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Abstract Multiphase machines are becoming one of the mainstream research topics during the last

decade, especially in high-reliability based systems. Among the different configurations of the mul-

tiphase machines, Asymmetrical Six-Phase Induction Motor (ASPIM) with a spatial displacement

of 30� is popular as it has a better magnetomotive force (MMF) distribution. This paper therefore

concerns with detecting and mitigating the operation of ASPIM during healthy and faulty modes.

Recently, the Z-source Inverter (ZSI) technology has attracted great concerns of the researchers.

The key idea of this paper is to combine together the technologies of ASPIM and ZSI. This com-

bination produces a very high reliable drive system. Traditional modulation methods associated

with the ZSI are modified in this paper to be convenient for ASPIM drives. Besides, the impedance

network design procedures are introduced. Moreover, the Vector Space Decomposition Fault

Detection (VSDFD) method has been applied to detect open-circuit faults and used to select the

proper post-fault operation. An experimental setup has been established in the laboratory to vali-

date the proposed ideas. Finally, the actual machine parameters are measured and used to investi-

gate the system performance via simulation and experimental results in both healthy and faulty

conditions.
� 2022 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Alexandria

University This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Recently, multiphase machines have gained much research
interest and found more industrial applications [1,2]. This is

due to many of their features that overcome the problems asso-
ciated with the conventional three-phase motors [3]. Unlike the
three-phase machines, the multiphase machines can tolerate
the fault without extra hardware component [4]. Since the mul-

tiphase machines have additional degrees of freedom than the
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three-phase counterparts, they have different types in terms of
the number of phases. One of the dominant types is the six-
phase machine. It has a modular formation of three-phase

machines that it facilitates its design and control strategies.
The asymmetrical spatial phase-shift 30� between the two
three-phase groups in the asymmetrical configuration

improves the MMF distribution around the airgap that allows
better performance than the symmetrical configuration [5].
Therefore, it became a preeminent element in many high-

power applications where reliability is of prime importance
such as Electric Vehicles (EV), ship propulsion and aircrafts
[2,6–8]. Accordingly, an Asymmetrical Six-phase Induction
Motor (ASPIM) has been selected to be employed in the drive

system in this study.
The next fundamental step in the drive system is selecting

the inverter type. The popular option for low voltage and

power applications is the Voltage Source Inverter (VSI). Nev-
ertheless, the Z-Source Inverter (ZSI), which has the capability
of boosting and inversion processes, has dominated the inver-

ter technologies for a wide range of operations [9]. Besides, it
provides a ride-through capability during voltage sags by vir-
tue of the impedance network, in addition, improves the power

factor and voltage utility factor, reduces the common-mode
voltage and current harmonics [10]. All these factors have con-
tributed to raise the reliability of the system employing ZSI
and made it a highly recommended candidate in many applica-

tions with different types of machinery such as EV, ASD, pho-
tovoltaic, wind energy and ship propulsion [11,12]. Evidently,
ZSI applications are not only exclusive for single and three-

phase systems, but they have also expanded to include multi-
phase applications to enhance the system reliability [13,14].
Therefore, the system under study becomes ASPIM fed from

ZSI, as shown in Fig. 1.
Most of the literature considering multiphase ZSI modula-

tion techniques focuses only on five-phase or nine-switch inver-

ter applications [15–17]. However, some of the PWM schemes
for Asymmetrical Six-Phase ZSI (A6ph-ZSI), including
Simple-Boost (SB) and Maximum-Boost (MB) control meth-
ods, have been introduced in [14]. Unfortunately, lower volt-

age gains are achieved from the SB control scheme than the
MB scheme. At the same time, the MB method has a periodi-
cal variation of the Shoot-Through (ST) duty ratio, which

increases the required passive elements in the impedance net-
work. In addition, this variation increases the peak inductor
current and the capacitor voltage. To fix these problems asso-

ciated with the previous methods, a modified Maximum-
Constant Boost (MCB) modulation method is proposed here
to obtain constant ST variation with a higher boosting factor
than the SB method.
Fig. 1 Schematic diagram of ASPIM fed from six-phase ZSI.
Moreover, a detailed comparison between the proposed
PWM scheme with the methods above is introduced. Then,
closed-loop dual control of the capacitor voltage is used to

integrate the inverter with the drive system.
On the other hand, this paper concerns with the design pro-

cedure for the A6ph-ZSI circuits, especially the impedance net-

work elements, to achieve predetermined ripple-factor values
for all modulation schemes.

More attention has been paid for the MB method due to

the presence of a low-frequency term. Furthermore, the critical
values of the impedance network parameters for each tech-
nique are derived to ensure proper boosting with using the
minimum allowable capacitance and inductance values.

To obtain a comprehensive study and ensures continuity
and reliability of the system under any circumstances, this
paper is continued to investigate the system performance under

faulty conditions and post-fault operations. Some of possible
fault cases have been explored in [18–20]. These classifications
are reproduced in Fig. 2. It is worth to note that the electronic

devices were reported as the most susceptible components to
the fault, especially open circuit fault.

Most of the detection methods published in the literature,

which are concerned with the three-phase or multiphase sys-
tems, lack the fulfillment of fast fault identification conditions
as the adopted technique requires more than one fundamental
period or intensive calculations to detect the fault as intro-

duced in [21,22]. On the other hand, satisfying this condition
comes at the expense of installing additional hardware as in
[23,24], or dependency on the system parameters and load con-

ditions. However, a novel method was introduced in [25] that
depends on the Vector Space Decomposition (VSD) theory.
This method satisfies all the above-mentioned conditions.

