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ABSTRACT The model predictive current control (MPCC) method has been widely used in permanent
magnet synchronous motor (PMSM) drive systems for excellent dynamic performance. The fault diagnosis
of the PMSM drive system becomes as important as dynamic performance improvement. The open-circuit
fault of the semiconductor power switches is commonly seen in the PMSM drive system, which causes
safety issues due to the abnormal operation of the system if the fault has not been detected. However,
the previous fault diagnosis methods are mainly aimed at PMSM drive systems with conventional control
methods. Focused on PMSM drive system with MPCC method, a diagnosis method of semiconductor power
switch open-circuit fault has been proposed. The calculated result of the cost function in implementing
the MPCC algorithm has been picked as the primary characteristic parameter for fault diagnosis, which is
derived through comparative analysis of the operation in fault conditions with normal conditions. In addition,
the monitored stator current and the gate-driving signals of the switches are used as subordinate fault
characteristic parameters. The selected three fault indices together with a digital filtering algorithm complete
the switches’ open-circuit fault diagnosis. A MATLAB/Simulink model has been built to validate the
effectiveness of the proposed fault diagnosis method. The simulation results verify the proposed method’s

robustness against the operating point and parameter mismatch of the PMSM drive system.

INDEX TERMS Fault diagnosis, MPCC method, PMSM drive system, semiconductor power switch.

I. INTRODUCTION
The permanent magnet synchronous motor (PMSM) has been
widely used in electric vehicles, aircraft, and other industrial
fields due to its high power density, high torque density, and
high efficiency [1]-[3]. The PMSM drive systems working
in complicated conditions hold a high risk of failures during
the long-term operation process [4]. An undetected fault of
the drive system, which leads to an abnormal operation,
brings economic losses and even safety issues. Therefore,
the fault diagnosis for the PMSM drive system is necessary
and helpful to schedule preventive maintenance to avoid such
catastrophes [5], [6].

The inverter, which is mainly composed of semiconductor
power switches, is the vulnerable part of the PMSM drive
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system [7]. Semiconductor power switch faults mainly
include short-circuit faults and open-circuit faults. When a
short-circuit fault occurs, a large inrush current is generated
in the system, which causes serious consequences. Therefore,
the overcurrent protection circuits are usually designed in the
inverter. On the other hand, the switches’ open-circuit fault
does not lead the PMSM drive system to stop running imme-
diately. However, it deteriorates the system’s performance.
Therefore, an effective diagnosis method for the open-circuit
fault is of great significance to the safety of the motor drive
system. At present, there are mainly three types of diagno-
sis methods for switches’ open-circuit fault [8], [9]: model-
based, signal-based, and knowledge learning.

For the model-based fault diagnosis method, firstly, a spe-
cific model is established according to the working principle
of the PMSM drive system. Then, the estimated value of the
fault characteristic parameter is obtained through the observer
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or other methods, which is compared with the reference
value to calculate the residual. Third, the calculated residual
is compared with a threshold to detect whether the fault
occurs. This type of fault diagnosis method holds a good
dynamic response, which is considered suitable for operat-
ing conditions where torque and speed vary. Specifically,
the observer-based method is applied to diagnose the open-
circuit fault in [10]-[14]. In [12], a novel open switch fault
diagnosis method based on the differential current observer is
proposed. To avoid false and missed detection caused by the
change of operating conditions, an adaptive fault detection
threshold is designed. In [13], to quickly diagnose whether
the fault occurs, a current estimator was constructed based
on the healthy hybrid system model. The fault isolation can
be carried out according to the characteristics of Euclidean
distances. In [14], an effective open-switch fault detection
method based on the Kalman filter algorithm is proposed
for PMSM drives with open-loop or closed loop control
strategies. In [15], a small-signal modeling approach based on
the characteristic equation for converter-dominated islanded
ac microgrid is used to assess the system’s low-frequency
stability. However, these methods require high-quality sensor
signals and accurate system model parameters.

