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Abstract—Fast and reliable fault diagnosis is essential
for induction motor (IM) drive systems with high reliability
requirements. This paper proposes a robust open-switch
fault diagnosis method based on the common mode
voltages of the inverter in IM drive systems. This method
makes full use of the characteristics of common mode
voltages: 1) the calculated common mode voltages (CCMVs)
are equal to each other under normal operating conditions
and the CCMVs represent the other behaviors under fault
conditions; 2) average common mode voltage is a degree
of freedom in the modulation of the inverter. Based on the
first characteristics, the CCMVs are used to detect and
locate the open-switch faults of the inverters. Based on the
second one, an active common mode voltage injection
(ACMVI) method is proposed to improve the credibility of
the diagnosis results and reduce the rate of missed
detection. The proposed diagnosis algorithm only uses the
measured current information, avoiding the application of
extra sensors. And its average detection time is about
300us, which is three switching cycles. Simulation and
experimental results are presented to demonstrate the
feasibility and effectiveness of the proposed fault diagnosis
method.

Index Terms—Calculated common mode voltages, active
common mode voltage injection, fault diagnosis, open-
switch faults, voltage source inverter (VSI), induction motor
(IM).

I. INTRODUCTION

Nowadays, voltage source inverters (VSIs) have been
widely used in motor drive systems and micro-grid
systems. However, electrical faults of the VSI pose a threat to
the safe operation of these systems [1]-[3]. Therefore, the fast
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and reliable fault diagnosis becomes important to improve the
system reliability and avoid harmful accidents. It has been
reported that 38% of the electrical faults in the ac drive systems
are power circuit faults [4]-[5]. And most of them are
semiconductor device faults, such as open-switch and short-
circuit faults. In recent years, the open-switch faults have
received much attention and numerous methods have been
proposed to detect and isolate these faults in the inverters [6]-
[7]. These methods can be classified into two categories by the
measured variables: current-based [8]-[18] and voltage-based
methods [19]-[31].

In current-based methods, the average current methods, the
slope methods and the current observer-based methods are the
most commonly used ones. In addition, wavelet packet
transform is also suggested to detect the inverter faults in [18].
The average current methods [8]-[12] detect the open-switch
faults from the mean value of output currents. In [8], Mendes
uses the average value of currents in the complex plane off to
detect open-switch faults, applying Park vector method.
However, it has a drawback of load dependence. To make the
fault diagnosis algorithm independent of load, Diallo proposed
an approach based on the Concordia stator mean current vector
in [9]. However, these methods are not suitable for the closed-
loop control schemes. Thus, Estima [10] proposes an improved
scheme based on the errors of the normalized currents average
absolute values. It is independent of the system control scheme
and has immunity to false alarms. In [11], the normalized phase
currents and current zero-cross detection methods are used
simultaneously to reduce the effect of current distortion. In the
slope methods [13]-[14], the slope of the current space vector
trajectory is used to detect the faults, which is assumed to be
constant for a quarter of current period. And to locate the fault
switches, Schmitt Triggers are used to detect the polarity of the
currents during the faults. Previous methods utilize the
measured currents to detect the open-switch faults, and the
detection time usually takes a fundamental period. The current
observer-based method [15]-[17] can effectively reduce the
detection time. A current residual vector-based method is
proposed in [15]. This approach uses the current residual
between the estimated value and measured value to detect the
faults. It gets rid of the effects of the load and control strategy
and reduces the detection time to a quarter of fundamental wave
period. [16] proposed a faster detection method based on the
observation of the current control deviation and an additional
voltage test procedure. It can detect the open-switch faults
within a few switching periods, even during transient operation.
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Compared with the current-based methods, many early
voltage-based approaches usually need extra voltage sensors.
[19] proposed four detection techniques based on an analytical
model of the VSI, which are achieved by comparing the key
points’ measurement voltages with their references. It needs
multiple voltage sensors and the detection time is one fourth of
the fundamental cycle. In [20], a fast fault diagnosis method
based on the line-to-line voltage measurement is proposed,
which is applied in VSI-fed IM drive systems. It uses two
voltage sensors and can detect the single and multiple open-
switch faults. For open-phase faults, a method based on zero-
sequence voltage components (ZSVC) is proposed in [21], and
it can discriminate the fault types, such as internal stator
winding failure and switches failure. For shorter detection time,
[22] and [23] develop a field-programmable gate array (FPGA)-
based fault diagnosis approach. This method can detect the
faults within less than 10 us. [24] proposed a faster fault
detection method for insulated-gate bipolar transistors (IGBTS),
which can reduce the detection time to less than 3 us. However,
the shorter detection time will result in higher system cost. In
order to balance the system cost and detection time, [25]
proposed an open-circuit fault diagnosis method using two
voltage transformers. This method detects the faults by
comparing the preprocessed diagnosis eigenvalue with the
output voltage envelope, and the open-switch faults can be
located in one carrier period.

