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Abstract

Estimated Disturbance Decomposition Based Fault Detection

for Inter-Turn Short-Circuit Fault in PMSM

Giljun Ahn

Department of Mechanical and Aerospace Engineering
The Graduate School

Seoul National University

This paper proposes a robust and simple to implement method for detecting inter-
turn short-circuit faults of surface-mounted permanent magnet synchronous motors
(SPMSMs) based on the estimated disturbance. The total disturbance of motor with
inter-turn short-circuit fault includes disturbance from several sources such as
parameter variations, unmodeled dynamics and fault. The proposed method consists of
three steps. First, the disturbance is estimated using disturbance observer (DBO).
Second, the estimated disturbance is separated into faulty disturbance and healthy
disturbance. The healthy disturbance consists of effects from parameter variations and
unmodeled dynamics such as noise. Third, a new fault indicator is calculated which has
a relationship with the fault severity and able to estimate the fault severity. The
simulation results verify the effectiveness of the proposed method with steady state
response and transient response. And these verify the robustness with parameter
variations and noise. The proposed method can detect inter-turn short-circuit faults
without additional sensors under uncertainties. This strength can facilitate on-line fault

detection in industrial field applications.
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Chapter 1. Introduction

1.1 Motivation

Permanent magnet synchronous motors (PMSMs) are widely used in various field
requiring high precision and high torque control systems, such as industrial robots.
Because the PMSMs are main component of overall industry, an unexpected failure
of the PMSM may cause a large financial loss [1].

The major failure components of the motor are bearing, stator and rotor. The
failures of rotor mostly occur in induction motors. The tablel shows the percentage
of motor failure components [2]. The stator winding fault accounts for 36% of
electric machine failures [2-4]. There are several types of stator winding fault and the
inter-turn short-circuit fault (ISCF) is the initial fault of stator winding. ISCF is
caused by failure of winding insulation. The winding insulation is degraded by
combination of thermal, mechanical and electrical stresses. The electrical stress from
pulse width modulation (PWM) inverter makes the ISCFs more prevalent [5]. Thus,
the early fault detection of ISCF in PMSMs before the fault becomes fatal is
important to prevent the enormous loss.

Various methods to detect the ISCF in electric machines have been proposed.
Motor current signature analysis (MCSA) is the most common method based on
monitoring of the motor current harmonics and sideband of the characteristic
frequencies around the supply frequency [6-8]. But the harmonics are sensitive to the
motor drive and can be overlapped by harmonics of other fault modes [9]. These hurt
the robustness of fault detection using MCSA. Zero sequence voltage component

(ZSVC) method was developed to detect the ISCF in early stage [1, 10]. But ZSVC



method has several disadvantages. This method is invasive because it requires an
access to the neutral point. An external resistor network is required to decouple the
ZSVC from the inverter effect [11]. Because of the external resistor network, ZSVC
is not appropriate for several applications with complex operating environment such
as industrial robots and machining tools. There are developed method based on signal
processing with vibration, acoustic and flux sensors. Though the methods with
external sensors show good performance for detect faults, they are not appropriate
for complex operating environments like ZSVC mentioned above. In [12],
improvement of ISCF detection technique using high frequency signal injection to
control voltages is presented. However, high frequency injection method causes
additional electromagnetic noise and acoustic noise [13]. There are state observer-
based methods using such as sliding mode observer, extended state observer and
kalman filter have been devised. [14] calculates residual between measured and
estimated stator currents using high-order sliding mode observer to detect ISCF. But
this method overlooks parameter variations and unmodeled dynamics in healthy
machines which hamper the robustness of ISCF detection.

In summary, this thesis deals with ISCF of PMSM and proposes an improved
method to diagnose ISCF of PMSM in early stage without the disadvantages of the

aforementioned developed methods.



Table 1 Percentage of motor failure components

Failure component Percentages
Bearing 41 %
Stator 36 %
Rotor 9%
Others 14 %

1.2 Scope of Research

This thesis proposes an improved method to diagnose ISCF of PMSM in early
stage. The main contributions of the proposed method are as below.

1) The proposed method does not require the additional equipment.

2) The proposed method is robust against the parameter variations and

unmodeled dynamics.

3) The proposed method prevents the false alarm and eliminate the effect of

rotating speed.

