. machines

Article

Thermal Field and Stress Analysis of Induction Motor with
Stator Inter-Turn Fault

Peng Chen 7, Ying Xie *

check for
updates

Citation: Chen, P; Xie, Y; Li, D.
Thermal Field and Stress Analysis of
Induction Motor with Stator
Inter-Turn Fault. Machines 2022, 10,
504. https://doi.org/10.3390/
machines10070504

Academic Editors: Agusmian Partogi
Ompusunggu, Eric Bechhoefer and
Tegoeh Tjahjowidodo

Received: 15 May 2022
Accepted: 22 June 2022
Published: 23 June 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 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 Daolu Li

School of Electrical and Electronic Engineering, Harbin University of Science and Technology,
Harbin 150080, China; 1810300004@stu.hrbust.edu.cn (P.C.); 1d1_520@163.com (D.L.)
* Correspondence: ying.xie@hrbust.edu.cn; Tel.: +86-0451-8639-1678

Abstract: Inter-turn fault (ITF), a typical motor fault, results in significant variations in the thermal
characteristics of a motor. For fault, temperature rise (TR) experiments and thermal field-stress field
simulations of an induction motor are carried out to reveal the fault characteristics related to ITFE.
First, based on the actual structure and the cooling type of the motor, a whole-domain simulation
model of the fault thermal field was established. The reasonable equivalence of the motor and the
calculation of the heat transfer boundaries were conducted during the modeling process. Then, the
three-dimensional transient thermal field under a rated load before and after the fault was obtained,
and the accuracy of the simulation could be validated through the comparison of the measured TR at
several temperature-measuring points. The heat-transfer law and the notable thermal characteristics
of the fault can be presented by analyzing the simulated and measured temperature data. In addition,
a fault feature is proposed to provide a reference for diagnosis using the temperature difference of
winding at different positions at different moments. Finally, the rotor thermal stress distribution of
the normal and faulty motor is obtained by thermal-stress-coupled calculation, which can be used to
evaluate the possibility of rotor fault caused by ITF.

Keywords: induction motor; inter-turn fault; thermal field; faulty thermal characteristics; thermal
stress

1. Introduction

Due to their simple structure and low manufacturing cost, induction motors are
widely used in industrial and social applications in fans, pumps, belts, compressors, electric
vehicles, etc. The complex operating conditions of these motors can easily lead to various
faults in them. Inter-turn fault (ITF) is the most common type of stator fault in AC motors,
accounting for about 28-36% of total faults [1]. The overheating caused by the fault will
accelerate the aging of the insulation and further deepen the degree of the fault [2].

The thermal field of different motors with ITF has been studied [3-9]. The variations
in magnetic field and loss after the ITF in a permanent magnet synchronous motor (PMSM)
are analyzed in [3]. The distribution of the motor thermal field with different degrees of
fault is given by a two-dimensional (2D) finite-element (FE) simulation, and the housing
temperature in the normal condition is measured by an infrared imager. In [4], the faulty
thermal field of an induction motor, considering different contact-resistance conditions, is
simulated by a 2D lumped parameter (LP) model and an FE model. On this basis, a 2D
thermal field distribution of an induction motor with ITF under the voltage imbalance is
considered [5], and similar results are obtained. However, due to the difference between the
actual structure of the motor and the axial heat dissipation conditions, the 2D simulation
results reported in [3-5] cannot reflect the accurate faulty thermal field distribution, and the
above research lacks adequate experimental verification.

The rotor thermal field of a synchronous generator under rotor static eccentricity
fault, ITF, and the combined fault are studied in [6]. The changes in rotor loss and rotor
three-dimensional (3D) magnetic field before and after the fault are given. The rotor
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thermal distribution in each case is obtained through 3D electromagnetic-thermal coupled
simulation, and the results are verified by rotor temperature measurement. A similar
coupled analysis method was also adopted in [7]. The faulty thermal distribution of a
permanent magnet-assisted synchronous reluctance motor is presented, considering the
influence of changes in temperature and working condition on motor losses, and the
correctness is verified experimentally. In addition, the research on the thermal field of the
motor with ITF using the 3D LP model and the FE model also achieved good results [8,9].

The thermal stress of the rotor changes as the temperature of the rotor varies. For the
rotor structure design of high-speed motors [10] and the optimal design of motors with
specific rotor structures [11], thermal stress analysis has proven to be an efficient research
method. In terms of the research on the thermal rotor stress caused by a fault [12] focuses
on the thermal stress of a hydro generator after a rotor excitation winding fault. The rotor
thermal strain and stress variations are obtained by considering the different fault turns
and faulty locations. In [13], the influence of a broken bar fault on the distribution of the
rotor thermal stress is analyzed, and the reason for the broken bar fault of the induction
motor is presented by evaluating the maximum stress area of the rotor squirrel cage.
The temperature and stress variations in the rotor squirrel cage are analyzed during the
breakage development process [14]. Furthermore, the calculated stress values of each
transient operation are compared with the physical failure model of the rotor to provide a
fatigue analysis and lifespan evaluation of the rotor.

