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METHODS AND ANALYSIS OF THE RELIABILITY PARAMETERS FOR DRIVER GROUPS
AND STATIONS FOR BELT CONVEYORS

Petko Nedyalkov
University of Mining and Geology “St. Ivan Rilski” - Sofia, Faculty of Mining Electromechanics, E-mail, petko.nedyalkov@mgu.bg

ABSTRACT: The presented study surveys the methods for analysis, estimation, and technical application of procedures for the systematisation and check of the
reliability indicators of the driver groups and stations in heavy loaded mining belt conveyors. The base indicators influencing over the reliability are the loading and the
maintenance and both of them are subjected to a statistical assessment. Some of the particular factors that are the subjects of the methods are investigated in depth.
The major cases of analysis through modelling of the drive - force — load mechanical system interaction are examined. Basic force, torque, and power dependences
between the structural assemblies in the driver group and station for the belt conveyor are also examined. Dynamic models for the diver - mechanical system are created
and analysed. Indicative results are presented in the form of diagrams and tables, which are subject to estimation and comparative analysis to the load in a real
technological system.
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METOOMKA U AHANU3 HA HAOEXOHOCTTA HA 3AABWXBALLUWUTE TPYNU U CTAHLUWU 3A T'YMEHO-NEHTOBW
TPAHCNOPTbLOPU

Memko Hedsinkoe

Munro-eeonoxku yHusepcumem ,Cg. UeaH Puncku® — Copusi, MuHHOoenekmpomexaHudeH hakynmem

PE3IOME: B paGoTata ce jaBa 0630p Ha METOAMKa 3a aHanu3, OLiEHKa 1 TeXHUYeCka M3MbIHUMOCT Ha NpoLieaypy 3a CUCTeMaTU3MpaHe U NPpoBepKa Ha NokasaTenuTe
Ha HafIEXOHOCTTa 3a 3a[BWKBALUM TPYMM W CTaHLMM 33 TEXKOHATOBAPEHW TYMEHO-NEHTOBM TPAHCMOPTLOPU B YCNIOBUATA HA MUHHUTE NpeanpusTAs. OCHOBHUTE
(haKTopW, BRMSIELLY BLPXY HAAEKAHOCTTA, Ca HAaTOBApBaHe 1 NOARPLXKA, KAaTo 1 4BaTa (hakTopa MOraT Ja Ce OLIEHSIT M CTaTCTUYECKu. YacT OT nokasaTtenure cybekTu
Ha MeTopuKaTa ca pasriefaHu 3agbnGoueHo 3a OTAEMHM YacTHU Ccriydau. PasrmefaHn ca OCHOBHMTE Cilydau HA MOAENMpaHe 1 aHanua Ha HaToBapBaHETo Ha
MexaHu4HaTa cucteMa. PasrnefaHu ca OCHOBHUTE CUMOBM, MOMEHTOBM U MOLLHOCTHI 3aBICMOCTY MEXZY Bb3nuTe B 3a[BIKBALLATA CTAHLMS Ha ryMEHO-TIEHTOB
TpaHcnopTbop. Ch3fiafeHi ca v ca aHanMaupaHu AMHAMUYHI MOLEN Ha MexaHiHaTa cucTeMa, NPeCTaBeHy ca MHOMKATUBHI peaynTaTii B rpaduyeH v TabnuieH
B, KaTO Pe3ynTaTuTe CIyXaT 3a OLHKa W CPABHUTESIEH aHann3 C HAaTOBAPBAHETO B MPOM3BOLCTBEHATA CUCTEMA.

KNOYOBU OYMU: aymeHo-neHmos mpaHcnopmbop, Ha0exAHoCm, cunos aHanus, OUHaMUYeH aHanu3

depending on the location of the specific conveyor in the
INTRODUCTION technological scheme of the mine.

As high-performance machines, the reliability performance
of RBCs is formed by numerous indicators, with current
development focusing on driving stations and groupsets.
Considering various highly loaded RB conveyors installed and
used in mines of Asarel, Troyanovo-Sever, Troyanovo-1, and
Troyanovo-3, it should be noted the installed high power
capacity: 2 to 3 MW per drive station for a continuous production
cycle at planned preventive maintenance /PM/ times - for
maintenance work up to 2 hours a day and planned annual
repairs up to 20 days a year.

