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The work proposed in this paper concerns the study of short circuit faults in a single-phase
inverter dedicated to a photovoltaic application by applying the frequency response
analysis (FRA) technique on this IGBT-based inverter controlled by a 18F2550
microcontroller, a prototype inverter was designed in the laboratory to be able to apply
off-line short-circuit faults using an LRC meter. The FRA technique is based on the
comparison of amplitude-frequency and phase-frequency signatures of healthy cases and
fault situations. The experimental results also led to the conclusion that frequency response

analysis can be used as an effective tool to detect faults in power electronic devices. This
method allows for efficient detection and classification of faults with ease of
implementation. For fault location, the fault branch is determined according to its position
relative to its healthy state.

1. INTRODUCTION

The industrial applications of static converters are
constantly growing in different fields such as the transport,
robotics, the electric traction, the wind and water power
production, photovoltaic, and it is thanks to the technological
developments in power electronics that have allowed the
design of high-performance power converters [1, 2]. In
addition, technological advances in digital electronics and the
development of increasingly powerful digital calculation
processors (DSP, FPGA, etc.) now make it possible to
implement modern control algorithms of increasing a
complexity at a lower cost [3, 4].

Electrical systems were powered by power converters are
exposed to various failures during the operation whose
consequences depend significantly on their location [5, 6]. A
fault in any component of a power conversion chain can result
in a partial or total loss of system control and an unplanned
maintenance leading to significant production losses. In other
situations, these faults can lead to disastrous consequences and
risks for personnel, facilities, and the environment, especially
when the systems are integrated into safety-relevant facilities
such as transport, health, power grids, robotics, or nuclear
power plants [7].

Thus, is essential to monitor the operation of systems and to
react to problems at the right time to improve and ensure the
safety and reliability of processes. The development of reliable
methods of monitoring and quickly detecting faults have
received increasing attention in both research and an industry
[8]. In the literature there are several methods of diagnosing
faults in inverters are classified into model knowledge-based
systems, model-based systems, internal methods, external
methods, and methods based on signal processing [9, 10]. In
this paper, the method used is based on signal processing and
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analysis. This method was previously applied for the diagnosis
and detection of faults in many parts of transformers,
especially the windings.

In this study, the most common types of faults in power
converters are investigated, especially faults in IGBT
components of a single-phase inverter.

Statistical studies show that 38% of all faults that occur in
the inverter is related to the switching cells. Different causes
are responsible for these failures [9-11], namely thermal aging
which has the most impact on the reliability of power
electronic components and systems with a percentage of 55%.
Other factors such as humidity and the mechanical vibration
are closely related to the failure of power components.

All these faults cause a degradation of the converter's
performance and even a total or partial shutdown of the drive
system. The faults of the power switch in a static converter are
the main interest and can classify into two types: short circuit
faults and open circuit faults.

In this work, short-circuit faults are explored, it occurs when
one of the two switches remain continuously under-voltage, or
when the second switch is in turn controlled to close. This fault
is due to a malfunction of the transistor driver (a control board
fault, a connection problem between the control board and the
driver) or a physical fault of the silicon chip resulting from
exceeding the operating temperature [12-14].

Short circuit faults in power switches are difficult to handle
due to the damaged a component being subjected to high
current, a high voltage and excessive local temperatures [15].
In the absence of a protection mode, this fault can propagate
and damage the other switch in the same leg in a very short
time about few microseconds [16]. The period between the
fault initiation and the total failure is very short. Therefore,
most methods of diagnostic of short-circuit faults are based on
hardware circuits for monitoring the transistors the collector


https://crossmark.crossref.org/dialog/?doi=10.18280/ejee.230407&domain=pdf

emitter voltage or for tracking the cell current.
The Figure 1 shows a basic model of single-phase inverter
based on semiconductors (T1, T2, T3, T4) that work like

switching devices.
R R

Load

5% 5

Figure 1. Basic configuration of single- phase inverter

It must be ensured that the switches of the inverter legs (T1
and T3, T4 and T2) cannot be activated simultaneously as this
would result in a short circuit on the DC supply voltage.

