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1. INTRODUCTION

Modern electrical drive systems are very dependent on the control of induction motors. The pulse
width modulation (PWM) techniques is one of the most known control techniques [1]. Thanks to the evolution
of power electronics, the control mechanism of these motors has become simple and economical for
performances similar to those of DC motors. However, the frequent use of induction motors in the automation
process has also raised questions about their performance under fault conditions at different levels. Motors can
be a part of basics drive systems [2, 3] or more complex ones such as wind energy conversion systems [4].
They can be supplied by conventional inverters or matrix inverters [5].

Induction motor fault analysis is an important research focus for improving the reliability of variable
speed drive systems. Several researchers [6, 7], have mobilized their knowledge and skills and orientate their
works on this research field. Diffrents types of faults have been studied, and some motor models are developed
and dedicated for these faults’ types. For example, bearing fault [8], open phase fault [9], broken bar fault [10],
short-between turns fault, etc. These motors are known for their simplicity of construction, use and
maintenance, its robustness and its low cost price. In most industrial applications, induction motors are variable
speed based. They are powered by a combination of a rectifier, a DC-Link and an inverter; which requires
a lot of attention to study the behavior of the motor in the presence of a fault in their supply system.
These faults mainly concern IGBT’s faults, control circuits or DC-link capacitor faults. These elements are
the main components that constitute a variable speed system and wind energy conversion systems [11, 12, 4].
The induction motors performances in the presence of power electronics and semiconductor related faults are
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well presented in the literature [13, 14]. The faults probability mentioned above is already calculated taking
into account several factors; a detailed study is presented in the following papers [12, 14]. The Reliability
Evaluation of Wind Turbine Systems’ Components shows that the higher failure rate is at the level of
the converters; which one the DC link is a part [15].

According to some researchers, the reliability of semiconductors has increased considerably.
It perseveres with the fact that in the past, the possibility of control circuit’s faults was 53.1% and it was only
due to the less reliability and less sophistication of PWM chips compared to what we can have as modern
controller technology today. Thus the risk of IGBT’s faults is reduced. Since that, capacitors have been used
in a large number of power electronics applications, including inverters and switching power supplies [12].
A research study [14] concluded that more than half of the faults in switching power supplies are related to
the DC-Link capacitor faults. On the basis of this work's theory [14], a new research that has been developed
on [12] deduces that the same hypothesis can also be applied to the DC-link capacitor of an inverter. This study
also demonstrated that the estimated possibility of capacitor faults for different circuits is about 60% [12].
It further emphasized that the capacitor faults rates are high, that makes it very important for research work
and should be taken into account for variable speed drives faults analysis.

In [16], a review on the DC-link capacitor reliability improvement in power electronic static
converters is presented. Fault modes, their reasons, and capacitor lifetime models are clarified and summarized
to understand the physics of failure and improve DC-link design. This paper highlights the importance of
the DC-link monitoring. The DC-link short-circuit fault is materialized by a capacitor short-circuit. This kind
of fault can mainly be caused by breaks in connectors [16]. The results show that the capacitor is vulnerable to
defects. It is worth mentioning that the equivalent series resistance (ESR) of the capacitor increases with time.
In ordinary circuits, the problem does not arise, however when the capacitor is part of a switching circuit,
the equivalent series resistance can combine with the switching frequency and possibly lead to self-heating;
which can indirectly cause capacitor fault.

On this fact, another paper proposes a DC-link condition monitoring method for two-level AC/DC/AC
converters. This method is based on the DC-link voltage measurement and DC-link current reconstruction.
An online evaluation of the equivalent series resistance (ESR) of the DC-link capacitor is done and the ESR
increase is used as a fault indicator [17]. Many researchers have studied faults in drive systems. However, they
focused on the diagnosis of IGBT’s switches faults [18, 19]. Most researches have cited the problem of
DC-link capacitor faults in their work but have not systematically studied it extensively [11, 20].
Other researchers [21] have commented on the voltage drop in the DC-link, but only for a transient moment.

In general, some researches were done on the DC-link short-circuit fault and its impact on
the induction motor [22-24]. Recently, a study has presented a review of internal and external defects at
different parts of a motor associated with an inverter [25]. However all this researches did not deal with its
impact on the three-phase rectifier. This bibliographical synthesis reveals that most of the works in the field of
fault analysis of induction motors variable speed based are related to the IGBT’s switches fault analysis.
However, the capacitor vulnerability prompts us to perform a thorough analysis of the behavior of the rectifier,
the inverter and the induction motor in the presence of this type of fault.