Therefore, this method is applied to the current system to test
its performance under OPFs. Moreover, the parameters
related to this method will be modified so it can detect OSFs

as well.
Once the fault is detected, the post-fault operation is

enabled. Several post-fault operation methods are reported
in the literature, including four main methods for multiphase

machines. The first method [26], depends on solving a system
of algebraic equations to sustain a balanced disturbance-free
MMF. However, the main drawback of this method is resolv-

ing a system of nonlinear equations must be done offline. The
second method is based on modifying one phase current of the
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remaining healthy phases to minimize the torque oscillations
[27]. Nevertheless, the losses resulted from the new current ref-
erences cannot be reduced, and a zero-sequence current is

noticed. The third method depends on studying and analyzing
the model of the machine under faulty conditions [28].

Although this method offers fewer torque oscillations than

the two approaches, still the transformation matrix, machine
model, and the controller structure will be reconfigured. This
makes the system more complicated and slows down the sys-

tem performance in fault situations. The fourth method was
firstly presented in [29] for a seven-phase PM machine. After
that, it has been developed to include IM with the odd number
of phases in [30], and in [31], it was applied to ASPIM. This

method has been chosen in this paper due to it needs some
modifications in fault situations with acceptable performance
without the need of off-line calculations.

The contribution of this paper resides in several aspects as
follows:

� Proposing a modified Maximum-Constant Boost (MCB)
modulation method to obtain constant ST variation with
a higher boosting factor considering reducing the switching

losses.
� Proposing a design procedure for the impedance network
elements of A6ph-ZSI circuit to achieve predetermined
ripple-factor values for all modulation schemes.

� Calculating the critical values of the impedance network
parameters for each method to ensure proper boosting
using the minimum allowable capacitance and inductance

values.
� Investigating the system performance under faulty condi-
tions and post-fault operations to ensure continuity and

reliability of the system under any circumstances.

Finally, an experimental setup has been built in the labora-

tory after rewinding a three-phase machine and measuring its
parameters to investigate the system’s performance. Measure-
ments have confirmed the system performance for the studied
cases in both healthy and faulty conditions. All measured

results showed good correspondence with the obtained simula-
tion results.
2. Model of asymmetrical six-phase induction machine

2.1. Machine model

Based on the decoupled transformation matrix in (1), VSD
modeling approach depends on transforming the original six-

dimensional system, into three decoupled subspaces a-b, x-y;
and zero-sequence.

Consequently, the model in the a-b subspace becomes

more like a three-phase machine. Therefore, the VSD
modeling approach is preferred to be applied in the analysis
and control process of the machine and can be obtained as
follows [32]:
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whereLs ¼ Lls þ 3Lm, Lr ¼ Llr þ 3Lm, M ¼ 3Lm, xr is the
rotor electrical speed, and p is the number of pole pairs.

2.2. Indirect field-oriented control of asymmetrical six-phase

induction machine

To control the dynamic performance of the ASPIM, Indirect
Field-Oriented Control (IFOC) strategy has been used in this
paper. Owing to the existence of the xy-subspace, some modi-

fications have been adapted on the conventional control strat-
egy of the three-phase as shown in Fig. 3, [33]. To convert the
phase currents from the synchronous reference frame to the
stationary frame, a transformation matrix D is used.

D ¼ cos hs sin hs
� sin hs cos hs

� �
ð5Þ
3. Proposed MCB modulation method

The purpose of the MCB method is to eliminate the low-
frequency ripples in the inductor current and capacitor voltage
in the MB method. This is owed to the instantaneous variation

of the upper and lower envelopes values [14], as shown in
Fig. 4.

This is done by applying two ST envelopes vp and vn so that

the duty ratio becomes constant during the fundamental cycle.
For A6ph-ZSI, this method has not been applied before, as our

research shows. Hence, this method is proposed here.

3.1. Mathematical derivation of the proposed method

The MCB method using all the inverter legs during the ST
intervals is shown in Fig. 5. To achieve constant DST with
the maximum allowable voltage gain ratio, the upper and

lower envelopes (vp and vn) are expressed by using the follow-

ing relations:



Fig. 3 Indirect field-oriented control schematic diagram for ASPIM drive system.
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3.2. MCB-PWM modulation techniques with single phase-legs
ST

It should be pointed out that all of the six legs of the inverter
have been used to be shorted during the ST intervals for both

methods. This increases the switching loss because of the high
number of commutations per switching cycle. However, in [14]
a proposed PWM modulator was suggested to reduce the
switching loss by applying a criterion to select only one leg

to be shorted during ST intervals. This criterion was used for
SB and MB modulation methods. Fig. 6 shows the PWMmod-
ulator taking phase a1 as an example.

On the other hand, choosing only one leg to be shorted dur-
ing ST intervals increases the current stress on the inverter
switches. Yet, if the switches can withstand the current stress,

it is preferred to use this PWM modulator to reduce the
switching loss and increase the inverter efficiency and so the
system.

By applying the same criterion shown in Fig. 6 to reduce the

switching loss on the developed MCB modulation method, the
percentage of reduction in the number of commutations
becomes 45.45% as shown in Table 1.

It is expected that this percentage is in between SB and MB
methods as always one of the employed envelopes is either the
maximum or the minimum as shown in Fig. 7. Therefore, a
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Table 1 Percentage of reduction in the number of commuta-

tions in the modulation methods.

