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Abstract. The efficiency of a mining and processing plant depends on the level of complex mechanization of the pro-
duction process. In mineral extraction, haulage is a major cost category, with haul trucks being the key component of
the mining transportation system. To improve production performance, mining operations can increase their haulage
turnover and reduce transportation costs, which necessitates making haul trucks more reliable. This can be done by
improving their mean time to first failure (MTFF) indicators. This article analyzes the reliability status of the traction
drive system inhaul trucks operating in the mineral resources sector. It provides a quantitative assessment of traction
drive system failures resulting from part defects and discusses the associated repair costs. By examining failure data
from 2018 to 2022 and the results of vibration tests performed on a diesel generator, the study reveals that the most
expensive failures are associated with defects in the synchronous generator, which are primarily caused by elevated
external vibrations. Based on basic vibration tests and vibration spectra tests at different operating modes, recommen-
dations have been formulated concerning the generator’s robustness to external mechanical forces and the ways to
increase the generator’s protection grade to prevent dust intrusion. The study also identifies the frequency range that
poses the greatest risk of damage to the windings.
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Introduction. Currently, haul trucks are extensively utilized in open-pit mining to transport bro-
ken ore and rocks [1-3]. In the mining sector, transportation often accounts for 70 % of the total
production costs [4, 5], with a major share attributed to traction drive system (TDS) repairs [6]. Haul
truck downtime is caused by both scheduled maintenance and repair and emergency repairs resulting
from TDS failures [7-9].

The traction drive system consists of a synchronous generator (SG), a control cabinet (CC), and
an asynchronous traction motor (ATM) installed on each rear wheel of a haul truck.

To improve the reliability, safety, and efficiency of operating open-pit haul trucks while
ensuring optimal maintenance costs, it is necessary to conduct studies to assess and ensure TDS
reliability [10-12]. Considering that haul trucks operate in diverse climatic conditions across more
than 80 countries worldwide”, often under extreme conditions [13-15], there are stringent require-
ments as to the ability of the TDS to withstand environmental factors.

To date, various studies have been conducted to enhance the reliability of electric motors and
their components. These studies include:

* BELAZ consumers. URL: https://belaz.by/about/consumers/ (accessed 20.12.2022).
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* Remote vehicle health monitoring (the engine, the electric drive, and the hydraulic system) to
prevent accidents and carry out maintenance and repairs based on the actual condition of the dump
truck, rather than using the traditional preventive maintenance approach [16].

« Predicting wear of theelectric motor bearings. Studies in this area [17, 18] explore methods for
predicting the remaining lifespan of electric motor bearings using mathematical models.

* Fault finding in asynchronous motors through a multilevel combination of information
[19, 20]. The referenced studies present models, one of which gives a conditional probability for
different engine performance states based on data obtained from laboratory tests, while the other one
identifies the operating modes of an electric motor based on subharmonic parameters.

+ Assessing the probability of failure in an asynchronous motor within an electric drive through
testing vibration and electrical parameters [21-23].

» Monitoring the state of synchronous generators using electrical signals. This work [24] con-
tributes practical results in fault detection for operating synchronous generators connected to power
systems.

« Assessing the life cycle of electric drives to improve power system efficiency. The referenced
study [25] proposes a technique for evaluating the health status of electric drives based on normalized
amplitudes of frequency components.

« Evaluating the reliability of the traction motor by the calculation method and the fault tree
analysis [26-28].

Despite the diverse range of the studies mentioned, there is a notable lack of research specifically
dedicated to the reliability of traction motors in mining trucks. While some studies [29, 30], address
the reliability of mining trucks, they primarily focus on failures in components such as the internal
combustion engine, undercarriage, or wheel motor gearbox, etc. The issue of traction drive system
reliability is only considered superficially in such works.

