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ABSTRACT

This paper deals with the influence of a stator fault, power switch faults and open phase fault
conditions on the properties of a five-phase induction machine under open-end stator winding
(OeW-FPIM). This paper will develop an accurate mathematical model to simulate the faulty
OeW-FPIM drives. The proposed model is based on the theory of electromagnetic coupling of
electrical circuits coupled to the differential equation system governing the machine behavior
in presence of the stator winding faults. In fact, when a short circuits between coils occurs, the
stator winding function of the injured phase changes. As a consequence, the stator resistance,
the stator inductance of this phase and its mutual inductance with all the other circuits change
also. Consequently, the inductances and resistance matrices will be changed by taking into
account the introduced coefficients of short-circuited turns. The performance of the OeW-

FPIM drives have been tested via simulation under different fault scenarios conditions.

© 2020 Faculty of Technology, University of Echahid Hamma Lakhdar. All rights reserved

1. Introduction

The inverter-fed adjustable speed drives enable the
machines drives to achieve higher drive performance, and
also remove the limitation of the machine phase numbers
to supply power for machines with any phase number. As a
result, the multiphase machines with a phase number
greater than three have been increasingly explored. This is
due to their intrinsic features compared with the traditional
three-phase motors like power splitting, higher torque
density, reduced harmonic content of the dc-link current,
improved torque quality, reduced current per phase and
reduced common mode voltage etc. [1-3]. In addition, the
motors with a phase number greater than three is the ability
of fault tolerance where the motor able to operate in normal
condition even after losing one or more phases of the stator
[3]. Among different multiphase machines that have been
proposed in the literature [3-5], the five-phase induction
machines are probably one of the most frequently
considered machines in high power applications. On the
other hand, multilevel converters have some drawbacks
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such as dc link voltage balancing problems and use of high
rating capacitors [6]. There is an alternative approach to
synthesize multi-level voltage waveform is to remove the
neutral from the machine and each input of stator winding
is supplied by one two-level inverter [7, 8]. This topology
has been investigated extensively in conjunction with
three-phase drives [9-11]. However, only a few research
efforts have been reported regarding multiphase motors.

Open-end winding Multiphase machines have been
considered in [7, 8]. In fact, this topology offers some
additional benefits such as equal power input from both
sides of each winding, certain degree of fault tolerance, the
possibility to eliminate common mode voltage and
reducing the output voltage distortion [12-15]. However,
these machines can suffer many failures. They can be
electrical, mechanical or magnetic [16]. Therefore,
potential defects can affect machines that will affect the
safety of production, the quality of the service and the
profitability of the installations if left unrecognized or
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untreated. The short circuit of turns is considered the most
frequent defect in the stator [17]. So, the knowledge about
fault mode behavior of motor drive system is an important
task to prevent the catastrophic failure of the machine.
Machine modeling under fault conditions is a key to
predicting its behavior [8]. In fact, an increasing research
effort has been witnessed in the analysis methods of stator
faults. The works in their majority is based on the signature
(harmonic analysis) indicatory values such as current,
torque using the theory of rotating fields and electrical
circuits. So, a more precise knowledge model of the
machine is necessary for an accurate analysis of the
machine behavior in both healthy and faulty cases, while
retaining the ability to identify the desired parameter.

On the other hand, the reliability of power electronics
system such as inverter is important in high power
applications. Due to frequent on-off operation the chance
of failure is increased. According to recent surveys (31%-

2. The faults in electrical drives

The most common classification of faults in electrical
drives defines three main groups. The power converter, the
electronic sensors and the electrical machine focus the
main faults in an electrical drives, as shown in Fig. 1.
These faults are detailed hereafter.

Contrel Power Electrical

Machine

Unit Converte

Fig. 1 Fault types of electrical drive system
2.1. Short-circuits between coils

The method followed by Siddappa and Chandrakant [10], it
was adopted here on which a mixture of 2-chloro-6-
methoxy-3-quinolinecarboxaldehyde (2.4g, 0.01mol) and
aqueous hydrochloric acid (35cm®, 4mol) was heated under
reflux on water bath at room temperature for about 1 hour
and then it was cooled to room temperature. 2-Hydroxy-6-
methoxy-3-quinolinecarboxaldehyde separated as solid was
collected by filtration and recrystallized from aqueous
acetic acid