With these indicators, all repair activities should be carried
out according to a scheme of replacement of nodes in order to
reduce the time of the maintenance. The use of identical
conveyors is preferred for the purpose of unit unification under
production conditions, but with the possibility of reconfiguration
to ensure the readiness of the conveyor for the particular task or
stopes.

Rubber belt conveyors /RBCs/ are machines for continuous
transport in the entire main and supporting range of mining and
extracting activities for coal, ore minerals, inert earth-rock
materials, overburden, industrial waste, and ash residues from
filters and heat plants. RBCs are experiencing a "renaissance"
in modern technological schemes with the possibility of
shortening of the transport-conveyance distance of mining
trucks by installing inclined conveyors through the inmobile
board of the mine or through inclined transport fabrication, which
can shorten the truck travel by up to 5 times (Shamsi 2021). Belt
conveyors are the main means of transport for all activities in
this type of mining technological scheme, so the importance of
reliability parameters increases.

RBCs designed as shown at the scheme in Fig. 2 are
preferred in mining and ore processing plants - with two drive
drums onto which two or three drive groups can be installed,
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THEORY AND METHODOLOGY

The study is based on the following methodology:

- general analysis of reliability indicators;

- analysis of bearings, as elements ensuring movement;

- analysis of rotating nodes, as subject to
balance/imbalance;

- analysis of structural elements and metal structures in
order to establish loss of stability;

- dynamic analysis of the driver system for calculation and
evaluation of resonance areas, shown by the block diagram in

Fig. 1.
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Fig. 1. Block diagram of dependencies in dynamic mechanical
system modelling

The main parameters affecting the durability of the units in
the driver group and station of the rubber belt conveyor are the
accidental overloads (Lazov 2018, Lazov 2018, Bortnowski
2021, Bortnowski 2022) in the range between 1.1 to 1.3 times of
the nominal, counting that the thermal protections of the drive
motors would shut down in an emergency at overload from 1.3
to 1.5 of the nominal.

Reliability parameters

In these ranges, force and moment overload should not
cause damage or drastic destruction of a part or a node. In this
setup, the following causes can be distinguished from the known
causes of damage: fatigue, resonance, random (stochastic)
overload, and imbalances in balancing the resulting inertial
overload.

With generalised parameters of reliability, the following
values can be defined for the operation (time) without damage
[TOT/:

- target operation time — TOTt1 = 50E3 h;
- reasonable operation time — TOT2 = 20E3 h;
- net working time per year — TOTa-v3 = 7500 h.

At a reported average time to failure for any of the nodes
listed above — MTTF = 8500 h, the parameters are calculated as
follows:

- intensity of failures — IF = TOT/MTTF;

- failure rate assuming an exponential distribution of the
failure and survival function: FRi=1=IF/TOT;

- survival function: S(t) = exp(-I*t)

Fig. 2. Scheme of a RBC with the main elements

Table 1. Calculated reliability parameters

TOTays 7550 h
TOTu1 50000 h
TOTers 20000 h
MTTF=TOTers 8500 h
z= 1 3 15
IF; 0.151 05 2.3
IF 0.378 11 5.7
IFs 0.888 2.7 133
I = FR 200E05  6.OE-05  3.0E-04
L=FR. 500E-05 _ 15E-04  7.56-04
ls=FRs 118E04 _ 35E-04  1.8E-03
Stz=1)  S(tz=3) S(Lz=15)  th
Si(t2).% 86.07 63.76 1054 7500
Si(t2).% 74.08 40.66 111 15000
Si(t2)% 63.76 25.92 012 22500

The results for the reliability parameters are shown in Table.
1 for different number of driver groups z. The different number
of driver groups is determined by the location and inclination of
the RBC in the general mine transport scheme.