Modulation

Method

Using all legs Using one leg Reduction

(%)

SB 24 14 41.67

MB 20 10 50

MCB 22 12 45.45
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Fig. 7 MCB modulation method with reduced switching loss.
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direct transition from /into the ST and the next active vector
(phase a2Þ is allowed as in the MB method. Meanwhile, the
other ST interval occupies only part of the zero state (phase

c1Þ like in the SB method.
3.3. Comparative study

By comparing the proposed method to SB and MB methods
[14], worth noting is a fact that the MCB modulation method
exhibits an intermediate behavior corresponding to SB and

MB modulation methods considering them as two extremes
in all comparison aspects. To be more specific, as shown in
Fig. 8-a and b, MCB achieves less ST and consequently the
voltage gain than MB and higher than SB method for the same

modulation index.
This is so, as it overcomes the DST periodic variation issue

resulted from exploiting all the null states in the MB method

on account of less boosting. Nevertheless, it still has less stress
voltage than the SB method as shown in Fig. 8-c, that eventu-
ally distinguishes the MCB method from the latter two

methods.

3.4. Capacitor voltage control of ZSI

To integrate the ZSI in the drive system, many control strate-
gies have been reported in the literature, whether using a single
loop or dual-loop [34].

In this work, dual-loop control with a PI controller is used

to control the capacitor voltage vc and the inductor current iL
as shown in Fig. 9.

There are two approaches to determine the capacitor volt-

age reference Vc
� value. The first one is by assuming a constant

value depending on the capacitor rating [35].
The second approach depends on calculating the instanta-

neous value of Vc
� [36] based on the IFOC requirements, as

shown in Fig. 9, with considering that Vc
� does not surpass

the capacitor rated value, which will be considered here.
Based on the employed modulation method, the capacitor

reference voltage equals:

Vc
�
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2M� 1
Es ð11Þ
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�
MB ¼ 3ð1þ ffiffiffi
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4. Impedance network design for A6PH-ZSI

In this section, the design procedure of the passive elements for
the impedance network of A6ph-ZSI is derived for each mod-
ulation method for any given ripple factors and the critical val-

ues as well.

4.1. Modes of ZSI operation

Fig. 10 shows the ZSI equivalent circuit for the three operation

modes. Due to the improper selection of the capacitor and
inductor values, other undesired modes of operation may
appear that restrain the boosting process.

Table 2 shows all the possible operating modes of ZSI.
There are only three proper modes of operation called; Null-
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A, Active-A, and ST-A, if the capacitor and inductor values

exceed the minimum limit.
According to the diode state, three undesired modes may

appear beside the three original in case of the capacitor, and

inductor values are less than the critical limit called: Null-B,
Active-B, and ST-B.

Despite the increasing interest of ASPIM, no work to the
best of our knowledge has been done in sizing the impedance
network parameters of ZSI to supply any configuration of
the six-phase machine. However, in [37], designing the impe-

dance parameters for the three-phase ZSI and its critical values
have been proposed for SB and MCB methods only. Following
the same approach for six-phase ZSI, the sizing of the passive
elements of the impedance network for SB, MB, and MCB

modulation methods are proposed.
To avoid prolongation, the following equations have been

deduced from the modes mentioned above and reformulated

in a zero-equation form [37]:

F 1ð Þ ¼ �Vmax þ Es þ XA sin x 1�DSTð ÞTs þ uAð Þ ¼ 0 ð14Þ

F 2ð Þ ¼ �Imin þ Io þ XAxC: cos x 1�DSTð ÞTs þ uAð Þ ¼ 0

ð15Þ

F 3ð Þ ¼ �Vmin þ XS sin xDSTTs þ uSð Þ ¼ 0 ð16Þ

F 4ð Þ ¼ Imax þ XSxC: cos xDSTTs þ uSð Þ ¼ 0 ð17Þ
whereXA;uA;XS,uS are defined in [37].

The authors in [37] have assumed that the average and the
peak values of the dc-link voltage are equaled. However, this

assumption is less valid the more DST increases. Therefore, in
this work this assumption will not be taken for more accurate
calculations and so the following modifications are made:

F 5ð Þ ¼ � 2Vm

M
þ Es 1�DSTð Þ þ 2

ðImax � IminÞ
x2CTsð Þ ð18Þ

where Vmin and Vmax are the minimum and maximum capacitor

voltage values, Imin and Imax are the minimum and maximum
inductor current values; respectively.Io is the current drawn
from the impedance network during active mode.Ts is the dc
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link switching period which is one half of the VSI switching

period as shown in Fig. 11.
Neglecting the power loss, the power delivered from the dc-

link to a six-phase motor can be expressed as:

F 6ð Þ ¼ �Io þ ð3=2ÞMIm cosu= 1�DSTð Þ ð19Þ
where Im is the maximum value of the phase current drawn
from the motor and cosu is the power factor.

The final equation is a function of M andDST. Therefore, it
depends on the modulation method employed in the inverter.

M ¼ fðDSTÞ ð20Þ
Sizing of the impedance network can be determined by

solving these six nonlinear equations (14)-(19) simultaneously
in½C;L;DST; Io;Vmax; Imin�. For specific design variables, the

solution of these nonlinear equations requires initial guess of
the variables, which can be obtained using the following
analysis.