This is an applied study. Based on analyzing operational data, we determined the causes of TDS
failures and identified the parts that demand the utmost attention. The major advantage of the study
lies in conducting field tests on a synchronous generator after repairs instead of usinga software pack-
age withidealized conditions. Checking its health status after operation in a quarry allows to under-
stand the impact of operating conditions and external mechanical vibration loads on the electric
drive’s reliability. We emphasize that it is important to bridge the gap between scientific research and
industrial applications.

Methods. We conducted reliability tests of haul trucks, analyzing 326 cases of TDS part failures
over a 5-year period from 2018 to 2022. To ensure that the sample was representative, haul trucks
operating in various regions and climatic conditions were included in the study, encompassing Vi-
etnam, Iran, Uzbekistan, Kazakhstan, Kuzbass, Novosibirsk region, and the Republic of Khakassia.
Figure 1 shows the number of TDS part failures during the period under study. Figure 2 presents the
cost ratio for restoring the individual TDS parts.

The charts show that the number of TDS failures due to SG failures is much lower compared to
CC failures, while SG restoration costs account for three-fourths of the total sum. The reason for this
is that it is impossible to perform SG repairs on site, which necessitates additional costs for transport-
ing the damaged part to the manufacturer or a specialized repair company. Moreover, it is usually
costly components such as the winding, rotor, and bearing assembly that require repairs. Conse-
quently, these factors result in prolonged downtime for mining trucks.
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Fig.1. TDS part failures in haul trucks from 2018 to 2022
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Fig.3. SG failure causes

Fig.2. TDS repair costs breakdown from 2018 to 2022 1 - bearing assembly; 2 — other; 3 — manufacturing
defect; 4 — stator winding lead burn-off

Taking into consideration the frequency of SG malfunctions and the largest share of SG costs
in TDS restoration, the article will now focus on analyzing TDS failures resulting from SG
failures.

Figure 3 illustrates the distribution of SG failuresby individual part failures, which is based on a
dataset of 90 failures in haul trucks. SG failures happen due to the challenging and adverse operating
conditions and modes experienced by haultrucks, which differ from those of stationary electric drives.
These conditions include fluctuating climatic conditions, high levels of dust and humidity, frequent
starts and stops, and high thermal and vibration loads [31-33].

Considering the demanding conditions ranging from temperate climates to northern latitudes in
which haul trucks operate [34-36], the SG mustwithstand the impact of particular environmental fac-
tors and needs to meet several requirements:

 ambient temperature ranging from -50 to +50 °C;

« permissible upper value of the relative humidity of 100 % at a temperature of 25 °C;

* operation at an altitude up to 1,200 m above sea level;

« the IP21 rating of the generator in accordance with the GOST 14254-96 titled “Degrees of
protection provided by enclosures (IP code)”;

« operating conditions corresponding to the M28 design category according to GOST 17516.1-90
titled “Electrical articles. General requirement for environment mechanical stability”;
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« differential pressure at the inlet duct and filters not exceeding 1 kPa at an air flow rate of
1 m¥s;

* maximum bearing temperature not exceeding 125 °C;

« vibration velocities not exceeding 10 mm/s at idle and 15 mm/s under load;

« the electric drive must ensure the reliable operation of a haul truck at various mines with dust
concentrations of up to 10 mg/m?.

Let us consider all types of SG faults in more detail from the most to least common as shown in
Fig.3. The “other” category includes the following failure causes: coil deformations caused by trans-
portation; winding displacement in the direction of rotation; short circuit at the stator winding lead.

The study revealed that during operation, a conductive path formed between the generator
leadsdue to dust and moisture accumulationon the surfaces of the terminal blocks. As a result, an
interphase short circuit occurred, leading to an SG failure. Considering the SG’s operating conditions,
it is recommended to improve the insulation of the stator winding lead in order to increase insulation.

Nearly one-third of SG failures occurred due to bearing assembly issues, including the following:
bearing roller failure (defective bearing); bearing separator failure (manufacturing defect); lack of or
an insufficient amount of lubrication.

