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Abstract—Open-phase fault in permanent magnet synchronous
motor (PMSM) drive system occurs as the phase winding is discon-
nected or one leg of the inverter bridge fails. It may generate large
electromagnetic torque ripple and serious mechanical vibration.
Therefore, a rapid fault detection method is greatly required to
identify this fault at early stage and prevent damage to the system.
This paper develops a method of the open-phase fault detection
and discrimination for the PMSM drive system based on the zero-
sequence voltage components, in which the discrimination of the
fault types, namely internal stator winding failure and switches
failure of the inverter is realized. Then, appropriate fault-tolerant
measures may be taken according to the different fault types. The
experimental platform is established, and the experimental results
verify the effectiveness of the proposed method, showing that not
only the open-phase fault can be rapidly detected, but also the fault
type can be effectively discriminated.

Index Terms—Fault diagnosis, frequency tracking, open-phase
fault, permanent magnet machine, zero-sequence voltage compo-
nents (ZSVC).

1. INTRODUCTION

UE to its high power density, high efficiency, and high
D torque density, permanent magnet synchronous motor
(PMSM) is widely used in modern wind energy conversion
system [1] and transportation, such as electrical vehicles and
subway [2], [3], where the high reliability is of great importance.
An undetected fault in the PMSM drive system may lead to very
high repair or replacement cost, or even catastrophic failure.
Therefore, fault detection is greatly needed, which may realize
the scheduling preventive maintenance for the drive system [4].

Open-phase fault usually appears as the phase winding of the
PMSM is disconnected with the power source, which may be
caused by internal stator winding failure (ISWF), two switches
failure (TSF) of the same leg in the inverter. or mechanical
failure of the machine terminal connector [5]. The widely used
three-phase PMSM drive system is shown in Fig. 1 and the
open-phase fault is the common fault for such drive system. The
open-phase fault causes large electromagnetic torque ripples and
serious mechanical vibration. If this fault is not detected in time
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Fig. 1. Configuration of a three-phase PMSM drive system.

and remedial measures are not taken, the successive operation of
the PMSM may cause the secondary damage, even catastrophic
failure to the overall system.

In recent years, a few detection methods have been put for-
ward for the open-phase fault. In [6], the open-phase fault is
judged by the root-mean-square (RMS) value of phase currents.
In this method, the residual signature generated based on the
RMS value is compared with the chosen threshold to detect
the open-phase fault and identify the phase in which the fault
occurs. In [7], the open-phase fault is detected by frequency
domain analysis and o3 current signature. Frequency-domain
analysis method clearly detects the open-phase fault by moni-
toring the amplitude of the third harmonic of the phase current,
and, then, a3 current signature is used to identify the faulty
phase. The methods proposed in [6] and [7] may detect the
open-phase fault correctly. However, these methods require a
relatively long detection time which exceeds one electrical cy-
cle. Furthermore, extra memory space is required for storing
phase currents, a3 current, and their treatment results. Some
rapid detection methods for the open-phase fault are proposed
in literatures [8] and [9]. In [8], the predictive method for the
single open-phase fault detection is presented, which is based
on the difference between actual stator current and its predicted
value. The magnitude of the difference serves as a main diag-
nostic index for the open-phase fault detection, and the fault
location is identified by the angle of the stator current. In [9],
an open-phase fault detection method is developed based on
DQ current signature. In this method, a fault indicator defined
by the currents 4y, and i, is used for the open-phase fault
detection, and the phase difference between the actual electri-
cal angle and the quantity tan~' (—i/ /i) is applied to locate
the faulty phase. The current-signals-based detection methods
proposed in [6]-[9] can exactly detect the open-phase fault.
However, the proposed methods cannot discriminate the fault
types due to the same waveforms of the stator currents under
different fault types, such as ISWF and TSF. In addition, there
are a few fast fault detection methods based on voltage signals
[10]-[15]. In [10], the detection and identification of the power
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switch is accomplished by evaluating the residual signals deriv-
ing from a direct comparison of the measured voltages to their
respective references. In [11], a fast-diagnostic method for the
open-switch fault is implemented by combining the collector—
emitter voltage of lower switch for each inverter leg and the
reference switching signals. In [12], the gate-voltage behavior
at turn-on transient of the IGBTS is adapted to detect failures
of short-circuit and open-circuit in the IGBT. In [13], a voltage
measurement-based sectoral diagnosis method is presented for
the open switch faults of PMSM drives, in which the sectoral
average of the difference between the reference and the mea-
sured pole voltage is directly compared with the threshold to
achieve the open fault detection of each switch. In [14], the
open-circuit fault detection and identification is achieved by
the voltage distortion observer. The voltage distortions are esti-
mated by the model reference adaptive system technique, and,
then, compared with the preset threshold value to determine the
fault condition. In [15], a voltage-based approach is proposed
for open-circuit fault diagnosis in closed-loop controlled PWM
ac voltage source converters by the reference voltages available
from the control system. These methods presented in [10]-[15]
can quickly implement fault detection and location. However,
these methods mainly focus on individual or multiple switch
fault detection rather than the open-phase fault.