The signal-based fault diagnosis method does not rely
on the PMSM drive system’s model and its parameters.
It extracts the sensors’ signal characteristics of the fault sys-
tem. Then the correlation between the signal characteristics
and the fault is analyzed for fault diagnosis. In the PMSM
drive system, the voltage signals and the current signals are
usually used for switches’ fault diagnosis. The voltage is
categorized as the controlled variable, while the current is the
response variable. Compared with the fault diagnosis method
based on current signal analysis, the diagnosis speed of the
voltage signal-based method is faster. However, the volt-
age signal-based fault diagnosis method requires additional
hardware circuits such as voltage sensors, which increases
complexity and cost. The key of the current signal-based
fault diagnosis method is the current signal extraction for
the fault characteristic. The average value of the current park
vector is picked as the fault characteristic parameter in [16],
which is not suitable when the load varies. To deal with
load variation, the normalized DC method is proposed, which
takes the ratio of the average value of phase current over
one period to the average value of its fundamental harmonic
as the fault index in [17]. Subsequently, the normalized DC
method is modified in [18] to be applied in the closed-loop
control system. Furthermore, In speed-controlled motor drive
systems, the average absolute value of the normalized current
has been combined with its average value to diagnose multi-
ple power switches’ open-circuit faults in [19], [20], which
shows immunity to false alarms. In the torque-controlled
motor drive system, the difference between the actual values
and the referential values of current through the three phases
were calculated by the sampled data acquired in a vari-
able sliding observation window, which is utilized in single
switch’s open-circuit fault diagnosis in [21]. In addition to
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the diagnostic variable based on the three-phase stator current
over an electrical cycle, the auxiliary diagnostic variable,
which is based on the cross-comparison of the three-phase
stator current, is presented and used to diagnose multiple
open circuit faults in insulated gate bipolar transistors [22].
In short, more attention has been drawn to the diagnosis of
multiple power switchers’ open-circuit faults. In [23], a new
reliable approach, based on the average normalized value of
the product of the two stator currents and the polarity of the
normalized average current, is proposed to diagnosis current
sensor faults and power semiconductor open-circuit faults in
PMSM drives.

The fault diagnosis method based on knowledge learning
transforms the mapping relationship between the fault data
and the fault characteristics into the stored fault diagnosis
knowledge, which is expressible for completing the fault
diagnosis process. This type of fault diagnosis method does
not focus on the analysis of the working principle and failure
mechanism of the PMSM drive system, which gives full play
to the advantages of the knowledge learning method. The
fuzzy logic method has been applied in analyzing the current
signals for the diagnosis of power switch open-circuit fault
in [24], [25]. However, the designer’s experience affects the
selection of fuzzy sets and membership functions in fuzzy
logic methods, which has an impact on the accuracy of the
fault classification. In [26], a generative adversarial network
based on tri-networks form (tnGAN) with incomplete sensor
data is used to handle leak detection problems for the pipeline
network. The amount of data collected is large, and there
may be a redundancy of data information, affecting detection
time. In [27], the double chain quantum genetic algorithm
is employed to obtain the proper length of measured sig-
nals and the deep belief networks (DBN) structure parame-
ters. Then, the fault features are extracted from the signals
through DBN, and used to train the least square support
vector machine (LSSVM) fault classifier to complete fault
diagnosis. In [28], compared with recurrent neural network
and LSSVM, the long short-term memory network, which
excavates the deep information of the fault signal with the
highest diagnosis accuracy and strongest robustness with
short time delay, is used to detect multiple open-circuit switch
faults. In addition, there are also fault diagnosis methods
based on knowledge learning combined with signal time-
frequency feature analysis. In [29], the wavelet transform is
used to extract the feature of fault, which is respectively com-
bined with the neural network and support vector machine to
complete the fault diagnosis. However, the overall operating
conditions should be divided into specific segments using the
wavelet transform. Besides, the neural network and support
vector machine require a lot of training sample data, which
keeps it away from popularization. In [30], the fast Fourier
transform is used to extract the signal features, the principal
component analysis method is used to reduce the dimension
of the samples, and the Bayesian network is used for fault
detection and diagnosis. However, the fast Fourier transform
is preferable for the frequency characteristic extraction of
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the stationary signal analysis, and the computational com-
plexity of this method is relatively high, which calls for
high-performance processors. Recently, based on the explicit
analytical model of converters and the learning capability
of the artificial neural network, a model-data-hybrid-driven
(MDHD) method is proposed to diagnose open-switch faults
in power converters [31].