The proposed method based on mathematical model of PMSM with ISCF does
not require additional sensors or accessible neutral point. To improve the robustness,
the proposed method takes account of the uncertainties from unmodeled dynamics
and parameter variations from the operating conditions using disturbance observer
(DBO). The total estimated disturbance by DBO and disturbance caused by ISCF is
identified mathematically. The disturbance from fault is decomposed from the
estimated disturbance to diagnose the ISCF. Finally, using the decomposed

disturbance, a new fault indicator to prevent false alarm and eliminate the effect of



rotating speed is proposed in this thesis.

1.3 Thesis Layout

This thesis consists of five chapters. The chapter 2 addresses the mathematical
model and the disturbances of PMSM with ISCF which is the background of this
research. And the chapter 3 describes the proposed method; Estimated disturbance
decomposition method. Then, the chapter 4 represents the simulation results which
validate the efficiency and robustness of the proposed method. Lastly, the conclusion

is presented in the chapter 5.



Chapter 2. Background

The chapter 2 describes the mathematical model of PMSM with ISCF at section
2.1 and its disturbance analysis at section 2.2.
2.1 Mathematical Model of Faulty PMSM

Figure 2-1 shows 3-phase PMSM which has an inter-turn short-circuit fault with
shorted turn ratio 4 = N»/(N;+N>) at phase a. N; and N: are the number of healthy
turns and shorted turns. R, is the resistance which models the stator winding
insulation failure and iy is the current of shorted circuit. This is one of the most widely
used short-circuit fault model. The voltage equation in abc-reference frame of PMSM

with inter-turn short-circuit fault is expressed as [15]:

. d . d
Vabe = Rslabc + Ls E (labc) + E (lpfabc) + Vo (2'1)

where Vane, ianc and Vo are the stator voltage vector, stator current vector and zero-
sequence voltage vector. Rs, Ls and Wan are the stator resistance matrix, inductance

matrix and flux linkage matrix due to permanent magnet.

la

Rs O ip

vC 0 Rs i
uR 0 0 —,uR — Rl Lif

L M M —uL iq Yq 1
M L M -—-uMm|dl|i,| dl|y, 1
+ M M L —uM dt lc +% 1/)6 t Vo 1
puL  uM pM  —p*L] i Yy 0



Y = Brau1 oSO+ D Yoy 05 V(6 = 6,)

v=2k+1
21
Yy = Ypy,1c08 (9 - —> Z Ypm,p COSV (9e -0, — ?)
) v=2k+1 . (2.3)
Ye ¢PM1C05(9 +—) Z pruCOSU< -0, + 3)
v=2k+1

Yr=u {d)PM,l cos(6,) + Ypu,py coOsv(6, — 91;)}

v=2k+1

Rs is the stator resistance, and L and M are self and mutual inductance. we is
electrical angular velocity and & is electrical angle. flux linkage matrix Wanc includes
the nth harmonics components as shown in (2.3) which can be ignored because those
amplitudes are small enough compared to that of fundamental component wewm,1. And
wr is the faulty term of flux of permanent magnet. Therefore, only the fundamental
components are considered except the harmonics in this paper. The last row of (2.2)
which expresses the short-circuit of short-circuit is as below where Ls is L-M.

— (uRs + Ry)is — 2Ld—+ (,utlzfcose) (2.4)

di,
0 =uR L,—2
URsiq + UL It

dt

If « is small enough, which means that the fault severity is mild, (2.4) can be

rewritten as:

ir = I sin(G + Bf) (2.5)



Where

—\/(R2 + Wil + YFwi

L.w,I
9 — tan_l (&)
l 4 Rsla - welpf

Fault current is can be expressed as (2.7) because the last term of (2.4) is a dominant

(2.6)

term and the phase with short-circuit is a phase [15]. Hence, the amplitude of fault
current It is proportional to fault severity S = w/(Ri+ uRs) and electrical rotating speed

we.
ir = Ir sin(6, + 6f) = k1Sw, sin(6, + 6;) 2.7)

The abc to dq0 transformation matrix is defined as:

2 2
|[COS(9e) cos (9 - ?n) cos (Be + ?n)]l
2
T30 = 2 2 2 2.8
Tane 3 llsm(@ e) sm 9 - ?n) sin <He + ?n)l 28)
1/2 1/2 1/2

Applying dqg0 transformation to the first three rows of (2.1) results in the voltage
equation in dqgO reference frame as (2.9). Except for the last row of (2.9), there is dg-

voltage equation as (2.10).