Since the open-phase fault may be caused by different parts,
the appropriate fault--tolerant measures for the different fault
types can be taken with the consideration of the feature, im-
plementation costs, and performance limitations of each of the
fault-tolerant methods [16]. For example, reconfiguration of the
inverter may be adopted as the TSF occurs, where the perfor-
mances of the PMSM at postfault operation are the same as those
at prefault operation [17], [18]. For the ISWF, two-phase fault-
tolerant operation for the PMSM drive system may be adopted,
keeping the maximum output torque unvaried [19], [20]. Hence,
it is of importance not only for the detection of the open-phase
fault, but also for the discrimination of the fault types. How-
ever, to the authors’ knowledge, the previous literatures mostly
focus on the open-phase fault detection. The discrimination of
the fault types is rarely studied so far. Hence, this paper aims to
fill this gap, namely the discrimination of the fault types.

This paper first proposes a method of the open-phase fault
detection and discrimination for the PMSM drive system, which
is based on zero-sequence voltage components (ZSVC). The
proposed method not only detects the open-phase fault rapidly
but also discriminates the fault types, such as ISWF and TSF.
By detecting, locating, and discriminating the fault, appropriate
fault-tolerant measures might be applied to the PMSM drive
system, and fault-tolerant measure is out of the scope of this
paper and will be not discussed in this paper. In addition, only
single open-phase fault is considered in this paper since the
three-phase PMSM cannot work under the condition of two or
more open-phase fault.

II. PROPOSED METHOD

The method based on the ZSVC has been used in the fault
diagnosis and achieves good performance. In [21]-[23], the
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ZSVC-based interturn fault detection for the PMSM is studied.
However, this paper differs from the previous studies in the fact
that the ZSVC is used for the detection and discrimination of the
open-phase fault, where the fault type only includes ISWF and
TSF since the terminal connector failure has the same symptom
as the ISWF and might be treated by same method.

A. Healthy Condition

The voltage equations of three-phase healthy PMSM in abc
reference frame are expressed as

. di, diy, dic  dipm,a
— Rii,+ L M8 4 e :
Vi = Rty + 7 + 7 + 7 + L +W
) dig diy, dic ~ dipay
— Ryiy+ M [ Y S\
Vi = Rgip + 7 + 7 + 7 + I +W
. di, diy, di, dApN e
= Ryio+ M m& % ’
V. = Rgi. + ot + 7 + I + i + W

(H
where V,,, Vj,, and V, are the phase voltages, i,, i, and 7. are the
phase currents, R, is the phase stator resistance, L is the phase
stator self-inductance, M is the mutual-inductance between the
stator phases, and Vj) is the voltage difference between the neu-
tral point of the stator windings and the dc midpoint of the
electronic inverter. Apyp,q, Apn,p, and Apyp . are the flux in the
phases a, b, and ¢ due to permanent magnets, respectively. They
are expressed as [21]:

ApM,a = Apmicos(0) + >0 Apwmpcos(vl —6,)

v=2k+1
2
Apn,p = Aparicos | 6 — =
+ X A (0 0 QU
PM,pCOS |\ VU — 0, — 2V~
v=2k+1 ' 3 ()

2T
APM,c = ApM,1COS (9 + 3)

+ > Apwm,,CO8 <v9 -0, + 21}1)
v=2k+1 3

where k is a positive integer, Apyrq is the amplitude of the
fundamental magnet flux, Apy, is the amplitude of the vth
harmonic magnet flux, # is the rotor electrical position, and
0, is the angle between the vth harmonic magnet flux and the
fundamental one.

