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Abstract Asymmetrical six-phase induction machines are widely used in high-power safety-critical

applications. The so-called pseudo six-phase winding layout has recently been proposed as a

promising contender for high power medium voltage applications in terms of torque density, phase

current quality, simple single-layer-based stator winding design, and fault-tolerant capability. This

winding layout employs quadruple three-phase stator winding sets connected to provide only six

terminals, while being fed from two three-phase inverters. Therefore, the same conventional six-

phase-based control structure can still be employed. Among the different control techniques, model

predictive current control is considered as one of the cutting-edge technologies for multiphase drive

systems, thanks to its simplicity and flexibility in defining new control objectives. This paper inves-

tigates how the available 64 voltage vectors of a six-phase inverter are classified among different

subspaces when employing a pseudo six-phase stator winding. Moreover, the required modifica-

tions to classical predictive current control (PCC) are introduced in order to properly control the

machine in a manner similar to conventional asymmetrical six-phase machines while ensuring min-

imum circulating xy current components. The concept of virtual voltage vectors (VVVs) has also

been employed to further enhance the stator current quality. The proposed controller is validated

using a 2Hp prototype pseudo six-phase machine under different operating conditions. An exper-

imental comparative study with an asymmetrical six-phase machines is also carried out to verify

the claimed equivalence.
� 2021 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/).

* Corresponding author at: Faculty of Engineering, Alexandria University, Alexandria 21544, Egypt.

E-mail address: es-abdallh.shawier@alexu.edu.eg (A. Shawier).

Peer review under responsibility of Faculty of Engineering, Alexandria University.

Alexandria Engineering Journal (2021) xxx, xxx–xxx

HO ST E D  BY

Alexandria University

Alexandria Engineering Journal

www.elsevier.com/locate/aej
www.sciencedirect.com

https://doi.org/10.1016/j.aej.2021.09.015
1110-0168 � 2021 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/).

Please cite this article in press as: A. Habib et al., Predictive current control based pseudo six-phase induction motor drive, Alexandria Eng. J. (2021), https://doi.org/
10.1016/j.aej.2021.09.015

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:es-abdallh.shawier@alexu.edu.eg
https://doi.org/10.1016/j.aej.2021.09.015
https://doi.org/10.1016/j.aej.2021.09.015
http://www.sciencedirect.com/science/journal/11100168
https://doi.org/10.1016/j.aej.2021.09.015
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.aej.2021.09.015
https://doi.org/10.1016/j.aej.2021.09.015


1. Introduction

Multi-phase induction machines (IMs) have been a true con-
tender for decades in multi-megawatt variable speed drive

applications [1,2]. That is mainly due to the numerous advan-
tages of multiphase machines such as reduced per phase semi-
conductor device ratings[3,1], high levels of reliability, and the

additional degrees of freedom provided [3,4]. As a consequence
of these merits, the technology has also attracted numerous
other opportunities in various industrial applications such as
automotive, aerospace, ship propulsion, and offshore wind

energy generation systems [2,5]. Recent literature has
addressed many of the technical challenges of this intriguing
technology under both healthy and fault conditions [6,7].

Although the phase order can theoretically be of any value,
machines with multiples of three-phase windings are practi-
cally preferred because they can employ readily available

three-phase power converters. While increasing the number
of phases has many advantages, the power converter and con-
trol complexity stand as critical limiting design factors. Hence,

the literature has devoted significant attention to the utilization
of six-phase machines, which comprise two three-phase wind-
ing sets shifted by some specific spatial phase angles [8,9]. In
recent literature [10,11], the nine-phase six-terminal (9P6T)

winding layout has been proposed for induction machines as
a promising contender to the conventional asymmetrical six-
phase (A6P) winding layout in high-power medium voltage

applications. This novel winding design employs a simple
single-layer asymmetrical nine-phase winding layout. The
phases are, however, connected in such a way as to provide

six terminals only. Hence, two three-phase inverters can be
used to feed the stator instead of the three required for a stan-
dard nine-phase machine [10]. The main merits of this

winding connection over a conventional six-phase winding
include:

� A 5% improvement in the fundamental winding factor for

the same copper volume, which, in turns, yields a corre-
sponding enhancement in the machine torque density.

� Single-layer-based winding design, which allows for a

higher fill factor and simple insulation requirements;
� Improved fault tolerance [12].
� Higher secondary subspace impedance, which naturally

mitigates the problem of circulating xy secondary sequence
current components in conventional A6P IMs. This helps
achieve lower line harmonics as well as higher efficiency
in high-power applications [13].

