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ORIGINAL STUDY

Maximum/Minimum Output Current Extraction
Based Open-switch Fault Diagnosis of Voltage
Source Inverter

Ahmed S. Gardouh’, Eid Gouda, Abdelhady Ghanem

Department of Electrical Engineering, Faculty of Engineering, Mansoura University, Mansoura, Egypt

Abstract

Three-phase induction motor drive systems face significant susceptibility to critical failures arising from open switch
faults within the power electronic converter. Implementing monitoring and early fault detection mechanisms for such
occurrences not only enhances system reliability but also ensures the safe and uninterrupted operation of the motor
drive system. This study introduces an innovative real-time open switch fault detection technique for voltage source
inverters fed induction motor drives, leveraging motor stator current analysis. The method aims to track maximum and
minimum values of current signals over one cycle. Unlike many current signal-based approaches that require modifi-
cations to be integrated with various drive systems, the proposed method operates independently of motor ratings,
motor parameters, current levels, and thresholds. Additional characteristics of this approach include simplicity, low
computational demands, and fast fault detection capabilities. Both MATLAB simulations and experimental evaluations

validate the effectiveness of the proposed fault detection method across various test scenarios.

Keywords: Fault detection, Induction motor, Moving maximum, Moving minimum, Voltage source inverter

1. Introduction

n recent times, induction motor drive systems

have successfully tackled the hurdles posed by
nonlinear control structure, emerging as the pre-
dominant machine type in industrial applications
(Eltamaly, 2020; Tran et al, 2021). These systems
typically employ Pulse-Width Modulated Voltage
Source Inverters (PWM-VSIs) to achieve a broad
operational speed range through controlled voltage/
frequency ratios (Eltamaly et al., 2010; Chen et al.,
2016; Jiang et al., 2017). The complexity of induction
motor drive introduces significant challenges in fault
diagnosis, primarily due to the dynamic variations in
motor operating frequency and load, as well as the
intricate control systems in place. As a result, con-
ventional fault diagnosis methods for direct online
induction motors are rendered ineffective (Shabbir
et al., 2020). Electrical machine drives are susceptible

to various faults, including stator, rotor, mechanical,
sensor, and power electronic component faults.
Based on findings from an industry-based survey
(Yang et al., 2011), power semiconductor devices are
identified as the most vulnerable components. Fail-
ures of power switches can be categorized into two
main types: short-circuit faults and open-circuit
faults. Short-circuit faults are considered the most
severe as they can result in significant damage,
prompting drives to incorporate standard protective
elements such as fast-acting fuses to mitigate po-
tential catastrophic outcomes (Jlassi and Cardoso,
2019). On the other hand, open-circuit faults may not
immediately trigger system shutdown and could
persist unnoticed for an extended duration. This
situation can lead to excessive strain on the unaf-
fected switches, potentially causing subsequent fail-
ures in other components and introducing torque
ripples in drives powered by such a faulty inverter.
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Consequently, the drive system may eventually be
forced into shutdown due to subsequent faults,
incurring higher repair costs (Wu and Zhao, 2015).
Open-circuit faults in inverters typically stem from
factors such as heightened electrical or thermal
stresses, failures in gate drivers, or disconnections in
wiring (Huang et al., 2018). Fault diagnosis tech-
niques for open switches can be classified into three
categories: model-based, signal-based, and data-
driven approaches.

Data-driven methods diagnose open switch faults
by extracting features and classifying faults. In Yang
et al. (2023), Open switch fault diagnosis is per-
formed using a combination of fast fourier trans-
form (FFT) and evolutionary neural networks. The
adoption of extracting 10 features from each current
signal, serving as inputs for a deep neural network
used in fault detection within specific motor drives
is presented (Yan et al., 2023). While data-driven
approaches such as neural networks (Khomfoi and
Tolbert, 2007), subtracting clustering (Guan et al,,
2007), wavelet-fuzzy networks (Mamat et al., 2006),
and data-based methods (Georgakopoulos et al.,
2010) have shown improved efficacy, their utility is
hindered by significant computational demands,
dependency on the availability and quality of data,
and prolonged detection periods.

Regarding model-based techniques, they are ad-
vantageous for their rapid response and ability to
detect in real-time. However, the effectiveness of
detection hinges on factors such as model accuracy,
threshold settings, and variations in parameters.
Open-switch fault detection technique based on
Common-mode voltages computed based on the
switching average model of VSI fed IM drive system
is presented in Cheng et al. (2020). In Wang et al.
(2023), the estimation of the quadrature stationary
voltage residual component, utilizing the duty cycle
signal and healthy model, serves as a robust indi-
cator of faults; however, its applicability is confined
to single open switch faults. Employing a differential
current observer to derive residuals from the
measured and estimated differential currents is
presented in Zhou et al. (2020). The diagnostic var-
iables are obtained through feature extraction of
these residuals, incorporating an adaptive
threshold. This method is limited to detecting single
open switch faults.