The design variables are the ripple factors for the capacitor
voltage and inductor current, kv andki, respectively and can be
defined as follows:

kv ¼ DVc

V
�
c

; ki ¼ DIL

I
�
L

ð21Þ

These design variables depend on the application require-
ments and determined by the user. To obtain the initial guess
of the variables, the capacitor voltage and inductor current

waveforms are assumed to be linear, as shown in Fig. 11 in
the red dotted line. By relating the initial values with the input
data assuming linear waveforms, the initial values of the

capacitor and inductor, Cini and Lini as functions in the ripple
factors are:

Cini ¼ 3DSTMIm cosu
8fskvEs 1�DSTð Þ ;Lini ¼ EsDST 1�DSTð Þ

6fskiMIm cosu
ð22Þ

where fs is the switching frequency.
To obtain DST as a function of the system inputs Es;Vmð Þ.
M is substituted for each method in the following equation:

Vdc ¼ 2Vm

M
¼ ð1�DSTÞ

1� 2DST

Es ð23Þ

Finally, a quadratic equation in DST is resulted and will be
solved and substituted in (22) to determine Cini and Lini as

function in the system data as shown in Table 3.
Another aspect should be taken into the consideration that

for MB method, the inductor and capacitor values are selected

considering only the high-frequency component resulted from
the switching frequency. Nevertheless, due to the periodic vari-
Table 3 Summary of the passive elements initial values for each m

DST

SB Es � 2Vmð Þ þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Vm 2Vm � Esð Þp� �

=Es

MB 1
2pEs

2pEs � 3
ffiffiffi
2

p
1þ ffiffiffi

3
p� �

Vm

� �þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3

ffiffiffi
2

p
1þ ffiffiffi

3
p� �

Vm

� �
3
p�q�

MCB ffiffiffi
2

p
Es � 1þ ffiffiffi

3
p� �

Vm

� �þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ffiffiffi

3
p� �

Vm

� �
1þ ffiffiffi

3
p� �

Vm ��q�
ation of the DSTðhÞ over the fundamental period, a low- fre-

quency ripple in the inductor current and the capacitance
voltage are noticed, Fig. 12. These ripples frequency is six
times the fundamental frequency ff as theDST..

Therefore, an additional capacitor and inductor are needed
to suppress these ripples. In this case, only the fundamental
term of inductor voltage and capacitor current is considered

[38]. Meanwhile, both are proportional to the fundamental
term of DSTðhÞ from Fourier series:

DSTLF
¼ 3 1þ ffiffiffi

3
p� �

M

35
ffiffiffi
2

p
p

ð24Þ

CLF ¼ 1þ ffiffiffi
3

p� �
MIL

280
ffiffiffi
2

p
pffDVC

;LLF ¼ 1þ ffiffiffi
3

p� �
MVC

280
ffiffiffi
2

p
pffDIL

ð25Þ

where DSTLF
is fundamental component of the low frequency

DST: CLF and LLF are the low-frequency capacitance and
inductance; respectively.

The required capacitance and inductance for the MB

method can be obtained by adding the low-frequency term
to the high-frequency term calculated earlier.

4.2. Critical values calculations for the capacitance and
inductance of the impedance network

To avoid the undesired modes, the impedance parameters
should exceed the minimum allowable value or what is called

critical values. These unwanted modes appear if one of the fol-
lowing conditions is satisfied [28].
odulation method.

Cini Lini

3Im cosuDST

8kvfsEs

EsDST

6ki fsIm cosuffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 1þ ffiffiffi

3
p� �

Vm � 2pEs

�� pDSTIm cosu
2
ffiffi
2

p
1þ ffiffi

3
pð ÞfskvEs

ffiffi
2

p
1þ ffiffi

3
pð ÞEsDST

8pfski Im cosuffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

p
Es

��
=

ffiffiffi
2

p
Es

� � 3
ffiffi
2

p
DSTIm cosu

4ð1þ ffiffi
3

p ÞfskvEs

ð1þ ffiffi
3

p ÞEsDST

12
ffiffi
2

p
fski Im cosu
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1) In ST mode: if the capacitor voltage becomes less than
one-half of the dc input voltage ?(ST-B) mode.
Tabl

Lcr in

Lcr in
Vmin ¼ Es=2 ð26Þ
2) In active mode: if the inductor current becomes less than
one-half of the dc-link current Io?(Active-B and Null-

B) modes.
Imin ¼ Io=2 ð27Þ

The same procedure explained previously to obtain C and L

can be followed to obtain Ccr and Lcr considering the
following:

1) The corresponding ripple factors at these conditions are:
kv ¼ DVc

V
�
c

¼ V
�
c � Vmin

V
�
c

; ki ¼ DIL

I
�
L

¼ I
�
L � Imin

I
�
L

ð28Þ
2) Minimum values of capacitor voltage and inductor cur-

rent are given by (26) and (29).

Finally, Table 4 summarizes the equations for the initial

values of the critical capacitance and inductance ðCcr ini and
Lcr iniÞ for each modulation method. After that, ‘‘Fsolve” func-
tion in MATLAB is used to calculate the final values of the

nonlinear equations [F 1ð ÞtoFð6Þ�.
It is worth to notice that by setting low values of the ripple

factors, the difference between the initial and final values will

be less. Therefore, the derived design equations in Table 3
can be considered as the final design equations but only for
low ripple-factors values. However, it is not the case for the
critical values as the ripple factors reach their maximum val-

ues, and the change in the waveforms cannot be considered lin-
ear anymore.

