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1. INTRODUCTION

Voltage source inverters are commonly used in variable speed electric drives, high voltage direct
current power transmission systems, power electronic interface of renewable energy systems, uninterrupted
power supply circuits, and energy storage systems [1]. The inverters are controlled to respond robustly to
perform operational tasks such as such as speed, torque, and power control. During the operation, the inverter
components affect by various factors such as mechanical, thermal, and electrical, leading to aging and
possible damage. Failures mostly happen in the control circuit and inverter power components of variable
speed alternating current (AC) power drives [2]. Common classification of the faults in the inverter includes
open-circuit and short-circuit faults. The short circuit is a serious failure that comes with an increase in
current. Therefore, hardware devices, usually operating on the overcurrent principle, are often integrated into
the inverter to quickly detect and isolate the faulty part. Furthermore, this fault can be converted to an open
circuit condition by the inverter monitoring circuit [3]. Meanwhile, open-circuit faults are often more difficult
to detect. Once the fault occurs, the inverter can continue to operate, but its components are exposed to
dangerous electrical and thermal effects. It is the motivation that the open-circuit fault have been attracting
much attention in both research and industrial applications [4], [5]. Numerous methods have been proposed
for the diagnosis of open-circuit fault that can be categorized into current signatures-based techniques and
voltage signatures-based approaches [6], [7]. In study [6], Fourier transform and the wavelet-based multi-
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resolution analysis are applied to processing of electric phase currents from a power inverter. Three rotatory
reference systems and arithmetic operations are used for identification of open-circuit faults. The multi-
switch open circuit defect can be diagnosed based on the deviation of the average value of the normalized
current where the performance of the proposed algorithm does not depend on the load level and speed of the
motor [8]. Park's vector method of average current is proposed in [9] so as to detect open-circuit and short-
circuit faults in voltage source inverters of AC motor drives. The Park’s vector of the current is calculated
from the average current supplied to the motor. The fault is detected through monitoring the module and
phase angle of the current vector. The trajectory of the stator current in the stationary coordinate system is
analyzed in [10] to detect and locate the fault of the two-level voltage source converter. Extended works on
the basis of Park’s vector method are proposed in [11] for the fault diagnosis of an open-transistor fault in
voltage source inverters. Modified normalized direct current and the direct component, which is encountered
in faulty phases, are used to calculate a diagnostic variable or a direct component of the line currents for
detecting the open circuit of insulated-gate bipolar transistor (IGBT) [11]. Another method proposed for fault
diagnosis of voltage source inverter is based on the evaluation of the output current value around zero and the
ratio of the average phase current to the average amplitude [12]. Also, a normalized detection variable is
introduced to detect the open circuit of the IGBT in the inverter of the AC machine drive [13]. The
components in the stationary coordinate system are calculated from stator phase currents. Using low-pass
filters, phase angle is calculated, thereby determining the sector. A detection variable is then defined and its
average value is computed for fault detection. It is shown that the method owns the ability to detect faults of
single IGBT, multiple IGBTSs as well as phase open-circuit faults. Furthermore, it does not depend much on
the system parameters and operating conditions. Technique based on a phase current waveform is proposed
in [14]. In fact, the change of the phase current with respect to time is analyzed to extract the fault feature;
and a mathematical integration algorithm is applied to develop a fault-diagnosis method. Transistor and
sensor failures can be detected and distinguished through analyzing the current trajectory or estimating the
instantaneous wake frequency of the current [15]. In study [7], the variational mode decomposition method
combined with correlation coefficients and statistical indicators is applied to diagnosis of IGBTs open-circuit
faults in a three-phase inverter. The method has shown advantages in processing noisy signals and avoiding
the loss of fault information.

Other methods are those extracted the information from the control system or based on the
measurement at the DC-link and inside the converter [5], [16]. The methods based on the measurement at the
DC-link offer the capability of monitoring the whole system since all information could be extracted from the
DC-bus electromagnetic field signal. In addition, the utilization of the Hall sensor with cost-efficient and
contactless has been received much attention.

