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Abstract: Motor impedance and mode transformation have significant effects on the electromagnetic interference (EMI) generated
in motor drive systems. Stator winding faults commonly cause motor failure; however, in their early stages, they may not affect the
short-term operation of the motor. To date, EMI noise under the influence of premature stator winding faults has not been adequately
studied, particularly the differential-mode (DM) noise due to the common-mode (CM)-to-DM transformation. This study investigates
and quantifies the influence of stator winding faults on the motor DM impedance and mode transformation. First, the transmission line
model of an induction motor is described based on the scattering (S) parameter measurements of each phase of the motor. It offers the
flexibility to emulate different types of stator winding faults at specific locations and various severities, such that the impacts of the
faults on the motor DM impedance can be easily estimated. Second, a test setup is proposed to quantify the CM-to-DM transformation
due to the stator winding faults. The findings of this study reveal that even the early stages of stator winding faults can result in
significant changes in the DM noise.
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| Introducti been extensively studied 151" the impact of stator
ntroduction . . .
winding faults on EMI noise emissions has not been

High-frequency pulse width modulation (PWM) investigated in detail. Stator winding faults have been

inverters have been widely adopted in motor drive  reported to affect the CM noise emission, but no

further studies have been conducted on the conversion
[16]

systems because of their high power conversion
efficiency, flexible speed control, and competitive of CM-to-DM noise emission

Stator winding faults account for approximately
[17]

pricing 141 However, high-speed switching operations

generate conducted emissions that can cause potential ~ 40% of the total faults in induction motors =", and

problems involving electromagnetic interference
(EMI) 519 These undesirable emissions can be in
either differential mode (DM) or common mode (CM).
Although EMI noise characteristics and corresponding
mitigation techniques for motor drive systems have
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they are mainly classified into three categories:
turn-to-turn, phase-to-phase, and phase-to-ground
faults "®. The motor drive system continues to
operate when a stator winding fault occurs in its
initial state, particularly in a highly reliable
insulated terrestrial system 191 The CM-to-DM
conversion due to stator winding faults can increase
the DM noise emission, and the impact of this
conversion has yet to be well studied and quantified.

Fig. 1 shows a typical three-phase motor drive
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system in which the DM emission flows through one
of the phases to the induction motor and returns via the
other two phases to the direct-current (DC) link
capacitor of the power source. The DC link serves as a
low-AC impedance path between the DC rails, which
decouples the DM currents at the input and output
sides of the inverter 2. Therefore, the inverter can be
represented as a DM noise source, whereas the
induction motor can be treated as a DM noise
termination source. Considering that a stator winding
fault can affect the DM impedance and CM-to-DM
transformation of the induction motor, this study
investigates and quantifies these effects on DM noise.

Fig. 1 Propagation path of the DM emission in a typical

inverter-fed motor drive system

To facilitate this study, a transmission line model of
the induction motor is adopted so that the motor DM
impedance under different stator winding faults can be
easily determined. In general, there are two types of
electrical models for an induction motor: the lumped
circuit model ?'?* and transmission line model *>2*,
The lumped circuit model is commonly used to
estimate the motor drive overvoltage and EMI noise
emission; however, it fails to provide detailed
electrical information of each turn of the stator
winding 1 Hence, it lacks the ability to estimate the
motor impedance under various stator winding faults.
To overcome this limitation, a transmission line model
was adopted by treating the stator windings as
distributed electrical parameters. The EMI frequency
range is usually on the order of tens of kilohertz to
tens of megahertz, and within this frequency range, the
influence of motor speed and load level on the DM
impedance of the motor is negligible (291

Once the model of the stator winding is constructed,
a test setup is proposed to evaluate the impact of stator
winding faults on the mode transformation. The
DM-to-CM transformation has been well reported[lé];
therefore, this study focused on the CM-to-DM

transformation. Using a 5.5 kW induction motor as a
case study, it was demonstrated that even early-stage
stator winding faults can have non-negligible effects
on DM noise.

The remainder of this paper is organized as follows.
Section 2 describes the comprehensive transmission
line model of the induction motor. Section 3 presents
the estimation and quantification of the influence of
stator winding faults on the motor DM impedance
based on the transmission line model, in which the
developed model is experimentally validated. Section
4 describes the proposed test setup to evaluate the
CM-to-DM transformation caused by stator winding
faults and its impact on DM noise emission. Finally,

Section 5 concludes the paper.