2.2. Open-phase fault

The open-phase fault being the most common type of fault,
once an open-phase fault occurs, the originally symmetrical
stator of the machine becomes asymmetrical, leading to
unbalanced stator currents and voltages, the appearance of

37.9%) of failure of converters are due to power switches
mainly IGBT [18]. From two types of the transistor
malfunctions, namely short gate-and open gate faults.
These faults are mainly caused by an ageing process, which
is intensified due to a thermal stress of the transistors. This
paper presents an accurate model by which behavior of
five-phase induction motor with open-end stator winding
(OeW-FPIM) in the case of presence of stator winding
faults can be successfully analyzed. Also this paper
employs detailed simulations to investigate the
performance of an OeW-FPIM under different fault
scenarios (power switch faults and open-phase fault
conditions). The remainder of the paper is organized as
follows; In Section 2 presents the most common
classification of faults. Section 3 represents the modeling
of OeW-FPIM in presence of the faults. Then the
simulation results are given in Section 4. At last the present
paper ends with a conclusion.

specific harmonics in the phase currents, machines
vibration, noise, overheating and efficiency reduction [19-
21].

2.3. Power switch failures

Faults occurring in power switches such as IGBTs and
diodes can be generally classified into open gate fault and
short gate fault [18], forcing the semiconductor to remain
in a constant ON or OFF state.

2.3.1.  Open gate transistor faults

An open gate fault occurs due to lifting of bonding wires
caused by thermic cycling. An open transistor fault can
lead to overstresses on the healthy transistors as well as to
pulsating current. This can in turn lead to failures in other
components, the line currents behave characteristically.
Also, since the faulty transistor cannot conduct any current,
the line current can only be positive or negative.

2.3.2.  Short gate transistor faults

Short gate faults can be caused by the rupture of the
connections in case of a short circuit induced overheating,
by bonding wire lifting due to thermic cycling, or by a
driver failure. It may be caused by a driver fault or a short-
circuit-fault-induced IGBT rupture. Short transistor faults
generally do not cause system shutdown, but degrade its
performance.
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3. Modeling of OEW-FPIM
3.1. Modeling of the FPIM

A FPIM is characterized with the spatial displacement
between phases of degrees with a symmetrical squirrel-
cage rotor V,=0andM, =M. The mathematical

model of the five phase squirrel-cage induction motor in
the original reference frame as follows [8]:

[ sJ=[R L1+ [P ] @)
[Ve J=[0]=[R ][ ]+[Per]
[o:]=([Mss J+[ L J) i T+ [ M ][ ] (2)

(o ]=[Mes J+([Mee ]+ )17

Where: R, R, M

rotor resistance, mutual inductance between stator and
rotor, rotor cyclic inductance and stator cyclic inductance,
respectively.

rs» Ly,and L are stator resistance,

V., v

Vsb Vrb !sb ) Iy represent
[Vs:|: Ve [Vr]: Vie | [Is:| !sc ’[Ir] I

Vsd Vrd !sd Ird

Vee Vie e Ire

the five-phase stator and rotor voltage vectors, the five-
phase stator and rotor current vectors, respectively.

Psa Pra
Psp D |
I:(ps:l =| Psc ,[(0,-] =| Prc
Pgq Prg
Pse Dre

Are the five-phase stator and rotor flux

respectively.

linkages,

3.2. Open winding inverter configuration

Figure.2, presents the circuit principle of the studied
topology in this paper [7, 8, 22-24], where only one DC
source is used to provide the required input power to the
dual inverter feeding the OeW-FPIM drive. The two
inverters are marked by indices 1 and 2, while the inverter
1 is connected to stator winding terminal of a1, b1, c1, d1
and el and inverter 2 is connected to stator winding
terminal of a2, b2, c2, d2 and e2. By using this structure,
the inverters can be operated as a two-level, three-level or
four-level inverter (see Fig. 3), without the need to change
the structure of the inverter.