In general, considering the difference in heat dissipation conditions in axial and
circumferential directions of the totally enclosed fan-cooled (TEFC) motor studied in this
paper, the space and time distribution of the motor thermal field after the fault and the
internal transient temperature rise (TR) characteristics need to be studied. In addition, due
to the particularity of the squirrel cage structure, it is necessary to evaluate the influence of
faults on the rotor from the perspective of thermal stress.

In this paper, the 3D transient thermal field-rotor thermal stress field simulation and
the TR measurement of the embedded thermistor are used to study the influence of ITF on
the thermal characteristics of the motor. The comprehensive analysis of the faulty thermal
field and the thermal stress field distribution reveal the faulty thermal characteristics of the
motor, which can be used as a reference for ITF research.

The advantages of this research compared with existing literature research results
can be summarized as follows: (1) The adopted 3D transient simulation can reflect the
transient characteristics of faults and is closer to the practice than 2D and steady-state
simulation. (2) Considering the structure of the TEFC motor, both the transient and steady-
state temperature characteristics of the faulty motor are analyzed, and a fault feature is
proposed using the winding temperature characteristics at different moments. (3) The
rotor thermal stress analysis is introduced for the first time in studying the stator ITF in
induction motors, expanding the research direction and evaluating the possibility of other
faults caused by ITF.

2. Prototype Parameters and Simulation Model
2.1. Parameters and Material Properties of Prototype

This paper takes a squirrel cage induction motor as the prototype. The cooling type of
the motor is TEFC, and other parameters are listed in Table 1. The three-phase winding
of the motor is rewound, and the A-phase is taken as the faulty phase. The different fault
degrees in the winding process are considered with the number of faulty turns of 5, 15, 25,
35, and 45.
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Table 1. Prototype parameters.

Parameters Units Value
Cooling type - TEFC
Insulation class - F
Pole pairs - 1
Stator/rotor slot number - 24/20
Number of turns in series per phase - 256
Rated power kW 1.1
Rated speed rpm 2850
Outer/inner diameter of stator mm 120/67
Air-gap length mm 0.3
Inner diameter of rotor mm 26
Core length mm 75

It is necessary to perform equivalent processing on some motor parts before modeling
according to the prototype parameters and the motor entity. For the air-gap heat transfer
model, the authors of [15] proved that the air-gap heat transfer of a small induction motor
is equivalent to the heat conduction, which is reasonable and has a fairly high simulation
accuracy. This paper also adopts the heat conduction form for the air-gap equivalent.
In order to simplify the complex heat-exchange process in stator slots, an equivalent stator
slot model is established regarding [16], and differentiated modeling was carried out
according to the fault condition. Figure 1 shows the equivalent model in the stator slot
under fault conditions adopted in this paper, in which the equivalent insulation can be
calculated according to (1).

n L
)\eq = 2151/ Zl /TZ 1)
1= 1=

where A is the thermal conductivity of equivalent insulation; J; is the equivalent thickness
of each insulating material; and A; is the thermal conductivity of each insulating material.

Slot insulation

Equivalent insulation
Wire insulation

Normal part wire
Wire
Faulty part wire

Faulty part

Slot wedge Slot wedge

Figure 1. Equivalent model of a stator slot.

Table 2 lists the materials of all motor parts and the material properties involved in the
thermal field simulation. The silicon steel sheet used in the stator and rotor core has special
thermal conductivity; its thermal conductivity is anisotropic, and that of other materials is
isotropic.
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Table 2. Material properties of prototype.

Motor Parts Material Therm:i,/((:;ﬁl%ldwlty Density kg/m3 Spec1f1(i /I(-Lega.tlgapamty
Stator and rotor core Silicon steel sheet 39 (radial), 4 (axial) 7700 470
Stator coil Copper 386 8900 385
Equivalent insulation in slot  Insulation material 0.14 1200 1000
Equivalent air-gap Air 0.03 1.164 1013
Rotor cage Cast aluminium 221 2689 950
Housing and end cap Cast iron 48 7350 460
Shaft 45# steel 50.2 7850 434
Bearing Bearing steel 35 7810 450
Wedge Wood 0.5 1900 1150

2.2. Simulation Model
2.2.1. Basic Equations and Model of Thermal Field

The basic equations and boundary conditions for the calculation of the three-dimensional
(3D) transient thermal field can be given by

(M55 + 2 (03D + 2 (A 90)+q0 = pCrF "
aT _
M| = o (T 1Ty)

where Ay, Ay, Az, Ay, are the thermal conductivities in x,y, z, n directions, respectively; T is
the temperature of the object; p is the density; Cy is the specific heat capacity of the object;
qv is the internal heat flux density; S; is the boundary of each heat dissipation surface; n is
the normal vector of each boundary surface; a is the heat transfer coefficient in n direction;
and Ty is the temperature of the medium.