Meanwhile, the fault diagnosis method may be different
considering the characteristics of the different control meth-
ods applied in the PMSM drive system. The diagnosis of
power switch open-circuit fault presented in the previous
literature review is suitable for the PMSM drive system with
the conventional control method. In recent years, the finite
control set model predictive control (FCS-MPC) method is
widely used in the PMSM drive system due to its sim-
ple structure and excellent dynamic performance [32]-[34].
According to the control variables in the PMSM drive sys-
tem, the FCS-MPC is divided into model predictive current
control (MPCC) and model predictive torque control (MPTC)
[35], [36]. The MPCC method is relatively widely applied in
the PMSM drive system. The fault diagnosis research of the
PMSM drive system with the FCS-MPC method is getting
more and more attention [37]-[40]. In [37], the DC compo-
nent and second harmonic component in the cost function
are used for the open-phase fault diagnosis, and the initial
phase angle differences are defined to identify the faulty
phase. In [38], the wavelet transform is applied to extract
the fault feature from the cost function existing in the MPC
system, and the inter-turn fault is diagnosed by monitoring the
normalized energy-related feature vector calculated from the
wavelet transform coefficients. In [39], the errors between the
reference currents and the PMSM stator predictive currents
are used to generate appropriate diagnostic variables, which is
combined with the fuzzy logic approach to identify the faulty
power switches. In [40], the detection is implemented through
the normalized average value of cost function variation over a
fundamental period. Besides, the open-circuit fault diagnosis
is realized using the a8-current signatures. In the open-circuit
fault diagnosis of the three phase voltage source inverters,
there are few studies to analyze the changes of the fault
signals according to control strategies.

Therefore, this paper based on the fault signal analy-
sis proposes a diagnosis method of semiconductor power
switch open-circuit fault for the PMSM drive system with
the MPCC method. The abnormality of the PMSM drive
system is detected by the cost function, and the faulty switch
is identified based on the stator current and the drive signal of
the power switcher. This method does not require additional
hardware and makes full use of the signals in the control strat-
egy, including cost function, three-phase current, and driving
signals. In addition, it is robust against the operating point
and parameter mismatch of the PMSM drive system. The
remainder of this paper is organized as follows. In section II,
the MPCC method of the PMSM drive system is described.
In section III, the open-circuit fault signal of the semiconduc-
tor power switch is analyzed. In section IV, fault detection
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and identification are described. In section V, the simulation
result validation is carried out. In section VI, the conclusion
is drawn.

Il. MPCC OF PMSM DRIVE SYSTEM
To facilitate the research of the fault diagnosis method,
the MPCC is briefly described in this section.

A. PMSM MODEL UNDER HEALTHY CONDITION
In the dg-axis coordinate system, the voltages of the three-
phase PMSM can be expressed as

. dig .
ug = Rsig + Ldg — weLyly
_ di, _ (H
ug = Ryig + ng + weLgig + W,

where uy and u, are the dq-axis voltages, iz and i, are the
dqg-axis stator currents, Ly and Ly are the dg-axis inductances,
R; is the stator resistance, ¥, is the permanent magnet flux
linkage, w, is the electrical angular velocity.

The electromagnetic torque of the three-phase PMSM is
expressed as

3
T. = Ep(l/fmiq + (La — Lg)iaiq) 2

where T, is the electromagnetic torque, p is the number of
pole pairs.

B. MPCC METHOD
1) PREDICTIVE MODEL
In the dq-axis coordinate system, iy is proportional to the
reactive power and i, proportional to the electromagnetic
torque. Euler approximation method is used for stator current
derivative as follows
dii itk +1) —i(k)
a T,
where T is the sample time.
Therefore, the prediction model of the stator currents can
be expressed as

3

, R
igtk+1)= (- 7 )ia (k)
wek)LyTsigk)  “Toug(k)
+ +
Ly RT Ly
ik + 1) = (1 = ——)ig(k) )
wek)LaTsiak)
S
Tsuq(k) _ @ (k)Y T
+ L‘] L‘]

where i;(k) and i,(k) are the measured values of the dg-axis
stator currents, ug(k) and u,(k) are the calculated values of
the dg-axis voltages, w,(k) is the electrical angular velocity,
all the above values are sampled in the k< interval. iZ(k +1)
and iz(k + 1) are the predicted values of the dqg-axis stator
currents in the (k + 1)”’ sample interval.
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FIGURE 1. Structure of the two-level voltage source inverter.
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FIGURE 2. Voltage vectors.