In this paper work, an induction motor variable speed based is considered. A synthesis of
a mathematical analysis of the short-circuit fault of the DC-link capacitor is presented. A simulation of
the behavior of this drive system under this type of fault was developed to support the synthesis of
the mathematical analysis. Its signature is studied and its impacts on the whole drive system (the rectifier,
the inverter and the induction motor) are presented. The obtained results can help the researchers to design and
improve a fault-tolerant system as well as an optimal protection system design.

2. DC-LINK CAPACITOR SHORT-CIRCUIT FAULT ANALYSIS

This research highlights that DC-link short-circuit capacitor fault can damage the rectifier if
the protection fuses are not well suited, and also stop the operation of the inverter and the induction motor
immediately. Figure 1 shows a simplified representation of an electrical drive system and how to simulate
a DC-link capacitor short-circuit fault. The studied electrical drive system is constructed of a combination of
a rectifier, an inverter and an induction motor. The fault is simulated by the paralleling of an ideal switch K
with the DC-link capacitor which will be closed at the moment of the fault application t=2s. Note that
the sampling frequency is Fs=200 kHz. As shown in Figure 1, the DC-link capacitor short-circuit fault causes
on both sides a short-circuit sharing a common branch of the DC-link; rectifier and power line side, inverter
and induction motor side. In this part a global mathematical analysis for both cases has been synthesized.

Figure 2 shows an equivalent electrical circuit of a combination of a rectifier, an inverter and an
induction motor for a variable speed application. The three-phase voltages coming from the electrical network
Va,, Vb, and V. are converted into DC voltage Vdc using a controlled three-phase rectifier. The DC voltage
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obtained is supplied to the DC-link and filtered using a capacitor C. The rectifier and the inverter outputs
voltages are generated by the pulse width modulation (PWM) technique. The inverter output currents have
a sinusoidal waveform. The stator currents of the induction motor are generally sinusoidal waveform.
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Figure 1. Representation of a DC-link capacitor short-circuit fault at the level of an electrical drive system
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Figure 2. Equivalent electrical circuit of a combination of a rectifier, an inverter and an induction motor

2.1. Electrical network and the rectifier side fault analysis

This fault short-circuits the rectifier output voltage and consequently short-circuits the electrical
network phases. To explain the phenomenon in a clear manner, we consider Figure 3. It is a simple circuit to
represent the problem [22]. Suppose we are focused on the rectifier side and electrical network. The switch K
is connected in parallel with the filter capacitor. The DC voltage source applies a DC voltage responsible for
the charge of the capacitor. Vdc is a simplified representation of the output of the three-phase rectifier used in
the simulation configuration of the electrical drive system. The resistor R is not shown since the short-circuit
path contains a very low resistance.
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Figure 3. Simplified scheme of an equivalent circuit of a capacitor short-circuit fault
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At the moment (t = 0-), before closing the switch K, the voltage across the capacitor is:
Vie=0-) = Vac @)

that is, the filter capacitor voltage is equal to rectifier output DC voltage. Therefore, when the capacitor voltage
is equal to Vdc, the current is zero.

lc(t=0-) =0 2

The presence of a single capacitor in the variable speed system construction at the DC-link level means that
there is no other device to limit and stop the abrupt change in current. Therefore, at (t = 0), when the switch K
is closed, the capacitor is short-circuited. Knowing that the resistance is almost zero. The source current
increases exponentially.

ict=0-) = V/R (3)
Since R tends to zero, (3) becomes:
le(t=0-) = ®© (4)

the circuit condition after the switch K is closed is the same as for an RC circuit, then:
L
i = keCrO 5)

After closing the switch K, the resistance R becomes almost zero; that is, if R = 0, the circuit generates a very
strong current that tends to infinity. As a result, this fault can cause serious problems. It may damage
the rectifier if the selected fuses are not properly rated.

2.2. Inverter and induction motor side fault analysis

Let’s see the inverter and induction motor side. The electromotive force (EMF) is presented as
a sinusoidal variable voltage source, and the motor winding parameters are represented as a series resistance
and inductance for each of the three phases. The IGBT’s function as switches so that they establish or break
the DC-link connection with the induction motor; as shown in Figure 2 For example, consider a state where
IGBTs Ki, Ks, and Kg are Passing (close) and IGBTs Kz, K3, and Ks are non-passing (open). Figure 4 shows
a simplified circuit representing the fault on the inverter and the induction motor side [23].