Other techniques based on signal analysis are
divided into current based and voltage-based ap-
proaches. Current-based techniques have been
presented in Yu et al. (2014); Wu and Zhao (2015);
Shadlu (2017); Trabelsi et al. (2017); Zhou et al.
(2022); Sun et al. (2023); Suti and Di Rito (2024). A
fault diagnosis method is suggested in Wu and

Zhao (2015) for detecting open circuits in single
and multiple switches through allelic points anal-
ysis. However, it imposes a significant computa-
tional burden and necessitates remarkable tuning.
In Yu et al. (2014), a modified three-phase average
current tactic is introduced to pinpoint either single
or double open-switch faults across diverse legs. By
analyzing the normalized mean values of the motor
current in af reference frame during healthy and
faulty conditions, open-switch faults can be detec-
ted as in Trabelsi et al. (2017). In Shadlu (2017), the
detection and diagnosis of open switch faults
involve the utilization of Principal Component
Analysis in conjunction with the three-dimensional
current trajectory. This method overlooks varia-
tions in load conditions, leading to false alarms
during transient states. In Sun et al. (2023), to
normalize current readings, the signals are
sampled using a sliding window technique, fol-
lowed by variable-length normalization to mitigate
the impact of fluctuations in current. Following
this, the Discrete Fourier transform is applied to
extract amplitude and frequency components from
the sampled signal. Subsequently, employing
Principal Component Analysis, the frequency
domain data undergo dimension reduction and
feature extraction. This enables the diagnosis of
both single and multiple switches, albeit with
notable considerable computational demands. In
Zhou et al. (2022), decomposing the current signal
into its seasonal and trend components involves
the utilization of two predefined indices. These
indices enable the detection of nine open switch
fault cases. Literature (Suti and Di Rito, 2024) em-
ploys elliptical fittings to reconstruct current tra-
jectories in the Clarke plane. It utilizes the center of
the ellipse and the disparity between their major
and minor axes to detect and diagnose only single
open switch faults.

To expedite detection, voltage-based methods are
employed; however, they necessitate additional
voltage sensors, thereby elevating the overall cost. A
comparative study of two voltage-based diagnosis
methods utilizing extra hardware is presented in
Wang et al. (2016). The first approach utilizes pole
voltage, while the other employs line voltage. The
method proposed by Xu and Yu (2022) utilizes the
analysis of the filtered line-to-line voltage of the VSI
to detect open circuit faults. In addition, other
methods have combined different techniques for
more accurate fault detection. In An et al. (2013),
Fault detection is accomplished through the analysis
of voltage error, which signifies the difference be-
tween voltage values estimated by the model and
measured voltage values.
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This paper presents a novel technique for detect-
ing and diagnosing open switch faults by moni-
toring the maximum and minimum values of three-
phase currents per cycle. The main contributions of
this paper are concluded as follows:

(a) Unlike many current signal-based approaches
that require modifications to be integrated with
various drive systems, the proposed method
operates independently of motor ratings, motor
parameters, current levels, and thresholds.

(b) The proposed method can detect both single and
multiple open switches in addition to open
phase faults.

(c) The proposed approach offers several advan-
tages: simplicity, robustness against misdiag-
nosis stemming from load changes, low
computational complexity, and elimination of
the necessity for additional sensors.

The organization of this paper is as follows: sec-
tion II presents the system description and outlines
the application of the sliding window technique to
identify both maximum and minimum points. Sec-
tion Il introduces the proposed method. Simulation
results are outlined in section IV, while section V
presents experimental results. Lastly, section VI of-
fers conclusions drawn from the study.

1.1. System description

1.1.1. Structure of voltage source inverter (VSI)

Figure 1 depicts the schematic of a two-level VSI
fed a three-phase Induction Motor (IM). The
configuration involves the control of the motor
speed, and its stator phase currents monitoring.
The motor phase currents are utilized based on the
proposed approach for open switch faults diagnosis.

a 7
Ude [0} b
c S\
iu ib ic
_ T, Ts T:
EEEEE:

Motor Control System  <+—
and -~
Fault Detection B

Fig. 1. Voltage source inverter induction motor drive system.