With the values set in this way, it could be seen from Table
1 that with an average reported survival time MTTF=8500 h, the
survival function calculated for net operation time per one year
(t=7500 h) for 15 groups (z=15) is 10%, or in other words - repair
dead time should be planned to replace a group at about 784
working hours.
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Fig. 3. Block diagram of the driver group
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Load and life-cycle of bearings
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Fig. 4. Electric motor shaft with suspended masses

Figure 3 shows the block diagram of the driver group and
Figure 4 - the scheme for loading and supports of the shaft of
the electric motor. According to these schemes, the indicators
of the nodes, drive, and suspension, as well as the indicators of
the bearings are calculated. The scheme in Figure 3 presents
the kinematic drive chain, namely: engine — hydrodynamic
clutch — clutch/brake - reducer - drive drum. The suspension of
the reducers and the drive drum is the same, namely the drive
drum bearings, the reactive forces from the drive drum are
transmitted through the reducer housing and frame to the
reaction rod.

for the example calculation of a 630 kW, 6 kV, 1370 rpm, 450L
motor for the ratio of the calculated bearing life to 50 thousand
hours (L10h/50*10E3), at different support reactions. This ratio
guarantees a safety coefficient for bearing life with ranges over
the limit of 50,000 hours. It could be seen that for both bearings
of the electric motor, the values of this coefficient significantly
exceed one. The different support reactions for the same rotor
are determined by the different clutches or belt drives mounted
on the motor shaft.

The results in Table 2 show that even in the most severe
load case presented in row 8, both motor bearings have a life
twice the limit of 50,000 hours. The frequency calculation of the
considered bearings for a fixed mode is presented in Table 3,
and these results also do not show an intersection of the
frequency characteristics of the bearings with those of the rotor
of the electric motor.

Table 3. Frequency calculation of electric motor bearings
(Nedyalkov 2008; SKF 2023)

Table 2. Calculation indicators of the bearings of the considered
electric motor (Nedyalkov 2008; SKF 2023)

d D B C ¢C, Fin e=zky
mm mm mm kN kN kN

NU328ECM 140 300 62 780 830 10 0
X 1 15
n 1370 rpm Y 0 20
a 3.33 30
6328 C3 140 300 62 251 245 2.92

X 0.46 X ) 4.39 0.54
Y 171 f, 14Y 0 5.85
a 3 8.77

Fia fpFia/Cq P CP Ly Lin Lyon/50k

kN kN 10%mm  h

0 10.0 78 474552 5773139 115.5

0 15.0 52 140608 1710560 34.2

0 20.0 39 59319 721642 14.4

0 300 26 17576 213820 4.3

1.59 0.09 4.1 61.8 236447 2876484 57.5

2.38 0.14 6.1 412 70058 852292 17.0

3.17 0.18 8.1 309 29556 359561 7.2

4.76 0.27 122 20.6 8757 106536 2.1

At an established mode of operation with a constant load,
the bearings of all equipment are calculated for a life of 20 to 50
thousand hours, as the last column of Table 2 presents a result

-u

A

gain_p1l functionl
P
|—— f(x)
driver_630kwW FL_Cpl

7

wave_f_Hz

» | [

d, d, z, ng
mm mm pm
NU 328 ECM 222 42 14 1380
6328 C3 220  47.625 8 1380
’s f,- fc! f: fb fr
SF BPFI BPFO FTF BSF REDF
Hz Hz Hz Hz Hz Hz
23.0 191.5 130.5 9.3 58.6 117.2
23.0 111.9 72.1 9.0 50.6 101.3
CPM, CPM; CPM, CPM, CPMy, CPM,
SF BPFI BPFO FTF BSF REDF
rpm rpm om rpom pm om
1380.0 114875 78325 5594  3516.6  7033.2
1380.0 67150 4325.0 540.7 3038.0 60761

Mechanism and dynamic model

The driver system for the first step of idealisation can be
idealised to the model shown in Fig. 5. A model shown (OSMC
2023, SimX 2023) in this figure was synthesised and developed
in order to study the starting and braking processes in the
conveyor through a single-mass model with variable load
parameters. The model allows changing both the type and form
of resistances and the type and form of starting and braking
procedures. The main purpose of the presented model is to
allow the study of atypical combinations in the load cases of the
driver electric motor, as well as different characteristics of the
starting process.