In the wye-connected PMSM, the following condition is
satisfied:

ia + iy 4 ic = 0. 3)

By adding three rows of (1) and considering (2) and (3), the
expression of the ZSVC V) is obtained as

dAp o

7 “)

1
W):g(%+%+%)—
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Fig. 3. FFT result of experimental ZSVC Vj) ,;, for the healthy PMSM, under
30% rated load at 720 r/min.

where

Apao = (ApMoa + A + ApM,e)/3

- ¥

v=3n,n=1,3,5-

Apn .y cos(vd — 6,). (5

In this paper, the resistor network is used to generate an
artificial neutral point, as shown in Fig. 2. The sum of currents
through the three branches of the balanced resistor network is
equal to zero, and it has

‘/a_‘/()c VE)_‘/OA(: V::_‘/O(:
: ’ — = 0. 6
R, R, R, ©
From (6), it has
where
VE) = W),c + VE),m~ (8)

By substituting (4) and (7) into (8), the ZSVC V; ,, is ex-
pressed as

dipn o
dt

According to (9), it can be seen that the ZSVC 1} ,,, only de-
pends on the time derivative of the Apyr o in a healthy PMSM.
Therefore, the ZSVC 1} ,,, is only composed by the third-
harmonic component and odd multiplies of the third-harmonic
components. In order to testify this point, the test result of the
healthy PMSM on experimental platform is analyzed by FFT,
as shown in Fig. 3. It is shown that there are only third and ninth
(three time of third) harmonic components if higher order har-

‘/Oxm = - (9)
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Fig. 5. FFT result of experimental ZSVC Vj ,,, for the ISWF in the phase c,
under 30% rated load at 720 r/min.

monics are neglected and this result agrees with the theoretical
analysis well.

B. Open-Phase Fault Condition

1) Internal Stator winding failure: Supposing the stator
winding of the phase ¢ is open-circuited, as shown in Fig. 4,
the voltage equation of the stator phase ¢ does not exist. Hence,
the voltage equations of the PMSM with ISWF are expressed as

. di, diy  dipwm,a
Vi = Rsiq L M— :
iq + pr + o + 7 +W
di di dA (10
. lq 1p PM.b
=Ry + M— + L— '
Vo = Bty + Mg+ Loge o+ =57+ V.
In this case, the following conditions are satisfied:
i, +i =0 an
i. = 0.

The V| can be obtained by adding the rows of (10). Consid-
ering (2) and (11), it is expressed as
Ld(Apa,a +Apnp)

1
%—5(%4-%)—2 at .

In the case of ISWF, (7) and (8) are still satisfied. By substi-
tuting (7) and (12) into (8), it generates
1 1d(Apm,q + Apap)

1
G(V‘”LVb)_EVC_ﬁ dt

It is shown from (13) that besides the third harmonic com-
ponent and its odd multiplies harmonic components, other har-
monic components appear in the ZSVC V) ,,, due to the asym-
metry of the PMSM. The FFT result of the experiment V) ,,
is given in Fig. 5, and it is seen that the amplitude of the fun-
damental component is largest among those of the new added
harmonic components.

(12)

%,m = (13)
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under 30% rated load at 720 r/min.

2) TSF of the Same Leg: The open-circuit fault of switches
in the inverter is the common fault and may be classified into
individual and multiple failures [24]. If the failure occurs in one
switch or two switches in different legs of the inverter, the phase
current of the PMSM will not be zero. In this case, the open-
circuit fault is easily diagnosed by judging the phase current
[24]-[27]. However, the failure of two switches of the same leg
will lead to the same phenomenon as the ISWF where the faulty
phase has no current and is difficult to discriminate them out.

