead to the motor stopping
(determined by tests) during time ¢;
N is the number of tests conducted on the electric motor brushes.

Using the experimental data and according to (1), a brush wear intensity curve is
plotted (Figure 7).
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Figure 7. Dependence of the wear value of the brush ki, on time ¢, days per month.

The TEM reliability indicator of the dump truck is improved through the time indicator
of reliability (durability), i.e., the residual resource of brushes located in the collector-and-
brush assembly unit. In this case, the residual life of the brushes should be determined
when reaching the limit (minimum) value (height) #;;,,;.Ah; implies the real, found as a
result of operation, value of brush wear [33].

The risks of failing to supply the electric motors from the factory and the manufacturer
are regulated by a number of failures of no more than 5% (cases of factory defects). The
risks of failures of electric motors during operation attributable to the electric motor units
are presented in Figures 2 and 3.

If the allowable number of failures of the brushes in a set is 1, then the probability of
encountering no more than # failures during N tests is based on the sequential likelihood
ratio criterion (probability ratio) [34]:

where P[Tg] and P[T,] are the average probabilities of the failure-free operation of engines
corresponding to the risks of the consumer Ty (probability of the failure-free operation
during operation) and the manufacturer T, (probability of the failure-free operation of the
engine manufacturer), respectively.

The probability of the failure-free operation during time ¢ means the probability of the
event {T > t}, which consists of the fact that in the case of time ¢, the ACS does not fail, i.e.,
it is symbolically written as follows:

P(t) = P{t > t}, (©)
where ¢ is the operating time of the brush;

T is the operating time of the brush before failure (random value).

Since the brush collector assembly in question may be in the operable or the inoperable
state, the following identity holds for any time t:

P(t) + F(t) =1, 4)

where F(t) = P{t < t} is the distribution function of the operating time 7 to failure (the
probability that the BCA will fail in time ¢).

The average MTBF or mathematical expectation of the failure-free operation of the
BCA is:

TO:O/tf(t)dtzo/P(t)dt. 5)



Mathematics 2023, 11, 4836 10 of 19

Another numerical characteristic of reliability is the service life dispersion to failure:
[e9)
D= [(t-T)’r(t)at ©)
0

The operation principle of the complex mathematical model proposed by the authors
can be demonstrated by means of the algorithm shown in Figure 5. Below is a description
of the work of the algorithm used for the analysis of the experiments to identify defects
in the brush collector assembly, which works in the following sequence [35]. The brush
collector assembly is characterized by parametric failures and has a continuous input-
output algorithm characteristic (Figure 8). Brush parameters are the mass tj,,4,, height
hyrush, and width by,,q,. During TEM operation, the brush wear occurs, and thus its radial
size and mass, as well as its force acting on the working surface of the collector, change [36].

Inputting Experimental data Refermination of paranie-
raw data > accumulation P ter values for each experi-
ment
Determining the numerical Formation of the matrix
values of the parameters |~ of parameter values
y
General assessment of Forecast of techno- Outputting re-
the condition of the »  logical reliability > sults
diagnosed electric mo-

tor

Figure 8. Algorithm intended for analyzing the experiments on identifying defects.

Failure and recovery are two opposite random events. In practice, during operation
and testing, these events are recorded over time. The time intervals between these events
are random variables that also characterize the failure probability. The recovery function is
numerically equal to the mathematical expectation of the number of recoveries made over
the time interval [0, t].

As an example, let us present the dependence of the output parameter as a function
of time:

Y = Yo +aot”, (7)

where g is the initial value of the recovery function.

Then, the allowable variation of the parameter A = y — yy = ¢ is set, by which the
average time f of the brush failure, required to achieve the deviation J, can be determined.
It is denoted by d/ap = V. On the basis of (6), we obtain:

tf = [5/1)(0]1/“, 8)

where t; is the average time of the brush failure;
V is the wear rate of the brush.

The main information required for diagnosing TEMs came from tests and experi-
ments [37,38], during which the failures and defects in BCAs were recorded.
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3. Results

In the reliability theory, the normal distribution is used, for example, to describe
patterns of failures caused by wear and aging, when failure as a random event is determined
by a large number of independent influences. It can be used to describe changes occurring
in the system elements that do not have a reserve during operation [36] since brushes used
in electric motors are not reserved. The model based on this distribution covers both stages
of operation. These are the run-in and normal operation phases.