Inverter 1 Inverter 2
G AE A | S
G Guy G G guy @

Fig. 2 Five phase induction motor open-end winding

According to Fig. 2 the phase voltages across each stator
winding can be obtained by applying Kirchhoff’s law as
follows:
Vsa ValO V
Vep =Vio Vb20
VSC =Va0—Vero
Vas =V Vd

20
Ve =V,30—Vong

1000

(32}
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-500

Vvoltage (V)

Time (5)

Fig. 3. - (a) the output voltages of the inverter 1; (b) the
output voltages of the inverter 2; (c) the output voltages of
the two inverters
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3.2. Modeling of the FPIM in the presence of stator faults N - "
b, “ e e,
A FPIM with stator winding fault at (al-a2) phase is shown %”’l‘";ﬂf"‘w

in Fig. 4 [8], where  represents the number of turns in .
short circuit in phase (al-a2) and is the number of turns in

the healthy state. The modeling method of the FPIM is

based on the theory of electromagnetic coupling of o2 dr
electrical circuits. We get the new five phase model which Fig. 4 Stator winding scheme with a short-circuits fault
represents the model of the FPIM in the presence of stator ~ between coils.

faults in first phase as [8]:

d
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The electromagnetic torque is determined by:

J%§+F9=n—1

T.= 2 ([1.]8[w])

Where: p : is the number of pole pairs. T, : is the load torque. J : is the moment of inertia and F : is the friction

(6)

coefficient.
4. Simulation results

In order to investigate the influence of a stator fault, power properties of a five-phase induction machine under open-
switch faults and open phase fault conditions on the end stator winding, a some numerical simulation have been
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conducted by using MATLAB/SIMULINK. The
performance of OeW-FPIM drive has been tested in several
operating conditions such as the following: healthy
operation and faulty operation. In addition, a very simple
modulation control strategy is chosen for this studied
topology, i.e. a Sinusoidal pulse width modulation
(SPWM) strategy, which requires a triangle waveform and
a comparator. The simulation results have been obtained
with no load and the load is changed to 5 N. m at t=1s.

4.1 System performance under short-circuit between coils

The topology of the OeW-FPIM is given in Fig. 5, with a
short-circuit between coils fault of the first phase (al-a2)
With regard to the faults of short-circuit between coils, two
types of failures were introduced, where N_ =50 and

N, =100 the turns in short- circuit, therefore we will have
respectively N, =150 and N, =100 turns that phase will be
useful, N_=200 the number of turns in healthy operation.
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Fig. 5 The topology of the OeW-FPIM drive under short-
circuit between coils

The waveforms of the rotor speed, the electromagnetic
torque and the five phase stator currents at various load and
fault conditions are presented in Fig. 6. From these results,
it can be observed that the speed and torque values
decreases slightly and oscillates after the fault occurrence
at 1.5 s. The appearance of these oscillations is directly
related to the existence of a residual asymmetry in the
motor stator circuit (seen Fig. a6).
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Fig. 6 Simulation results of the OeW-FPIM derive under short-circuit between coils - (a) the rotor speed; (b) the torque; (c)
the a-phase current; (d) the b-phase current; (e) the c-phase current; (f) the d-phase current; (g) the e-phase current

Figure. b6 shows the electromagnetic torque of the
machine, it can be seen that the developed torque presents
fast dynamic with good response, where it tracks precisely
the imposed step changes of the load torque. Fig. ¢6 to Fig.
g6, it can be noted that the stator current (al-a2) after the
fault occurrence, increases considerably compared to the
healthy case. This increase is related to the number of coils
in short-circuit. This is obviously the simultaneous
decrease of resistance and the inductance phase of the
stator winding.

4.2 System performance under power switch faults

4.2.1  Open gate transistor faults

The topology of the OeW-FPIM is given in Fig. 7, with an
open gate transistor fault of the upper switch (S1) of the
first inverter and an open gate transistor fault of the upper
switch (S6) of the second inverter. To analyze the faulty
IGBT’s impact on OeW-FPIM drive, let’s consider Fig. 8.
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Fig. 7 The topology of the OeW-FPIM drive under open
gate transistor faults

The waveforms of the rotor speed, the electromagnetic
torque and the five phase stator currents in the case that the
gate transistor is open at load conditions are presented in
Fig. 8. From the Fig. a8, it can be noted that the speed is
gradually reduced to around 92% of the rotor speed when
gate transistor (S1 and S2) is open. Fig. b8 shows the
electromagnetic torque, it can be observed a disturbance at
the electromagnetic torque of OeW-FPIM, while the five
phase stator currents is not balanced any more as plotted in
Fig. c8 to Fig. ¢8.
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Fig. 8 Simulation results of the OeW-FPIM drive under open gate transistor faults - (a) the rotor speed; (b) the torque; (c)
the a-phase current; (d) the b-phase current; (e) the c-phase current; (f) the d-phase current; (g) the e-phase current

4.2.2

Short gate transistor faults

The topology of the OeW-FPIM is given in Fig. 9, with a
short gate transistor fault of the upper switch (S1) of the
first inverter and a short gate transistor fault of the upper
switch (S6) of the second inverter. To analyze the faulty
IGBT’s impact on the OeW-FPIM drive, let’s consider Fig.