In this paper, two switches T5 and T with open-circuit failure
are supposed, as shown in Fig. 6. Then, the voltage equations of
the PMSM can be expressed as

) diq diy  dApya

a — Lislg L— M— —_—
Vo = Rgig + o + o + i +W

di, diy — dipwmp

= 1 M— L— 14
Vi, = Ryiy + dt+ dt+ 7 +W (14)

_ dApa,e

Vv,
¢ dt

+ V.

Under the TSF condition, (7), (8), and (11) are all satisfied.
By adding the rows of (14) and considering (2) and (11), the 1
can be obtained as

1 dApai,o
Vo==(Vo+V+ V) - ——. 15
0 3( + W+ W) i (15)
By substituting (7) and (15) into (8), it has
dAp,o
Vom = ———. 16
0, 7 (16)

It can be seen that the expression of (16) is the same as that of
(9), showing that the ZSVC V} ,, is not influenced by the failure
of the inverter. Fig. 7 shows the FFT result of the experimental
waveform V) ,, and it is similar to Fig. 3.
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TABLE I
SUMMARY OF FLAG AND Flag,, ,, UNDER HEALTHY AND OPEN-PHASE
FAULT CONDITIONS

State Flag Flag,, ,
Flag,,  Flag,, Flag,,
Healthy 0 0 0 0
ISWF in Phase a 1 0 1 0
ISWF in Phase b 1 0 0 1
ISWF in Phase ¢ 1 1 0 0
TSFin T and Ty 0 0 1 0
TSFin T3 and Ty 0 0 0 1
TSFin T5 and Tg 0 1 0 0
Test PMSM

Load PMSM

Control Circuit ~ dSPACE DS1103  Real-time Interface

Fig. 8.  Experimental Platform.

TABLE II
PARAMETERS OF PMSM

Parameters Values Parameters Values

Number of pole pairs 2 Rated Power (W) 550

Stator resistance (£2) 10.5 Rated Current (A) 1.5

Flux linkage (Wb) 0.636 Rated Torque (N.-m) 3.5

d-axis inductance (H) 0.16 g-axis inductance (H) 0.16
i;*=0 ug* (e 72

> | ! b
. | Pt dglay | — » PMSM
Loell] | U | e
Ao A A R, Rn Ry
ig [ia / l—| |ﬂ
abc/dq |- abe
| M +p
[P o.m
Y \
Frquency Tracking
o Algorithm
4 * Ha ‘ 017* 9c¢
Results|  Fault Diagnosis
-] Method
e Encoder

a0/ |2 I

Fig. 9. Control diagram with the proposed fault diagnosis method.

3) Discussion: It can be seen from (9), (13), and (16) that
the ISWF is easily detected by the fundamental component of
the ZSVC V; ,,,, and ISWF may be discriminated from the TSF
and healthy condition. However, the ISWF can be not located
in which phase only by ZSVC V) ,,,. It should be noted that
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the TSF can be not detected and discriminated from the healthy
condition by the fundamental component of the ZSVC V} ,,, .

It is known that the initial phase angle difference of phase-
to-phase currents is 27 /3 in a healthy three-phase PMSM, but
this does not satisfy under the open--phase fault, where the
initial phase angle difference of the currents in the remaining
two phases is 7. In this case, the initial phase angle differences
of the stator currents may be used to analyze the location of
the open-phase fault and discriminate the TSF from the healthy
condition.

Hence, a combination of the fundamental component of the
ZSVC V), and the initial phase angle differences of the stator
currents are used in this paper to realize the detection, location,
and discrimination of the open-phase fault.