Vi implies the dc input voltage for the drive
system, with capacitors for suppressing high-fre-
quency harmonics in the supply voltage. The set of
(T;,i = 1:6) denotes six power transistors, serving
as basic elements within the drive system. Similarly,
(D;, i = 1:6) indicates six freewheeling diodes
aimed at mitigating the effects resulting from
inductive rotating loads. PWM signals are produced
to alternate the operational states between ‘on’” and
‘off’, facilitating the conversion of DC to AC energy.
Under normal conditions, the three-phase currents
exhibit sinusoidal behavior, sharing identical fre-
quencies and amplitudes, with a phase difference of
27/3 between any two of them. In cases of faults
with an open-loop control strategy, the phase cur-
rents of healthy legs remain unaltered, while the
phase current of the affected leg becomes distorted.
Conversely, in situations where a closed-loop con-
trol strategy is employed during a fault, the phase
currents of healthy legs will be influenced by the
phase current of the affected leg due to the feedback
mechanism.

1.1.2. Sliding window method for finding maximum
and minimum values

A quick and effective method for determining the
maximum or minimum value in a data stream is the
sliding window technique. The fundamental
concept is to keep a fixed-size window over the data
stream. Depending on the issue being solved, the
window may be advanced one element at a time or a
greater distance. The highest or least value inside
the window is calculated at each step. The sliding
window method for determining the highest and
least value in a data stream is demonstrated as
follows:

Consider a currents samples per cycle repre-
sented by

lix(1), Ex(2) Bx(3)» F (@) oo By | , X =10, B, €
N=feamp X T

Where fqmp is the sample frequency, T is current
signal period and n represents the width of the
sliding window.

As new data arrives, it enters the window from the
right side, while older data exits from the left side as
it expires as shown in Fig. 2. The determination of
the maximum or minimum value occurs when a
new data arrives at the sliding window and when an
old one exits. Further elaboration on these calcula-
tions is provided below:
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| Window length = one cycle
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Fig. 2. Finding maximum and minimum current values over one cycle utilizing the sliding window technique.

_l'/ _ { lenew 71x7new Z lemux

lemaxﬂxfnew < 1x7mux

i/ Lye—minsbx—new > Ly—max
xX—min

lx—new 71)(7}’16'[/0 S lx—max

1.2. Fault diagnosis approach

Three-phase currents are first sampled, following
which sliding windows, each spanning one cycle,
are employed to ascertain the maximum and mini-
mum values of the current samples for each line
current. When a single switch is open, the current
associated with that switch forfeits either its positive
or negative half-cycle, depending on whether the
switch is upper or lower. In the event of the upper
switch being open, the corresponding current signal
loses its positive half-cycle, resulting in a maximum
value of zero for the current cycle. Conversely, if the
lower switch is open, the corresponding current
signal loses its negative half-cycle, thereby resulting
in a minimum value of zero for the current cycle.

1.3. Simulation results

The setup illustrated in Fig. 1 is simulated in
MATLAB/Simulink, incorporating the proposed
open switch fault detection method. For the in-
vestigations, a 3-kW induction motor is supplied by
a two-level VSI, with system parameters outlined in
Table 1.

Initially, the motor is started without any load,
and at t = 1 s, it is loaded with its full-load torque.
Subsequently, at t = 2 s, various scenarios of open
switch (es) are introduced, and the results are
examined as follows:

Table 1. Motor parameters.

Symbol Parameter Value Unit
Induction motor
P, Nominal power 3 KW
Vir Nominal voltage 400 A\
F Nominal frequency 50 Hz
p Number of pole pairs 2
Lis Stator leakage inductance 10.3 mH
Ts Stator resistance 2.34 Q
Ly, Rotor leakage inductance 10.3 mH
1, Rotor resistance 1.7 Q
Ly Magnetizing inductance 345 mH
B Friction constant 0.0068 Nm.s
H Inertia constant 0.0588 Nm.s?
VSI
Ve DC Link voltage 800 A\
fow Switching frequency 10 KHz

1.4. Single open switch

To validate the autonomy of the proposed method
from loading transients and variations in loading
ratio, the motor was loaded to its full capacity at
t = 1s, as depicted in Fig. 3.

Observably, both the maximum and minimum
values increased in magnitude, consequently mov-
ing further away from the zero value that indicates a
fault occurrence. When the T; switch fault occurs at
t = 2 s, the value of i;_u5, drops to zero as shown in
Fig. 3c. Subsequently, the remaining maximum
current values increase, and the current minimum
values undergo changes, yet they remain signifi-
cantly distant from zero as shown in Fig. 3c and d. In
Fig. 4, the motor is operating under no load condi-
tions, and at t = 2 s, switch T; is intentionally
opened. As illustrated in Fig. 4c, it is observable that
the value of i,_,,, also decreases to zero, akin to the
previous full load condition.