2) COST FUNCTION

The two-level voltage source inverter is adopted in the inves-
tigated PMSM drive system as shown in Fig. 1, where
the corresponding semiconductor power switches are named
T1-T6. Thus, there are eight voltage vectors used for the
MPCC method, as shown in Fig. 2.

In the MPCC method, the cost function is defined to force
the stator current to track the reference value. The voltage
vector minimizing the cost function is applied to the motor
drive system in the next sampling period. The cost function
is defined as

gi =ik + 1) — &k + DI + [k + 1) — bk + DI
+elifk + 1), Bk + D] (5)

where i = 0,1,2,...,7,(k + 1) and i;(k + 1) denote the
reference values of the dq-axis stator currents in the (k + N
sample interval. In (5), the first term represents to minimize
the reactive power. The second term represents to track the
reference torque. The last term is a nonlinear function to limit
the amplitude of the stator currents. The nonlinear function is
expressed as

gl (k + 1), 2k + 1]

0o (|if(k + )| > imax or |k + )| > imax)

p . p . (6)
0 (Ifgtk + DI = imax and |ig(k + D] = imax)

where imax 1S the maximum value of the amplitudes of the
stator currents.

In the practical PMSM drive system, there is usually one
beat delay due to the algorithm operation and power switch
action, which can deteriorate the performance of the MPCC
method, such as the increased current ripple. So, it is neces-
sary to compensate for the time delay [41]. Supposing that the
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FIGURE 3. MPCC block diagram of the PMSM drive system.

delay is one switching period in this paper, the cost function
is redefined as

gi = [k +2) — ik + P + [k +2) — ¥k +2))
+8liytk +2), ik +2)1 (7

where i (k + 2) and i;(k + 2) are the reference values in the
(k + 2)h sample interval, i/, (k + 2) and iZ(k + 2) are the
predicted values in the (k 4 2)" sample interval. In addition,
Fig. 3 shows the MPCC block diagram of the PMSM drive
system.

C. PARAMETER MISMATCH
(4), (5), and (7) are dependent on the motor parameters.
But these parameters may not match with their actual val-
ues, affecting the performance of the MPCC method. The
parameter mismatch can be reflected by adding uncertain
components ARy, ALy, ALy, and A, [41]. Referring to (4),
the prediction model of the stator currents with parameter
mismatch can be expressed as
. (Rs + AR)T;
i,k +1) = (1 T Lt AL;
we(k)(Ly + ALy Tsiy(k)
Lg + ALy

L
. (Rs + AR)T .
otk +1) = (1 - W)lq(k) (8)

q q
_ we(k)(Lg + AL Tsia(k) — Tsug(k)
L, + AL,
_we(k)(wm + AYn)Ts
Ly + AL,
Considering that the predicted values of the dg-axis sta-
tor currents with the delay compensation are approximately
equal to the reference values in the normal state and the
measured values are approximately equal to the predicted
values, the cost function with parameter mismatch can be
developed as (9).
RsAL; — Ly AR
Ly(Lg + ALy)
LyALg — LgAL

4T
Li(Lg + ALg) ™

———Tuq(k + 1)]
Lg(Lg + ALy)
RyAL, — LyAR,

Ly(Ly + ALy)

- )ia (k)
Tsug(k)

gim = [— Tyl (k + 1)

(k + Dawe(k + 1)

Tyl (k + 1)
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FIGURE 4. Motor construction with a single pole-pair on rotor.

LyAL, — L,ALy
Ly(Ly + ALy)
+ AL, Touy(k + 1)
Ly(L, + ALy
_ YmALg — LyAym
Ly(Ly + ALy)
+gliy(k +2), ik +2)] )

Tyl (k + Dowek + 1)

Tywe(k + 1]

It can be seen that the parameter mismatch affects the cost
function. In this case, the unexpected voltage vector is applied
in the system, which will deteriorate the MPCC performance.

Ill. FAULT SIGNAL ANALYSIS

As seen in (9), the cost function is a fusion signal of the
predicted value and the reference value of the dqg-axis stator
current, which can be used for the fault diagnosis. When
the open-circuit fault occurs, the three-phase stator currents
vary significantly. In this circumstance, the PMSM drive
system may shift to one of the two possible operating states
depending on the load torque. The motor stalls if the load
torque is larger than the load capability of the faulted system.
The other scenario is that the motor keeps operating with
fluctuated torque and speed. This paper focuses on the latter
one. In this section, the effect of an open power switch fault
on the cost function is analyzed, using the T1’s open-circuit
fault as an example.