+
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Figure 4. Fault equivalent circuit on the inverter and
the induction motor side under DC-link short capacitor short-circuit fault

At this time, the phase-A current is equal to the sum of the currents of the phase-B and the phase-C
as indicated in (6):

I,=1,+1 (6)

The current flows from phase-A which is connected to the positive terminal of the DC-link. The voltage
equation for the phase is given in (7):
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Vao =V, + Epq (7)

where: Vg is phase-A voltage relative to ground, V; is the line impedance voltage drop, Epa is the induction
motor EMF return for phase-A. So (7) becomes:

Voo = R.i + L(di/dt) + Ep, )]

after the DC-link capacitor short-circuit fault, the inverter output voltage becomes zero as indicated in [25].
As a result, (8) becomes:

—Epq = R.i + L(di/dt) 9)
at the moment (t = 0-), the current expression is given by:

lrt=0-) = liie=0-) = (Epa — Vac)/R (10)

at the moment (t = 0), the switch K is closed, thus creating a short circuit along DC voltage source. As a result,
the voltage Vdc becomes zero. The the induction motor electromotive forces begin to fall over time. So (10)
becomes:

ir(t:o) = il(t:o) = Epq/R (11)

as there is an inductance L in the mesh, it will oppose the current sudden, so it cannot change instantaneously.
However, the current will follow the particular solution given below in (12).

i = Epa/R)/ (1-€7) (12)

The transient short-circuit current decreases indefinitely due to the winding resistor R presence. The time
constant T defines the time necessary to eliminate the stator current transient effects. During the steady state,
the voltage applied to the motor becomes zero, which causes an immediate shutdown of the induction
motor operation.

3.  SIMULATION RESULTS AND INTERPRETATION

T In this simulation, the induction motor is loaded at time t=1s with a load torque C;=20N.m.
The fault is simulated by closing the switch K at t=2s. It can be seen in Figure 5 that the DC-link voltage Vdc
is maintained stable over its rated value in the healthy state. At the moment of the fault application, the voltage
becomes almost zero. In Figure 6 a significant increases in three-phase currents on the rectifier and the electrical
network side are noted. It can be seen in Figure 7 and Figure 8 that the inverter output voltages and the induction
motor absorbed current fall to zero just after the fault is happen. Figure 9 shows the induction motor stator
three-phase currents. Appearances of considerable transient currents are noted at the time of the fault
application, and then they decrease to reach a zero value.

Figure 10 shows that the induction motor was running at its nominal speed before the fault application.
At the moment of the fault appearance, the speed gradually decreases until it becomes zero; that is, the induction
motor starts to slow down slowly until it stops. It is observed in Figure 11 that when there is no applied load,
the electromagnetic torque is zero. When the induction motor is loaded, it increases and reaches that load torque
rated value .As soon as the fault appears, the electromagnetic torque immediately takes a very large negative
value before becoming zero. DC-link capacitor fault can be a serious problem if the motor is running at high
speed and has high inertia. Greater will be the inertia, longer will be the electromotive force return generation
time. These electromotive forces decrease and cancel with the inverter output voltages creating large amplitude
transient currents. On the rectifier and the electrical network side the short circuit makes the currents rise at
very large amplitudes and consequently, the deterioration risks of the converter electronic power components
are very present. The simulation results of our electrical drive system are given as shown in Figures 5-11.
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Figure 11. Electromagnetic torque
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4. CONCLUSION

This article mainly highlights the impact of the DC-link capacitor short-circuit fault on the electrical
and mechanical behavior of an entire electrical drive system; composed of an induction motor powered by
a variable speed system (a rectifier, a DC-link and an inverter). The theory and the mathematical analysis given
are verified by simulations. This study allowed us to gather information on the behavior of the rectifier,
the inverter and the induction motor during a Dc-link capacitor short-circuit fault. Detailed analysis certainly
contributes to the diagnosis and design of good fault-tolerant systems as well as improving fault
detection techniques.
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APPENDIX

All the parameters of the used induction motor are presented the following Table 1.

Table 1. Parameters of the used induction motor

Power supply 380V
Coupling A
Rated power 3kW
Nominal current A
Rated speed 1440tr/min
Stator resistance 6Q
Rotor resistance 2.8Q
Stator cyclic inductance 0.5663Q
Rotor cyclic inductance 0.5142Q
Mutual inductance 0.5142Q
poles pairs number 2
Moment of inertia 0.058kg.m2
Load torque 20N.m
Coefficient of viscous friction 0.005 N.m.rad-1.s
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