5. Fault detection method description

The probability of occurrence of an Open Switch Fault (OSF)
or Open Phase Fault (OPF) in drive systems rises due to either

of the following reasons: 1) The weak connection between the
converter and machine; 2) Losing or any deterioration in the
machine stator phases; 3) Protection devices isolation for a

shorted switch/leg.
e 4 Summary of the initial values of the passive elements criti

SB MB

i 3Im cosu Es�2Vmð Þþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Vm 2Vm�Esð Þ

p� �
4 1þ

ffiffiffiffiffiffiffiffiffiffiffiffi
2Vm�Esð Þ
2Vm

p� �
fsE

2
s

ffiffi
2

p
1þð

i Es�2Vmð Þþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Vm 2Vm�Esð Þ

p
3 1þ

ffiffiffiffiffiffiffiffiffiffiffiffi
2Vm�Esð Þ
2Vm

p� �
fsIm cosu 4p 1þ

�

Unfortunately, the open-circuit fault has no detection
device in the standard protection systems on the contrary to
short-circuit fault [39]. As a result, more damage will aggravate

in the other devices, and the system may be forced to shut
down eventually. This method (VSDFD) is composed of four
procedures with three parameters [40,41], as shown in Fig. 13.

5.1. Operators calculation

Assuming an OPF is in phasea1,ia1 ¼ 0, this results in:

ix ¼ �ia ð29Þ
Assuming each phase as the faulted phase for the remaining

phases, the fault operators can be expressed as follows:

opa1 ¼ �ixs=ias

opb1 ¼ ixs
�iasþ

ffiffi
3

p
ibs�

ffiffi
3

p
iys

opc1 ¼ ixs
�ias�

ffiffi
3

p
ibsþ

ffiffi
3

p
iys

opa2 ¼ ixs
iasþ 1ffiffi

3
p ibsþ 1ffiffi

3
p iys

opb2 ¼ ixs
ias� 1ffiffi

3
p ibs� 1ffiffi

3
p iys

opc2 ¼ �iys=ibs

8>>>>>>>>>>><
>>>>>>>>>>>:

ð30Þ
5.2. Filtering

Due to the zero-crossing instants that affect the operator’s
behavior in spikes forms, filtering each operator is a substan-

tial step to eliminate these undesired spikes as shown in
Fig. 14.

if 1� d � opn � 1þ d then; opn
filter ¼ opn; else opn

filter ¼ 0

ð31Þ
where d is the filter bandwidth and n 2 fa1; b1; c1; a2; b2; c2g.

5.3. Integration

Since the resulting operators include zero instants from the fil-
tration process, determination of fault occurrence based on

their instantaneous values will mislead fault judging. To avoid
this, an integration process is followed for each operator.

Fln ¼ 1

rTf

Z rTf

0

opfiltern :dtr 2 0 : 1½ � ð32Þ

where Tf is the fundamental period and r is a fraction ratio.
cal values for each modulation method.

MCB
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Fig. 13 VSDFD method Procedures.

(a) (b) 

Fig. 14 Fault operators (a) before filtration process (b) after

filtration process.

Fig. 15 Effect of r on the fault opertaors performance.

Fig. 16 Effect of d on the fault detection time as a percentage

of..Tf
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5.4. Threshold value

The final step is to compare each operator to a threshold
value,Thr determined on the worst fault case (OSF).

5.5. Relationship between VSDFD parameters

In order to ensure fast fault detection for this method, the
three parameters related to this method (d, r, ThrÞ should be

chosen carefully. For example, to guarantee fast fault locators
of the faulted phases, Flfp; response and on the same time

stable behavior, it is preferred to choose r; around 0.5 to com-
promise between the two extremes (r = 0.1 and r = 1), as

shown in Fig. 15.
On the other hand, d should be minimized as much as pos-

sible to suppress the noise resulting from the system, so it does
not affect the fault locators of the healthy phases (FlhpÞ. Sub-
sequently, the minimum possible value for Thr can be chosen

to ensure a fast fault detection response, as shown in Fig. 16.
Applying the aforementioned recommendations, the

VSDFD method parameters have been chosen to be

d = 0.1, r = 0.4, Thr=0.04 for the current system. The per-
formance of this method using these parameters under more
than one fault case is tested for ASPIM fed by ZSI. The refer-
ence speed is set to 1000 rpm using the IFOC strategy.

Eight fault cases have been performed, including OPFs and
OSFs at 4 s to record the Fault Detection Time (FDT) as listed
in Table 5. The response of the fault locators for healthy and

faulted phases corresponding to each fault case are shown in
Fig. 17. All the faulted phases’ locators experience a high value
of disturbance directly after the fault instant while the healthy
phases are almost the same as pre-fault case. Therefore, when

these fault locators exceed the predetermined threshold value
(ThrÞ a fault flag will rise to declare fault for a certain phase.

It should be pointed out that test 2 (T2) is an OSF for the

lower switch of phase a1. The fault occurred when the negative
half of the current wave is at its minimum value. Therefore, the
fault was detected after 3 ms only of the fault instant as shown

in Fig. 17. However, test 3 (T3) is also an OSF but for the
upper switch of the same phase i.e. a1. On the contrary of
T2, the positive half of the current wave is not affected as
the fault instant is in the negative half. Therefore, it takes

longer time to detect the fault, 15 ms, than T2 as shown in
Fig. 17.

It should be noticed that T8 is considered as the worst case

as it took the longest time to be detected, 0.63 ofTf. Yet, it is

still less thanTf..
6. Performance of post-fault operation

After detecting and locating the fault, the next step is mitigat-
ing its effect as much as possible until it is cleared. All the fault

cases such as missing pulse or OSF finally turns to be an OPF
by isolating the whole faulted leg so as not to affect the other
device of the same leg and cause more damage. Therefore, the
priority will be specified for the OPF to be mitigated, taking

into consideration that it is the most prevalent fault type.