The probability of the failure-free operation of the control panel can be determined by
the probability of control panel failure. The random variable v(f), i.e., the probability of
failures of the control panel during time ¢, when # failures will occur, can be represented as
the ratio of the probability derivative of the failure-free operation to the probability of the
failure-free operation. The probability derivative of the failure-free operation in the case of
the time ¢, in turn, is defined as the difference between the probabilities of the failure-free
operation in the case of the increment of time dt divided by dt. At the same dn time, it
determines the number of failures occurring during time dt. Hence, the probability of BCA
failures during time t is determined by the formula:

n(t) — n(t +dt)

_ P PO -Pttdy) TN dn 'y
IR ST arw T g deam an
t”f[ Ai(t)
P(H) ~1- =, (10)

where P(t) is the uptime probability function;

v(t) is the failure rate of the entire brush-collector assembly (brushes, collector, brush holder,
pressure plate, and cockerels) in the case of time ¢;

t is the time when 7 failures will occur;

n is the number of brush failures;

A; (1) is the failure rate of the i-brush on only one brush holder;

N is the number of brushes involved in the experiment.

Failure rates of the brushes in the BCA during application A4, and storage A are
calculated according to the formulas:

)\ﬂpp = Ap X Kgs X Kgee X Kiyoge, (1)

At = /\bf X Kaee, (12)

where A}, is the basic failure rate of the brush when tested under nominal electrical load
and normal temperature conditions;

Apr is a brush failure rate according to the results of the persistence tests conducted on the
packages of the manufacturing plants;

Kis is a coefficient of actual stiffness, taking into account the stiffness degree of the brush
application conditions;

Kiee is an acceptance coefficient, reflecting the quality level of brush manufacture;

Kiode 1s @ mode coefficient, which takes into account the change in the basic failure rate
depending on the electrical load and ambient temperature.

This completes the algorithm used for analyzing the experiments on identifying brush
defects according to Figure 9.

In the mathematical model proposed by the authors, apart from the distribution
function of the total operating time before failure occurrence, an important characteristic
of determining the electric brush reliability is the intensity of its failures. The failure rate
A(t) is the conditional probability density of the event consisting of the fact that the brush,
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which worked without failure up to time ¢, will fail in the time interval of [¢, t + At], which
is assumed to be small [39]. Hence, we can see that the probability of the faultless operation
of a brush in the interval of [¢, t + At] is defined only through A(t) [13,14].

Brush wear < 50% [ | I |
Brush wear > 50%

/ 11

5000

IT
— it I km

10,000 14700 15,000 20,000 25,000 30,000 35,000

Figure 9. Interval change of the BCC failure rate: I—brush lapping period, Il—operation; IIIl—brush

emergency wear.

This algorithm was used to investigate the brush for a certain time interval of [¢, t + At],
and the reliability calculation was performed according to the obtained data [40]. Then, the
brush failure rate A(t) was considered for the specified time interval of [¢, t + At], provided
that it did not fail before ¢t. Consequently, the failure rate A(t) is an interval characteristic of
reliability depending on the mileage of the dumper [ interval change of the brush failure
rate (Figure 9).

The changes in the intensity of the BCA failures are as follows. I is a period of brush
lapping; II implies that the operation is divided into two stages (brush wear is less than
50%) (brush wear reaches more than 50% of the height); IIl is emergency brush wear. The
intensity of failures determines the preventive maintenance frequency of the brush. This
dependence serves as a criterion used for determining the maintenance frequency, which is
set on the basis of technical, economic, and other conditions [41,42].

The approximated results of the failure studies based on calculations using the pro-
posed mathematical model in the case of 202 engines involved in the experiment over a
4-year period in 2019-2022 are presented in Table 3.

Table 3. Results of the mining truck research.

Number of TEMs That Failed Due to

the Switchgear and Controlgear A(t) 1/h P(t) QW Average (Expected) Service Life, Tcf, h
120 0.504 0.448052 0.551948 102.8324
60 0.38 0.379562 0.620438 136.4507
22 0.27 0.307536 0.692464 187.9585
20 0.17 0.21659 0.78341 301.9334

The mathematical model was simulated on the basis of the experimental data collected
in Kemerovo. The simulation results are presented in the form of a time nomogram of
the failure-free operation of the TEM switchgear depending on the brush height during
operation [43,44].

Since as a result of the conducted experiments, it was proven that brushes wear out
uniformly, the law of normal distribution of a random variable with mathematical expecta-
tion t and dispersion o?(t) of the term T of failure onset was accepted as an approximate
law of distribution of the terms of failure ¢.
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On the basis of the statistical data analysis, a polygon of empirical relative frequencies
(Figure 10a, curve 1) and theoretical frequencies (Figure 10a, curve 2) and a plot of the
calculated normal law distribution function of BCA failures (Figure 10b) were plotted
against the collected BCA failure statistics for 2020-2022.
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Figure 10. (a) polygon: 1—empirical frequencies, 2—theoretical frequencies of BCA failures; (b) plot
of the calculated normal law distribution function of BCA failures.