To facilitate the analysis of the current response in the
fault state, the motor construction with a single pole-pair on
the rotor is selected, as shown in Fig. 4. For the coordinates
defined as in Fig. 4, the A-phase and permanent magnet fluxes
are aligned when the rotor electrical angle 9, is zero.

The voltage equations of the three-phase PMSM in abc-
axis coordinate system are expressed as

R L di, Mdib
VA — VN = Rslg + L dr + dt
dic .
+ME — Sin B we Vi (10)

Ry, + M a4 g
v — R dig | . dip
VB VN slb dr Sdl

% Gin, — ey (11)
dr 1N(0e 3 DeVin

109826

, diy dip  di.
Ve — VN = RSZC—FME +ME +LSE

. 2
— sin(6, + ?)wewm (12)

where v4, vp, and v¢ are the phase voltages, vy is the voltage
of the neutral point of the three-phase stator winding, i,,
ip, and i, are the phase currents, L is the phase stator self-
inductance, M is the mutual inductance between the stator
phases, 6, is rotor electrical angle.

A. ANALYSIS OF STATOR CURRENT AND DRIVE SIGNAL
The reference values of the dq-axis stator currents can be
transformed to the abc-axis stator currents based on inverse
Park’s transformation, as expressed in (13).

cos 6, 1
cos(f, —2m/3) 1
cos(@, +27/3) 1 0

sin 6,
= | sin(6, — 27 /3)
sin(f, + 27 /3)

~
st~

13)

~

%
14
%
d

.~ .
O ¥ *Q ¥

~

where i; and iy, are the reference values of the dg-axis stator
currents, i, i, and i are the reference values of the abc-axis
stator currents.

The three-phase stator currents in normal can be expressed
as

i = I, sin(0)

. . 2

ip = Iy sin(@ — =) (14)
ic = I, sin(6 + §7T)

where [, is the amplitude of the stator current, 8 is the
phase angle of the A-phase stator current. 8, and 6 satisfy
the following relationship.

O+ =0 (15)

When the open-circuit fault of T1 occurs, the three-phase
stator currents vary greatly. The stator currents in fault state
can be expressed as

i; = I, sin(0) + x(0)

2
i, = Iy sin(@ — =) + y(6) (16)
i, = I, sin(8 + gn) +2(0)

where x(6), y(0), and z(0) are the current variations after the
fault happens.

Even if the drive signal of T1 is set high, the correct
response current cannot be generated in the A-phase circuit
due to the open-circuit fault of T1. There is a deviation
between the reference value and the real value of the A-phase
stator current. With the application of the MPCC method,
the drive signal of T1 with 6, € (7, 2] is always high, and T2
is off. The B-phase and C-phase circuits are normal, and their
current response is timely. i, and 7. are not always equal to
zero. When 6, is in the range (7, 2], the voltage vectors used
to adjust the currents include u(100), u2(110), and ug(101).

When 1 (100) with 6, € (7, 2] acts on three-phase stator
circuits, no current flows through T1 due to an open-circuit
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fault in T1. According to the sum of (10), (11), and (12),
the following results can be obtained

0—3ww =0 7)

The neutral point voltage vy is equal to zero according
to (17). In addition, the back electromotive force of A-phase
stator winding can be expressed as

eq = —sinb.we ¥y, >0 6, € (7, 2m] (18)

Based on (17) and (18), the voltage applied to both ends of
the reverse diode in T2 is as follows

Viy = v — Sin0,weYm > 0 6, € (1, 27] (19)

From (19), it can be seen that the reverse diode in T2 does
not conduct. Therefore, when u;(100) with 6, € (i, 2] acts
on three-phase stator circuits, #, is equal to zero. Similarly,
the voltage vector u»(110) and ug(101) can be analyzed.
When the open-circuit fault of T1 exists, i; with 6 € (0, ]
can be considered equal to zero.