The 3D thermal field simulation model of the motor is presented in Figure 2. In the
modeling process, the structure of each heat dissipation fin and junction box of the housing
is consistent with the prototype, ignoring some connecting and fixing holes that have
little influence on the thermal field. Considering the difference in axial heat dissipation
conditions, the housing is divided into six parts in the axial direction. Fans and balance
weights of the rotor end-ring increase the heat dissipation area, which is considered in
the rotor modeling. The winding and insulation in the stator slot are modeled according
to the equivalent model in Figure 1. Due to the heat transfer of the motor being concen-
trated in the effective axial part of the core, the winding ends are ignored to simplify the
model complexity and shorten the calculation time, and the winding end faces are set as
adiabatic surfaces.

Figure 2. Simulation model of the motor thermal field.

Two heat transfer modes are considered in the model: the mode of each motor compo-
nent contact part is heat conduction, and the rest is the convection heat transfer (the heat
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dissipation surfaces are shown in 5;—57). The material properties in Table 2 are assigned
to each part of the motor, and the heat dissipation coefficients of 51—57 in the model are
calculated, respectively, to complete the establishment of the temperature field calculation
model.

2.2.2. Heat Dissipation Boundaries

Table 3 lists the calculation formulas and values of the heat dissipation coefficient
at each boundary surface (S1—-S7 in Figure 2), and the coefficient calculation method is
based on [17,18]. As the fan will cause uneven axial wind velocity of the housing, the heat
dissipation coefficient of each section of the housing surface needs to be calibrated with
the measured wind velocity. Using the anemometer to measure the wind velocity at each
position of 51 in Figure 2 at room temperature, one substitutes the formula to calibrate the
corresponding heat dissipation coefficient, assuming that the heat dissipation conditions
of each section are consistent in the circumferential direction. In addition, other heat
dissipation surface coefficients can be calculated by substituting the actual velocity of
the motor. It should be noted that there is an interfacial gap between the stator core and
the housing, which will reduce the heat conduction. In the modeling, it is assumed that
the equivalent conduction of thermal resistance at this position is equal to the equivalent
heat transfer resistance, and the heat dissipation coefficient is assigned to S3 to deal with
this problem. From the calculation formula of S3, it can be seen that the heat dissipation
coefficient of S3 is related to the actual length of the air-gap between the stator core and
the housing. On the premise that the thermal conductivity coefficient Jy is determined,
the air-gap length is often taken as an empirical value.

Table 3. Heat dissipation boundary conditions of the simulation model.

Heat Dissipation Surface Calculation Formula Variable Description Value/W/(m?-K)
S1—Housing outer surface ay =973+ 140062 v is the wind velocity on the housing surface. 29.2-65.9
tee1 = 20+ 14.3]/100'6 ec1 represents the fan side and .y represents the
So—End cap outer surface load side; g is half of the circumferential velocity 28.9, 69
Qecr = 20+ 2.6]/100'6 at the outer diameter of the fan.
R is the equivalent conduction thermal resistance,
S+ Contact surface between = aole and it is assumed that the equivalent heat transfer
S t3a tor core and housin resistance is equal to it; 6y and Ag are the air-gap 500
& = length and the heat conduction area between stator
core and housing.
=15+ 6.50°
e = 15+ 6.7, v,; is the linear speed of the rotor surface; D is the
S4—End face of stator core . . 48.5
v, = ZDan outer diameter of the rotor; n is the rotor speed.
rl = 760
e = 2N11)t Ao
2 Nu, is the Nusselt number; A, is the thermal
. Nu, = 1.67R eo 385 conductivity of air; Re, is the Reynolds number of
55—End face of rotor core the air at the rotor end face; 7 is the kinematic 738
7Dn viscosity of air.
Rer = 55,
Nu,f/\
e Fius
Nu, s is the Nusselt number; Re, f is the Reynolds
Se—Rotor end-ring surface Nu,y = 0. 456R€0f6 number of the air at the rotor end-ring surface; I, ¢ 128.7
is rotor blade height.
. Dznh, f
Rer f = 607
S;—Shaft surface g = 7.808@78 Ueq is 75% of circumferential velocity of shaft. 18.4

After the boundary conditions of the model are determined, the loss values of each
part of the motor are loaded into each area of the motor as the heat source to calculate
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the 3D transient thermal field distribution. The accuracy of the calculation results can be
verified with a TR experiment on the motor (as shown in Section 5.1).