One disadvantage is that the proposed method needs an acces-
sible neutral point of the stator windings to measure the ZSVC.
However, the neutral point of the stator windings usually leads
out and connects to a redundant inverter leg or dc bus midpoint
in the case of fault-tolerant PMSM drive system [17]. Hence,

200 T T T T
) ; ;
=
8. 9
Time (s)
(c)
15 T y -
| e
) :
Z 05 .
6.5 7 7 8 8.5 9
Time (s)
(e)
1.5 E T T T
:E-, b —— Flaga
-‘E -==- Flagy.
0.5 «eeereeen Flag.,
0 : : : :
i i i i
6.5 7 7.5 8 8.5 9
Time (s)
(2)

Experimental results of ISWF, under 30% rated load at 360 r/min. (a) Stator currents. (b) Fault indicator. (c) d, . (d) dy.. (e) dc, - (f) Flag. (g) Flag,, ,, ..

the disadvantage may be offset because the open- phase fault
can be detect and discriminated; thus, adapting the appropri-
ate fault-tolerant method and making the drive system more
reliable.

C. Frequency Tracking Algorithm

In order to realize rapid detection of the amplitude and ini-
tial phase angle of the fundamental component, a simple and
effective frequency tracking algorithm will be studied. If the
high-order harmonics are neglected, the ZSVC V; ,, can be
expressed as

Vo,m = Visin(6 + 0,1) + Visin(30 + 6,3) 17)
where V; and 6,; are the amplitude and initial phase angle
of the fundamental component, respectively, and V5 and 6,3
are the amplitude and initial phase angle of the third-harmonic
component, respectively.
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Fig. 11.  Experimental results of ISWF, under 10% rated load at 360 r/min.

(a) Stator currents. (b) Fault indicator. (c) d,;. (d) Flag. (e) Flagm,, ,, .

Transforming (17) into orthogonal rotating reference frame,

the voltage components at d-axis and g-axis are expressed as

Vi = (Visin(0 + 0,1) + V3sin(30 + 6,3))cos(0)
V, = (Visin(0 + 0,1) + Vssin(30 + 6,3))sin(6).

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 7, JULY 2016

Time (s)
()

e
03

T

Fault Indicator

6 7 8 9 10
Time (s)
(b)
200, .

BT | NPt | PRI ] LN ‘ ................... ‘ ...................

v N (hasl - SN PRI SERR—-

dyy (deg.)

8
Time (s)
(c)

10

| ]

(18)

Flag

0.5k -eeeeemeennn .............

Time (s)
(d)
L5 ; T :
& F!{Tg,m : :
“|---~ Flagy [T )
e Flageg

Flag,.,

6 7 8 9 10
Time (s)
(e)

=
]

Fig. 12.  Experimental results of ISWF, under 30% rated load at 720 r/min.
(a) Stator currents. (b) Fault indicator. (c) d,;. (d) Flag. (e) Flag,, , .

Using trigonometry identical transformation for (18), it has

Vi = Vi[sin(20 + 0,1) + sin(6,1)]/2
+V3[sin(46 + 0,3) + sin(20 + 0,3)]/2
V, = —Vi[cos(20 + 0,1) — cos(6,1)]/2
—V3[cos(40 + 0,3) — cos(20 + 0,3)]/2.

19)
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Filtering the harmonic components of voltage signals from
(19), it is

{ ‘/dl = ‘/1811’1(91,1)/2 (20)

Vg = Vicos(60,1)/2

where V;; and V,; are the dc components of V; and V, respec-
tively. It can be seen from (20) that Vy; and V,; are determined
by the amplitude and initial phase angle of the fundamental
component of the ZSVC V4 ,,,. The amplitude and initial phase
angle can be calculated as

Vi—2 Vi V2
91)1 = tan ! (‘/dl/‘/ql)

It can be seen from (21) that the amplitude and initial phase
angle of the ZSVC V} ,,, can be extracted. Similarly, the ampli-
tude and initial phase angle of the stator currents can be also
calculated by the same algorithm.

21

D. Fault Detection and Discrimination

To achieve fault detection, the amplitude of the ZSVC 1} ,,
is normalized by the dc-link voltage, and the fault indicator is
defined as

FI =V1/Uqc (22)

where FI is the fault indicator, V) is amplitude of the funda-
mental component of the ZSVC V) ,,,, and Uy is the dc-link
voltage. According to the previous analysis, the fault indicator

Experimental results of ISWF, under 10% rated load at 720 r/min. (a) Stator currents. (b) Fault indicator. (c) d,;,. (d) Flag. (e) Flag,,,, .