Machine learning techniques and artificial intelligence applications are also current trends in
developing methods for diagnosing open-circuit faults in converters. In study [17], from the current vector
trajectory, the authors extracted fault identification features based on changes in adjacent trend line slopes. A
neural-network-liked structure for open-circuit fault diagnosis is proposed in [18]. A fixed-period integral
mean filter is utilized to smooth sampled discrete current-time pairs that are used for normalizing current and
eliminating the singular problem to build the diagnosis function. A spectral analysis method of stator current
is proposed in [19] to detect and localize an open circuit of IGBT in the inverter. The combination of signal
processing with Hilbert-Huang transform, which extracts the fault feature based on the complete empirical
ensemble mode decomposition of three-phase stator currents, and artificial intelligence techniques is made.
In study [20], the amplitude of three components including the continuous, fundamental and second order
harmonics of the stator current signal is used to characterize the IGBT open-circuit fault. In addition, an
artificial neural network model is utilized to locate the faulty IGBT. A fault diagnosis for open-circuit faults
in a two-level three-phase voltage source inverter is proposed in [21], in which the root mean square and the
correlation coefficient of the motor current are computed to provide feature extraction of fault harmonic for
the information of faulty phase. A machine learning model is then applied to detect and localize the fault. Xia
and Xu [22] propose a transferrable data-driven fault diagnosis for IGBT open-circuit fault diagnosis in
three-phase inverters. The parameter of the learning machine model is calibrated through an adaption
process. The advantage of the proposed model is that it can be applied for different systems. Recently, the
fuzzy logic method is applied in [4] to discover the fault diagnosis variables with the implementation of the
average current Park’s vector technique to detect the open-circuit fault in a three-phase cascaded multilevel
inverter of permanent magnet synchronous drive.

The common feature of most above-mentioned studies is generally for the detection of permanent
open-circuit faults. In order to get effectively condition monitoring of the system, it is necessary to detect
abrupt in the early stages. In fact, the open circuit problem of the converter may originate from intermittent
malfunctions due to the wiring and material aging, unexpected temperature variation or the PWM control
signal to the valves is not executed [4], [23].
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In this article, an experimental system is introduced to study the intermittent open circuit fault of the
inverter in the induction motor drive. PWM control pulses are interfered to create an intermittent open circuit
fault. Wavelets are chosen to analyze the output alternating current signal, direct current signal, and
especially the electromagnetic field signal measured at the DC-bus of the drive. The analysis results will
show that the magnitude of the coefficient in the 3D analysis of the wavelet can be effectively monitored for
the detection of the intermittent open-circuit fault in the power inverter.

The remainder of this article is organized as follows. In section 2, selection analysis and a
mathematical description of wavelet transform will be introduced. Simulation and experiment of intermittent
defect of the power inverter in an induction motor drive is presented in section 3. In this section, wavelet
analysis is carried out for the output AC currents, DC-link current signals in simulation and electromagnetic
field signals in experiment. Finally, some conclusions are given in section 4.

2.  WAVELET TRANSFORM FOR ANALYSIS OF INTERMITTENT SIGNAL

The intermittent fault is typically caused by the failure of a base drive. The difficulty of detecting
the intermittent fault is that the steady state measurements do not contain information about the fault as the
system has recovered. Indicating harmonics are possibly found similar to those of an open-circuit fault.
However, the changes of the amplitude of harmonic components are strongly dependent on the density of
missed pulses. Consequently, the methods using Fourier transform analysis may not be sufficient for the
monitoring of intermittent fault [24]. Figure 1 illustrates the spectral of DC-link current under the healthy
state and intermittent faulty conditions. It is seen that the faulty spectrum (red dotted line) is a bit different
compared to the healthy one (blue solid line). It is also observed that there is no variation in the amplitude of
the three first harmonic components as previously demonstrated for the open-circuit fault [5]. In addition, if
the data of steady state is used, the spectral in both conditions are identical that there is no indicating
frequency to recognize the fault.
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Figure 1. Comparison of DC-link current spectral between healthy and intermittent fault conditions of an IGBT