To avoid the extra voltage measurements, [26] proposed a
fault diagnosis algorithm for the inverters in micro-grids, which
is based on the analysis of the waveform features and
composition for the main fault component. However, its
detection time is long. To reduce the detection time, some fault
diagnosis approaches [27]-[29] based on model predictive
control (MPC) are proposed, which can detect the open-switch
faults within several switching cycles. In [27], its fault
diagnosis method is based on the error voltage. It estimates the
actual line-to-line voltages from the system analysis model.
And the residuals between the reference and the estimated value
are used to detect and locate the fault switches. However, these
methods are both highly dependent on the model parameters,
which reduces the robustness of the diagnosis system. [30]
proposed an open-circuit diagnosis approach in closed-loop
PWM ac regenerative drives, which is insensitive to model
parameter errors. In addition, the artificial intelligence method
[31] is also suggested to detect the faults in the H-bridge
multilevel inverters. It can ignore the effect of the system
nonlinear factors. However, it requires complex calculation
which is not easy to achieve in actual controllers.

In this paper, a fast and reliable open-switch fault diagnosis
technique based on the calculated common mode voltages
(CCMVs) is proposed. And the main contributions are listed
below:

1) No additional hardware is needed, avoiding extra costs;

2) Common mode voltage is used for fault diagnosis,
providing new thinking for the related researchers;

3) Active common mode voltage injection method and robust
differentiator are proposed in this paper, which can improve the
reliability of fault diagnosis, reduce the rate of false alarms and
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increase the robustness of the algorithm.

In the method, two different thresholds are designed as
double insurance to detect and locate the single and multiple
open-switch faults. The first threshold is relatively small, which
is sensitive to all the exceptional cases. It is mainly used as the
trigger condition for the active common mode voltage injection
(ACMVI) method. The other threshold is used as the final
decision conditions for the faults. If a real open-switch fault
occurs, the residuals will exceed the first threshold. Then the
ACMVI method will be triggered. And it actively enlarges the
residuals and makes them exceed the second threshold. As a
result, the open-switch fault is detected. If the residuals caused
by noises and parameter variations exceed the first threshold,
the residuals will not be enlarged by the ACMVI method. Then,
the false alarm can be avoided. Therefore, the proposed fault
diagnosis method is robust, which can effectively reduce the
rate of missed detection and false alarm.

This paper is organized as follows. In Section Il, the
simplified model of the system and the fundamental principle
of the proposed method are analyzed. In Section Ill, the fault-
diagnosis strategy is described in detail. And the simulation and
experimental results are introduced and analyzed in Section 1V,
V. In Section VI, we give the conclusion.
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Fig. 1. Simplified model of VSI-Based IM system.
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Il. FUNDAMENTAL PRINCIPLE OF CALCULATED COMMON
MODE VOLTAGE-BASED FAULT DIAGNOSIS

A. Modeling of VSI-based IM System

The simplified equivalent circuit of the VSI-based induction
motor (IM) system is illustrated in Fig. 1, where the IM is
equivalent to a series RL circuit with a back electromotive force
(EMF). In fact, the equivalent circuit can also represent other
cases such as VSI-based PMSM and VSI-based grid-connected
systems.

From Fig.1, the switching average model of the converter is
expressed as follows:

um:uao—Ria—Ldi—eal
dt
. di
u =u_ -Ri -L—2-¢ 1
no bo b dt b ()
um:uw—Ric—L%—eC
dt
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where u,,, up, and u,, are the average output phase voltages,
and u,,, is the average common mode voltage. i,, i, and i, are
the stator currents. e, e, and e, are the back EMFs. R is the
stator resistance, and L is the stator leakage inductance.

In normal operation, u,,, is equal to its reference value u;,,
which is called zero-sequence signal in carrier-based
modulation.

B. Basic Principle of Proposed Method
Based on (1), the concepts of CCMVs are defined as follows:

Upo a:uzo_Rla_L%_ea
dt
. di
u, . =u_ —Ri-L-—L2-¢e 2
no_b bo b dt b ( )
Upo c:u; - Rlc - L%_ec
- dt

where uy,, up, and ug, are the references of u,,, up, and u,,.