3. Experimental Platform

In the research in the motor ITF thermal field, it is necessary to measure the TR at
key parts of the motor. During the rewinding process, temperature-measuring elements
are embedded inside the motor in the middle of the axial direction. The positions of each
temperature-measuring point (TMP) are shown in Figure 3 (51-524 are the numbers of
stator slots).

Figure 3. Cross section of the prototype and internal TMP locations.

TMP-A is located in the middle of the faulty slot winding; TMP-B is located in the
middle of the non-faulty slot winding in the faulty phase; TMP-C and -D are, respectively,
located in the middle of the non-faulty phase winding on the side and opposite side of the
junction box; TMP-E and -F are located at the bottom of stator core slot at the same position
of TMP-C and -D; TMP-G and -H are located in the air-gap on the side and opposite side of
the junction box, and these two detectors are placed in the stator slot wedge at the air-gap
side during the embedding process.

The thermal field variation of the TEFC motor caused by ITF remains to be studied.
Thus, this paper does not consider the influence of different fault degrees and carries
out the TR experiment of normal and faulty motors under a single fault degree. The TR
experimental platform of the normal and 45-turn faulty motor under rated load conditions
is shown in Figure 4. The voltage regulator and magnetic brake are used to maintain the
stability of the supply and load. The power analyzer (HIOKI 3196, Sampling rate: 200 kS/s,
2 MS/s; Accuracy: £0.2% rdg £ 0.1% £.s. for voltage, £0.3% rdg & 0.01% £.s. for current) is
equipped with voltage (HIOKI 9438, Input impedance: 4 M(); Maximum voltage: 600 Vrms
CAT III' ), and current detectors (HIOKI 9661, Maximum current: 500 Arms; Frequency
range: 40 Hz-5 kHz) to monitor the electrical signals. The real-time temperature measure-
ment for each TMP is conducted through electronic thermometers (TM902C, Resolution:
0.1 °C; Accuracy: £0.75 °C; Range: —50-750 °C) with K-type detectors (TP-01, Accuracy:
£0.5 °C; Range: —50—400 °C, Thermal response time: 1 s). In order to ensure the safety
of the prototype and experimental equipment, two short-circuit (SC) turns are connected
through a contact resistance to limit the excessive SC current.
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I '# Thermometers

Figure 4. Motor TR experimental platform.

4. Heat Source Analysis

The heat source is the loss of each motor part during operation, and the total loss of
the motor consists of winding copper loss, core loss, rotor aluminum loss, and mechanical
and stray loss.

Protar = Pcy + Pre + Paj + Pa 3)

where Pry,; is the total loss; P, is winding copper loss; Pr, is core loss; Py is rotor
aluminum loss; and P, is mechanical and stray loss.

Copper loss and stray loss are calculated through experimental values and empirical
formulas. The electromagnetic simulation calculates core loss and rotor aluminum loss,
and specific calculation methods can be found in [17]. For a normal three-phase winding
motor, the resistance and current of each phase are equal, and the copper loss can be
calculated by Pc,, = 31 I%R (Ip is the effective value of the phase current and R is the value of
phase resistance). The equivalent circuit topology of the motor is changed by ITF, as shown
in Figure 5, and an SC current is appended in addition to the original equal three-phase
current. In the case of the fault, the copper loss of the motor can be calculated according
to (4). Table 4 lists the copper loss values under normal and 45-turn fault conditions at 75 °C
as a reference. It can be seen that the total copper loss of the motor increases significantly
and that the copper loss of each phase winding varies greatly after the fault.

Pcy = IA(R — Ryc) + I3R + I2R + I2 Ry (4)

where 4, Ip, and I¢ are the effective values of each phase current; I is the effective value
of SC current; and R, is the resistance of the faulty coil.

Resista?lce
l'f A
Va  A-phase -
|||_®_>_KYYY\__.>_/Y\7
ia Lse SC Wll’ldlng

Figure 5. Equivalent circuit of the motor with ITE.
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Table 4. Comparison of motor copper loss under normal and faulty conditions.
A B C SC Total
Normal/W 54.19 54.19 54.19 0 162.57
Fault/W 78.89 72.94 59.88 23.57 235.28
Amplification 45.6% 34.6% 10.5% - 44.7%

Eunction box locatioﬂ
— =

(Normal phase resistance value is 8.6 () at 75 °C).

Figure 6 is the distribution of the core loss of the motor before and after the fault,
and the location of the faulty slot has an obvious influence on the loss space distribution.
Due to the effect of the reverse pulsed magnetic field generated by the SC current, one
side of the faulty slot will be magnetized, and the other one will be demagnetized [19].
As indicated by the marks in the figure, the core loss of the teeth on both sides of the faulty
slot is quite different, which further increases the non-uniformity of the distribution of core
loss after the fault.

Since the core loss of the rotor is small and P, is considered a constant, these two
values will not be discussed here. The calculated loss values of each part of the motor are
converted into loss densities, which are loaded as the heat sources to the corresponding
position of the thermal field model. Thus, the thermal field distribution before and after
the fault can be obtained by simulation.