Figure 5 depicts the values of izpc_mar aNd igpe—min
when the lower switch Ty is faulty. In this scenario,
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Fig. 3. Output signals due to open switch Ty during full load. (a) Stator currents. (b) IM Torque. (c) igpc—max- (A) igbc—min-

the minimum value of phase a current reaches zero,
while the remaining maximum and minimum
values deviate significantly from zero. This show-
cases robust performance against misdiagnosis or
false alarms.

The summary of the single open switch fault is
depicted in Fig. 6. Generally, in cases of single open
switch faults, only one of the maximum and mini-
mum values of three-phase currents would be zero.
Specifically, one of the maximum values would be
zero in instances of an upper switch fault, while one
of the minimum values would be zero in cases of a
lower switch fault.

1.5. Double open switch located in different leg and
different position, upper and lower switches

In the scenario of double open switches, where
one is in the lower position and the other in the
upper position, the current associated with the
upper switch loses its positive half cycle, resulting in
its maximum value becoming zero. Conversely, the

current corresponding to the lower switch loses its
negative half cycles, causing its minimum value to
be zero. The magnitudes of the other maximum and
minimum values increase as they move away from
zero. An example of this scenario involving open
switches T; and Ty is depicted in Fig. 7. As illus-
trated in the figure, the values of i, e and ip_min
reach zero after the fault occurs in t =2 s.

Figure 8 provides an overview of double open
switches located in various upper and lower posi-
tions. The maximum value of the current associated
with the upper open switch and the minimum value
of the current related to the lower open switch are
both zero. Therefore, only two values among the
maximum and minimum values reach zero.

1.6. Double open switches located in different leg
and in the same position, two upper or two lower
switches

When two switches, situated across different legs
and positioned upper, are opened, the switch
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Fig. 5. Output results due to open switch Ty during full load a) izpc—max-
b) Tape—min-

located at the lower end of the third leg fails to
conduct current, even though it is functioning
properly. This occurs because this switch serves as
the return path for the current flowing through the
upper switches, which are faulted and therefore do
not conduct current. Similarly, when two switches in

N Wio—mo M- maz Ilic—maz Iia—min F0is—min Ilic—min

iy

10

ratio
ot

(=]

'
o

-104

-15

Fig. 6. Summary of ispe—max ANA igpe—min Values during single open
switch fault cases.

the lower positions are open, the upper switch in the
third phase fails to conduct current, resulting in the
elimination of its associated half cycle. Figure 9 il-
lustrates the maximum and minimum points of the
current signals resulting from the open switches T;
and T3. At t 2 s, when the fault occurs, the
maximum values of current signals i, and i, drop to
zero due to the absence of positive half cycles in
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these signals. Similarly, the minimum value of ic
reaches zero as the current i, has lost its negative
cycle, as discussed earlier.

Figure 10 depicts a summary of igpc—mar and igpe—min
values when two switches are open at the same
level, whether upper or lower. It can be seen that
three out of six maximum and minimum values are
zero, while the remaining variables have nonzero

values.
C1]| NS P ' .
<20} /—/—,
a8
S0k 1
o 1
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;
-
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Fig. 9. Output signals due to open switches Ty and T3 during full load a)
iubc—max- b) iabc—min'
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20 4
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: |
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Fig. 10. Overview of iabc—max ANA iape—min values in fault cases involving
double open switches in different legs, either both upper or both lower.

1.7. Double open switch located in the same leg,
open leg fault

When an open-leg fault occurs, the current asso-
ciated with the affected leg would become zero,
resulting in both the maximum and minimum
values of this current signal being zero. The values
of i4pc—max and igpc_min When leg; is open are depicted
in Fig. 11. The values i;_ma and i;_min reach zero
after the fault occurs att = 2 s.

Table 2 provides an overview of diagnostic rules
for open switch fault cases based on the presence or
absence of zero values of i,pc_ar aNd igpc—min. In the
event of a single open switch fault, one of the six
cases is fulfilled (i.e. one of its related max/min
currents reached zero and other extracted currents

201 e b—maz fe—maz ]
<
ol A
0 =
. . .
(a)
ta—min Ub-min Te—min
° [
<
£
Eoof 5 1
20k ]
. . .
1.8 1.9 2 2.1 22
Time, s

(®)

Fig. 11. Output signals due to open legy (T1 and Ty) during full load (a)
Tabe—max- (2] Labe—min-

Table 2. Diagnostic rules for open switch fault cases.