In the normal operation, the CCMVs will satisfy the
following relation:

uno_a = uno_b = uno_c (3)
TABLE |
THE CCMV's UNDER DIFFERENT FAULT CONDITIONS
. . Fault Multiple Open-switch Fault
Single Open-switch Faults switch Faults switch
D&&2) T, T,
uno,a = uno,b = uno,c - (1\‘&&\/8\ Tll T3
‘(1:&&(4\ T1. T4
Uno_a i Uno_b = (j) T1 q)&&\:‘? Tl'TS
Uno b = Uno_c \\j)&&‘\6/§ Tl'T6
Uno_a f Uno_b = (2/ Tz (2:‘&&\/3: Tz, T3
Uno b = Uno_c ‘(2:‘&&\/4 Tz» T4
uno_b i unn_a = (\3/‘ T3 ‘\?/:‘&&\:‘? TZ' TS
Uno a = Uno_c \2/;&&‘\6) TZ' T6
uno,b f uno,a = (4/ T4 (3:‘&&\/4: T3r T4
Uno.a = Unoc 3&&5) Ty, Ts
uno_c i unn_a = (\5/‘ TS ‘\;:3)&&\/@ T3' T6
tnoa = Unob 4)&&5) Ty, Ts
Uno_c f Uno_a = ‘;6/ Tﬁ (4\:‘&&(6\ T4r T6
Uno_a = Unob B5&&®) Ts, T

In the case of an open-switch fault, there exists a phase i
where u;, # u;, and i € {a, b, c}, then (3) no longer holds. For
example, assuming that switch T; suffers an open-switch fault
and i, > 0, then the actual output voltage u,, is equal to
—ug4./2 and less than its reference u;,,. According to (2), the
CCMVs will satisfy the following relation:

u > uno_b :uno_c (4)

no_a
If other single open-switch faults happen, similar analysis
could be conducted. All the fault diagnosis results are
summarized in Table I. ©~® represent the CCMV conditions

3

corresponding to six different single-open-switch faults. If the
multiple open-switch faults happen, they could be identified
from the combinations of ©~®.
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Fig. 2. The proposed overall control and fault-diagnosis block diagram.

lll. FAULT-DIAGNOSIS STRATEGY

A. Overall Control and Fault-Diagnosis Block Diagram

Based on the analysis before, the CCMVs information could
be used for open-switch fault diagnosis. However, in actual
application, it is not easy to obtain the CCMVs accurately. The
reasons are summarized as follows:

1) The back EMFs in (2) cannot be measured directly, it
should be estimated,;

2) From (2), the derivative operator will be involved to obtain
the CCMVs, which is sensitive to noises.

3) The estimation of the EMFs depends on model parameters.

To overcome the difficulties mentioned above, a robust
differentiator is introduced to calculate the derivative of
currents. A sliding mode observer is proposed to estimate the
unknown back EMFs. And an active common mode voltage
injection idea is presented to improve the robustness of fault
diagnosis. The proposed overall control and fault-diagnosis
block diagram are shown in Fig. 2.

B. Robust Differentiator for Currents

[32] proposed a practical first-order robust differentiator
which can alleviate the influence of possible measurement
noises. In this paper, it is used to obtain the derivative parts of
the load currents. The equations are as follows:

X=U
u=u, - Ax—f @) sign(x— f (1)) (5)
U, =—asign(x— f (t))

where X is the observed current, f(t) is the sampling current, u is
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the output of the differentiator. In practice, a low-pass filter with
a high cut-off frequency is used to smooth the output of the
differentiator. To ensure that the dynamic error of the observer
converges to zero, the parameters a,A should satisfy the
following sufficient conditions:

a+m (6)
a—m

where m is the Lipschitz’s constant of the signal f(t). Condition
(6) only results from a very crude estimation. Therefore, the
specific values of a,1 need to be adjusted in practical
applications.

C. Sliding Mode Observer for Back EMFs

The dynamic equations of IM with back EMF in the
stationary reference frame are as follows:

di,

a>m>0, A%2>4m

Lo- e u;n - Rsia —€
dt
La % = u;n - Rsib —€
dt
di @
Lo‘ —== u:n - Rsic —€
dt
L : ]
L% ¢ ic(ab,o)
L dt

where L, = oLg and o =1-1%/(LsL,) are the leakage
inductance and leakage coefficient; i; ,1,; and e; are the stator
currents, rotor flux and back EMF; uj, are stator reference
voltages before the third harmonic injection; R, is stator
resistance; R,. is rotor resistance; L,, is magnetizing inductance;
Ly is stator inductance; L,. is rotor inductance.