10.
Inverter 1 Inverter 2
T T
Gk Lh 4 4 o | K545 4E
a TIED—¢ Yo
bl L1211 bg
= 7 < IEENE ¢y
) 11227 dy
p— 58088

G G &

4 Gxgp<E 4

]

Fig. 9 The topology of the OeW-FPIM drive under short
gate transistor faults

The waveforms of the rotor speed, the electromagnetic
torque and the five phase stator currents in the case that the
gate transistor is short at load conditions are presented in
Fig. 10. As can be seen, the torque fluctuations is 2.4 N.m
under the healthy condition. When the short circuit fault
occur, the torque fluctuations is 4.7 N.m (seen Fig. a10). In
fact, these cause fluctuations of the rotor speed, which
generates acoustic noise and thus, an abnormal operation of
the motor. The five phase stator currents are shown in Fig.
c10 to Fig. g10, it can be observed the remaining phase
currents are increased when the gate transistor (S1 and S2)
are short.
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Fig. 10 Simulation results of the OeW-FPIM drive under short gate transistor faults - (a) the rotor speed; (b) the torque; (c)
the a-phase current; (d) the b-phase current; (e) the c-phase current; (f) the d-phase current; (g) the e-phase current

4.3 System performance under open-phase fault

The topology of the OeW-FPIM is given in Fig. 11, with

Inverter 1 Inverter 2

GGG G G BOD

LLLL R 02

b g 112 by
3 1122 )
d 12 d,

GGG ’

G

Fig. 11 The topology of the OeW-FPIM drive under open-
phase fault

open-phase fault of the first phase (al-a2). To analyze the
open-phase fault impact on the OeW-FPIM drive, let’s
consider Fig. 12.

The waveforms of the rotor speed, the electromagnetic
torque and the five phase stator currents in the case that the
open-phase faults at load conditions are presented in Fig.
12. From the Fig. al2, it can be noted that the speed is
gradually reduced to around 95% of the rotor speed when
the phase (al-a2) is open, Fig. bl2 shows the
electromagnetic torque, it can be observed an oscillations
at the electromagnetic torque, while the five phase stator
currents is not balanced any more after the fault occurrence
as shown in Fig. ¢12 to Fig. g12.
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Fig. 12 Simulation results of the OeW-FPIM drive under open-phase faults - (a) the rotor speed; (b) the torque; (c) the a-
phase current; (d) the b-phase current; (e) the c-phase current; (f) the d-phase current; (g) the e-phase current

Finally, the proposed method of modeling for the OeW-
FPIM drive under short circuit fault between coils is
different from the previous published works [25-28],
where, the proposed method is based mainly on the motor
parameters that change during the stator winding faults.
Adopting such a model can provide a more accurate
representation of the machine behavior in both healthy and

faulty cases. This fault model is based on a simple
equations in comparison with the works presented in [25-
28], which ensures more simplification. On the other hand,
the study of the impact of these different fault scenarios is
an original application where it is applied in this paper for
the first time of the studied topology.
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5. Conclusion

The objective of the proposed idea in this paper is to
analyze behavior of five-phase induction motor with open-
end stator winding supplied by two converters under a
stator fault, power switch faults and open-phase fault
conditions. Firstly, this paper presents a mathematical
model by which behavior of OeW-FPIM with short circuit
between coils in the stator winding can be analyzed.
Second, the obtained results confirm that the proposed
mathematical model allows showing the effect of this fault

for the OeW-FPIM topology. Such this fault model can be
further used in fault-tolerant strategies or for precise
diagnostic purposes. For this purpose, our next objective
will be to detect and diagnostic the faults of short circuit
between coils and a fault tolerant strategy will be
implemented to control the OeW-FPIM topology using
parameters estimation. Fault tolerant control aims in
ensuring the continuous operation of the system under a
degraded mode.
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