FI is nearly zero under healthy and TSF conditions where the
fundamental component of the ZSVC 1} ,,, does not exist. By
defining a threshold for FI value, ISWF can be diagnosed from

healthy PMSM and TSE.
The initial phase angle difference d,),,, is defined as
|6 — 6, 0 — 0, <=7
dmn = m 7é ne {&, b7 C}
27‘[’ - ‘em - 971,| |9’m - enl >
(23)

where 6, and 6,, are the initial phase angles of the fundamen-
tal components of the stator currents ¢,, and ¢, , respectively.
Therefore, d,,, is always 27/3 as the PMSM is healthy. For
example, suppose the open-phase fault occurs in phase c or Tj
and Tg, d,;, (Where m = a, n = b) is changed into 7, while dj,
and d., are not constant. Therefore, the fault can be detected
and the open phase can be located according to the value of
dm n-.

In order to improve the robustness of the fault diagnosis
method, the load torque change and variable speed are taken
into consideration since they also lead to the variation of the
fault indicator and angle differences. Under healthy condition,
when the load torque or the reference speed changes, the fault
indicator does not remain zero and angle differences do not re-
main 27 /3 for a short time during which the controller adjusts
the drive to make the PMSM work stably. However, under fault
condition, the fault indicator or/and angle differences do not
remain the same values as those at healthy state; thus, showing
the variation of the fault indicator and angle differences. Thus, it
may be not easy to determine whether the variations are caused



4704

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 7, JULY 2016

(] $a

fabc (A)

)

EY

o
s

e
[ ]
T

Fault Indicator

(=]

8.5 9

L
A
o

2
(=]
[=]

day (deg.)
=
7
1

9.5 6 6.5 7 75 8
Time (s)

(c)
200 T T T T T T

i i i i i
9.5 [3 6.5 7 75 8 8.5 9
Time (s)
(d)

Fig. 14.

by the change of the load and reference speed or open-phase
fault. Therefore, the threshold values are employed to deal with
this issue and given by

1, FI >=ky
€= 24)
0, FI < k;
]-, dmn >= kd
Emn = (25)
0, dppp < kq

where k; and ky are the selected threshold values, € and €,,,, are
the generated Boolean variables for the fault indicator and angle
differences. The threshold values k¢ and k; are positive values
and carefully selected to minimize the possibility of the false
detection mainly caused by the noises of the measurement and
load torque or speed change. If they are not reasonably selected,
the probability of the false detection increases.

The detection in (24) and (25) is a simple and frequently
used method, but has the possibility of false detection due to the
noises of the measurement and load torque or speed change. To
guarantee the robustness against the false detection, the same
counting algorithm as [27] is applied. The algorithm detects a
transition and then starts incrementing a counter till the counter
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Experimental results of TSF, under 30% rated load at 360 r/min. (a) Stator currents. (b) Fault indicator. (c) d,y,. (d) dp.. (e) dcq . (f) Flag. (g) Flag,, ,, .

reaches a jitter-free count. If the state is not stable, the counter
resets to its initial value. The constant COUNT is defined as
how long the Boolean variables are continuously generated and
given by

COUNT = k « T/T, (26)

where k is the sensitivity factor, 7'denotes the current cycle of the
PMSM, and T stands for the sampling cycle. If & is too large,
the open-phase fault may not be detected and discriminated.
If k is too small, the possibility of false detection increases.
Hence, the sensitivity factor k is carefully selected considering
the detection time and reliability of fault detection.

Then, the algorithm for the fault detection and discrimination
is given by

1, counterl > COUNT1
Flag = (27)
0, otherwise
1, counter2 > COUNT2
Flag,,, = (28)
0, otherwise

where Flag and Flag,,,, are the fault detection and discrimina-
tion flags, counterl is the counter value from the beginning of
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the detection of the Boolean variable £ = 1 in (24) to the ar-
riving at the constant COUNT1(COUNT1 = k; % T'/T). The
counter value counterl is reset to zero when the Boolean vari-
able is zero. If the counter value counterl is larger than the
constant COUNT, the Flag is set from low to high. In addition,
the counter2, COUNT2(COUNT2 = ky « T/T}) and Flag,, ,,
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Fig. 16. Experimental results of TSF, under 30% rated load at 720 r/min. (a)

Stator currents. (b) Fault indicator. (c) d, ;. (d) Flag. (e) Flag,,,, .

have the similar definitions to the counterl, COUNTI, and
Flag.