Based on (7), three sliding mode observers are designed to
obtain e; :

df * ' - al
—t=u_—-RI—e. .+ksgn(i —1
o dt in st eq_i g (I I)
éi error — Sgn(ii _i\i)’ ie (a,b,C) ®)
- 7S+1
éi = eeq_i +éi_err0r
eeq a L 0 1 74
- _ ma)s - rd
s |57 [qu,abC]L 0} v (©)
eeq_c

where 1;, é; orror, and é; are observed variables; k is the gain of
the sliding mode observer, and k > 0 ; 7 is time constant of the
low-pass filter; sgn() is the sign function. e, ; are the
equivalent control terms in sliding mode control, T4 /a5 is the
inverse Park transformation, 1,4 and ,, are the rotor flux
components in synchronous rotating reference frame. Other
parameters definition and detailed derivation of equation (9)
can be found in [35].

4

D. Residuals and Threshold

Based on the aforementioned robust differentiators and
sliding mode observers, the estimated CCMVs can be expressed
as follows:

a .=u. -Ri, -L di, é
no_a ao s'a o dt a
. di,
A — b A
l'Ino_b =Uy, — Rslb - La . _eb (10)
dt
* - di\
g, .=u,—Ri —L —=—8
no_c co S'C o dt C
where 1, ; are the estimated values of CCMVs; % are the

outputs of robust differentiators. é; are the outputs of sliding
mode observers, i € (a, b, c).

To identify the faults and fault switch positions, three
residuals are defined:

L _uno_b
Epe =Upo _uno_c (11)
Ea =Upe ¢ Uy 4

According to the equation (3) and (4) in Section II, three
residuals are zero under normal operations. In the abnormal
cases, assuming that T, suffers an open-switch fault, i, > 0,
and the obtained CCMVs are absolutely accurate, then u,, is
—ug4./2. Equation (2) is rewritten as follows:

U, . di .
uno_a = _70_ Rsla - Lo— d_ta_ea # l'Ino_a
uno_b = Uy, — Rslb -L

b oA
— &= uno_b (12)

o

n _c

. . di R
u o ¢ =Ug _Rslc - Lcd_;_ec =Uy,

Where tn, g = Uno b = Uno ¢ = Unob = Uno_c # Uno_a- ACCO-
rding to (10), the equation (11) is revised as:

* * u
) _ _ dc
Eap =Uno_a —Upo a_uao_uao_uao+ 2 >0
Epe = uno_b - uno_c =0 (13)
* u
— 1 _ _ dc
S = uno_a - uno_a ==&y = Uy — <0

Comparing the residuals between the normal and abnormal
cases, an intuitive criteria of the open-switch fault is
Ep >0
&, =0 (14)
&, <0

However, in practice, there are always some estimation
errors in the CCMVs due to the effect of parameter variations
and measurement noise. Thus, (14) cannot be used directly. The
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criteria of the fault identification shown in (14) is revised as:

Ep 26

len| < & (15)

&, S8,
where g, is the threshold.

As well known, the threshold determines the robustness and
sensitivity of a fault diagnosis algorithm. A small threshold
implies high sensitivity but low robustness, and a large one
means high robustness but low sensitivity. Thus, it is important
to design a proper threshold.

Mathematically, the lower bound of the threshold must be
greater than the largest absolute value of the three residuals in
all possible normal operation conditions. And its upper bound
must be less than the minimum absolute value of the three
residuals in all possible abnormal operation conditions.
However, it is not easy to calculate the lower and upper bound
precisely due to the uncertainties in the system. Because there
is another larger threshold which will be introduced in the next
subsection in the proposed algorithm, the threshold g, is
selected by trial and error to make it slightly great than the
largest absolute value of the three residuals in most normal
operation conditions.

E. Active Common Mode Voltage Injection method

Based on the analysis above, the premise of the existence of
a proper threshold is that the upper bound is greater than the lo-

Sensing of iy,ip,ic
Calculate common mode
VOItageS uonfayuonfbyuonfc

¥
Generate residuals
Eab,€hcrEca
i

(leabl> €0)0r(Jenc|>¢0)
Or(lgcaEEO)

Active CMV
injection

(leabl> £1)0r(|enc>e1)
or(|ecal>e1)

Yes

Fault status=1

1

Go to fault switch table

Fig. 3. The flowchart of the proposed fault-diagnosis algorithm.

wer one. And a long distance between the upper and lower
bound of the threshold is the guarantee of the robustness and

5

sensitivity of a fault diagnosis algorithm.