It has been mathematically proven in [11] that the 9P6T lay-
out is equivalent to a conventional six-phase winding having a

single neutral arrangement with the same harmonic mapping
among the three available subspaces, namely, fundamental
ab, secondary xy, and zero subspaces. The vector space

decomposition (VSD) matrices required to decompose the
machine phase variables into their sequence components have
also been derived. On the other hand, and similar to any single

neutral winding arrangement (1N), the 9P6T winding imposes
a lower dc-link utilization when compared to the isolated neu-
tral (2N) winding arrangements [14,15]. The so-called pseudo
six-phase machine (P6P) proposed in [15] represents an

improved version of the 9P6T winding, which can be config-
ured with both neutral arrangements similar to conventional

six-phase windings. This winding employs quadruple three-
phase stator winding sets, where each two sets are connected
in series, resulting in only six stator terminals. This way, the

same dc-link voltage utilization can be provided under isolated
neutrals as in conventional six-phase stators with 2N arrange-
ment. When configuring the P6P winding with 2N arrange-

ment, the effect of circulating zero sequence current
component is also avoided [15]. Generally, the 9P6T, or its
improved P6P machine version, both enhance the postfault tol-

erance and reliability when compared with conventional A6P
IMs [12]. It has been verified in [11,15] that the same VSD-
based controller structure employed in a six-phase IM can still
be applied with both 9P6T and P6P connections under both

healthy and open-phase conditions. However, no further work
has been reported in the available literature to consider other
recent multiphase controllers.

Model predictive control (MPC) has clearly emerged as an
effective and promising control technique for multiphase drive
systems and various power converters [16-19] due to the ease of

setting control objectives and the straight-forward handling of
nonlinear constraints. Finite control set MPC (FCS-MPC) is a
preferable algorithm to control power converters since it

avoids the required modulation stage in other classical con-
trollers [20,21]. Nevertheless, MPC experiences some well-
known drawbacks such as a large computational burden, tun-
ing of weighting factors associated with each control objective,

and variable switching frequency [21]. Many proposals related
to FCS-MPC-based multiphase drives have been introduced to
overcome these problems. For instance, the computational

time is reduced by evaluating a subset of the available 64 volt-
age vectors (VV) of a six-phase inverter [22]. Moreover, the
cost function of the predictive current control (PCC) is found

to be highly affected by the relative weighting factors of ðabÞ
and xyð Þ subspace currents. Thus, an appropriate weighting
factor tuning should be carried out to avoid compromising

machine performance [23]. The mitigation of the high circulat-
ing xyð Þ currents in asymmetrical A6P IMs has inspired the
introduction of an innovative virtual voltage vectors (VVV)
concept, which significantly minimizes these disrupting current

components. Nevertheless, it results in a higher switching fre-
quency and affects DC-link voltage utilization. With the rela-
tively higher secondary subspace impedance of a P6P winding,

as described in [15], the current quality is expected to reason-
ably improve when employing PCC to this novel winding lay-
out. To the authors’ best knowledge, the literature has not

addressed improving the PCC performance from the machine
winding perspective thus far.

This paper investigates the performance of P6P machines
under predictive current control. Although P6P machines

may be considered as an equivalent six-phase machine, the
VSD of the machine phase variables should be revisited based
on the study given in [11], which depicted different VSD matri-

ces for both current and voltage decomposition. Therefore, the
first objective is to discuss the mapping of the resultant 64 volt-
age vectors of the six-phase power converter among the ðabÞ
and xyð Þsubspaces. Upon which, the required modifications
to the classical PCC are then suggested to ensure proper refer-
ence current tracking. The presented study also covers the

behavior of a P6P IM under different levels of voltage vectors,
the most suitable vector set used with P6P machines under
PCC, and the employment of the VVVs concept. A 2Hp pro-
totype machine has been used for experimental validation. In
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order to corroborate the equivalence between P6P and A6P
from the control perspective, an experimental comparative
study is also presented.

This paper is organized as follows. Section 2 briefly reviews
the P6P winding layout. While in section 3, the machine and
inverter modeling are presented. The P6P VV mapping to

the ðabÞ and xyð Þsubspaces is discussed in section 4. The calcu-
lations of the required VVVs to cancel out the xy voltage com-
ponent are also introduced in the same section. Section 5

discusses the implementation of PCC to the P6P machine. Sec-
tions 6 and 7 present the experimental setup and
results, respectively. Finally, the main conclusions are given
in section 8.