Table I presents the summary of the Flag and Flag,,,, under
healthy and open-phase fault conditions. Hence, the open-phase
fault can be detected and discriminated by combining the Flag
and Flag,, ,, .
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III. EXPERIMENTAL VALIDATION

A. Experimental Platform

To validate the proposed approach, the experimental platform
is established, as shown in Fig. 8. Two PMSMs with the same
parameters in Table II are coupled together. One of them is used
as load of the PMSM. The speed information is obtained by
an encoder of 1024 pulses per revolution mounted on the rotor
shaft end of the PMSM. The ZSVC V} ,, and stator currents
are measured directly by voltage sensor and current sensors,
respectively. An IGBT-inverter with double closed-loop control
system is applied to the test PMSM, as shown in Fig. 9. All
the experimental results are carried out at a reference dc-link
voltage of 400 V. The value of the resistance in the resistance
network is 30 k(2. The sample frequency of the voltage and
current signals is 20 kHz. The parameters (k¢, kq, k1, and k) of
the proposed method are chosen to be 0.005, 170, 0.15, and 0.15
in the tests, respectively. Together with the MATLAB/Simulink
and dSPACE ControlDesk, the DS1103 controller provides real-
time control and monitoring of the PMSM drive system. In
addition, the main frequency of CPU of DS1103 is 933 MHz
and computational step size is 5 x 1077 s.

To evaluate the diagnostic effectiveness, four different oper-
ation statuses, namely 30% rated load at a reference speed 360
r/min, 10% rated load at a reference speed 360 r/min, 30% rated
load at a reference speed 720 r/min, and 10% rated load at a
reference speed 720 r/min are studied.

B. Experimental Results

1) Internal Stator Winding Failure: Fig. 10 shows the exper-
imental results of the stator currents, fault indicator, three initial
phase angle differences, and fault detection and discrimination
flags, under 30% rated load at 360 r/min, where the ISWF occurs
in the phase ¢ at ¢ = 7.43 s. It can be seen that under healthy
condition the phase currents of the PMSM are balanced, the fault
indicator is close to 0, and three angle differences all equal to
2m/3. After the ISWF occurs, the stator current ¢. becomes zero
and the amplitude of the other two stator currents increases. The
fault indicator increases and converges to a value of 0.2. The
initial phase angle difference d,;, is quickly varied from 27/3 to
7 and the others (dy., d., ) fluctuate in the range of 0 to 7. The
fault detection and discrimination flags (Flag, Flag,,, Flag,,.,
Flag,,) are all equal to zero at healthy state. After the ISWF
occurrence, the Flag and Flag,;, are both changed and equal to 1
at the instant ¢t = 7.47 s, and Flag,,. and Flag,, are not varied,
which is agreement with the theoretical analysis. Therefore, the
experimental results show that, by combination of the Flag and
Flag,,, , the ISWF can be effectively detected and located 0.04 s
after the fault occurrence, which approximately corresponds to
48% of the PMSM phase current fundamental period.

In order to test the effectiveness of the proposed method,
another three experiments with ISWF in phase ¢ are carried
out under different operation statuses. The experimental results
are shown in Figs. 11-13. It is shown that the fault indicator is
nearly equal to zero and initial phase angle difference is hardly
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affected by the operation status at normal condition. When the
ISWF happens in the phase c, the initial phase angle difference
d,p rises to 7 in all the cases and the fault indicator is affected
by operation status. However, the flags (Flag and Flag,,,,) do
not show the false alarms. Hence, the proposed method is still
enough to detect the ISWF and locate the faulty phase by the
Flag and Flag,,,,, .