2 Transmission line model

Fig. 2 shows the transmission line model per unit
length (PUL),
conventional PUL RLGC (R for resistance, L for

inductance, G for conductance and C for capacitance)
[28]

which was derived from the

model shown in Fig. 3 Additional circuit
parameters were included to capture high-frequency
behaviors. In the model, Ly and L, represent the
leakage inductances in the low-frequency and
high-frequency regions, respectively. R, denotes the
resistive characteristic of the stator winding,
considering the skin effect and eddy current losses. Cj,,
captures the capacitive coupling effects between coils
in a slot. Cy and Ry represent the capacitance and
resistive loss between the stator winding and the motor

frame, respectively.

Fig. 2 Transmission line model per unit length

Fig. 3 Conventional PUL RLGC model



14 Chinese Journal of Electrical Engineering, Vol.8, No.3, September 2022

The circuit parameters presented in Fig. 2 can be
determined based on the scattering (S) parameter
measurements of each phase using a vector network

analyzer (VNA), as shown in Fig. 4.

Fig. 4 S-parameter measurement for each phase of motor

Each phase of the motor under test (TECO
1071033064C-1, 3 phases, 5.5 kW, 6-pole) can be
considered as a two-port network, and a VNA (Bode
100) is chosen for the § parameter measurement.
Based on the measured S parameters, the propagation
constant (y) and characteristic impedance (Z;) can be

determined as follows "

1 h! (1+S11)(1_S11)+512521

yzﬁcos 25, (D)
. \/(1+S”)(1+Szz)—S12S2, o
‘ ’ (1_S11)(1_Szz)_512S21

where Zj is the reference port impedance and N is the
number of turns per phase of the stator winding. For
the given motor, N=288. Both y and Z. in Eq. (1) and
Eq. (2) can give rise to several possible solutions, and
physically reasonable values are selected based on the
criterion described in Ref. [28]. The next step is to
extract the PUL RLGC parameters presented in Fig. 2,
which were determined using Egs. (3)-(6).

Ry =R(y-Z,) 3)
_Ir-Z.)

LPUL _W (4)

Gpy, =R(Y/Z,) (5
_Iy/Z,)

CPUL _T (6)

where R() and
imaginary part functions, respectively.

Based on Egs. (3)-(6), the PUL RLGC parameters
for each phase of the induction motor can be extracted.

J() represent the real part and

For illustrative purposes, Fig. 5 shows the extracted
results for one phase of the motor under testing.
Finally, the values of the circuit parameters of the

transmission line model shown in Fig. 2 can be

determined based on a qualitative analysis of the PUL
RLGC parameters. The detailed process of qualitative
analysis is described in Ref. [28], and will not be
repeated here. Tab. 1 lists the values of the circuit
parameters of the transmission line model of the motor

under testing.
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Fig. 5 Extracted PUL RLGC parameters of Phase A of the

motor under test

Tab.1 Circuit parameters of the transmission line model

of the motor under test

Circuit Value
parameter Phase A Phase B Phase C

Ly/pH 178.1 172.4 168.9
Ly/mH 43 42 4.5
R,,/Q 27.6 27.4 26.7
Ci/nF 28.4 30.2 29.5
Cy/pF 15.0 14.8 14.7
Ry/Q 465.4 475.1 470.3

For verification, the DM impedance between
Phases A and B-C of the motor under testing was
reproduced based on the obtained circuit parameters,
motor winding connection (star connection), and total
number of turns (N=288). As shown in Fig. 6, the
simulated DM impedance agreed well with the
measured DM impedance.

It is worth noting that the DM impedance has an
inductive nature at low frequencies because of the
winding inductance. After an observed resonance at
15.3 kHz, it becomes capacitive as the frequency
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increases, owing to the stray capacitance between the
After the check, the

transmission line model was applied to evaluate and

stator windings. sanity
quantify the impacts of various stator winding faults

on the motor DM impedance.