Often, one cause of failure triggers another. For instance, insufficient lubrication in the bearing
assembly leads to a separator failure. Moreover, it results in overheating within the bearing assembly
as the heat generated during operation cannot be uniformly dissipated [37, 38]. To minimize such
failures, it is necessary to improve incoming quality control procedures and perform ongoing health
checks during operation.

One of the reasons for SG failures is the low quality of components caused by the negligence of
electrical machine assemblers.

Now we will discuss several individual SG issues that led to haul truck failures and downtime:

* Rotor excitation coil burn-off at the junction with the lead. Such a failure is caused by the lack
or low quality of solderingat the junction between the generator pole and the lead to the slip rings at
the connection with the terminal strip.

* Damage to the SG’s stator winding caused by a broken piece of the pole core. The probable
reason for the failure of this component, which operates under impact loads, is the low strength and
plastic characteristics, imperfections in the cast structure, and the absence of heat treatment that
should have enhanced the mechanical properties and material structure.

« Fracture of the stator winding lead due to insufficient bolt tightening.

» Damage to the SG’s winding as a result of a short circuit to frame. The reason for the damage
is the failure to comply with the requirements of the design documentation for the isolation of the
outlet busbars or process flow errors.

One of the major types of faults is the stator winding lead burn-off. This category of faults in-
cludes the stator winding lead burn-off from the conducting ring of the stator winding and coil-to-
coil connection faults in the winding [39]. The most probable cause is high vibration levels [40-42]
exceeding permissible ones. The prolonged exposure to vibrations is a recognized risk factor for var-
ious diseases among truck drivers [43-45]. Furthermore, it should be considered that during the op-
eration of a haul truck, clayey sediment could accumulate on the SG’s housing cavity. This accumu-
lation causes a deterioration in heat dissipation from the windings [46-48], as well as an imbalance
and increased vibration.
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To investigate potential causes for faults in windings, we conducted vibration tests that were
aimed at determining general vibration levels and their spectra in various operating modes of a diesel
generator set (DGS). In our tests, we used a reconditioned generator operating at an open-pit mine in
the Kemerovo region. The following operating modes were tested: idling at speeds of 900 rpm and
1,900 rpm; with loads applied to the braking resistor at 800 rpm and 1,800 rpm.

During the tests, it was observed that the maximum vibration level occurs at rpm values rang-
ing from 1,800 to 1,900. Therefore, for further analysis, we will focus solely on these rotational
frequencies.

Figure 4 shows the 14 vibration measurement locations used in our tests:

* points 1, 2, and 3: the vertical, horizontal, and axial vibrations of the bearing assembly of the
generator from the slip ringside;

* points 4, 5, and 6: the vertical, horizontal, and axial vibrations of the generator frame from the
diesel engine side;

* points 7, 8, and 9: the vertical, horizontal, and axial vibrations of the generator’s left support
from the diesel engine side;

« points 10 and 11: the vertical and axial vibrations of the diesel engine cylinder block from the
generator side;

* points 12 and 13: the vertical and horizontal vibrations of the diesel engine cylinder block from
the radiator side;

* point 14: the horizontal vibration of the DGS frame under the diesel engine.

Discussion of the results. Table 1 presents the results of measuring the root mean square (RMS)
values of the DGS’s vibration velocity within the frequency range of 10 to 5,000 Hz. The data shows
that both at idle and under load, the vibration of the generator frame remains below the limit of 10
and 15 mm/s, respectively. The exception is some non-standardized points near the generator’s bear-
ing shield. It is worth noting that the overall vibration levels in the engine area at individual pointsare
considerably higher than in the generator area. The results are presented as relative units compared
to the permissible values for the generator’s vibration velocity, with values exceeding the permissible
limits highlighted in bold.
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Fig.4. Measurement locations for vibration tests conducted on a diesel generator set
| — fan casing; 1l — synchronous generator; 111 — diesel generator set frame; 1V — diesel engine
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Table 1
Relative RMS values of the generator’s vibration velocity, r.u.
. . Load Load
Mfgg:{i%rpsent atn I:dsl;gg rpm atn zlflé%% om on the braking resistor on the braking resistor
' atn =800 rpm, | =250 A atn =1,800 rpm, | = 330A