6.1. Modes of post-fault operation

Two well-known optimization criteria called minimum loss,
and maximum torque are used to determine the new current
references in post-fault operation.



Table 5 Fault detection time for each fault test.

Test Fault Type Phase FDT (ms) FDT %

T1 OPF One phase a1 2.7 9

T2 OSF Lower switch a1 3 10

T3 OSF Upper switch a1 15 50

T8 OSF Missing the upper switch pulse a1 14.3 47.7

T5 OPF Two phases

same group

a1; b1 2.77, 2.97 9.3, 9.9

T6 OPF Two phases different groups a1; b2 3.55, 3.52 11.8, 11.7

T7 OSF Upper switch,

Lower switch

a1; b1 9, 8.4 30, 28

T8 OSF Upper switch,

Lower switch

a1; b2 19, 18.65 63.3, 62.2

Fig. 17 Fault locators for each fault test.
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6.1.1. Minimum loss (ML) mode

The objective of this mode is to minimize the stator copper loss

or the cost function JML as:

JML ¼ min ia1
2þib1

2 þ ic1
2 þ ia2

2 þ ib2
2 þ ic2

2
� � ð33Þ
6.1.2. Maximum torque (MT) mode

This mode aims to maximize the developed torque per current

ratio by maximizing the abj j the component responsible for it.

JMT ¼ maxð abj jÞ ð34Þ
In post-fault operation, the ab-currents should not be chan-
ged to maintain sinusoidal MMF. Therefore, the xy-currents

solely will be adjusted to compensate for the fault impact.
According to [31], an optimization method derived from the
VSD model is employed. This method relates the xy to the

ab reference currents directly as shown:

ix
� ¼ k1ia

� þ k2ib
�

iy
� ¼ k3ia

� þ k4ib
� ð35Þ

Based on the selected mode of the post-fault operation,
coefficients ðk1; k2; k3 and k4Þ are determined, and the derating

factor values for both modes can be evaluated. Their values in
case of disconnecting c2 and a1 with two isolated neutral
points, according to [31] are shown in Table 6.

In order to generalize the single-phase fault for all the stator
phases, an arrangement for the order of phases is required.

6.2. Post-fault operation controller

In case of a fault situation, the rotating MMF becomes dis-
rupted, and as a result, a negative sequence component

appears. Therefore, the original PI controller for the ab cur-
rents will not be enough, and another one is needed to regulate
this component in the anti-synchronous reference frame

using D½ ��1
. This block is actuated only in fault conditions, as

shown in Fig. 18 with the dotted box as the first action in fault

case. For healthy and faulty conditions, the same control pro-
cess is also applied to the xy currents, described in Fig. 3, to
ensure proper current regulation in both cases. In order to rep-

resent losing one degree of freedom on the controller structure
in case of a single-phase fault, the second action is disconnect-
ing the x=y current controller depending on the faulted phase.

Fig. 19 illustrates the block diagram of fault detection and
the mitigation process for ASPIM fed from ZSI integrated
with IFOC strategy and the drive system. In order to activate

the assigned part of fault mitigation, a vector F is needed to be
defined. This vector is generated from the VSDFD block and
consists of six elements, one for each phase. Therefore, if an
OPF is detected, a flag of ‘‘100 will be declared for the faulted

phase while the other phases have zero values.
Based on the number and the order of the fault flags in this

vector, the fault scenario will be determined. Consequently, the



Table 6 Optimization coefficients for post-fault operation in case of c2 and a2 disconnected.

Mode k1 k2 k3 k4

c2 MT �1 0 0 �1

ML 0 0 0 �1

a1 MT �1 0 0 �1

ML �1 0 0 0

+

-

[D] PI [D] -1

PI [D]

+
+

K1,K2,K3,K4iαs
*, iβs

* ixs
*, iys

*

iαs
*, iβs

*

iαs , iβs
vαs

*, vβs
*

[D] -1

Fig. 18 Current controllers for ASPIM with two neutrals.
(a) (b) 

(c) (d) 

Fig. 20 Healthy case operation (a) stator currents (b) speed (c)

a� b currents trajectory (d) x� y currents trajectory.
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values of the four k coefficients will be changed from zero (in
healthy case) to the assigned values given in Table 6 and so the
suitable action will be taken.

7. Simulation results

The performance of the system in a healthy case is shown in

Fig. 20. The reference speed is 1000 r/min, as shown in
Fig. 20(b). The stator currents comprise two balanced sinu-
soidal three-phase sets, Fig. 20(a) and as a result, a current cir-

cular trajectory concerned with the a� b currents is formed,
Fig. 20(c).

After an OPF occurs in phase c2; the control section

assigned for fault cases in the control strategy will be actuated.
In this case, the anti-synchronous PI controller for the a� b
currents will be enabled while the y-voltage controller is dis-

abled. For MT mode, only four currents are flowing with the
same magnitude, as shown in Fig. 21. Meanwhile, the speed
is tracking its reference and almost constant like a healthy
ASPIM
a1 a2

b1

b2c1

c2

IFOC

ZSI voltage 
capacitor 
control

sa1,sb1,sc1,
sa2,sb2,sc2

ω

ω*

va1*,vb1*,vc1*
va2*,vb2*,vc2*

Impedance network

Six-phase inverter

Es

L1

L2

C1

D

C2

vc

Fault Detection
(VSDFD)

Fault Tolerant

ia1
ib1

ic1
ia2

ib2

ic2

ix,iy

iα,iβ
[F]

K1, k2, k3, k4

vCiL

Fig. 19 Block diagram of fault detection and the mitigation

process for ASPIM fed from ZSI integrated with IFOC strategy.
case. Furthermore, the ab currents form a circular trajectory

as well as the xy currents.
Fig. 22, shows the results when it operates in ML mode. In

this mode, the stator currents are unequal, and they are slightly
higher than those of MT mode as it has lower derating factor

value. The xy currents trajectory forms a non-circular shape.
This is because the k coefficients values, in this case, set the
x current to zero.