To increase the distance, an active common mode voltage
injection (ACMVI) method is introduced as follows:

According to (13), it can be found that ¢, has a degree of
freedom w;,,, since u;, = ug, + u,, and u;,, does not affect
the output current in normal operation . We could actively use
an optimal u;,, to enlarge the difference between ., and ¢,.
The target to get the optimal u;,, is equivalent to solving the
optimization problem below:

max(e,,)

: . 16)
st. —%— min(u) <u_ < % —max(u)

where u = [u},, up,, us,]. Note that the constraint of wu;,
mentioned in (15) is the precondition of linear modulation.
Because of the ACMVI, the resulting absolute value of the
largest residuals in open-switch faults is increased. Thus, a
larger threshold could be used to detect the fault as follows.

Ep 2 &

e < & (17)

A

Because &; > g, , the false alarms due to noises and
parameter uncertainties will be reduced. The threshold &; is
selected to be slightly less than the minimum absolute value of
the three residuals in all possible abnormal operation conditions.

TABLE Il
RESIDUALS UNDER NORMAL AND FAULTY SITUATIONS
Single Open-switch Fault Multiple Open-switch Fault
Faults switch Faults switch
MN&&D)
|£ab| <& 1&&2) T1’T2
lepel < & - D&&3) T, Ty
lecal <& Ae&d) T, T,
fap > 8 1&&5) T, Ts
Ea < —& = \/1‘ Tl . .
lepel < & 1)&&©6) T, Ts
fap S TEL 2&&3) T, Ty
Ea > & = \/\2‘ TZ . .
lepe] < & 2&&4) P
Erc > €1 28&&5) Ty, T
Eap <~ = Q) Ts o
eeel < £ 2886 T,/ Tg
Bpe < 8L B&&E) Ty, T,
Ep > & =@ T, P
|gca| <& (3&&S) Ts,Ts
feaZ 8 3886 T;,Ts
&pe < —& = (B) Ts I
leap| < & 4)&&5) Ty, Ts
fea < 781 @8&6 T, Ts
Epe > & = @D T . P
legp| < & 5&&B) Ts,Tg

F. Overall Fault Diagnosis Algorithm

To reduce the rate of missed detection due to a too large
threshold and false alarms due to a too small threshold, a fault
diagnosis algorithm with double thresholds is introduced. The
first small threshold ¢, is used as the trigger condition for the
ACMVI method. The second larger threshold &, is used as the

0278-0046 (c) 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.


http://dict.youdao.com/w/precisely/#keyfrom=E2Ctranslation

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TIE.2020.2965430, IEEE

Transactions on Industrial Electronics

final decision condition for the faults. If an open-switch fault
occurs, the residuals will exceed the first threshold and the
ACMVI method will be triggered. It actively enlarges the
residuals and make them quickly exceed the second threshold.
As a result, the open-switch fault is detected. If the residuals
exceed the first threshold due to measurement noise, parameter
variations and other factors, the ACMVI method will not
enlarge them and the false alarm can be avoided.

The overall fault-diagnosis flowchart is shown in Fig. 3.
Table Il is used to locate the fault switch positions. ©®~®
represent the residuals conditions corresponding to six different
single open-switch faults. If multiple open-switch faults happen,
they could be identified from the combinations of ©~®.

TABLE Il
PARAMETERS OF THE INDUCTION MOTOR SYSTEM
Parameters Description Value
P, Rated power 1.1kW
U, Rated voltage 220V
Late Rated current 2.89A
Nyate Rated speed 1390rpm
T, Rated torque 6Nm
R, Stator resistance 6.4Q
R, Rotor resistance 4.80
Ly Stator self-inductance 0.364H
L, Rotor self-inductance 0.364H
L, Magnetizing inductance 0.336H
J Moment of inertia 0.02kg.m?
Ny, Number of pole pairs 2
Ve DC bus voltage 310V
a Parameter of differentiator 2400
A Parameter of differentiator 1650
k Gain of sliding mode observer 20
T Parameter of sliding mode observer 0.001
kp Proportional gain of current controller 16.8
k; Integral gain of current controller 3360

IV. SIMULATION RESULTS

In this section, a simulation built with MATLAB/Simulink is
implemented to verify the effectiveness of the proposed
diagnosis method. Parameters of the VSI-Based IM system are
listed in Table I1l. And the vector control is adopted to control
the IM [33], as shown in Fig. 4. In this system, the first
threshold is selected to be 30V, and the second threshold is 60V.
Their negative values are also used to detect the faults. To
distinguish different fault switches, the fault flags are designed
to be 0~6 corresponding to normal operation and T; ~T, open-
switch fault operations respectively.