E 10.45 kQ at 15.3 kHz
10 000
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F —— Measurement

EF___ Simulation
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e A -e =) = |

Fig. 6 Measured and simulated DM impedances of the healthy

motor under test

3 Impact of stator winding faults on motor
DM impedance

3.1 Fault emulation

Fig. 7 shows the stator winding configuration of the
motor under testing, where the faults are emulated by
removing the respective tapping points of the windings
and motor frame. For the turn-to-turn fault, the taps
from Phase A with turn numbers 24 and 34 (i.e., A24
and A34) were shorted with a 1-Q resistor B1,
Phase-to-phase faults with varying severity levels were
emulated by shortening the turns A24-B120 and
B120-C120. Similarly, the phase-to-ground fault was
emulated by shortening the taps for turn A24 and

motor frame G.

Fig. 7 Stator winding configuration of the motor under test

To emulate the stator winding faults (i.e.,

turn-to-turn, phase-to-phase, and phase-to-ground
faults), the respective tapping points of the windings
and motor frame should be shorted with a small-value
resistor. Meanwhile, the resistor should be able to limit
the short-circuit current to avoid destruction of the
induction motor when a voltage source is used to
power the shorted motor. The 1-Q resistor was used

for these purposes G121

3.2 Measured motor DM impedance under stator
winding faults

A stator winding fault due to low-impedance contact
between the shorted turns or phases can lead to
changes in the DM impedance of the motor, as well as
the resultant DM noise emission. The solid lines in
Figs. 8a-8d show the measured motor DM impedances
between Phases A and B-C under various stator
winding faults. The first resonant frequency of the
and the variation in the

measured impedance

impedance value were selected as indicators of

(18 33 As observed in Fig. 8a, the

winding faults
emulated turn-to-turn fault (A24-A34 short) reduces
the DM impedance by 10% at the resonant frequency,
which can cause higher DM noise emission and can be
a potential EMI issue.

The insulation breakdown between the two phases
is a more severe fault, because the high voltage
these

irreversible damage after a period of time. However, in

difference between phases can lead to
a three-phase balanced motor, the voltage difference
between the windings near the neutral point can be
small, and an incipient phase-to-phase fault may not
immediately affect the operation of the motor. As
shown in Fig. 8b, the phase-to-phase fault (A24-B120
short) decreases the DM impedance significantly and
results in a shift of the resonant frequency from
153kHz to 339 kHz. In contrast,
phase-to-phase fault (B120-C120 short) has a
relatively small impact on the DM impedance, as

another

shown in Fig. 8c. This is expected because B120 and
C120 are the two equipotential points when the DM
impedance is measured between Phase A and B-C.

In an ungrounded insulated terrestrial system, such
as hospital operating rooms and naval ships, all three
live phases float, and there is no closed loop for a
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current to flow at a

[19]

line-frequency single

phase-to-ground fault “°. Hence, the influence of
phase-to-ground faults on DM impedance is worth
investigating in these scenarios. It is observed in Fig.
8d that the phase-to-ground fault (A24-G short) leads
to a lower DM impedance along with a downwards

shift of resonant frequency from 15.3 kHz to 7.1 kHz.
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Fig. 8 Measured (solid line) and simulated (dashed line)
motor DM impedances between Phase A and Phase B-C under

various fault conditions

3.3 Simulated motor DM impedance under stator
winding faults

Using the PUL model presented in Fig. 2, together
with the motor winding connection, the total number
of turns, and the fault type and location, a 3-phase
transmission line model of the motor under stator
winding faults can be constructed, as shown in Fig. 9.
For the motor under testing (TECO 1071033064C-1, 3
phases, 5.5 kW, 6-pole), the values of the circuit

Fig. 9 Three-phase transmission line model of the

star-connected induction motor under stator winding faults

parameters of the transmission line model are

presented in Tab. 1. In addition, the motor is
configured in a star connection, and there are 288
subsections in each phase to represent each turn of the
stator winding. To be consistent with the emulated
stator winding faults in the experimental setup, the
simulated stator winding faults were also created by
shortening the respective tapping points of the
windings and the motor frame with a 1-Q resistor [31-32]
Finally, the motor DM impedance between Phases A
and B-C. The simulated motor DM impedances for
the above-mentioned four stator winding faults (i.e.,
A24-A34 short, A24-B130, B120-C120 short, and
A24-G short) are plotted in Figs. 8a-8d with dashed
lines. It can be observed that the simulated results
for each stator winding fault show relatively good
agreement with the measured results.