8. Experimental verification

To investigate the performance of the ASPIM fed by ZSI, a

three-phase induction motor has been rewound. Then the
parameters of the rewound machine have been measured.
After including the machine in a drive system, measured results

have been obtained under healthy and faulty conditions.
Each phase of the rewound machine has four coil-groups

with double layer lap winding. The winding distribution for
each coil-group of the six phases is illustrated in Table 7.

The practical stages while rewinding the machine are illus-
trated in Fig. 23 starting from removing the original coils to
settling down the final rewound coils into the stator slots.

8.1. ASPIM parameters measuring

Four tests are required to obtain the full machine parameters,

and they are no-load, blocked rotor, x-y excitation, and zero-
sequence tests, as illustrated in Table 8. Each has been
described in [42].



(a) (b) 

(c) (d) 

Fig. 21 Maximum torque mode operation (a) stator currents (b)

speed (c) ab currents trajectory (d) xy currents trajectory.

(a) (b) 

(c) (d) 

Fig. 22 Minimum losses torque mode operation (a) stator

currents (b) speed (c) ab currents trajectory (d) xy currents

trajectory.

Original motor Stator after removing 
the original coils 

Coil group of one 
phase 

Stator after putting 
coils of one phase 

Stator after putting 
all coil phases 

Final winding of 
ASPIM 

Fig. 23 Practical stages of rewinding a three-phase IM to an

ASPIM.
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The system setup used to measure the parameters is shown
in Fig. 24. It consists of a transformer with delta-wye windings
to obtain two sets of three-phase sinusoidal waveforms with

30
�
phase-shift between them to supply the ASPIM.

8.1.1. No-load and blocked rotor standard tests

Following the same procedure of three-phase standard tests,
the rated voltage (110 V, 50 Hz) of the motor has been applied
Table 7 Starting and ending slots for each coil-group.

Phase Starting slot of coil-group Ending slot of coil-group

a1 1 19

b1 5 23

c1 9 3

a2 2 20

b2 6 24

c2 10 4
at the no-load test and rated current (1.57 A) at the blocked
rotor test. Results of the power and current for each phase
have been taken and then averaged.
8.1.2. y-Excitation test

By rearranging the order of the phase, as shown in Fig. 25, the
xy subspaces are excited only [31]. The voltage and current

data of each phase are displayed and stored on the oscilloscope
to obtain their fundamental components using the FFT func-
tion. As a result, the measured inductance Llsxy from this test

is equivalent to the stator leakage inductance.

8.1.3. Zero-sequence test

This test has been implemented by connecting the three phases
of the first group set in parallel with a single-phase AC supply
and taking the readings of voltage and current for each phase.

Then the same procedure has been applied to the second three-
phase set, and the results have been averaged.

8.1.4. Estimating the parameters

Taking into consideration the relationship between the mea-
sured parameters from previous tests and those used in the
VSD model reported in [42], the evaluated parameters of the

machine using the VSD model are illustrated in Table 9.
Table 8 ASPIM Tests and the corresponding measured

parameters.

Test Measured

parameters

Equation in VSD

model

No-load test Lnl Lls þ Llm þ Lm

Blocked rotor test Rlock Rs þ Rr

Llock Lls þ Llm þ Llr

x-y excitation test Llsxy Lls

Simple zero-sequence

test

Lzero Lls þ 0:5Llm



Fig. 24 Parameters measuring experimental setup.

ASPIM

a1 a2

b1b2c1
c2

1

b1
c1
a2
b2
c2

Supply

1
b1
c1
a2
2
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Fig. 25 Rearranging stator phases to excite the xy-subspace

only.
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Fig. 26 Experimental Setup.
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Fig. 27 Stator currents in the healthy case.
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8.2. Experimental test rig

Fig. 26, shows the experimental test rig used to obtain the
experimental results under open-loop operation. The impe-

dance network consists of two capacitors and two inductors
each (330 mF, 400 V) and 1.5 mH, respectively.

A six-phase inverter has been implemented using 12-power

MOSFET (IRFP460 A). This circuit is controlled using ezdsp
320F28335 integrated with MATLAB�/SIMULINK�. 12-
gate drivers and 8 isolated supplies have been used to isolate
both power and control circuits with raising the pulses voltage

to the sufficient level for the MOSFET to operate. Six current
sensors (LA25-NP) are used to display the current results.

8.3. Experimental results

An experimental setup has been built in the laboratory to
investigate the system’s performance. The motor operates at

no load, and the measured results have a fundamental fre-
quency of 25 Hz and a switching frequency of 6.25 kHz. SB
method has been employed to control the six-phase ZSI with

the ST duty ratio of 0.2 and input voltage of 85 V. An inductor
Table 9 Estimated ASPIM parameters.