The simulation results in Fig. 5 show the state of the VSI-IM
system under normal operating conditions. From the Fig. 5 (e),
it can be seen that the IM speed accelerates from 0 r/min to 650
r/min. And the load of the IM suddenly increases to 3N m at
time t,. During the whole process, three load currents of the
motor are always sinusoidal. And the CCMVs of every phase
Uoa s Unop s Unoc shown in Fig. 5 (b) are always
approximately equal. As a result, three residuals &y, €¢, €cq

9 Flux & ]a) B3
Ve |acuat DI g
calculation| sp

Fig. 4. The vector control of the VSI-Based IM system.
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Fig. 5. Simulation results of VSI-IM system under the normal operation.
(a) Measured three-phase load currents. (b) CCMVs. (c) Three residuals
Eabr Ever €ca- (d) The electromagnetic torque. (e) The speed of induction
motor.

are all within the thresholds. These simulation results confirm
that the proposed diagnosis method is insensitive to the system
transients and changing load.

In Fig. 6, the effectiveness of the proposed ACMVI method
is verified. When the open-switch fault first occurs at time ¢,
the ACMVI method is not applied to the diagnosis algorithm. It
is shown that the residuals are just over the first threshold &,
but below the second threshold &;. As a result, the open-switch
fault detection is missed. At time t,, the ACMVI method is
applied and the residuals become much larger than before. The
larger residuals exceed the second threshold &; and the fault is
detected. Therefore, this method can effectively reduce the rate
of missed detection and improve the credibility of diagnostic
results.

Fig. 7 shows simulation results under single open-switch
fault operating conditions. At time t5, the open-switch fault
occurs on T;. It can be seen that the load current of phase
a drops to zero immediately, and the other currents are also
affected. Then the calculated common mode voltage Uy, , is
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unequal to the other two voltages. As a result, the residuals €,
£.q are out of the range of thresholds while the residual g, is
also nearly zero. Therefore, the fault switch T; can be located
by the relationship of the residuals shown in Table Il. At time
t,, we deliberately produce the residuals which are larger than
&, but less than &;, whereas there is no open-switch faults. It
can be seen that the ACMVI method is triggered, but the
resulting CCMVs are still equal to each other, which shows that
the ACMVI method does not amplify the residuals in non-fault
situations. Therefore, even if the residuals exceed the first
threshold ¢, due to some unexpected factors (open-switch
faults are not included) in some harsh conditions, the ACMVI
method could avoid false alarms successfully.

At time tg,an open-switch fault occurs on T,. The only
difference between T; fault and T, fault is that the residuals &,
€. Are opposite. At time t4, an open-switch fault occurs on T;.
It can be seen that €, &, exceed the second threshold &,
corresponding to the fault on T5. If other single open-switch
faults happen, similar analysis could be conducted.

Fig. 8 shows simulation results under multiple open-switch
faults operating conditions. At time t,, a multiple open-switch
fault occurs on T; and Ts. It can be seen that the residuals have
two conditions @ and ® in Table Il. At time tg, an open-phase
fault occurs on phase a, and the conditions @ @ are also shown
in Fig. 8 (c). At time tq, a multiple open-switch fault occurs on
T; and Ty, corresponding to the conditions ® and ®. If other
multiple open-switch faults occur, all residuals conditions
correspond to the states shown in Table II. Finally, the above
simulation results validate the effectiveness and high robustness
of the proposed fault diagnosis method.
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Fig. 6. Comparison results between ACMVI method and non-ACMVI
method (a) Measured three-phase load currents. (b) CCMVs. (c) Three
residuals &,,, ¢, Ecq- (d) The fault flag.
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Fig. 7. Simulation results of VSI-IM system under single open-switch
fault operations. (a) Measured three-phase load currents. (b) CCMVs.
(c) Three residuals €, €, &cq- (d) The fault flag.
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Fig. 8. Simulation results of VSI-IM system under multiple open-switch
fault operations. (a) Measured three-phase load currents. (b) CCMVs.
(c) Three residuals €, €, &cq- (d) The fault flag.