dqo dqo dqo 'uRsif
Vdqo = Tabc R (Tabc ) lS dqo — Tabc 0
0

Mg (29
dqo dqo dqo £
+Tal;lc LSd_((TaI;Ic) lsdqo) Tagc H%]E
U

dqo
+ Tabc quabC



l=[5 allel+ 5 clal Lo, ole-ml]
] . dqo[ ]dlf} (2.10)
abc
uM

Equation (2.10) represents the dg-voltages PMSM with an inter-turn short-circuit

dqo

* [wegl)f] * {_T“bc

= quh + quf

fault composed of a healthy dg-voltage vagn and a faulty dg-voltage vugs.



Figure 2-1 Schematic diagram of 3-phase PMSM

Figure 2-2 Schematic diagram of 3-phase PMSM with stator winding inter-turn

short-circuit fault



2.2 Disturbance Analysis of Faulty PMSM

Not only faulty machine but also normal machine has disturbances from various
sources such as parameter variations and noise. To know the exact values of
parameters of PMSM is difficult because electric machine parameters vary
depending on the operating condition and there would be other uncertainties due to
unmodeled dynamics [16-18]. Moreover, when the fault occurs on the PMSM, there
should be additional disturbances. The voltage equation at dg-reference frame of

PMSM with disturbance caused by parameter variations, noise and fault is expressed

as:
[vd] _ [Rg + pLgy —weLsp ] [ld] [ 8a (2.11)
vq weLsn Rs + pLsn _wel/)PM + 5q_ .
8d] _ {'ARS + pAL, —weALg ] [id' 4 [ 0 }
6(] (j.)eALs ARS + pALS [ (UeAl/)pM_
(2.12)

€a fa
+ [Gq] + [fq]
where d4q are the lumped disturbance consists of disturbance caused by parameter
variations, unmodeled dynamics &qq, and inter-turn short-circuit fault fq. The
subscript ‘n’ and A represent nominal parameter values and parameter variations
respectively; Rg = Rgp, + AR, Lg = Lgy + AL, Ypyr = Ypun + AYpy

According to the equation (2.10) to (2.12), the disturbance due to inter-turn short-

e

circuit fault fqq can be expressed as below.

] = e (

.URsn

10 = L



From equation (2.13), it is clear that the faulty disturbance fqq is equal to the faulty
voltage in dg-reference frame vqqr in (2.10). Therefore, if the faulty disturbance can

be estimated, the inter-turn short-circuit fault of the machine can be diagnosed.

1 '\._i 2 _.:;



Chapter 3. Proposed Method for Diagnosis of Faulty
PMSM

This chapter describes the proposed method using estimated disturbance
decomposition to diagnose the inter-turn short-circuit fault of PMSM. The
proposed method consists of three steps. Each section describes each step of
proposed method. Section 3.1 shows the first step, design of disturbance observer
to estimate the disturbance. Section 3.2 explains the next step, decomposition of
the estimated disturbance. And the last step, calculation of new fault indicator, is
shown at section 3.3.

3.1 Disturbance Observer Design
To implement the disturbance observer for fault diagnosis in discrete time, a

disturbance observer can be designed as below.

fag (k) = Algg(k = 1)+ Blvgge =D+ [, 3, |-Bagk =D} (31

Where

qu = [vd(k) vq(k)]T

igq(k) = [la 14]"

faq(0) = [fy(k)  fo)]' (32)
_ 1- TsRsn/Lsn 0
A= [ 0 1- TsRsn/Lsn]

12



B = [Ts/Lsn 0
0 1- TsRsn/Lsn
k represents iteration sample integer and Ts is the sampling period of disturbance
observer. The error vector and squared error function of the observer are defined as
(3.3) and (3.4).

iq(k) — ("
) = [0~ ) (33

. R 217
(ig(k) — 14 (k) ] -

B0 = [(iqac) —iy(0)’

[17] adopted a simple steepest descent algorithm too minimize the error function.

Jacobian of the error function is calculated in (3.5) for the steepest descent algorithm.

— = Be(k) (3.5)

Let y = diag(yq, y4) be iterative step-size gain matrix and then, minimizing E(k) gives

following equation which is derived from the gradient search.