1 0.46 1.05 0.31 0.89
2 0.58 1.62 0.44 1.08
3 0.31 1.57 0.27 1.30
4 0.36 0.55 0.31 0.48
5 0.22 0.63 0.13 0.42
6 0.27 0.80 0.23 0.57
7 0.41 0.56 0.28 0.69
8 0.26 0.95 0.21 0.68
9 0.27 0.67 0.20 0.49
10 0.39 1.08 0.29 0.55
11 0.22 1.34 0.16 0.38
12 0.45 3.71 0.34 1.44
13 0.27 0.53 0.15 0.43
14 0.47 1.07 0.30 1.77

During the tests, the DGS’s vibration acceleration values were measured for two frequency
ranges: up to 55 Hz and up to 200 Hz, as specified in the GOST 17516.1-90 titled “Electrical articles.
General requirement for environment mechanical stability” for the M28 design category. The re-
sults are presented in Table 2, with indicators exceeding the operating limit highlighted in bold.
Based on the results, it can be concluded that the external impact on the generator within the fre-
quency range of 0 to 55 Hz complies with the M28 design category requirements, as stated in GOST
17516.1-90. However, the primary contribution to the overall level of generator vibration comes from
harmonics with frequencies ranging from 60 to 300 and 400 Hz, which exhibit significantly higher
magnitudes compared to vibrations within the 0-55 Hz range. These harmonics pose the greatest risk
to the generator’s winding as its resonant frequencies lie within this range. Therefore, the M28 re-
quirements are not applicable to this particular generator. Instead, the M37 design category require-
ments regarding units installed on piston engines should be used (frequencies ranging from 0.5 to
500 Hz; vibration acceleration up to 100 m/s?).

Table 2

Maximum generator vibration accelerations relativeto the boundary value, frequency ranges 0-55/0-200 Hz, r.u.

Measurement Idling Idling Lo_ad . Lo_ad .
locations at n = 900 rpm at n =1,900 rpm on the braking resistor on the braking resistor
' atn =800 rpm, | =250 A atn =1,800 rpm, 1 =330A
1 0.043/0.135 0.106/0.444 0.024/0.199 0.101/0.457
2 0.092/0.171 0.158/0.605 0.037/0.265 0.158/0.485
3 0.011/0.123 0.047/1.630 0.014/0.146 0.038/1.930
4 0.033/0.111 0.068/0.167 0.017/0.218 0.060/0.321
5 0.019/0.058 0.085/0.187 0.024/0.033 0.093/0.166
6 0.028/0.087 0.065/0.359 0.014/0.147 0.084/0.340
7 0.028/0.164 0.045/0.516 0.025/0.139 0.075/0.808
8 0.035/0.084 0.095/0.456 0.027/0.119 0.139/0.404
9 0.025/0.088 0.061/0.264 0.016/0.124 0.076/0.297
10 0.020/0.096 0.098/0.156 0.009/0.169 0.107/0.201
11 0.013/0.036 0.210/0.184 0.019/0.047 0.073/0.218
12 0.012/0.053 0.614/0.659 0.019/0.148 0.212/0.440
13 0.034/0.075 0.033/0.259 0.017/0.077 0.065/0.240
14 0.024/0.328 0.084/0.729 0.026/0.235 0.133/3.150

Figure 5 presents the vibration spectrum of the diesel engine cylinder block for the most active zone
(frequency ranges of 1.5 to 2.5 and 3 to 3.5 kHz). The extent to which these high-frequency components
affect the generator remains unknown.
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Fig.5. Vibration acceleration spectrum of the diesel engine cylinder block from the radiator side in the vertical direction (point 12)