Stator resistance,Rs 7.7 O
Rotor resistance,Rr 4.54 O
Stator leakage inductance,Lls 0.0377H

Rotor leakage inductance,Llr 0.0252H

Mutual leakage inductance,Llm 0.019H

Mutual inductance,Lm 0.348H
of 5 mH is connected in series with each stator phase for filter-

ing purposes.
Fig. 27 shows the measured currents in the healthy case

compared to the simulation results. Two currents are displayed
for each group. It is noted that the currents are balanced with

120
�
phase-shift for currents from the same group and 30

�

from their counterparts in the other group.

Five cases have been carried out to test the performance of
the system in faulty conditions, and they are missing a switch-
ing pulse, open-switch, open phase, two open phases from the
same group, and two open phases from different groups;

respectively. Figs. 28-32 show the experimental results to these
cases compared with their simulation results (left-hand side).

It can be noticed that in the case of open-switch fault that

the line voltage of the faulted phasevab, Fig. 29(c), has over-
voltage spikes like the simulation results due to the stored
energy of the inductors [32,33]. This can be avoided by discon-

necting the complementary switch pulse or the whole faulted
leg, if possible.

Meanwhile, for the open phase case, the two isolated neu-
tral points in the ASPIM here will cause currents of phases

b1; c1 to have the same magnitude with 180
�
phase-shift with

a notable increase to compensate the effect of the fault, as illus-

trated in Fig. 30(a). However, the phase voltage of the faulted
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Fig. 28 Stator currents in case of missing the pulse for the upper

switch of phase a1.
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phase, as shown in Fig. 30(d) does not equal zero as this volt-
age results from the back emf induced on the phase winding.

For the two OPFs from the same groupða1; b1Þ, it is

expected that the whole group will be collapsed and has zero
(a) Faulty phase and healthy phase currents

(b) Healthy phases’ currents

(c) line voltage
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Fig. 29 Stator currents and voltages in case of open switch fault

of phase a1.

(a) Faulty phase and healthy phases’ currents

line voltage

(c) line voltage

(d) Phase  voltage
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Fig. 30 Stator currents, line and phase voltages in case of open-

phase fault of phase a1.

Fig. 31 Stator currents in case of two simultaneously open

phases from the same group a1; b1ð Þ.
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Fig. 32 Stator currents in case of two simultaneously open

phases fault from different groups ða1; a2Þ.
current values because of the two neutral point connection that
isolates each group, as shown in Fig. 31.

On the other hand, for the final case that includes two
OPFs from different groups a1; a2ð Þ. The remaining two phases

in each group will offer performance similar to the faulted
group in the open phase fault case. On other words, both of
the remaining healthy phases in each group,

ðb1; c1Þ � ðb2; c2), have the same magnitude with 180
�
phase-

shift with a notable increase, as shown in Fig. 32.
Finally, for better performance in fault cases, the single iso-

lated neutral point is preferred than the two isolated neutral
points. However, the ASPIM with two neutrals has many
advantages than one neutral in the healthy case. Therefore, a

compromise between these two cases should be set. In most
cases, it is the healthy case choice, which is more predominant,
and the faulty case is just an exceptional circumstance that

takes only a few instants before it is cleared. Nevertheless,
another suggested solution is by installing a contactor between
the two neutral points to be connected only in fault cases.

9. Conclusion

This paper proposes a high reliable and more efficient drive

system based on asymmetrical six-phase induction motor fed
from Z-source inverter (ZSI). The system performance is inves-
tigated under healthy and faulty conditions. This paper has
proposed a new modulation strategy based on a carrier-

based modulation scheme in order to improve the performance
of the six-phase ZSI. This strategy is called maximum constant
boost method (MCB). It has been observed that the proposed

MCB method has the following merits.

1) It has a higher boosting ratio than the simple boost

method.
2) It has constant shoot-through intervals during the

switching period on contrary to maximum boost

method. Therefore, smaller impedance network passive
elements are required.

3) It has been developed to use single phase-leg ST to
reduce the switching loss and increase system efficiency.
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4) Further reduction in the number of commutations com-

pared to the other modulation strategies.
5) Reduced voltage stresses than the maximum boost mod-

ulation scheme.

Meanwhile, to ensure proper boosting operation with
achieving predetermined ripple factors values, the design pro-
cedure and the critical values of the passive elements for the

impedance network of A6ph-ZSI have been introduced for
the analyzed modulation schemes. The initial values assuming
linear waveforms can be considered as the final values with

acceptable accuracy in case of setting low ripple factors values.
However, it is not the case for the derived equations of ini-

tial critical values as the ripple factors reach their maximum

allowable amount and applying this approach will result in
inaccurate results.

Using the recommendations for selecting the VSDFD
method parameter values, the time taken to detect all the fault

cases did not exceed the fundamental period even for the
worst-case, OSF takes 0.63 ofTf, which proves this method’s

fast performance. However, this method cannot determine
the fault type, whether an OSF or an OPF and only locates

its phase. Nevertheless, this is not a crucial issue, as in all cases,
the faulted phase is disconnected.

To investigate the system’s performance, an experimental
setup has been built in the laboratory after rewinding the

machine and measuring its parameters. Under faulty condi-
tions, it can be observed that there is a notable increase in
the current magnitudes and diversion between the motor

phases, which yields a considerable torque and speed ripples.
To mitigate the fault impact on the system with ripple-free
speed behavior, a method for the post-fault operation that

needs minor modifications has been selected and applied with
two modes for post fault operation called maximum torque
(MT) and minimum loss (ML) modes.

The experimental results have confirmed the performance

of ASPIM fed by ZSI under healthy and faulty conditions,
and all measurements showed good correspondence with the
obtained by the simulation.
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