La—max 1p—max Le—max La—min Lp—min Le—min

T, 0 - - - - -
T, - - - 0 - -
Ty - 0 - — - —
Ty - - - - 0 -
Ty - - 0 - - -
T, - - - - - 0

Case
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will be nonzero). However, if more than one switch
fault occurs, multiple cases are satisfied (i.e. more
than one of max/min currents reached zero). For
instance, when the values of i, .., and i_u.in
become zero, it indicates that switches T; and T
have become permanently open.

2. Experimental results

2.1. Experimental setup description

To further confirm the effectiveness of the pro-
posed algorithm, experimentation is conducted
using a 3 kW three-phase IM supplied by a two-
level VSI as shown in Fig. 12. The motor is regulated
to operate under constant V/f control, set to 70% of
the rated voltage and frequency. This control setup
is implemented using a Texas Instruments
TMS320C6713 DSP, coupled with Actel FPGA
A3P400-based boards and host port interface (HPI)
daughter cards. Motor current is measured using
LEM LA 100-P current transducers and captured
through a data acquisition board integrated with
LabView. The current data is recorded over 10 s,

Fig. 12. Experimental setup.
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after which the proposed algorithm is applied using
a MATLAB subroutine.

2.2. Experimental results discussion

During the experimental tests, the motor is
running under no load and the open switch faults
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Fig. 16. Experimental results due to open leg, (T3 and Te) a) Stator
currents. b) igpe_max- ©) Tave—min-



A.S. Gardouh et al. / Mansoura Engineering Journal 49 (2024) 1-10 9

Table 3. Comparison with previous approaches.

Case Yu et al. (2014) Zhou et al. (2022) Suti and Di Rito (2024) Proposed method
Fault diagnosis cases 18 9 6 21

Consider changes in the load. Yes Yes No Yes
Computational complexity Medium High High Low

Dependence of threshold Yes Yes Yes No

Robustness against false alarm High Low High High

Diagnosis time 2-3T 13T <0.5T 05-1T

are intentionally carried out. A selected four cases
are present as follows:

Figure 13 illustrates the three-phase current sig-
nals along with their respective maximum and
minimum values when the lower switch T; is open.
As previously mentioned, i, signal loses its negative
half-cycle, causing the value of i,_,i, to drop to zero.
It is apparent that the signal waveforms bear simi-
larities when juxtaposed with their simulated
counterparts depicted in Fig. 5.

The fault scenario, involving the double open
switches T3 (an upper switch) and T, (a lower
switch), is depicted in Fig. 14. As depicted in
Fig. 14a, the current signal i, loses its positive half
cycle due to the open switch T3, while the signal i,
loses its negative half cycle due to the open switch
T,. Consequently, the values of i,y and ic_i, both
reach zero, as illustrated in Fig. 14b and ¢,
respectively.

When the lower switches T, and T are open, the
negative half cycles of current signals i, and i}, are
eliminated, along with the positive half cycle of
current is as discussed in Subsection IV-C. Conse-
quently, the values of i;_min, ip—min and iy all
change to zero as shown in Fig. 15.

In the case of open switches T3 and T, which are
in the same leg, their respective current signal i, is
completely lost and becomes zero. Consequently,
both the values of i,_,,,x and i,_,,;; become zero as
shown in Fig. 16.

2.3. Comparison with previous approaches

Table 3 provides a comparison with open switch
fault diagnosis. The assessment criteria including
number of fault cases can be detected, load variation
considerations, complex computational re-
quirements, threshold dependence. Robustness
against false alarm and detection time. The pro-
posed methodology clearly demonstrates superior-
ity over alternative approaches in most evaluation
criteria. While the method presented in Suti and Di
Rito (2024) exhibits faster fault detection time, it is
limited to identifying only six single open switch
cases.

3. Conclusion

This paper presents a novel approach for detect-
ing open-switch faults in a three-phase PWM-VSI
system fed an IM, based on signal current
maximum and minimum points. The proposed
method utilizes motor phase currents already being
measured for speed control purposes, eliminating
the need for additional sensors, which enhances
cost-effectiveness. Several test scenarios were con-
ducted, including single open-switch faults, double
open-switch faults, and open-phase faults. Simula-
tion and experimental results demonstrate that the
proposed method yields clear indicators that effi-
ciently and promptly identify the open switch(es)
without requiring complex calculations or addi-
tional hardware. Furthermore, the proposed
method can seamlessly integrate with existing
electric drive systems via its programmed control/
troubleshooting electronic boards in future motor
drive designs.
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