V. EXPERIMENTAL RESULTS

In this section, the proposed open-switch fault diagnosis
method is further investigated in an experimental prototype. As
shown in Fig. 9, a dSpace-DS1202 board is used to control the
VSI, and a PC is used to communicate with the dSpace by an
ethernet cable. There is an extended interface board between the
dSpace and inverter, which is used to achieve signal acquisition
and signal processing. A conventional diode-uncontrolled
rectifier is used to generate the DC voltage which is 310V. The
motorl is an IM driven by the inverter. The motor2 is a PMSM
used as the load. The parameters of the system are shown in
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Table I1l. The sampling period of the system is 50us, and the
switching frequency of the VSI is 10 kHz. The one-step Euler
method is used in the discrete time realization of the
differentiator and sliding mode observers [34] with a sampling
period of 50us. In experiments, the current information
obtained by an interface board and the other related variables in
the controller are transmitted to the PC through the ethernet
cable. And they could be conveniently displayed and stored in
the ControDesk (software for dSpace-DS1202). Moreover, all
the data could be saved as CSV files and imported into Matlab
for redrawing. And the following figures in experimental parts
are obtained in this way.

PC+ControlDesk

Z raq'l /‘(\‘:’ “"9‘ : “ 3

1,03:";3
Fig. 9. Photograph of the dSpace-Based experimental platform.

A. Effect of Parameter Variations
Due to the parameter variations and measurement noises, the
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Fig. 10. Experimental results of the effect of parameter variations. (a)
Measured three-phase load currents. (b) CCMVs. (¢) Three residuals

€abs €pcy Eca-

residuals will fluctuate around zero even under normal
conditions. The effect of parameter variations on residuals is
shown in Fig. 10. Attime t;, 20% parameter deviations relative
to nominal parameters (stator resistance R, stator inductance
Ly) of the real plant are imposed, and the magnitude of the
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Fig. 11. Experimental results of IM system from 0 to 1200r/min, 30%
load (a) Measured three-phase load currents. (b) CCMVs. (c) Three
residuals g,;,, &¢, €4 (d) The electromagnetic torque. (e) The speed of
induction motor.

residuals increase to about 15V. At time t,, 40% parameter
deviations are applied to the model. The resulting residuals
increase to nearly 26V. Taking into account the robustness and
sensitivity of fault diagnosis, the first threshold is selected to be
30V. To ensure high robustness and reliability, and the second
large threshold is 60V in this experiment.

B. Transients and Load Variations

Fig. 11 and 12 show the experimental results of the VSI-IM
system under the transients and load variations. And due to the
limitation of DC voltage, Flux-weakening control is used at
high speeds. In Fig. 11, the IM start from Or/min and accelerates
to 1200r/min, and 30% load is applied to it at 1.3s. During this
process, it can be seen that three CCMVs shown in Fig. 11 (b)
are always nearly equal and three residuals &y, &y, €., are all
within the thresholds. Fig. 12 shows the results when the IM
load is suddenly changed from no load to the rated load at
1200r/min. As shown in the Fig. 12 (b), the residuals become
larger than before and the peak value appears during the
transients, but they are still within the first threshold &,. Clearly,
they will also not exceed the second threshold &,, avoiding false
alarms. These experimental results can validate that the
thresholds can effectively guarantee the robustness of the
diagnosis system during the transients and load variations.

C. ACMVI Method and Single Switch Faults

Since the second threshold is relatively large, the residuals
may be only larger than the first threshold g, but less than the
second one g; in some fault conditions, resulting in missed
detection and low sensitivity. To overcome this problem, the
ACMVI method is applied.

Fig. 13 and Fig. 14 show the comparative results between the
ACMVI method and non-ACMVI method. In these
experiments, the motor runs at 300r/min with 20% load.
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In Fig. 13, an open-switch fault occurs on the IGBT T; at
time t3, and the ACMVI method is not applied to the diagnosis
algorithm. It is shown that the residuals are just over the first
threshold g, but below the second threshold &;. As a result, the
open-switch fault detection is missed. In Fig. 14, an open-
switch fault occurs on the IGBT T; at the same current angle.
The ACMVI method is applied and the residuals become much
larger than before. The larger residuals exceed the second
threshold &, and the fault is detected. From these results, it can
be seen that this method can effectively increase the values of
the residuals after the fault occurs, which could reduce the rate
of missed detection.