Table 3 provides the vibration acceleration values for two measurement locations: the genera-
tor’s left support from the diesel engine side (point 8) and the DGS frame under the diesel engine
(point 14). These values are based on the harmonics of the rotation frequency at 1,846 rpm, 330 A
for the braking resistor being loaded. Table 3 demonstrates that the diesel engine is a distinct source
of vibration at harmonics 3.5 and 5. Figure 6 illustrates the vibration acceleration spectrum for the
aforementioned measurement locations. Importantly, the spectrum type remains consistent regardless
of the generator’s load, indicating that the vibration is of a mechanical nature.

Table 3

Vibration accelerations of the generator support
and the DGS frame under the diesel engine in the horizontal direction

Frequency, ) Vibration acceleration, r.u.
Hy Harmonic number - -
Generator support Diesel engine frame
31.01 1 0.13 0.09
61.59 2 0.22 0.05
77.09 25 0.44 0.06
108.44 35 0.15 0.47
152.16 5 0.08 3.13
1093.57 36.5 0.07 0.7
1131.31 37 0.15 11
1167.99 38 0.05 0.96

The high values observed in the axial vibration of the generator’s bearing assembly (point 3) are
associated with the harmonics within the frequency range from 150 Hz to 200 Hz, as indicated in Table 4.
This occurrence can be attributed to the resonant characteristics of the part. When testing a similar gener-
ator at a plant site, it was found that the natural frequency of the generator’s bearing shield was 180 Hz,
as depicted in Fig.7.
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Fig.6. Vibration acceleration spectrum of the generator’s support (point 8 — red)
and the DGS frame under the diesel engine (point 14 — black) in the horizontal direction at 1,846 rpm
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Fig.7. Vibration acceleration spectrum of the generator’s end shield in the axial direction

Table 4
Vibration acceleration of the bearing assembly in the axial direction by frequency harmonics at 1,914 rpm, 325 A
Frequency, Hz 317 63.6 95.2 127.1 143.3 159.2 175.3 190.9 205.2
Harmonic number 1 2 3 4 45 5 5.5 6 6.5
Vibration acceleration, r.u. 0.01 0.07 0.21 0.31 0.35 0.47 1.26 1.92 1.62
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Conclusion. Based on the results of vibration tests, this article examined traction drive system (TDS)
failures in haultrucks, analyzed the causes of synchronous generator (SG) failures, and conducted bench
tests of a diesel generators set (DGS) to identify the causes of stator winding failures. The following
conclusions can be drawn:

« Our analysis of SG failures revealed that the stator winding (35 %) and the bearing assembly (29 %)
are the functional units with the highest failure degrees. Failures in the stator winding encompass issues
such as stator winding lead burn-off and coil-to-coil connection faults in the winding.

* The primary cause of stator winding failures is the excessive external vibration impact on the gen-
erator, surpassing the levels given in relevant technicalspecifications.

* The general level ofthe vibration velocity of the generator frame at speeds ranging from 1,800 to
1,900 rpm does not exceed the permissible values outlined in the regulatory documents.

* The external mechanical impact on the generator does not align with the M28 design category re-
quirements as defined in GOST 17516.1-90 titled “Electrical articles. General requirement for environ-
ment mechanical stability”. It has been determined that the M37 design category requirements should be
used (frequencies ranging from 0.5 Hz to 500 Hz with vibration acceleration of up to 100 m/s?).

* The test results indicate that generator vibration is practically unaffected by its load and is primarily
attributed to mechanical causes.

 The most hazardous vibrations to the generator windings lie within the frequency range of 60 Hz
to 200 Hz. The engine has been identified as the source of vibrations within this frequency range, at least
for certainharmonics.

« The issue of stator winding damage is complex, and its root cause lies not only in the vibrations of
the diesel engine or generator but also in the natural frequencies of the winding or its fixtures.
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