B. ANALYSIS OF COST FUNCTION

Based on Kirchhoff’s current law, the sum of the three-phase
stator currents flowing into the neutral point of the stator
windings is 0. Before and after the occurrence of the fault,

the sum of the stator currents can be expressed as
ig+ip+ic=0

N ./ N (20)

i, +i,+i.=0

Since ig with 6 € (0, ] is equal to zero, the following
relationship holds.

ia+x(6) =0
ip +y(0) = —(ic + 2(0))
x(0) +y(0) +2(0) =0

The dqg-axis stator currents in fault state are expressed as

0 € (0, ] 21

2 2
i =iq + g[cos 0px(0) + cos(f, — 571))1(9)

+ cos(0, + %n)z((?)]
3 (22)

2 2
I, = ig— g[sin 0,x(0) + sin(6, — gn)y(é’)

2
+ sin(6, + 37 )z(0)]

where i, and ij, are the dg-axis stator currents.
The cost function in fault state is expressed as

g = [0k +2) — gk + 21 + [E5(k +2) — iy (k + 2)1
+gliq(k +2),ig"(k +2)]  (23)
where iq,” (k +2) and iq,” (k + 2) are the predicted values
of the dg-axis stator currents in the fault state. Theoretically,
the predicted values of the dq-axis stator currents are approx-
imately equal to the reference values in the normal state,

namely ij(k + 2) =~ ifl(k +2) and iy(k +2) ~ ig(k + 2).
The measured values are approximately equal to the predicted
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values, namely &, (k+2) ~ ig(k+2) and fy(k+2) ~ ig(k+2).
The cost function in faulted state can be expressed as

g = g [cos (Be(k 4+ 2)) x(B(k + 2))
+cos (ee(k +2)— %n) YOk +2)
’ 2
+ cos (Oe(k +2)+ §n> 20k + 2))i|
g [5in @tk +2) x(0(k +2)

+ sin (@;(k +2)— %n) YOk +2))

2 2
+ sin (%(k +2)+ §7T> 2Ok + 2))]
+g [z’g’(k +2), 7k + 2)] (24)

Assuming that g; is equal to zero, x(0), y(@), and z(6) with
0. € (0, 2m] are equal. The analysis result of this hypothesis
is contradictory to the analysis result of the T1’s open-circuit
fault. Therefore, the hypothesis does not hold. Under T1’s
open-circuit fault condition, g; with 6 € (0, 7] is greater than
0. The cost function can be used for anomaly detection of the
PMSM drive system.

IV. FAULT DETECTION AND IDENTIFICATION

Ideally, based on the analysis in Section III, the cost function
is near zero under healthy conditions. However, to avoid
false detection, the preset threshold should be set reasonably.
In this paper, the Boolean variable used for anomaly detection
of the PMSM drive system is defined as follows

1 .
e = 8i > gt}.; (25)
0 otherwise

where ¢ is the generated Boolean variable, gy, is the preset
threshold.

Once the system’s anomaly is detected, the faulty power
switch is required to be identified. The magnitudes of the
three-phase stator currents are defined, specifically d, = |i,]|,
dp = |ip|, and d. = |i.|. Assuming that the T1’s open-circuit
fault occurs, dg, dp, and d, vary significantly. In the range
(0,7r] of the phase angle of the A-phase stator current, d,; ~ 0.
Hence, the phase circuit where the faulty power switch is can
be identified. Considering the response current deviation of
the PMSM drive system with the MPCC method, the Boolean
variable used for phase circuit identification is defined as

1 d;i<d
D (26)
0 otherwise

where i = a, b, ¢, dy, is the set threshold. When a certain
power switch fails, its driving signal is abnormal in the MPCC
method. For example, for an open-circuit fault of T1, the
T1’s driving signal is high level in 8 € (0, ]. The Boolean
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TABLE 1. Flag, Flag;, and Flag; under healthy and fault conditions.

Flag, Flag .
State Flag J
Flag,  Flag, Flag, | Flag, Flag, Flag, Flag, Flag, Flag,
Healthy 0 0 0 0 - - - - - -
T1 open fault 1 1 0 0 1 0 - - - -
T2 open fault 1 1 0 0 0 1 - - - -
T3 open fault 1 0 1 0 - - 1 0 - -
T4 open fault 1 0 1 0 - - 0 1 - -
T5 open fault 1 0 0 1 - - - - 1 0
T6 open fault 1 0 0 1 - - - 0 1
variable used to identify the faulty power switch is defined as PMSM drive system with MPCC
Tl
1 S=1 y
& = J . (27) | Cost function &; |
0 otherwise *
wherej=1,2,3,4,5,6,and S; is the drive signal. @
Moreover, considering that the operating conditions of the ' Y’" :
. . €S
PMSM drive system are constantly changing, and the current v
signal may be affected by the noise, the fault detection and [ Stator currentd, | [ Drive signalS]