FRA method relies on the collection and analysis of
measurable inverter data to perform fault detection and
identification, sometimes called "direct methods", based on
the comparison between the faulty state and healthy state
switches responses. This technique is currently widely used
because of its proven reliability. Fault detection by applying
the FRA technique is very recent in the field of power
electronics, which results in the existence of few works in this
field. Research is recommended to analyze and verify the
application of this technique on power electronic converters,
to show its importance and its ability to detect faults [17-20].

The paper is organized as follows: Section 2: explains the
proposed model of the single-phase IGBT-based inverter
controlled by an 18F2250 microcontroller. Section 3: gives a
brief description of the FRA technique, short circuit faults are
applied on the different components. Using the FRA analysis,
the healthy components responses are compared to different
responses of the faulty components in order to detect the
differences between them, the obtained experimental results
are discussed. Finally, the conclusions are represented in the
last section.

2. IMPLEMENTATION OF THE SINGLE-PHASE
INVERTER

2.1 Proposed model of the single-phase inverter
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Figure 2. Microcontroller circuit with 18F2550 under
Proteus

The block diagram of the proposed inverter is presented in
Figures 2 and 3, the diagrams are made with the proteus 8
software. The inverter is made of an opto-coupler 4N25, the
control part is a 18F2550 microcontroller. The power part
consists of power IGBTS, with 4 free-wheeling diodes placed
in anti-parallel with each IGBT. The input voltage is provided
by a PV generator. The main component of the control part is
the 18F2550 microcontroller. The role of the microcontroller
is to produce a single-phase PWM waveform.

The power supply for the control part is provided by a 5 volt
analogue power supply.

AMZE

Figure 3. Isolation circuit with opto-copleur 4N25 under
Proteus 8

Figure 4 shows the final model of the single-phase inverter
after the assembly of these different circuits.

Figure 4. Single-phase inverter realised
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Figure 5. Waveform of the voltage and current at the
terminals of a purely resistive load in the experimental test
visualized with an oscilloscope
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Figure 6. Waveform of the voltage and current at the
terminals of a purely resistive load of the theoretical test
visualized in Matlab software

To validate the correct operation of the inverter, a resistive
load is connected to its output. Figure 5 shows the curve of the
voltage and current at the terminals of the load, the voltage and
current are in phase.

The current and voltage waveforms shown in Figures 5 and
6 are similar between theory and experiment. The insertion of
the filter in the model made to improve the quality of the signal
at the output of the inverter.

3. EXPERIMENTAL FRA TEST STEP
3.1 FRA principal

The principle of the FRA method is to measure the response
of an electrical device over a wide frequency bandwidth. The
FRA is non-destructive test is usually performed in off line
state for the tested device, so the inverter is unpowered during
the test [21]. In FRA test, the input voltage signal applied to
device is 0.5 V sinusoidal wave, with 20 Hz to 5 MHz
frequency range variation, the obtained frequency responses
are the transfer functions of device, which can be the
impedance/ frequency and phase/ frequency. these responses
depend on the internal behavior of the inverter. Any physical
change in the any component induces a modification of its
frequency response [22, 23], which makes it possible to detect
the presence or absence of the fault in the tested device.

3.2 Experimental test step
The FRA test measurements are made with an LCR meter

8101G, this LCR meter is capable of measuring a frequency
range from 20 Hz to 5 MHz. It is connected between the two
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input terminals of the single-phase inverter. A program
implemented using Matlab software on a PC controls the LCR
meter to acquire the measured impedance values. The result of
the impedance measurement and the phase of the different
tests is automatically sent to a computer for the whole
frequency range as shown in Figure 7.

Figure 7. FRA experimental test setup

1- LCR meter 8101G.