By controlling the parameters of the electric brush operating time f and the brush
failure rate A(t), the recovery function a(t) allows the prediction of the moment of the BCA
failures and the determination of the TEM technical state [45]. The failure flow parameter
is a derivative of the restoration function a(t):

(=1 5 (13)
a = —¢ 205,
o-V2m

where a(t) is the BCA recovery function;
t is the time interval before the occurrence of failures in the control panel;

T is the time between failures;
o is the standard deviation.

After data processing, when the uniform brush wear was obtained, the normal distri-
bution law in the case of the failure time t was adopted as an approximate distribution law
in the case of the failure time (Figure 11).

h, mm
45

b\'i\’\%'ﬁ'\“@‘é’”{f’i"bf’%‘”\“’é"@'\?’%‘"’é"'\\'\?&\”qb'»b'v K3
SRR M SIS i (SEPNR Q° - ) ] o
DR RCIO IO i’%"é\'\“'\q\q'\@\'\'@'ﬂ's“%"ss@
WW'\»’»'\"\'WW'\'W'E") MY ")SQ"?
Figure 11. Nomogram of the brush uptime (brush height during operation).

As an example, let us present the results of the experimental studies (Figure 12)
obtained by the authors from 85 units of dump trucks.
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100
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0
2019 2020 2021 2022
| failure rate 276 208 151 94
m Ter 102.8324 136.4507 187.9585 301.9334
EA(t) 0.504 0.38 0.27 0.17
B Q(t) 0.448052 0.379562 0.307536 0.21659

Figure 12. Nomogram of the approximated research results.

The proposed mathematical model uses the calculation—-experimental method based
on the calculation of reliability, failure, and damage indices according to the experimentally
obtained initial data of the TEM [46]. The probability of the failure-free operation during
the system operating time t; =+ t», where t; < tp, provided that it is operable by the interval
beginning, is determined by the formula:

exp [—?A(t)dt]
0

P(ty, ) =

- . (14)
exp [—f A(t)dt]
0

The failure-free operation probability decreases when the operating time increases:

Q(t) = 1—P(t) = F(t) = a(t) (15)

where F(t) is the integral function of the operation time to failure.
Figure 13 shows the probability curves of the failure-free operation P(t) of the EG61AK
brushes that are calculated on the basis of the data on brush operation.

t,- 1000 h

| >) | |
(44 o

1 2 13 14

Figure 13. Probability of the trouble-free operation of the EG61AK brushes with a height of 40 mm
(curve 1) and advanced brush holders equipped with composite brushes (curve 2).
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The probability of the failure-free operation as a function of time is obtained by a
successive multiplication of Pp,, values for each time interval At;:

n
Ppr(7) = [ [ Pagy- (16)
11

After operating for a random time 71, the ACS fails and is replaced with a new one,
which, after operating for a time T, fails and is replaced with a new one again, and so on.
It follows that 7; (I =1, 2, .. .) are independent and equally distributed random variables
with the distribution function F(t) [47].

Let us determine the brush wear rate for each time interval At; taking into account
the number of motor starts during this interval:

v = fAT[. (17)

Hence, after determining the brush wear rate, let us find the probability of the failure-
free operation of the brush collector assembly sequentially for each time interval per one
turn-on [8]:

Pag = (1~ Qan)", (18)

where Q< is the failure probability; v; is the wear rate.

Figures 9-13 present the mathematical model of data processing to estimate such
parameters as the wear time (t), failure-free brush operation (T), the determination of the
truck mileage (I), and the brush wear amount (Ah). There is also the probability of the
failure-free brush operation (P(t)), the failure rate A(t), and the remaining brush life until
its complete wear. The brush wear rate serves as a function of the operating time (v(t)),
the number of engine starts allows conclusions about the brush’s suitability for operation
based on its actual technical condition [48]. This significantly reduces time consumption
and helps the maintenance personnel find the failure place [48].

4. Discussion

Analyzing the obtained mathematical model using the algorithm for analyzing the
experiments conducted to detect defects (Figure 8) when determining and predicting the
reliability of the brush collector unit and bearings of the DC traction motor allows the
estimation of specific parameters. These are the time of wear and the failure-free operation
of the brush, the optimal mileage determination of the dump truck by the brush wear
value, and the probability of the failure-free operation of the brushes. The parameters also
include the residual life of the brushes up to the permissible wear limit, the wear rate of
the brushes depending on the wear and tear of the brushes. According to the results of the
modeling and the algorithm used for determining the technical condition of the brushes
(Figure 6), one can make conclusions about the serviceability of the brush according to its
actual technical condition.

