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Abstract: Induction motors are widely used as drives for electromechanical systems
in metallurgical complexes operating under high load conditions in a continuous
technological process. The failure of one of the units often leads to a shutdown of the
entire production and is accompanied by significant losses. The most common method
for diagnosing the actual condition of such systems is threshold protection based on
exceeding specified values of a single parameter, most often vibration velocity. However,
practical research shows that developing defects may not affect the vibration level for a
long time, and then, within a few hours, lead to sudden failure. An analysis of the
literature allows us to conclude that, despite the many existing diagnostic methods based
on a single parameter (vibration, stator current, temperature), there is no unified
methodology that substantiates a minimally sufficient set of diagnostic parameters with a
limited number of sensors and considers the physics of damage development. The
purpose of this work is to substantiate the minimum necessary set of monitored diagnostic
parameters based on damage development models of electromechanical systems,
ensuring defect identification 14 days before complete failure. The practical value of the
proposed approach lies in the ability to detect degradation processes early using standard
measuring instruments without significantly increasing costs. This goal is achieved based
on 5-year monitoring data of an industrial 1000 kW induced draft fan. An additional set
of thermodynamic and tribological parameters (bearing heating time constant, Hersey—
Stribeck parameter) is proposed, which makes it possible to detect signs of degradation
21 days before failure, whereas using only vibration velocity according to ISO 10816-1
does not provide lead time for coupling defects. Based on this, the 'minimum data
sufficiency rule' for diagnostic systems has been formulated, applicable to a wide class of
electromechanical equipment.
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INTRODUCTION

Induction motors are widely used as drives for
electromechanical systems in metallurgical complexes,
operating under high load conditions in a continuous
technological process. The failure of one of the units
often leads to a shutdown of the entire production and is
accompanied by significant losses for each day of
downtime [1].

The traditional approach to diagnosing the
actual condition of such systems is based on non-
destructive testing methods, which in most cases are
aimed at identifying defects in individual components
[2—4], rather than at a comprehensive assessment of the
technical condition of the system as a whole. At the same
time, threshold protection based on exceeding specified

values of a single parameter is widely used. Often,
vibration velocity serves as such a parameter [5, 6].

However, practical research shows that
developing defects may not affect the vibration level for
a long time, and then, within a few hours, lead to sudden
failure. Consequently, modern diagnostic methods
should not simply signal a defect but should ensure its
early identification with prediction of remaining useful
life [7, 8].

The literature presents numerous diagnostic
methods based on a single monitored diagnostic
parameter: vibration level [9—11], stator current analysis
[12-16], temperature [17, 18]. However, there is no
unified methodology that would justify a minimally
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sufficient set of diagnostic parameters with a limited
number of sensors and consider the physics of damage
development.

Thus, the purpose of the article is to substantiate
the minimum necessary set of monitored diagnostic
parameters, based on damage development models of
electromechanical systems, that ensures defect
identification 14 days before complete failure, which is
sufficient for a planned shutdown and taking the
equipment out for repair.

The scientific novelty of the obtained results
lies in the fact that, based on 5-year monitoring data of
an industrial 1000 kW induced draft fan, it has been
experimentally confirmed that using only vibration
velocity according to the ISO 10816-1 standard does not

provide sufficient lead time for coupling defects. An
additional set of thermodynamic and tribological
parameters has been proposed, which enables the
detection of signs of degradation 21 days before failure.
Based on this, the 'minimum data sufficiency rule' for
diagnostic systems has been formulated, applicable to a
wide class of electromechanical equipment.

MATERIALS AND METHODS

The object of the study was an industrial
induced draft fan of the gas cleaning unit in the electric
steelmaking shop (Fig. 1), the electric drive of which is
a squirrel-cage induction motor with a rated power of 1
MW, a stator voltage of 6 kV, and a rotor speed of 1475
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Fig. 1: General view of the induced draft fan of the gas cleanig unit in the electric steelmaking shop

Modeling the faults of an electromechanical
system requires the use of several calculation models:

The kinematic model, the structural diagram of
which is shown in Fig. 2, serves as the basis for

kinematic model, electrical-to-mechanical energy constructing  the reliability — diagram of the
conversion model, force model, torsional oscillation electromechanical system. The general structural
model, longitudinal vibration oscillation model, diagram of reliability is shown in Fig. 3.
thermodynamic model, hydrodynamic model, and
damage development models.
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Fig. 2: Kinematic model of the electromechanical system
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Fig. 3: Structural diagram of reliability