2- computer

3- Single-phase inverter

4- LCR metre connection to inverter
5- LCR metre connection to PC

4. FRA RESULTS AND DISCUSSION

Most existing frequency scan FRA tests exploit only the
amplitude/frequency fingerprint information, while the
phase/frequency signature is not considered, but it can be a
very effective diagnostic tool. The excitation signal Vin(f) and
the response signal lin(f) for all frequency values are used to
plot the amplitude/frequency and phase/frequency. as shown
in Eqgns. (1) and (2) [21].

Z(f) = 20logy, [Vm—(f)]

T () (1)

8(f) = (Vi () = 8(1in(F) 2

Z(f) is the amplitude-frequency characteristic signature, o(f)
is the angle of signal, and f represents different frequency.
Figures 8.a and 8.b show the FRA measurement of the single-
phase inverter in its healthy state when the amplitude is in the
linear and logarithmic scale respectively. Figure 8.c shows the
FRA measurement phase of the inverter.
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Figure 8. FRA measurement of reference response of the
inverter (healthy state)

According to the results obtained from the FRA
measurement on the inverter in the healthy state, the
equivalent diagram showing the frequency behavior of the
inverter can be easily deduced, the impedance model which is
a capacitance in parallel with a resistor as shown in Figure 8
[24].

Eq. (3) represents the characteristic of the equivalent high
frequency model of the inverter:

R . R*C2rnf
(2nfRCO? +1 1 2rfRO?Z + 1

Z(f) = )

From the frequency response curve of the healthy state and
Eq. (3), the curve can be divided into three regions:

At low frequency f<10?> KHz the comportment of the
inverter is similar to a resistor Z(f)=R, at high frequency f<10°
KHz, the inverter behavior is similar to a capacitor its
impedance is defined as follows:

Z(f) = )

jc2nf

In zone 2 (medium frequencies) the resistance and the
capacitance vary according to the frequency. Figure 10 shows
the comparison between the impedance measured by the LCR
meter and estimated by the proposed model.

The results from the model represented in Figure 9 are
relatively similar to the experimental measured by the LCR

340

meter results. The values of the capacitor and the resistor that
ensured this similarity are respectively C=0.066 nF, R=17.7
MQ. This value represents only the single-phase inverter used
in this experiment; it cannot be considered as a general case of
single-phase inverters because each inverter has its own
characteristic.

(=2 & L 0
Vi g C Va(f)
(=2 & & O

Figure 9. High frequency model of the inverter

5

10
1a% . . .
Zmeasured
Z estimated
12+ R
10 R
E st -
=3
-
2
£ o 1
o
[=9
E
al i
2 F -
ol i
0 102 4 105 k-3

Frequency [Hz]

Figure 10. Comparison between the impedance measured by
the LCR meter and estimated by the proposed model

This work focuses on the study of short-circuit applied to
power switches as showing in Table 1.

Table 1. Inverter faults

Fault Description
£l short circuit fault of each_ls_\ivitch alone T1, T2, T3 and
£ short-circuit fault of simultaneously conducting
switches T1+T4 and T2+T3.
F3 short circuit fault of the cathode and common anode
switches T1+T2 and T3+T4.
4 short circuit fault of switches in the same leg T1+T3

and T2+T4.

The FRA experimental results obtained of all faults studied
are presented in Figures 11, 12, 13, and 14.