Eunctmboxmation
——

Core loss/

(Win) ¢ —

3.27E5
3.03E5 |
2.80ES

Core loss/
(W/m?)
3.50E5

3.27E5
3.03E5
2.80E5

2.57ES
2.33E5
2.10E5
1.87E5
1.63E5
1.40E5
1.17E5
9.33E4
7.00E4
4.67E4
2.33E4
0

(a) (b)

Figure 6. Core loss distribution of normal and faulty motors. (a) Normal. (b) Forty-five-turn fault.

5. Thermal Field Analysis

Three-dimensional thermal field simulation and TR experiments are carried out for
normal and faulty motors under rated load conditions. The temperature distribution law of
the motor before and after the fault and the influence on the spatial and temporal thermal
characteristics can be obtained.

5.1. Thermal Field Distribution before and after Fault

Figure 7 shows the simulated and measured temperature curves of the two test points
(TMP-A and -F) of normal and faulty motors. It can be seen that the trend and temperature
value of the simulation curves are similar to the measured ones, indicating that the accuracy
of modeling and simulation is high. It should be noted that during the rated load fault test,
the measured TR of the faulty slot winding reached 112.8 K (the test had been operating
for 45 min), exceeding the maximum TR limit of insulation class F. In order to ensure
the safety of the equipment, the test is stopped immediately. Unless otherwise specified,
the steady-state temperatures of the normal and faulty motor are the ones at 90 min and
45 min, respectively.
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(a) (b)

Figure 7. TR curve of normal and faulty motor. (a) Normal. (b) Forty-five-turn fault.

The steady-state temperature and TR values before and after the fault of each TMP of
the motor are listed in Table 5, and the TR of each TMP of the motor is quite different. In the
normal motor, due to the poor heat-dissipation conditions at the junction box position,
the TR at TMP-C is higher than that at TMP-A, -B, and -D of other windings. The TRs
of TMP-E and -G at the slot bottom and the air-gap of the junction box are higher than
those of TMP-F and -H on the opposite side. After the fault, the temperature of all TMPs
increases noticeably, and the maximum value occurs in the faulty slot winding (TMP-A).
The temperature-distribution law of other measuring points related to the position of the
junction box is the same as that of the normal motor.

Table 5. Comparison of TRs of TMPs before and after fault. (units: °C for temperature, K for TR).

Normal Measured Simulated  peasured TR Simulated TR
Condition Temperature = Temperature
TMP-A 87.2 85.2 66.1 64.4
TMP-B 85.3 84.6 65.4 63.8
TMP-C 91.7 88.2 70.5 67.4
TMP-D 83.2 84.4 63 63.6
TMP-E 754 72.5 55.1 51.7
TMP-F 69.7 67.4 48.5 46.6
TMP-G 75.6 76.9 56.1 56.1
TMP-H 724 72.5 52.5 51.7
Faulty Measured Simulated Measured Simulated
Condition Temperature  Temperature TR TR
TMP-A 134.4 131.95 112.8 110.95
TMP-B 107.9 110.1 87.5 89.1
TMP-C 103.5 102.1 81.8 81.1
TMP-D 93.8 97.3 73.1 76.3
TMP-E 86.5 86.1 65.7 65.1
TMP-F 78.9 77.8 57.2 56.8
TMP-G 87.1 90.5 67.1 69.5
TMP-H 83.2 82.9 62.8 61.9

The room temperature is 20.8 °C and 21 °C in the rated load test under normal and fault conditions. These two
temperatures are taken as the initial temperature in the corresponding simulation, and the initial temperature of
each TMP in the experiment is subject to the actual measurement.

Figure 8 is the temperature distribution of the whole motor, stator core, and rotor
before and after the fault. The comparison between Figure 8a,d shows that the hotspot of
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the normal motor is located in the rotor, and the temperature of the circumferential sections
is approximately evenly distributed. The hotspot after the fault is located in the faulty
winding, and the axial and circumferential distribution of housing temperature is no longer
uniform, which shows that the housing temperature on the side close to the faulty slot is
higher than that in other positions.

The temperature of the stator core and rotor increase after the fault, but the overall
distribution law is consistent with the normal motor. Due to the different heat-dissipation
conditions, the temperature of the stator core at the axial load side is higher than that at
the fan side, and the temperature at the circumferential junction box side is higher than
that at other positions. As for the rotor, there is a slight temperature difference in the axial
direction, while the difference in the radial direction is large. The temperature on the load
side is higher than on the fan side, and the hotspot is at the bar near the middle of the rotor.
After the fault, the rotor temperature increases significantly, with an increase of 15.0%,
which leads to the rise in thermal stress in the key position of the rotor, thus increasing the
risk of rotor fault.

o T/°C
T/7C5‘628 101.19
74.013 100.18
72.398 99.175
70.782 98.166
69.167 97.157
67:551 96.149
65.936 95.140
64.320
62.705 94.131
61.090 93.122
92.114

T/°C
116.35
115.21
114.07
112.92
111.78
110.63
109.49
108.35
107.20
106.06

T/°C
89.448
87.691
85935
84.179
82.423
80.667
78.910
77.154
75.398
73.642

()

Figure 8. Temperature distributions of normal and faulty motor. (a) Normal motor. (b) Normal stator
core. (c) Normal rotor. (d) Faulty motor. (e) Faulty stator core. (f) Faulty rotor.