= 84q(k — 1) — Yl x;Be(k) '



3.2 Estimated Disturbance Decomposition
The disturbance caused by inter-turn short-circuit fault in (2.13) can be extended
as follows:

fd] 1 ’ [—RS cos(6f) + Lsw, sin(6y)

fq - 5“ R sin(ef) + Lsw, cos(Gf)

(3.7)

1 [—RS cos(26, + 6;) + Lsw, sin(26,, + 6;)
Hiy
3

t3H Rysin(26, + 6) + Lsw, cos(26, + 6;)

It consists of DC and second harmonic component. The lumped disturbance
except faulty disturbance includes DC and other components from parameter
variations and uncertainties. Therefore, the DC component of lumped disturbance
is summation of various sources and not appropriate to detect the fault. On the other
hand, the second harmonic component is affected by only the fault of PMSM. The

amplitudes of second harmonic component are proportional to us.

1 sin(26, + a)
_ = 2 2 2 e 38
faq(26,) 3:“11‘\/@ [cos(ZGe + ﬁ)] (38)

Hence, the second harmonic is available to detect the inter-turn short-circuit fault.
This paper adopts a band-pass filter (BPF) to decompose the second harmonic

component from lumped disturbance.
3.3 Fault Indicator

The second harmonic disturbance decomposed from (2.12) with BPF can be

written as below.

14



sin(26, + a)] + (3.9)

BPF(8,,) = 1;11 RZ + szz[
a) = 3™\ s T s cos(26, + B)

Its” amplitude is proportional to w.” when the rotating speed is fast enough. To
improve estimation performance, the step size of DBO y is set to a varying value that
is proportional to w.’.

If using only the amplitude of each second harmonic disturbance in d and ¢q axis
for fault diagnosis, it may cause false alarm because there would be remaining
undesired unknown second harmonic disturbance # due to unmodeled dynamics such
as noise. Also since it is proportional to square of rotating speed, it is not suitable for
diagnosing faults for various speed conditions. To prevent the false alarm and lessen
the effect of the rotating speed, a fault indicator (FI) is proposed in this paper; as root
sum squared of each d and q axis band-pass filtered disturbance divided by square of

rotating speed (3.10).

. J (BPF(64)) szr (BPF(s,))

(3.10)

~ kuS

The DC offset of the fault indicator directly indicates the fault severity. Therefore,
a moving average filter (MAF) is used on fault indicator to extract the DC offset of

fault indictor.

1 O
15 "“""E -.;'- -1



04 Estimated Disturbance

d-axis

q-axis

0.2t

0.05 0.1 0.15 0.2
Time (sec)

Figure 3-1 1% step of proposed method: disturbance estimation

0.2 Decomposed Disturbance

d-axis

qg-axis ”

0.05 0.1 0.15 0.2
Time (sec)

Figure 3-2 2" step of proposed method: estimated disturbance decomposition
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Fault Indicator (FI)

0.018
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Figure 3-3 3" step of proposed method: Calculation of fault indicator
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Chapter 4. Simulation

The chapter 4 deals with simulation results of the proposed method to verify its’
efficiency, performance and the robustness.
4.1 Simulation Environment

The proposed method illustrated in Figure 4-1 to diagnose fault is verified by
simulation using MATLAB/Simulink. Because the simulation is controlled by
maximum torque per ampere (MTPA) strategy and the target motor is SPMSM, the
command current iq” is set to zero. The specification of PMSM used in this paper is
illustrated in the Table 2. The simulation is performed at various fault severity with
rated load torque; ©=1~5%, Rf =0.5Rs ~ 5Rs, Tc=4.77Nm. This section shows the
simulation results with various fault severity under situations; sudden fault

occurrence, varying rotating speed, with parameter variations and noise.

18



Table 2 Specifications of the target motor

Inverter

Lq 3.3mH
L 3.3mH
Rs 0.410
P/2 3 Pole pairs
7 0.066 Wb
J 748kg -mm?
Rated torque 4.77 Nm
Vg
@ i " da v |
— Speed dq __.' g . .f. PWM
e Controller } abe | 5
*
r a l.I‘J
d da .
/obc -« i Ay
) — _Jf
s @l
P e e e e e e e i ™,
| —04(26) 84 i
! £l - RSS BPF Disturbance | E | Encoder
; | 20! : Observer |4 | | Diagnostic
lemem e A ! Module
Figure 4-1 Block diagram of proposed diagnostic module
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4.2 Simulation Results

Section 4.2 deals with steady-state response under sudden fault occurrence,
transient response under varying rotating speed condition, the value of fault indicator
with respect to various level of x and Ry, the effect of parameter variations and the
effect of unmodeled dynamics.