Some deviations in certain frequency regions are
the model that the

high-frequency coil parameters are evenly distributed

expected because assumes
along the stator winding. In reality, these parameters
are not evenly distributed, owing to layout differences
and manufacturing tolerance B34 Nevertheless, the
model demonstrates reasonable agreement with the

measured results for various faults.
4 CM-to-DM transformation

The stator winding faults not only change the motor

DM impedance but also introduce an imbalance
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between the stator windings in different phases. This
can result in DM-to-CM EMI transformation and vice
versa Pl It has been reported that the CM-to-DM
transformation is more pronounced than the
DM-to-CM transformation for a given amplitude or
phase mismatch B3¢ Both CM and DM EMI filters in a
motor drive system are usually designed assuming
perfect mode separation, because of the difficulty in
different
applications 371 Hence, it is worthwhile to investigate

the CM-to-DM transformation caused by stator

quantifying mode transformation in

winding faults and its resultant influence on DM noise
emission.

Figs. 10a and 10b show the test setup to evaluate the
mode transformation, where a CM voltage source is
applied to the induction motor by shortening Phases A,
B, and C. The CM voltage source was a square wave
with an amplitude of 10 V and a switching frequency
of 10 kHz, which was generated by a MOSFET
half-bridge (EVAL-1EDC20H12AH-SIC) with a
controller (TMS320F28379D), as illustrated in Fig. 11.

Induction motor

Icyy  Current probe Phase A

{..J.--..= —_|
. : y Phase C
»_=_ 1 Square wave

voltage source

{a) Schematic diagram

Wi g ]
il min

DC power supply

! _ Cuﬁentpmbe_. 7
Y MOSFET half bridge '

(b) Photograph
Fig. 10 Proposed test setup to measure the CM-to-DM

transformation

To evaluate the CM-to-DM transformation, the DM
current was monitored with a high-frequency current

probe (Pearson 6600) and a spectrum analyzer
(Tektronix MSOS54 oscilloscope operating in the
spectrum analyzer function) using the configuration

shown in Fig. 10a, which yields
1o, . .
T =§(2la —i,—i.) (7

where I, ,is the DM current for Phase A. Ideally,
1, should be zero for a perfectly balanced system,
as the DM noise source is not presented in the circuit.
However, an imbalance exists, thus the DM current is
finite.
30-

Switching frequency=10 kHz
201

p—
%

CM excitation/V
|
S o
T T
—

——

100 200 300
Time/ps

Fig. 11 Waveform of the CM excitation

Fig. 12 shows the DM emission versus the
frequency induced by the CM excitation for the
above-mentioned stator winding faults. The
horizontal axis is expressed in terms of the
harmonic order to clearly demonstrate the mode
transformation. The inherent asymmetry caused by
manufacturing tolerances is inevitable in a motor

[38]; thus, finite DM emissions exists

drive system
even for a healthy motor without any stator winding
faults. The DM emission measured under the
healthy conditions was used as a reference to
evaluate the CM-to-DM transformation caused by

the stator winding faults.
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(d) Phase-to-ground fault A24-G
Fig. 12 Comparison between 1., at healthy condition and

at fault condition

As shown in Fig. 12, the DM emission increases
with the severity of the stator winding faults. As
illustrated in the enlarged images in the figures, the
highest increment in the DM noise emissions occurs at
the phase-to-ground fault, which registers an increase
of 14.7 dB.

5 Conclusions

In this study, the influence of stator winding faults on

motor DM impedance and CM-to-DM mode

transformation was investigated and quantified. By
adopting a transmission line model of the induction
motor, the change in the motor DM impedance under
various stator winding faults can be predicted with
good accuracy. In addition, a test setup was developed
to evaluate the impact of stator winding faults on the
CM-to-DM transformation. The results demonstrate
that even early-stage stator winding faults can result in
noticeable changes in DM noise. Future research will
explore feasible and efficient methods based on the
DM impedance and DM noise for the online detection
of stator winding faults with different types, severities,
and locations.
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