In Fig. 15, an open-switch fault still occurs on the IGBT T;
at time t,, when the IM runs at 1200r/min with 80% load. And
it also shows the performance of the back EMFs observer and
robust differentiator. As we can see, the output of the observer
and differentiator is very smooth and sinusoidal.
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1200r/min, 80% load. (a) Measured three-phase load currents. (b) The
estimations of currents derivative. (c) The estimations of back EMFs. (d)
Three residuals &,;,, &,¢, €. (€) The fault flag.

Fig. 16 show experimental results under the effect of noises
and the T3 open-switch fault. At time tg, we deliberately add
disturbances to the system. As a result, the residuals are larger
than g, but less than ;, and the ACMVI method is triggered.
As can be seen from the enlarged part in Fig. 16 (b) and (c), the
residuals still retain their original value, which shows that the
ACMVI method does not amplify the residuals in non-fault
situations. Therefore, even if the residuals exceed the first
threshold g, due to some unexpected factors in some harsh con-
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(c) Three residuals €., €pc, £cq- (d) The fault flag.

ditions, the ACMVI method could avoid false alarms
successfully. At time t,, an open-switch fault occurs on the
IGBT T;. As aresult, the residuals &, &5, exceed the range of
threshold value at once, while ¢, is still under the threshold.

In Fig. 17, an open-switch fault occurs on the IGBT T, at
time t,, the performance of the residuals is completely opposite
to that when open-switch fault occurs on T;. As for other single
open-switch faults, they can all be detected and located by
looking up the Table II.
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Fig. 19. Experimental results of IM system under the T; and Ts faults
operation, 1200r/min, 20% load.(a) Measured three-phase load currents.
(b) CCMVs. (c) Three residuals g,;,, €,¢, £cq- (d) The fault flag.

D. Multiple Switch Faults and Small Current Situation

The experiment results of open-phase faults and multiple
open-switch faults are shown in Fig. 18 and Fig. 19. In Fig. 18,
the “OFF” signals are imposed on the IGBT T, and T, at the
same time, and the open-switch fault on T is firstly detected
and located. After a while, the fault on T, is also detected. In
Fig. 19, the multiple open-switch faults occur on the IGBT T;
and Ts at time t,, corresponding to the conditions @ and ® in
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the Table Il. If other multiple open-switch faults occur, all
residuals conditions correspond to the states shown in Table II.

In Fig. 20, the robustness and effectiveness of the proposed
diagnostic method under the small currents condition are
demonstrated. To construct such an operation condition, we
change a low current induction motor.

As can be seen from the Fig. 20 (c), due to the effect of
measurement noise and uncertainties, the residuals are close to
the first threshold ¢, under non-fault situations, but the
diagnosis algorithm is still robust due to the existence of the
second threshold &,. At time t,, an open-switch fault occurs on
T,. The fault is detected and located quickly and accurately,
which demonstrates the effectiveness of the method under this
situation.

E. Detection Time

Fig. 21 shows the detection times of an open-switch fault in
the IGBT T, under different conditions. As seen, if an open-
switch fault occurs on T; when i, > 0, the fault can be quickly
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detected, and the average detection time is about 300us. If an
open-switch fault occurs on T; when i, < 0, the fault does not
affect the output currents until i, = 0. Thus, in the worst cases,
the open-switch fault is undetectable for half a period of the
output currents.

VI. CONCLUSION

A fast and reliable method for diagnosis open-switch faults
in VSI-Based IM systems is proposed in this paper. This
approach is based on the common mode voltages calculated
from the switching average model of the IM system. Three
CCMVs are supposed to be equal to each other under the
normal operating condition, while they become unequal if an
open-switch fault occurs. This feature is used to detect and
locate the fault switches of the inverter. The proposed fault-
diagnosis algorithm only requires the measured current
information, avoiding the use of additional sensors. And
considering the effect of parameter variations and measurement
noises, two thresholds are used to reduce the rate of false alarms,
improving the robustness of the diagnostic system. In addition,
an active common mode voltage injection (ACMVI) method is
proposed to improve the reliability and sensitivity of the
diagnosis system. It takes advantage of a degree of freedom in
the modulation so that the fault information can be highlighted
when an open-switch fault occurs, increasing the credibility of
the diagnosis system.

The application of these methods can simultaneously ensure
the system’s high immunity to false alarms and high sensitivity
to open-switch faults. Experimental and simulated results have
validated the effectiveness and high robustness of the proposed
fault-diagnosis technique, which can be easily embedded into
the ac drive software without extra cost.
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