identification based on (25), (26), and (27) may be false.
Hence, the counting filter algorithm is applied to improve
the practicability, in which a counter triggered by suspected
current overrun starts incrementing till a preset count value.
Based on the dynamic performance analysis of the motor
drive system, the preset count Count is set reasonably, and
Count < (Tye/(2Ty)), where T, is stator current period, and
Ty is the sampling period. A larger value of Count leads to
a longer time for fault detection, while a smaller one affects
the reliability. In this case, the flags for fault detection and
identification of power switches are expressed as

1 counter1 K

Flag = Count~ = 21 (28)
0 otherwise
1 counter2 K

Flag; = Count~ = 22 (29)
0 otherwise
1 counter3 K

Flagj — Count .> 3 (30)
0 otherwise

where Flag, Flag;, and Flag; are the fault detection and iden-
tification flags. counter1 is the counter value from the begin-
ning of the detection of the Boolean variable ¢ = 1 in (25)
to the arriving at the constant Count. If (counter1/Count)
is larger than the set threshold K1, the Flag is set from low
to high. In addition, (counter2, K,, Flag;) and(counter3,
K3, Flagj) have similar definitions to (counterl, K1, Flag).
Therefore, the open circuit fault of the power switches can
be diagnosed by Flag, Flag;, and Flag;, as shown in Table 1.
Moreover, a block diagram illustrating the diagnosis method
for semiconductor power switch open circuit fault is shown
in Fig. 5.

V. SIMULATION RESULTS
The MATLAB/Simulink model of the studied PMSM drive
system with the MPCC method is shown in Fig. 6. The
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[ Flag=1 | [ Flag=1 | [ Flag, =1 |
Abnormal Abnormal phase Fault power

system detection | | circuit identification | | switch identification

I [
A

| Fault diagnosis results |

FIGURE 5. Fault diagnosis block diagram for PMSM drive system with
MPCC.

TABLE 2. Parameters of the studied PMSM drive system model.

Parameters Symbol Value
Number of pole pairs P 4
Magnet flux linkage V., 0.48333Wb
g-axis inductance Lq 0.002H
d-axis inductance L, 0.002H
Phase resistance R, 0.31Q
DC voltage source Ve 270V
Signal sampling frequency £ 40kHz
IGBT switching frequency S 40kHz

system’s parameters are listed in Table 2. In the built model,
the power switch is turned off to emulate its open-circuit
fault. Besides, it has been validated that the three-phase stator
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1.25e-05s.

Te

FIGURE 6. Simulation model of the studied PMSM drive system with the
MPCC method.

Current(A)

0.9 0.95 1 1.05 1.1
Time(s)

FIGURE 7. Three-phase stator currents and the MPCC references.

currents can track the MPCC reference with an ignorable
deviation Ai under the healthy condition, as shown in Fig. 7.

For diagnosis in fault conditions, the threshold g;; and
dy, is determined based on the cost function gomax and the
deviation Aipmax under 0 Nm operation condition. Based on
(4), assuming that the initial values of both currents and speed
are 0, the deviation Aigymax and Aiggmax can be derived as
follows.

Tsug Tsuy

Adpgmax = —— Aiquax = 7
Ly q

So, Aipmax = \/Ai%dmax + Ai(z)qmax’ 80max = Ai%d max +
AR

0g max

In the studied cases, g = 5, dyy, = 2.25, Count =
Twe!/(3Ty), K1 = 0.9, K, =0.9, K3 =0.9.

A. CONSTANT TORQUE AND CONSTANT SPEED
OPERATING CONDITION

Fig. 8 shows simulation results of the PMSM drive system
with T1 open-circuit fault at 30Nm/700rpm. At the instant
t = 1s, TI’s open-circuit fault is introduced. Under
the healthy condition, the stator currents are symmetrical,
the cost function is stable and small, and the drive signals
of T1 and T2 are constantly changing. In addition, the fault
detection and identification flags are equal to zero under
the healthy condition. When T1’s open-circuit fault exists,
the stator currents change obviously. Within half an electrical
angle period, the A-phase stator current is distributed near
zero. The cost function is obviously larger than the maximum
value under normal conditions. T1’s drive signal keeps high.
In the other half electrical angle period, the response currents
gradually return to normal. Moreover, at the instant ¢t =
1.008675s, the flags Flag, Flag,, and Flag; are both changed
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FIGURE 8. Simulation results of PMSM drive system with T1 open circuit
fault at 30Nm/700rpm (a) Stator currents and Flag; (b) Cost function and
Flag (c) Drive signal and Flag, (d) Drive signal and Flag,.

to 1. Therefore, the simulation results show that based on
the flags Flag, Flag;, and Flag;, the open circuit fault of the
power switch can be diagnosed. The effectiveness of the fault
diagnosis method is verified at constant torque and constant
speed operating conditions.