The wavelet analysis method would be therefore utilized to overcome this shortcoming.
Accordingly, the spectrum is calculated for every position when the window is shifted along the signal. The
wavelet analysis is appropriate for detecting an abrupt discontinuity of the signals which generated by the
intermittent fault [25]. Continuous wavelet transforms are suited for detecting the exact instant signals s(t)
that consists of the discontinuities and breakdown points. The coefficient of the transform is calculated by (1)
[26]:

Cap = J SO = p(22) dt )

a

where ://a'b(x) = \/ia ://(%),a > 0,b € 97 is the associated wavelet family. For instance, the Mexican hat

function is given by (2) [25]:
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In fact, the wavelet coefficients c,; obtained from (4) is the sum of the signal and the scaled
wavelet function that is shifted from the value b = 1 to the length of signal. The multi-resolution analysis
(MRA) algorithm is also a popular technique among many different signal applications of wavelet theory. In
which, the signal is decomposed into an approximation coefficient and a detail coefficient at each level,
which are obtained by convolving the signal with the low-pass filter and high pass filter respectively. The
advantage of this technique is that different high frequency resolutions can be achieved [27]. In the next
section, simulations and experiments will be conducted to collect signals. Since then, wavelet analysis has
been applied to analyze and detect the fault.

3. RESULTS AND DISCUSSION
3.1. Simulation results

In order to investigate the method used for monitoring intermittent fault, simulation is developed in
the following conditions: i) A two-level voltage source inverter is used to supply an induction motor, as
illustrated in Figure 2. The parameter of the induction motor is given in Table 1; ii) Scalar control is applied
to the power drive, the reference speed is set equal to 1,200 rpm; and iii) The intermittent fault is created by
forcing one pulse missed at each faulty instant, t=3, 5, 7,9 s.

S Sz S3
g

isb

Sl.c S S \
T || o

Figure 2. Voltage source inverter-based induction motor drive
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Table 1. Data of induction motor

Nominal values Model parameters

Rated power 1,500 W Stator resistance 3,62Q

Rated voltage 400 V Rotor resistance 3,19Q

Rated current 3.35A Stator, rotor leakage inductances 0.0184 H

Rated speed 1,430 rpm Magnetizing leakage inductance 0.3343 H
Number of pole pairs 2 Total inertia coefficient 0.00435

N.m/rad/s?
Power factor 0.77

Figure 3 shows the output current of the motor for the power drive. Whole signal simulated in a
period of 10 s is shown in Figure 3(a); and a zoom of the signal around the faulty instant at 3 s is depicted in
Figure 3(b). It can be seen that the signal shape of the current is slightly distorted at the time of the fault.
However, it is instantly restored to normal condition that fast Fourier transform might not be sufficient for the
detection of the fault.
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In the wavelet analysis, the function of Mexican Hat with the features of gaussian mass
spectrometry peaks [28] that offers effective detection and localization of patch will be applied in this study.
Following this, the signal of stator current is analyzed to give the continuous wavelet transform coefficients,
as depicted in Figure 4. It can be seen that the wavelet coefficient of the output AC current is obtained with
increased amplitude at the time of the incident. Analyzing the current signal by different scales suggests that
the range from 150 to 200 would be accordingly used to obtain high sudden variation in the magnitude
caused by the fault.

Similarly, Figure 5 illustrates the direct current and its 3D wavelet analysis. In Figure 5(a), the
distortion can be observed in the signal. Specifically, a little abrupt discontinuity can be viewed at the faulty
instants (t=3, 5, 7, 9 s). The wavelet analysis results in Figure 5(b) also show that there is an increase in the
magnitude of the wavelet coefficient whenever a pulse is sudden breaking off. It can be recommended by
observing the changing in the magnitude with different scales that the range from 50 to 150 would be

appropriately applied in order to get a surge of coefficient due to the fault.
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Figure 3. Simulated output line current, (a) whole signal in 10 s, (b) zoomed signal around t=3 s
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Figure 4. 3D wavelet analysis of simulation output line current
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Figure 5. Simulation DC-link current signal, (a) whole signal in 10 s, (b) 3D wavelet analysis