The model of converting electrical energy into
mechanical energy is generally based on the laws of
electromagnetic induction and electromagnetic forces,
and is described by the following formula:

Py =Pygcy +AP=U-I=1*1r+M-w 1)

Where: U — HampsbkeHHE CTaTtopa 3JeKTponpuBona; I —
TOKH CTaTopa »JNEKTPONpPHUBONA; T — AaKTUBHOE
COIIPOTHBIICHHE OOMOTOK 3JIeKTpompuBona; M -
JIEKTPOMAarHUTHBII MOMEHT OJJEKTPONPHBOAA; W -

yrijioBast CKOPpOCTb BpalllCHUA JJICKTPOIIPHUBOAA.

The force model is intended to determine the
acting force based on the axioms of statics, kinematic
motion parameters, and the laws of dynamics.

The torsional oscillation model is intended to
describe an elastic-viscous mechanical system. The
simplest representation is the two-mass calculation
diagram shown in Fig. 4.

Fig. 4: Calculation diagram of the two-mass model of torsional oscillations

Considering dry friction and clearance, the behavior of
the system is described by the following system of
equations:

J1 pwy =My — My; — Mpgjci(w1)

J2 " pwy = My; — My — Mpgycz(w2)

My = Cy5 - Ay, 2
Mg = B2 - Awq,
M12 = My + MB

Depending on the magnitude of the clearance in the
kinematic transmission, the torsion angle is determined
by the formula:
0,if Awia/p < 6912
A = { . 3
P12 Awyz/p,if Awiz/p > 891, %)
where: p - omeparop Jlammaca; J; u J, — MOMEHTHI
WHEpLUUH TEePBOH M BTOPOIl Macc; wi U W, - YIJIOBBIE

cKkopocTH; M; - ABWXYyIIMH MOMEHT; M, — MOMEHT
conpotusiieHus; Mpric1 U Mgpgjco — MOMEHTBI CYyXOTO
TpeHusi; My — ympyrasi cocTaBisionias MoMeHTa; My —
BsI3Kasl CoOCTapisfomas MoMmeHTta; C;, — Ko3ddunment
yapyrocty; 1, — KO3(pOHUIHUEHT BSI3KOTO TPEeHUs; Ap ,
— yron 3akpyuuBaHus; Awi, — Pa3HOCTb YTJIOBBIX
cKopocTeil; § ¢4, —3a30p B KHHEMaTHIECKOH Iepezaade.

Damage to components (e.g., wear of the
coupling or loosening of threaded connections) leads to
changes in the coefficient of elasticity, the coefficient of
viscous friction, and in the kinematic transmission,
which is reflected in the vibration spectrum.

The model of longitudinal vibration oscillations
is based on the two-mass calculation diagram shown in
Fig. 5, with the second mass tending to infinity.
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Fig. 5: Calculation diagram of the two-mass model of longitudinal vibration oscillations

The model of longitudinal vibration oscillations is
described by the following equation:
m-X+h-x+c-x=F 4)

Where: m — macca; h - xo3pdunmenT nemmnpupoBaHus;
€ — JKECTKOCTb.

Oscillations of the system are possible under the
influence of a variable force F. The nature of forced
oscillations is determined by inertial forces, elastic
forces, damping forces, and disturbing influences.

In this model, the system characteristics and
responses are considered: mass, stiffness, and damping
coefficient. The values of these quantities during
vibration measurement are unknown, but they are
assumed to remain unchanged. Damage in a mechanical
system leads to a change in stiffness due to wear of
components or loosening of threaded connections, a
change in the damping coefficient due to crack
propagation, etc.

The system responses in this case (vibration
acceleration, vibration velocity, and vibration
displacement) are a function of the forcing excitation

force and the system characteristics.

The thermodynamic model is intended to
account for heating and cooling processes in order to
assess fatigue phenomena. If the electric motor is
represented as a homogeneous body, then its
thermodynamic model can be described by the
expression:

_t
T = Tsteady_stay * (1 —e€ T) )

where: Tgteqay stay - YCTAHOBUBILAACA TeMIIEpaTypa
nieperpesa; T — IOCTOSIHHAS HAarpeBa.