2) TSF of the Same Leg: Fig. 14 shows the experimental
results of stator currents, fault indicator, three initial phase angle
differences, and fault detection and discrimination flags, under
30% rated load at 360 r/min, where the TSF occurs due to Tj
and Ty at t = 6.94 s. It is shown in Fig. 14(a) that the stator
currents are similar to the ones in Fig. 10(a). Therefore, the
currents-based open-phase fault detection methods introduced
in [6]-[9] are invalid to discriminate the fault type since the
waveforms of the stator current are nearly same under different
fault types, such as ISWF and TSF.

It can be seen from Fig. 14(b) that the fault indicator keeps
close to 0 before and after the TSF occurs. The initial phase angle
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Experimental results during transient condition. (a) Speed transient. (b) Load transient.

difference d,; rapidly rises from 27/3 to 7 and the others (d.,
d.) fluctuate in the range of O to 7, as shown in Fig. 14(c)—(e).
This is similar to the case of ISWF, as shown in Fig. 10(c)—
(e). Furthermore, the Flag, Flag,., and Flag,, are always equal
to 0 before and after the TSF occurrence, while at the instant
t = 6.967 s, the Flag,, is changed into 1, which is agreement
with the summary listed in Table I. Hence, the experimental
results show that the TSF can be detected and located in a time
interval of about 0.037 s by combination of the Flag and Flag,,, . ,
which is approximately equivalent to 44% of the PMSM phase
current fundamental period.

Similarly, further experiments are done for the TSF in Tj
and T to verify the effectiveness of the proposed method. The
experimental results are shown in Figs. 15-17, where the fault
indicator and initial phase angle difference are hardly affected
by operation status. The experimental results indicate that, un-
der different operations statues, the TSF can be still detected
and discriminated from the ISWF and healthy conditions by
combination of the Flag and Flag,,,,,.
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So far, all the experiments are focused on the ISWF in the
phase ¢ or the TSF in T5 and Tg. The extensive experiments
are also performed for the other phases or switches. Similar
experiment results are obtained as expected, which proves that
the proposed method is capable of detecting the open-phase
fault, locating the fault phase or inverter leg, and discriminating
the fault types.

3) Transient Behavior: In order to further validate the perfor-
mance of the proposed method, the experiments for the healthy
PMSM under transient conditions are carried out, and the ex-
perimental results are presented in Fig. 18. Fig. 18(a) shows
the experimental results for the speed transient, at the mo-
ment ¢t = 8.99 s, from 720 to 360 r/min and by considering
60% rated load. Fig. 18(b) shows the experiment results for the
load transient, at the instant t = 8.56 s, from 60% rated load to
10% rated load and by considering the PMSM reference speed
720 r/min. It can be seen that the fault indicator and angle differ-
ences all have a transient process under two transient conditions.
The fault indicator and angle differences are hardly varied before
and after the transient process, except the angle differences with
a little large ripple under light-load condition. In the two cases,
these experimental results also prove that the Flag and Flag,,,
are still kept zero before and after the speed and load transients.
Therefore, it can be confirmed that the chosen threshold values
allow the proposed diagnostic method to handle the extreme
situations, the speed and load transients, without emitting false
alarms.

IV. CONCLUSION

In this paper, a new detection and discrimination method for
the open-phase fault in the PMSM drive system is proposed,
which not only can detect the open-phase fault, but also can
discriminate the fault types, ISWF and TSF. The ZSVC is first
analyzed under healthy and open-phase fault conditions. Then,
the frequency tracking algorithm is proposed to extract the am-
plitude and initial phase angle in time domain, and the fault
indicator and initial phase angle differences are calculated in
real time. Furthermore, to guarantee the robustness of the pro-
posed method, the threshold values and Counting algorithm are
adopted. Finally, the detection and discrimination of the open-
phase fault are presented by combination of the flags: Flag and
Flag,,,, . To verify the proposed method, the experiments are
carried out, and the results agree with the theoretical analysis
well.

It should be noted that an accessible neutral point of the stator
windings is needed to measure the ZSVC. However, the neutral
point is accessible for fault-tolerant PMSM drive system, where
the combination of the proposed fault detection method and
fault-tolerant method may improve the reliability of the PMSM
drive system greatly.
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