The short circuit fault occurs as a result of a failure in the
IGBT driver (driver failure, control board failure, connection
problem between control board and driver) or as a result of a
physical failure of the silicon chip due to over temperature and
is the most likely and common failure mode. The F1 faults that
occur in different positions have different effects on the
inverter. The experimental curve confirms that the impedance
and even phase signatures are affected by the applied fault, as
showing in Figures 11 and 12.
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Figure 12. FRA measurement of the phase of F1 short-circuit

We can note that:

- The short-circuit faults of (T1, T3) are below, (T4, T2) are
above the healthy state characteristic as showing Figure 11.
The impedance of the inverter which is given in equation (3)
is used to plot Z(f) characteristic of the inverter as shown in
Figure 10. It can be seen that at low frequencies the resistance
R is very important in the order of Mega-Ohms, whereas the
capacitance is null. However, at high frequencies the
capacitive behavior is predominant. The determination of the
phase:

b = arct <1m(z)> _ZI-Z
SR, T iz D -
—4nfC

T (2nfCRZ+1

From the Eqg. (5) we can see that the phase is always
negative. From the analysis of this equation, it can be seen that
the evolution of the phase as a function of frequency is the
inverse of that of the impedance, which can explain the
inversion of the position of the curves of (T1, T3) and (T4, T2)
in Figure 12 compared to Figure 11.

- The faults F2, F3 and F4 their characteristics from
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frequency 10° KHz are all above the healthy state as shown in
the Figures 13 and 14.
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Figure 13. FRA measurement of the impedance of F1, F3
and F4 short-circuit
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IGBT has a complex structure, it contains several capacitors
as shown in Figure 15.

Collector (C)
Coe L " T777
== |

Gate (G) \ — Cce
[ I :
Coo == f--o
L=
Emitter (E)

Figure 15. IGBT parasitic capacitances [25]

These capacitances have an important effect on the dynamic
behavior of the IGBT and even the inverter. A fault is caused
by the degradation of one of these parasitic elements, which in
turn will change the fingerprint of the inverter from its healthy
state.

The application of short circuit fault between the emitter and
collector of an inverter component leads to the cancellation of



the capacitance Cce between collector and emitter, just the
capacitances Ccg and Cge which will define the parameters of
the shorted component. However, the proposed diagnostic
method is implemented as a comparative method, it is of vital
importance that the detected changes in the frequency range
between the two systems are taken into account.

In other words, each fault creates a new internal architecture
of the inverter, which explains the difference in impedances
for each applied fault, as each fault has its own equivalent
circuit.

Comparing the results of faults F1, F2 and F3, F4 with the
FRA measurement in the healthy state, i.e. the transfer
function Z(f) carries information on all parasitic elements
including the control and isolation circuit elements, it is clear
that each fault has its own transfer function and this is visible
by the changes in amplitude and phase of the measured signals
presented in Figures 11, 12 and 13, 14.

The FRA technique does not generalize the impedance
values of each inverter, as these parameters change with each
type of inverter, and in order to dimension them,
measurements must be made each time.

5. CONCLUSIONS

This work treats the detection and diagnosis of faults of a
power switch in a single-phase inverter controlled by a
microcontroller. The technique of frequency response analysis
has been proposed for fault detection and diagnosis. Semi-
conductor components are the core of power electronics
systems, they are fragile so monitoring their condition is
critical phase. FRA testing can be a primitive test to ensure the
good functioning of the power device. The FRA exploits the
high frequency equivalent model of the devices; therefore, it
is difficult to establish an accurate and universal equivalent
model taking into account all internal parameters. The
frequency response analysis method has proven to be reliable,
simple and fast, economical and non-destructive diagnostic
tool for fault diagnosis, but its major disadvantage is that it is
very sensitive to measurement noise. FRA takes into
consideration all internal and external factors, e.g. equipment
cabling, parasitic impedance, noise, which requires
experiences personnel, as there are no systematic or standard
technique or codes for interpreting FRA tests at this time. It is
evident that this technique could be an effective and fast means
of diagnosis. In the future, the application of other faults could
classify the FRA technique as an indispensable tool in the
diagnosis of faults in power electrical devices.
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NOMENCLATURE

FRA

frequency response analysis

IGBT insulated-gate bipolar transistor
PWM Pulse Width Modulation

z Impedance, Ohms

f Frequency , Hz

Greek symbols

¢

Phase, angle , deg