In general, the temperature of the housing, stator core, and rotor before and after the
fault does not show new temperature distribution characteristics except for an obvious
increase. Therefore, for the change in thermal field caused by ITF, one should focus on the
temperature variation of winding.

Figure 9 shows the temperature distribution of winding in the steady state before
and after the fault. Under the normal condition, the hotspot appears at the junction box
side, and the overall winding temperature difference is only 4.4 °C. However, the hotspot
is located in the faulty slot after the fault, and the overall temperature difference in the
winding reaches 38.3 °C. Furthermore, the average temperature of each phase winding is
also quite different (131.4 °C in the faulty slot of the A-phase, 110.1 °C in the non-faulty slot
of A-phase, 99.45 °C in the B-phase, 95.94 °C in the C-phase).
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T/°C
132.07
127.84
123.60
119.36
115.13
110.89
106.65
102.41
98.177
93.940

Figure 9. Winding temperature distributions of normal and faulty motor. (a) Normal. (b) Forty-five-
turn fault.

5.2. Thermal Characteristics Caused by Fault

The TR of the motor is obvious in the early stage of operation after the fault, as shown
in Figure 7b. In order to study the impact of the fault on the TR characteristics of the motor,
the measurement data of the first nine minutes under normal and faulty conditions at
TMP-A are drawn in Figure 10. The temperature of this position changes drastically after
the fault, and the TR in the first nine minutes is more than twice that of the normal motor.
Taking the time to reach the normal TR of the motor as the measurement standard, the TR
time at this point after the fault is 88.9% shorter than the normal time.

110 -

Normal of TMP-A Faulty of TMP-A |
1004 - —- - _ -

90 ~

80 +

70 A
AT=T77.5K

60

Temperature/°C

50 ~

40 AT=35.5K

30 1 T
20F--- L'-//- E
T T T T T T T T T T
0 90 180 270 360 450 540
Time/s

Figure 10. Measured TR curve at TMP-A in the first nine minutes.

ITF will cause great changes in the heat generation rate of each part of the motor before
and after the fault and then lead to a time change in TR at the same TMP, as well as overall
temperature space distribution variation caused by the related position to the faulty slot.
The measured TR and TR time of the first nine minutes before and after the fault of each
TMP are plotted in Figure 11. The TR time of each TMP is defined as the time to reach
the normal TR of the motor, and the shortening of the TR time of each point is marked
in the figure. The data in the figure show that the TR of the fault phase winding is large
and the TR rate is fast (TMP-A and -B), especially the faulty slot winding, while there is
little difference between the TR and TR rate of TMPs at other positions. Since the TMPs are
located in different parts of the motor, the difference in temperature distribution and TR
time of each TMP further explains the space and time characteristics of motor temperature
caused by the fault.
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Figure 11. Variation of TR and TR time at each TMP.

According to the analysis results in the previous section, the temperature characteris-
tics of the motor housing, stator core, and rotor are not obvious after the fault; on the other
hand, the part with the most drastic temperature change is the stator winding. Figure 12
shows the temperature distribution of stator winding at three different moments. The posi-
tions of each slot, phase belt, and the faulty slot are marked in the figure. It can be seen
that the temperature distribution of normal motor windings is evenly distributed in the
initial stage, middle stage, and steady state of operation, and the temperature difference
between windings in different slots is small. The distribution of winding temperature after
the fault is complex. The temperature of non-faulty phase winding shown in Figure 12a is
almost the same as that of the normal motor in the initial stage of faulty operation, while
the temperature of the faulty phase winding increases significantly and the temperature of
the faulty slot winding is the highest. From the middle stage of faulty operation to the final
moment, the winding temperature of the faulty phase continues to rise, the temperature
distribution remains unchanged, and the temperature of non-faulty winding also gradually
increases, which is significantly higher than the temperature of the normal motor.
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Figure 12. Temperature distribution of motor windings at different moments. (a) Five minutes.
(b) Thirty minutes. (c) Final moment.