A change in the steady-state heating
temperature and the heating time constant during
operation indicates a violation of the stability of the
thermodynamic equilibrium values — the appearance of
additional friction forces, variable heat transfer values, or
heat capacity. In this case, diagnostic parameters can
include: the warm-up time of the mechanism to steady-
state temperature, the heating rate, the absolute value,
and others. The thermodynamic dependence of the
warm-up of a fault-free mechanism to steady-state
temperature is shown in Fig. 6.
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Fig. 6: Thermodynamic dependence of the warm-up of a fault-free mechanism to steady-state temperature
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The hydrodynamic model is used to determine
the operating mode of bearings based on the dependence
of the friction coefficient on the operating characteristic
(Fig. 7), the so-called Hersey—Stribeck parameter.
Mathematically, this parameter is described by the
expression:

wow
1=E2 (6

=
Where: MU — JUHAMHUYCCKasA BIA3KOCTb CMa304YHOI'O

MarepHalla; @ — yrjioBas CKOPOCTh BpALICHHs Baja; p —
JIABIICHUE B 30HE TPEHHSI.

f I

Ir

Fig. 7: Hersey—Stribeck diagram

The zones shown in Fig. 7 define the types of
friction, namely: I — boundary friction; II — mixed (semi-
fluid) friction; IIT — fluid friction.

The friction force in the bearing can be determined by
the formula:

F=2-n-r2-l-u-%(7)

where: r - pagmyc moammmHWKa; | - mimHA
TIOIIIATTHIKA; [ - BA3KOCTh CMA30YHOTO MaTepHaia; -
YTIIOBast CKOPOCTH; & - 3a30p.

Damage development models are constructed
based on four main types of models: permissible value
model, wear model, stepwise transition model, and
logical model, which account for the mutual influence of
the elements on one another.

During the design phase, the component values
of these models are estimated approximately. During
operation, under various loading conditions, the
following parameters change: external forces, loads on
components,  operating  conditions, oil  film
characteristics, and the values of elastic-damping
properties, among others. Gaps open or close, and the
relative positioning of parts changes, which causes a
change in the technical condition. Additionally, the
asymmetry of characteristics of similar components
should be noted. The exact values of model parameters
under operating conditions cannot be determined; it is
only possible to assess the degree of their influence on
the ongoing processes and the rate of change.

Electromechanical systems are recoverable
through scheduled and unscheduled maintenance and
repairs (both planned and unplanned). Compensating for
the degradation processes of system components with
timely recovery operations makes it possible to avoid

unplanned shutdowns and disruptions to the continuity
of the technological process. Errors in technical
condition management lead to sudden failures and
downtime of the metallurgical machinery complex. For
example, the aforementioned induced draft fan of the gas
cleaning unit in the electric steelmaking shop operates in
a continuous mode, under stable load, with no extreme
influences except for environmental effects. A shutdown
of this mechanism leads to a shutdown of the entire
electric steelmaking production. The downtime duration
is determined by the time required to carry out repairs
under conditions where the maintenance service is
unprepared, and can be very significant.

RESULTS AND DISCUSSION

The technical condition assessment of the
induced draft fan of the gas cleaning unit was carried out
from the moment of startup over a period of 5 years by
measuring vibration levels and comparing them with the
standard values regulated by GOST R ISO 20816-1-2021
"Vibration. Vibration measurement and evaluation of
machine vibration condition. Part 1. General guidelines"
and GOST R IEC 60034-14-2008 "Rotating electrical
machines. Part 14. Mechanical vibration of certain types
of machines with a shaft height of 56 mm and above.
Measurement, evaluation, and vibration limits." The
vibration velocity values defining the condition
boundaries are: up to 2.8 mm/s — operation without time
limitations; 2.8...7.1 mm/s — operation for a limited
period of time; above 7.1 mm/s — possible damage to the
machine.

Vibration measurements were carried out in the
vertical, horizontal, and axial directions using a 795M
vibration analyzer and a C11 piezoelectric sensor. The
sensor was attached using a magnet. Measurements of
overall values and the frequency waveform of the
vibration signal were performed. The monitored
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frequency ranges were 10...1000 Hz and 10...5000 Hz.