B. VARIABLE TORQUE AND VARIABLE SPEED OPERATING
CONDITION

To verify the robustness of the proposed fault diagnosis
method, the simulation results of fault detection of the PMSM
drive system under variable torque and variable speed oper-
ation conditions should be analyzed. In this part, the torque
changes from 15Nm to 30Nm, and the speed changes from
350rpm to 700rpm within 0.9s-1.1s. The simulation results
are shown as Fig. 9. At the instant t+ = 1s, T1’s open-circuit
fault is introduced. In this current electrical angle period,
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FIGURE 11. Simulation results of PMSM drive system under phase
resistance variation (a) Stator currents and Flag; (b) Cost function and
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FIGURE 10. Simulation results of PMSM drive system during transient
condition(a) Stator currents and Flag; (b) Cost function and Flag.

the fault information is not enough to complete the fault
diagnosis process, but in the next electrical angle period, the
flags Flag, Flag,, and Flag, are both equal to 1 at the instant
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Time(s)
(a)

FIGURE 13. Simulation results of PMSM drive system under permanent
magnet flux linkage variation (a) Stator currents and Flag; (b) Cost
function and Flag.

t = 1.0279s. The T1’s open-circuit fault can be diagnosed in
time. Therefore, the robustness of the fault diagnosis method
is verified under the variable torque and variable speed oper-
ating condition.

C. TRANSIENT BEHAVIOR

Fig. 10 shows the simulation results of the PMSM drive
system during the transient condition, which is used to verify
the performance of the proposed fault diagnosis method.
At the instant t = 1s, the load torque changed from 40 Nm to
30 Nm, and then changed back to 40Nm. In addition, at the
instant ¢t = 2s, the reference speed changed from 400rpm
to 300rpm. At the instant + = 2.5s, the reference speed
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changed back to 400rpm. As the reference speed and the
load torque changed, three-phase stator currents and the cost
function have transient processes. This situation is affected by
the PMSM drive system control strategy. The flags Flag and
Flag; are still equal to zero. Hence, Fig. 10 shows that the
proposed fault diagnosis method is insensitive to the speed
and load transient.

D. EFFECT OF PARAMETER MISMATCH

Based on (4), the cost function includes the predicted values
of the stator currents, which is dependent on the parameters
of the PMSM, mainly including the phase resistance, dg-
axis inductances, and permanent magnet flux linkage. These
parameters are subject to small changes due to temperature
and other factors. Therefore, it is necessary to investigate
the influence of PMSM parameter mismatch on the fault
diagnosis method.

Figs. 11-13 show the simulation results of the PMSM drive
system at 20Nm/500rpm with the different values of phase
resistance, dq-axis inductances, and permanent magnet flux
linkage. In this paper, the range of parameter variation is
from —30% to 30% of the normal parameter value. And the
flags Flag and Flag; maintains zero. The PMSM parameter
mismatch can deteriorate the MPCC performance, however,
it has little effect on the proposed fault diagnosis method.

VI. CONCLUSION

This paper proposes an open-circuit fault diagnosis method
of semiconductor power switch for the PMSM drive system
with the MPCC method. A thorough analysis has been carried
out based on the analytical model of the PMSM to select the
calculated result of the cost function of the MPCC algorithm
as the primary fault characteristic parameter. It is found that
a suspected fault state of the PMSM drive system can be
firstly judged by whether the calculated value of the cost
function exceeds a preset threshold. The system’s abnormal-
ity can be further confirmed by the identification flags, which
is the results of a digital counting filter algorithm according to
the monitoring stator current and the gate-driving signals of
the power switches. The simulation results have verified the
effectiveness and robustness of the proposed fault diagnosis
method of the open-circuit fault of the power switches in the
PMSM driving system.
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