In order to measure the temperature distribution of stator winding before and after
fault, variance (S?) is used to evaluate the dispersion of winding temperature distribution
caused by the fault. S? in Table 6 is the temperature variance of all 24 slots. Under normal
conditions, the S? value is small, indicating that normal motor-winding temperature is
evenly distributed, while the dispersion degree of overall winding temperature is signif-
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icantly improved after the fault. The great difference in 57 before and after the fault is
accompanied by three moments of motor operation, indicating that this feature can be used
as a thermal feature of ITF for fault diagnosis. However, it is impossible to monitor the
winding temperature of all slots in practice; thus, it is measured by extracting one slot
winding per phase. S3 is the data that do not contain the faulty slot winding (54, S8, S12),
and S2 is the data that contain the faulty slot winding (S3, S7, S11). It can be seen that the
three data are extremely small under normal conditions. Even if S does not have the faulty
slot winding, the temperature also has a large deviation in the statistical data value after
the fault, and this deviation is further enlarged for S3. It should be noted that the values in
Table 6 only provide a reference for fault diagnosis. The specific winding monitoring mode
and the definition of the fault feature need to study the changes caused by different fault
degrees, which will be carried out in future research work.

Table 6. Winding temperature variance statistics at each moment.

2 5 min 30 min Final
Normal Faulty Normal Faulty Normal Faulty
S? 0.03 102.05 1.02 101.66 1.61 101.93
S5 0.08 39.28 1.52 42.62 2.30 43.65
S3 0.06 263.52 1.47 260.44 2.26 260.45

6. Thermal Stress Analysis of Rotor

During the operation of the motor, the rotor TR is higher due to the weak heat
dissipation capacity, and the rotor TR is further increased after the occurrence of ITF.
The thermal stress caused by the rotor structure constraints and thermal expansion is one
of the main causes of rotor squirrel cage fault, so it is worth exploring the change in thermal
stress caused by fault and evaluating the possibility of rotor fault.

6.1. Basic Equations of Thermal Stress Calculation

According to linear thermal stress theory, the total strain of the micro-element consists
of two parts: one part is caused by the temperature change, and the other part is caused by
stress. Therefore, the generalized Hooke’s law, including thermal stress and thermal strain,
can be obtained [20]:

ex = £ [0 — ((Ty +02)] 4+ aAT

ey = |0y — p(ox +0z)| +aAT )
€, = ,13[(72 - (Ux —i—ay)] + aAT

Txy = Gr'sz— Gf%x—%x

where (ex, €y, €2, Yxy, Yyz, Yzx) and (0%, 0y, 0z, Txy, Tyz, Tox ) are each components of normal
and shear strain, as well as normal and shear stress; E is the elastic modulus; y is the
Poisson ratio; « is the thermal expansion coefficient of the material; AT is the temperature
difference; and G is the shear elastic modulus, G = E/[2(1 + u)].

Using the relationship between shear elastic modulus G, volume stress ®, and volume
straine, e = (1 —2u)@/E (where © = 0y + 0y + 03, ¢ = &, + ¢, + €;), one can obtain the
thermal stress expressed as:

oy = 2Gey + Ae — BAT

oy = 2Gey + Ae — BAT ©)
0, = 2Ge, + Ae — BAT

Tay = G”ny/ Tyz = G')’yz; Tox = GYzx

where A is the lame constant, A = Ep/[(1+ u)(1 — 2p)], and B is thermal stress coefficient,
B=aE/(1-2p).
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After each normal and shear stress is obtained, the Von Mises equivalent stress 07, can
be calculated, which considers all factors. The calculation formula is as follows:

1
o = ﬁ\/(% — )2+ (0 = 2) 4 (02— 0)” +6(Ty + T+ T2 )

Taking the rotor temperature calculated by the 3D thermal field as the load, the rotor
thermal deformation and thermal stress distribution before and after the fault can be
simulated by setting the friction contact conditions on the contact surface between the bars
and the rotor core and the fixed constraints at both ends of the rotating shaft.

6.2. Analysis of Thermal Stress

To be consistent with the above thermal field analysis, the analysis results of normal
and faulty motor rotors in this section are the ones at 90 min and 45 min, respectively.
Figure 13 shows the deformation of the squirrel cage before and after the fault. The dis-
tribution law of deformation is the same under two conditions. The maximum value of
deformation appears at the position of the fan and balance weight in the end-ring, and the
minimum value appears at the bottom of the axial middle position of the bar. Due to
the great difference temperature under the two conditions, the maximum value of rotor
deformation after fault is 19.7% higher than that of the normal motor.

Deformation/m
1.29¢-4
1.17e-4
1.05e-4
9.32e-5
8.11e-5
6.90e-5
5.69¢e-5
4.49¢-5
3.28e-5

y 2.07e-5
g X

Figure 13. Deformation of squirrel cage rotor before and after the fault. (a) Normal. (b) Forty-five-

turn fault.