To implement this model, as a result of analyzing the data on the operation of the
traction motors of BELAZ dump trucks, the percentage of failures associated with brush
wear was determined. To verify the accuracy and reliability of the predictions of the
mathematical model, we performed validation on real scenarios. For this purpose, we used
the method of split data sets, in which part of the data was used for forecasting and the rest
of the data were used for validation.

On the basis of the model and conducted experiments, the nomogram presented in
Figure 12 was obtained, which demonstrates that the average operation time of the brushes
before failures T increased, the intensity of failures A(t) decreased, and the probability of
brush failures Q(t) decreased. Knowing the brush wear (Figure 9) allows one to correct
and optimally choose the mileage of the dump truck before maintenance, thus providing
recommendations obtained from the planned preventive repair system for the system of
repairs according to the actual condition (Table 1).
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Knowing the wear height of the brushes under real operating modes and during the
constant monitoring of diagnostic parameters allows the monitoring of the BCA condition,
determining the presence of harmful operational factors: vibration of the whole assembly,
collector runout, and brush pressure force. These parameters can be included in the target
function characterizing the process of the technical state degradation of BCA and the
whole TEM.

Therefore, an effective and convenient method intended for diagnosing and predict-
ing the reliability of brush collector assemblies of DC traction motors was created. The
proposed mathematical model increases the accuracy of determining the technical resource
forecast, providing the possibility of remote diagnostics. At the same time, the procedure
of diagnostics is simplified (not requiring the dismantling of the electric motor).

As a possibility of continuous control over the parameters of vibration and wear of
the brushes during operation (Figures 8 and 11), the BCA technical condition using the
complex contributes to using the method when the brush life can be forecasted on the basis
of one chosen parameter of the technical condition: the brush wear height. This allows the
achievement of the obtained results of determining the actual technical condition of the
brush, BCA, and TEM, which were not previously obtained using existing methods.

In the course of the experimental studies aimed at revealing the methods of increasing
the technical BCA life, the authors made important design changes. These are the use of
brush holders equipped with a coil spring and discharge plate, new brushes with increased
wear resistance, switching ability, a rotary brush holder crosshead, collectors containing
bimetallic collector plates [8], and bearings covered with a hard antifriction coating [10].
The use of artificial intelligence and machine learning models will be the future continuation
of this research work. Sophisticated nonlinear machine learning methods, such as support
vector regression, “random regression forests”, will be used, which will provide a better
prediction of the reliability of the brush collector assembly of dump trucks. The application
of the brush holders equipped with the coiled spring and discharge plate allowed constant
pressure to be exerted on the brush, improving the switching of the devices and increasing
the service life of the brushes. The main limitation of the model is that it is statistical,
i.e., it is based on probability theory and mathematical statistics. Therefore, we can use
it to estimate the average brush resource. In addition to the diagnostic methods used for
determining the brush life, we can make a prediction for each particular node.

Transforming the obtained research results into potential economic benefits allows
us to conclude that, during a more accurate utilization of the electric motor brush life, a
company operating 150 heavy-duty coal dump trucks can save about USD 170,000 per year
by predicting and preventing unscheduled downtime using this model. Such quantitative
figures may be of interest to industry participants.

5. Conclusions

1.  Using the proposed mathematical model, the brush operation reliability was inves-
tigated and calculated; the minimum brush height required for the operation, the
average wear rate, the mean square deviation, and the mathematical expectation of
brush wear were determined. A nomogram of the brush collector assembly uptime as
a function of the brush height required for the operation was modeled.

2. The results of calculating and forecasting the residual life of the electric motor brushes
are suggested to be implemented not only in the design of new dump trucks pro-
duced by JSC “BELAZ” but also directly by the operating enterprises performing
maintenance and modernization of their fleet of dump trucks, whose electric drive,
for some reason, has failed or does not meet the technical characteristics.

3. The choice of the residual life prediction method was established to be justified by the
accuracy and reliability of the data obtained during the experiments and operation, as
well as by the requirements for the accuracy and reliability of the predicted service life
of the BCA when it is further exploited. In this case, it is necessary to have a system
for monitoring its technical condition.
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4. As aresult of analyzing the data on the operation of the traction motors EDP-800
of the BelAZ dump trucks, a high percentage of failures related to the wear of the
brushes was revealed.

5. The presented mathematical model of data processing allowed the evaluation of such
parameters as the wear time and the failure-free operation of the brush, determining
the vehicle mileage and the brush wear amount; the probability of the failure-free
operation of the brush; the flow of failures; the remaining life of the brush before
its complete wear; and the wear rate of the brush depending on the operation time.
These allow conclusions about the suitability of the brush for the work in its actual
technical condition.

6.  Future research will include collecting new technical information and a processing
platform created on the basis of artificial intelligence and deep machine learning
intended for processing more parametric information to determine the proportion
and minimizing the number of random failures.
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