AAA
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Fig. 5. Dynamic model of the driver group
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The starting processes in transporters are a serious
research topic (Lodijewiks 2006, Daijie He 2016) for industrial
research because of the idealizations and restriction from the
laboratory equipment. The type of starting and braking
processes determine the length of the start and the average load
during the starting procedure (Harrison 1986, Harrison 1983,
Gladysiewicz 2019). Figure 6 shows the power, torque, and
angular velocity results of the electric motor for starting process
using a start-up procedure for belt stresses lightening (Nuttall,
2007).

External Power - driver_630kW.Pe
Motor Torgue - driver_630KW.TI

Reotational Speed - driver_630KW.om
— — - gain_ply
gearlctrlom

= 1 L
0 10 0 s 20
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Fig. 6. Example diagram of electric motor parameters for the
starting process

The simplified start-up procedure of belt conveyors (Nuttall
2007) uses a dependency of the following type:

Tt
)]
tstart
where:

In is the nominal current of the electric motor;

ki is the start-up coefficient as foe current for the electric
motor;

tstart is the time for starting.

Figure 6 presents the motor performance from a simulation
for a starting duration of 10s, showing an average starting power
of 680 kW. It can be seen that there is no overload for all the
modeled processes.

, ki
Istare = In - o [1 - COS(

Critical speed of the motor shaft

The balancing of all machines for industrial use goes
through several stages, and the permissible static balance of the
corresponding rotating part is indicated in the passport data of
the machine. Also, for most machines, passport data is available
for the permissible misalignment during installation and
operation. A resulting parameter from these two indicators is the
vibration load of the mounted machine unit, whose measurable
indicator is the permissible vibration speed or vibration
acceleration of the housing or other main part. This measurable
indicator is significantly influenced by the state of bearing units
(Nedyalkov 2008; SKF 2023), and systems for continuous
control of machine and unit indicators very often use a signal
from such type of sensors to track wear or damage in bearings
and associated nodes. A system of this type operates with
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multiple points by traversing and recording the signal from the
various points and providing a signal or report to the dispatcher.
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Fig. 7. Example diagram of the turbo clutch indicators for the start-
up process

While the static balancing as described above is a relatively
well-defined process and industrial procedures are available to
manage the performance of machines depending on it, in
dynamic balancing of rotating nodes and machines things are
not so well set (IEC 60034- 1). Critical rpm of rotating shafts are
the subject of serious research and development in turbine
machines, internal combustion engines, etc., but in standard
unified medium-speed machines (up to 3000 rpm) such
information is missing. Example: electric motor catalogues do
not list [OMEC 2023, Helmke 2023] rotor weight data, only its
mass moment of inertia. Data are given for the bearings, and the
permissible force on the motor shaft in terms of belt or chain
gear tension, but no data are given for the permissible mass of
the clutch with the corresponding assembly.

The effects in the presence of bending oscillations of the
motor shaft with their corresponding critical rpm are one of the
few deterministic approaches to elucidate a correlation between
a rotating rotor and a change in bearing responses during that
rotation.

The idealised scheme of critical rpm calculation gives the
ratio:

Csh

Wo; = — ,rad/s,
where:
csh is the stiffness of the shaft for the corresponding
section

mi-disk iS the mass of the corresponding disk.

In this computation model, it is assumed that only the shaft
is deformed, and all other details, including the bearings, are
non-deformable. The stiffness of the shaft is calculated by
various methods and calculation systems, while most often the
mass is known. For a console part of the shaft, a centrally loaded
shaft with a distributed load and a concentrated force, the
dependencies are known:

3-E, 4
Ceon = Li};_'N/m
L
384 -E, -],
b= gy M/m
L
48Ey]
Cr = —% 4,N/m,

where:
Ey is the modulus of elasticity of the shaft material,
Ja is the moment of inertia of the shaft section,
Liis the length of the corresponding section,
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Ceon — is console part stiffness,

Cuq — is distributed load stiffness,

cer — is stiffness corresponding to concentrated load.
On the other hand, shaft stiffness can be calculated by:

c=F;/wg ,N/m,

where wst is the static sag under the force Fi. This dependence
allows the connection of deformations in the shaft with its critical
revolutions.