The distribution law of rotor thermal stress is different from that of deformation. It
can be seen from Figure 14 that under the two working conditions, the minimum value of
Von Mises stress appears at the rotor end ring, the maximum value appears at the bottom
of the bar near the joint region of the end ring, and the thermal stress values at the joint
region are large. The maximum value of thermal stress increases by 20.3% after the fault,
and the position of thermal stress distribution is significantly different.

Von-mises Stress/MPa
176.0
156.4
136.9
117.3
97.76
78.21
58.66
39.11
19.55
3.337¢-3

Von-mises Stress/MPa
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117.3
97.76
78.21
58.66
39.11
19.55
3.337e-3

Figure 14. Von Mises stress distribution of squirrel cage rotor before and after the fault. (a) Normal.

(b) Forty-five-turn fault.
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The motor studied in [13] has the same power level as the motor in this paper; thus,
one can compare the thermal stress results of the broken bar fault in [13] and the results
in this paper. In [13], the thermal deformation and thermal stress of the faulty motor are
increased by 7.4% and 8%, respectively, compared with tose of the normal motor when
the rotor has one broken bar, and they are further increased by 23.8% and 24% when
the rotor has two broken bars. On the other hand, the thermal deformation and thermal
stress after ITF are 19.7% and 20.3% higher, respectively, than the normal motor in this
paper. By comparison, it can be seen that the thermal stress value in this study is similar
to the rotor fault of two broken bars, indicating that ITF has a high possibility of causing
rotor fault.

The curves of maximum normal stress, maximum shear stress, and Von Mises stress
of the squirrel cage rotor with time are shown in Figure 15. The shear stress in the thermal
stress of the squirrel cage is much less than the normal stress before and after the fault.
The maximum direction of normal stress is axial (z-direction indicated in Figure 14). Since
the Von Mises stress is an equivalent value, the maximum normal stress is slightly larger
than the Von Mises stress. After the fault, both ¢, and oy, are significantly improved, which
further increases the possibility of rotor fault.

200 .
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Figure 15. Stress variation curve with time at the maximum stress point.

It has been shown that the broken bar fault is the most common fault of the rotor
and that the fault is prone to occur at the connection joint between the bar and the end-
ring [13]. The results in Figure 14 show that the stress distribution at different bar positions
is quite different. In order to study this complex stress distribution, the distribution of
thermal stress along different paths of the bars is analyzed. Take any bar in the squirrel
cage, and the analysis paths are shown in Figure 16, which shows the bottom path A-A,
the middle path B-B, and the top path C-C.

The thermal stress distribution along paths A-A and C-C shows that the stress value
in the axial middle is low, and the maximum value appears near the end-ring connection.
On the contrary, the stress distribution in the path B-B is high in the middle and low on
both sides of the axial direction. After the fault, the stress values at each path increase to
varying degrees. Taking the position of the maximum stress shown in Figure 17a as an
example, we can see that the thermal stress value at this position after the fault increases by
20.7% compared with that under normal conditions. Since the connection joint between the
bars and the end-ring is the prone position of the broken bar fault, there may be defects in
the manufacturing process of the cast aluminum rotor, and the sharply increased thermal
stress will increase the risk of the broken bar fault of the rotor.
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Figure 16. Thermal stress measurement paths of a bar.
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Figure 17. Thermal stress distribution along the paths of normal and faulty barss. (a) Path A-A.
(b) Path B-B. (c) Path C-C.

7. Conclusions

In this paper, the thermal characteristics of an induction motor under a rated load
before and after the stator ITF are analyzed using a 3D transient thermal field, stress-field
simulation, and TR experiment, and the conclusions are as follows:



Machines 2022, 10, 504 17 of 18

(1) The original temperature distribution law of the motor is broken after ITF, and the
hotspot of the motor is transferred from the rotor to the faulty slot winding. The TR of
each part of the motor is higher than that under normal conditions, and the difference
in space and time characteristics of temperature distribution is further increased due
to the different TR values and TR rates of each part.

(2) The significant thermal characteristic of ITF is the difference in winding tempera-
ture distribution. Taking the TR of normal winding in the first nine minutes as the
standard, the TR value and TR time of winding in the faulty slot are 2.2 times and
11.1%, respectively, of those of the normal motor. The statistical variance data of
winding temperature show that the fault causes the discrete distribution of winding
temperature, and the variance value can provide a reference for fault diagnosis.

(3) The rotor thermal stress analysis is introduced for the first time in studying the stator
ITF in induction motors. The maximum thermal stress of the squirrel cage rotor occurs
at the bottom of the bar near the joint of the end-ring. After the fault, due to the
increase in rotor temperature, the thermal stress value at this place further increases
(20.7% higher than that under normal conditions), which intensifies the risk of broken
bar fault.

Moreover, further work is in progress to study the difference in TR characteristics
under various fault degrees, assess the impact of fault on the remaining life of insulation,
and propose a fault diagnosis method from the perspective of thermal characteristics.
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