Figure 4-2 and Figure 4-3 shows the steady-state response and transient response
of fault indicator. Figure 4-2 shows the waveform of rotating speed and fault
indicator when a sudden inter-turn short-circuit fault («=2%, R;=0.5Rs) occurs at
t=2sec under the steady state operating condition with 1000rpm rotating speed. After
the mild severity level of inter-turn short-circuit fault occurs, it seems that the motor
runs without any problem because there is no noticeable change in the rotating speed.
However, the proposed fault indicator rapidly increases and indicates the severity of
short-circuit fault. This simulation result shows that even though the fault severity is
mild, which does not interfere with operation of the motor, the proposed method is
able to detect the inter-turn short-circuit fault well.

The transient response of fault indicator with inter-turn short-circuit fault (« = 2%,
Rt = 0.5Rs) varying rotating speed is shown in Figure 4-3. In this result, the rotating
speed increases in the form of a step function from 900rpm to 1100rpm. There is a
surge of fault indicator for a moment when the rotating speed is changed rapidly,
then it converges to the value as before. From the results, it is clear that the effect of
the rotating speed condition is eliminated well. Even if the rotating speed conditions
are different, the inter-turn short-circuit fault can be diagnosed regardless of the
rotating speed since the values of fault indicator are the same at the same fault

severity level.

20
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Figure 4-3 Transient response of fault indicator
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Figure 4-4 shows the value of fault indicator with respect to various fault severity.
The fault indicator with respect to x and Ry is represented in Figure 4-4(a). And Figure
4-4(b) shows the fault indicator with respect to fault severity S. As shown in the
Figure 4-4, the fault indicator is a monotonically increasing function of S. Especially,
inside the red box (0.05 < S < 0.15) the fault indicator is proportional to the fault
severity level S. Therefore, the fault indicator is able to not only detect the fault but
also estimate the fault severity. However, when the fault severity level is too small,
fault indicator has low the sensitivity because the fault severity.

The robustness to parameter variations and unmodeled dynamics are shown in
Figure 4-5 and Figure 4-6. Figure 4-5 shows the results with parameter variations
(ALs = 20% and ARs = 10%) with respect to x« and Rt. The Figure 4-5(b) shows the
same result with respect to the value of fault indicator with and without parameter
variations. From the Figure 4-5(a) and Figure 4-5(b), there is only little difference
between them. Figure 4-6 shows the results with noise which is SNR = 20dB.
Despite the noise, the difference between the values of fault indicator is little. Hence,
it can be concluded that the proposed method is robust to the parameter variations

and noise.
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Chapter 5. Conclusion and Future Work

5.1Conclusion

This thesis has proposed a method to detect an inter-turn short circuit by estimated
disturbance decomposition. The proposed method consists of 3 steps; 1) The
disturbance is estimated using a disturbance observer. 2) The 2™ harmonic
component of estimated disturbance is decomposed from the total estimated
disturbance. The estimated disturbance is separated into a healthy disturbance term
and a faulty disturbance term. The faulty disturbance tem of the estimated
disturbance is further decomposed into two components; the DC component and the
2" harmonic component. The 2" harmonic component is appropriate to detect the
fault because it is affected by only the fault of PMSM. A BPF is adopted to
decompose 2™ harmonic. 3) The fault indicator is calculated using 2" harmonic
component of the disturbance and rotating speed. To prevent false alarm and effect
of rotating speed, a new fault indicator is proposed. And lastly, a MAF is adopted to
extract the DC component of the fault indicator.

The performance of proposed method has been validated by MATLAB/Simulink
simulation results in terms of steady-state response, transient response, the effect of
the presence of noise and the effect of the presence of parameter variations. The
proposed method shows sensitivity and robustness of the fault diagnosis performance.
Also it can detect inter-turn short-circuit faults without additional sensors. These
strengths can facilitate on-line fault diagnosis in industrial field applications under

complex operating environments.
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5.2 Future Work

Although the proposed method successfully diagnoses the fault, there is a point
to be supplemented in this research. The proposed method is only validated by
MATLAB/Simulink simulation results and experimental verification has not been
performed. To facilitate this proposed technology to practical industrial application,

the experiment to validate its’ performance and availability should be performed.
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