When experimentally measuring the critical rpm of the
shafts, it is considered that the above dependences are
estimated, in other words, there is a deviation between the
measured value and the calculated value. It is accepted that the
critical rpm for real machines are estimated as a critical area
with a range of about 80 to 120% of the calculated critical
angular speed. Dependencies for evaluating the mutual
influence of several critical masses also give a deviation from
the measured value, and the Dunkerley or Rayleigh methods
can be used.

1 1
wO—Dunkerley = \/F + F"‘ +F, rad/s
1 2 i

9-2C Wi o tesss
G -wi Y

These calculations were carried out for the selected engine
and clutch and the results are given in Table 4. Since the
formulae above are estimated (approximate), they allow the
interpretation of at least two cases of loading and deformations
in the shaft. The first case assumes the stiffness of the shaft as
maximum possible; in other words, the rotor stiffens the shaft,
which fits into the requirements of standard IEC 60034-1. The
second case assumes the stiffness of the shaft according to its
section.

~

wO—Rayleigh =

Table 4. Frequency calculation of shaft - rotor system

Ny, rad/s| Hz| rpm 145 23 1380
mi Wicr Gi C0-i foi
kg mm kN/mm rad/s Hz rpm
shaft 229  0.1352 177 2717 442 2652
rotor (shaft
st ( 1637 01352 17.7  104.0 16.5 993
rotor 1637 0.0002 708 2079 331 1985
Turbo
coupling 650 0.0112 6046 9645 1535 9210
Rayleigh ~ 190.4 303 1819
case - stiff Dunkerley 203.2 323 1941
Rayleigh 54.3 86 519
case - soft Dunkerley 103.4 164 987

The second case corresponds to a double (or repeatedly)
bent elastic line of the shaft, when the entire load is transmitted
only through the shaft. The assessment of critical rpm and areas
is presented in the last row of the Table. 4, both values being
below the engine's rated operating speed. The Rayleigh
estimate is expectedly very low (47% lower), and the Dunkerley
estimate is 0.58% - the lowest frequency for a single mass on
the shaft. Dunkerley's formula estimate is 71.5% of the rated
engine rpm. At critical revolutions, the bearing load cannot be
calculated with the formulae from the previous section. The
dynamic force on the bearing is:
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Fayn-b = Cp - Wq,

Which, for a deformation of about 150um (as much as the
standardised clearance in the bearing) for the considered case,
corresponds to ~6 kN force in the axial direction. This force is
enough to drop the bearing's durability from 50,000 hours to
20,000 hours.

Conclusions

The presented methodology and computing models make it
possible to evaluate the influence between a driver system with
a rotating load (torque) and the power load on the bearings of
the electric motor by considering the effects of bending
vibrations in the shaft. The dynamic model allows to perform a
simulation with an overload of the system, the action of which
overload is about 10 s, and the angular speed of rotation of the
turbine wheel of the hydrodynamic clutch is in the critical zone
calculated in Table 4.

In order to upgrade and improve the methodology, it is
necessary to develop a research model for the modal study of
the electric motor shaft and the masses attached to it using the
Finite Element Method. With precise three-dimensional
modelling, setting the correct characteristics of the materials, the
position of the masses, and, particularly important, the correct
support connections and reactions, the accuracy of the method
can reach 2.5%, which for a similar task is an excellent result.

The future development of the methodology necessarily
includes recording of experimental data, as the real system has
more than two fixed masses to the shaft of the electric motor.

The effects of critical rpm on electric motors are not well
represented at the cataloguing and standardisation level. In the
catalogues, the maximum level of information includes the
dimensions and type of bearings of the electric motor and
tabulated values of the permissible forces acting on the motor
shaft for installation reasons, which is not sufficient for the
correct calculation and evaluation of the effects of the critical
revolutions on the rotor. In order to evaluate the effects of
bending oscillations on the electromagnetic force created by the
rotor and the electromagnetic imbalance in a completeness
sufficient for engineering practice, additional information is
needed to parametrise a model including mechanical and
electromagnetic interactions.
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