Vibration measurements of the bearing
assemblies of the induced draft fan of the gas cleaning
unit were performed at the following reference points: 1
— free bearing of the motor; 2 — fan bearing; 4 — bearing
on the idle side of the fan shaft.

Vibration values across the entire measurement
range were stable and did not exceed 2.0 mm/s. On
November 21, 2013, the recorded condition was
satisfactory, but three weeks later — on December 14,

2013 — the vibration velocity values increased by a factor
of 4 to 5. Repeated measurements on December 17,
2013, after additional lubrication, confirmed the need for
shutdown, which was agreed upon with the technological
service of the shop (Table 1). The subsequent
disassembly of the coupling revealed wear of the half-
coupling and fracture of the connecting spring. The outer
ring of the fan bearing on the coupling side shows signs
of rotation; the clearance for one row of rollers is 0.05
mm, while for the second row there is no clearance (Fig.
8).

Table 1: Change in vibration velocity values for reference points of the No. 2 induced draft fan motor

Measurement Root mean square (RMS) value of vibration velocity (mm/s) for Measurement

point measurement directions, frequency range 10...1000 Hz date
Vertical Horizontal Axial

1 0,7 1,1 0,6 November 21

2 1,1 1,2 0,4

1 1,5 5,8 1,6 December 14

2 1,8 4,2 1,3

1 1,3 5,2 1,2 December 17

2 1,7 3,6 1,0

1 0,9 1,3 0,5 April 3

2 0,9 1,1 0,5

Starting the motor with the coupling
disconnected revealed a satisfactory vibration condition
of the motor, with current values corresponding to good
condition; temperature values were also within

acceptable limits. Timely shutdown and repair of the
coupling prevented a production stoppage and allowed
the continued operation of the unit.

b

Fig. 8: Wear of the half-coupling (a) and signs of rotation (b) of the outer ring of the induced draft fan bearing

The foundation of any control system is the
availability of information, the efficiency of its
processing, and its utilization. For electromechanical

systems, data characterizing the mechanical and
electrical system components, as well as the parameters
of their interaction, should be identified. System faults
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develop according to different models and at different
rates, which necessitates the availability of real-time
information (recorded with maximum resolution) and
information accumulated over a long period of time.
Knowledge of the completed production program and the
repairs carried out is also required.

Figure 9 shows examples demonstrating the
capabilities of modern monitoring systems for time-
domain recording of acting forces, current, and vibration
indicators. These data can be incorporated into damage
accumulation models or permissible value models for
predicting time to failure or immediate shutdown of the
mechanism. The array of initial data can be effectively
used in expert condition assessment programs.
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Fig. 9: Time waveforms: (a) acting forces — data from SMS; (b) rotation speed and motor current during rolling
on a continuous mill; (¢) vibration velocity of the skip hoist bearing assembly; (d) vibration acceleration of the
combined gearbox bearing assembly of the rolling stand drive

CONCLUSION

The results obtained in this work allow us to draw the
following conclusions:

Scientific Novelty and Theoretical Significance: Based
on a critical analysis of existing diagnostic methods, their
main limitation has been identified — the lack of lead time
in the event of sudden coupling failures. An approach to
substantiating a minimally sufficient set of diagnostic
variables is proposed, based on the integration of eight
calculation models. For the first time, the "minimum data
sufficiency rule" is formulated, according to which
parameters providing a lead time of at least 14 days are
selected.

Experimental Validation of Method Effectiveness:
Based on 5-year monitoring data of an industrial
exhauster (1000 kW), it has been confirmed that using
only vibration velocity according to ISO 10816-1
provides no lead time for coupling defects. The proposed
set of thermodynamic and tribological parameters
(bearing thermal time constant, Hersey—Stribeck

parameter) enables the detection of degradation signs 21
days before failure.

Practical Significance and Implementation Potential:
The proposed minimally sufficient parameter set
(vibration velocity, bearing temperature, lubrication
regime assessment) can be integrated into stationary
diagnostic systems without substantial additional cost.
Its practical value is demonstrated by preventing a
production stoppage during the exhauster coupling
failure. The "minimum sufficiency rule" applies to a
wide range of electromechanical equipment.
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