To sum up, both the AC current and DC-link current appear with the abrupt discontinuity around the
faulty instants. Changes in the waveform of the signal are clearly difficult to detect. However, by analyzing
using wavelet transform, along with choosing the appropriate scale range, it is possible to obtain the
magnitude variation of the coefficient each time that an intermittent open-circuit fault occurs. In the real
operating conditions of the inverter, measurement data can be influenced by many other factors, including
noise, which might affect the analysis results. In addition, measuring direct current is challenging due to the
geometric structure of the DC-bus. Therefore, in the next section, experiments are conducted with a real
inverter to verify the analysis results of the simulation step and suggest the substitution for the DC-link
current signal.

3.2. Experiment results

The experiment results and signal analysis of the intermittent fault are provided in this section. The
induction motor drive is realized in a test-bed shown in Figure 6. The drive is composed of an induction
machine and an inverter, presented in Figure 6(a). In the experiment, an output (stator) current signal is
measured and analyzed in order to get the wavelet analysis. Meanwhile, the electromagnetic field is proposed
since it can be seen as the image of the DC-link current, which is recorded by using a Hall sensor-based
meter, depicted in Figure 6(b).

Figure 7 shows an experimental output line current signal which is recorded in a period of 5 s. The
misfiring only occurs at four instants t=6, 7, 8, 9 s as shown in Figure 7(a). It is seen that less variation of
signal can be viewed at these instants compared to the simulated current signal. Repeating the analysis for the
measured output current data in the time interval [5 s, 10 s] the 3D wavelet of the current can be obtained as
shown in Figure 7(b). It is confirmed that the sudden rise of the magnitude can be observed at the faulty
instants. Furthermore, the range of scale from 150 to 200 is recommended to be utilized for the analysis.

In Figure 8, the response of magnetic field during the period from t=5 to 10 s can be seen. It is
observed that the signal seems to appear without abrupt discontinuity around the faulty instants, as displayed
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in Figure 8(a). Subsequently, the magnetic field signal is analyzed by using continuous wavelet transform to
provide the coefficients in the scale range of (50-150), as shown in Figure 8(b). It is noted this scale range is
also chosen for the DC-link current, which is more noised in comparison with the AC current signals.
Obviously, there are abrupt increases in the coefficient at the faulty instants of all selected signals
that allows recognizing the fault. The healthy condition measurement will be used to compute the coefficient
as reference value to monitor the fault during the service of the inverter. An appropriate range for the
coefficient computation with reference to the simulation and experiment analysis using wavelet transform
can be determined, i.e. from 50 to 150 for the direct current or electromagnetic field signals. The signal is
acquired and analyzed to calculate the coefficient. Following this, the fault alarm can be generated and
tripping mechanism to detect the fault can be carried out. To sum up, the application of wavelet analysis to
the analysis of magnetic field signal has been illustrated by using continuous wavelet transform. The
achieved results have demonstrated their applicability to detect such intermittent fault of the converter based

on the magnetic field signal.
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Figure 7. Experimental output line current, (a) whole signal from t=5 to 10 s, (b) 3D wavelet analysis
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Figure 8. Magnetic field signal, (a) whole signal from t=5 to 10 s, (b) 3D plot of wavelet analysis
4. CONCLUSION

The detection method of intermittent open-circuit fault of the inverter in induction motor drives has
been investigated. Intermittent open-circuits are created at arbitrary times by interfering with the control

signals sent to the valves. The output alternating current signal of the inverter, direct current and
electromagnetic field signals measured at the DC-bus were analyzed using wavelet transform. Simulation and
experimental results show that the wavelet coefficient increases dramatically at fault times, allowing timely
detection of this type of fault. Furthermore, it should be underlined that processing of the signal with wavelet
analysis can be implemented by several software including scientific Python tools. As future research, the
combination of wavelet analysis and modern machine learning algorithms enables diagnostic analysis of
problems throughout the entire drive.
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