2. Pseudo Six-phase winding layout

In this section, the P6P winding layout is briefly reviewed [15].
As explained in the introduction section, this winding layout is
derived from an earlier version, which is the 9P6T winding lay-
out [10]. The P6P winding introduced in [15] comprises two

identical pairs of three-phase winding sets abc1; abc2ð Þ and
abc3; abc4ð Þ, as illustrated in Fig. 1(a). This winding layout
employs a nine-slot/pole stator, where the different phases of

the four three-phase sets are placed as shown in Fig. 1(b).
The phases abc3 and abc4 share the same slots and are wound
together in order to preserve the single layer construction, with

a number of turns 0.532 times the number of turns of the wind-
ing groups abc1 and abc2. The winding groups abc1 and abc3
are connected in series forming the first three-phase set of
the equivalent six-terminal stator. While the series connection

of abc2 and abc4forms the second equivalent three-phase set. A
balanced rotating (MMF) is obtained when the phase shift
angle between the first and second phase current groups iabc1
and iabc2 is 40�. This condition is theoretically achieved when
the phase shift angle between the two applied three-phase volt-
age sets is ideally 26:16� [15].

The harmonic mapping of the 9P6T and the P6P is proven
to be the same as the A6P IM [11]. Hence, the same mathemat-
ical model, and therefore, controller structure can be pre-

served. The main salient advantage of the P6P over a 9P6T
is the ability to configure it with both neutral arrangements.

3. Machine and inverter Modeling.

This section introduces the VSD model of a P6P IM assuming
an isolated neutral arrangement. The six-phase inverter model

is also presented.

3.1. Mathematical modeling of P6P machines

Since the phase shift angles between the terminal three-phase
current and voltage sets are different (400 and 26.160 for cur-
rent and voltage, respectively) [15], it is expected that each will

have its particular VSD matrix which are given for the voltage
and current transformations by (1) and (2), respectively [15].
The equivalent sequence circuits, shown in Fig. 2, are precisely
the same as those of the A6P IM.

Tv½ � ¼

0:336 �0:168 �0:168 0:257 �0:316 0:058

0 0:291 �0:291 0:216 0:115 �0:331

0:336 �0:168 �0:168 �0:301 0:280 0:023

0 �0:291 0:291 0:148 0:187 �0:335

0:374 0:374 0:374 �0:130 �0:130 �0:130

0:038 0:038 0:038 0:206 0:206 0:206

2
66666666664

3
77777777775

ð1Þ

Ti½ � ¼

0:333 �0:202 �0:132 0:281 �0:299 0:018

0:040 0:269 �0:309 0:183 0:152 �0:335

0:333 �0:312 �0:202 �0:281 0:299 �0:018

0:040 �0:309 0:269 0:183 0:152 �0:335

0:281 0:281 0:281 �0:052 �0:052 �0:052

0:177 0:177 0:177 0:511 0:511 0:511

2
6666666664

3
7777777775

ð2Þ
For a 2N arrangement, which is preferred for healthy

machine operation, the zero-sequence component can be dis-
carded. Therefore, the following model considers only the fun-

damental ab and secondary xy subspaces [15].
The voltage and flux linkage equations are given below in

space phasor form in the stationary reference frame.

Fig. 1 PSP machine(a) winding configuration (b) Winding layout .
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�vabs ¼ rs:
�_iabs þ p�kabs ð3Þ

0 ¼ rr:
�_i abr þ p�kabr þ jxr:�kabr ð4Þ

�kabs ¼ ðLab
ls þ Lab

m Þ�_iabs þ Lab
m :�_iabr ð5Þ

�kabr ¼ ðLab
lr þ Lab

m Þ�_iabr þ Lab
m :�_iabs ð6Þ

�vxys ¼ rs
�_ixys þ Lxy

ls p
�_ixys ð7Þ

3.2. Inverter modeling

From the inverter point of view, the machine phase voltages
can be expressed as a switching state pattern of the upper
switches as shown in (8);

Va1!c2 ¼

va1

vb1

vc1

va2

vb2

vc2

2
666666664

3
777777775
¼ VDC

3

2 �1 �1 0 0 0

�1 2 �1 0 0 0

�1 �1 2 0 0 0

0 0 0 2 �1 �1

0 0 0 �1 2 �1

0 0 0 �1 �1 2

2
666666664

3
777777775
S

ð8Þ

S ¼ S1 S2 S3 S4 S5 S6½ � ð9Þ
where S is the switching pattern vector 2 000000 !f

111111g. This will result in 64 switching states and 64 voltage

vectors. In the following, the voltage vector numbering follows
the binary system such that the voltage vector number (i.e.,
V25) is the decimal equivalent of the binary state 011001.

4. Voltage vectors of P6P Machine

4.1. Voltage vectors classification

The sequence components of the 64 voltage vectors of the six-
phase inverter can be obtained by simply applying the VSD

transformation given by (1). These sequence components are
analyzed in order to determine the most appropriate vector
set to be applied by the control algorithms. It is expected that

each subspace will have 64 VVs with different magnitudes and
angles. These VVs could be obtained from (10).

Vabxy ¼ Tv:Va1!c2 ð10Þ
The obtained sequence VVs are shown in Fig. 3, which

illustrates that the 64 VVs are mapped into eight levels in both
ab and xy subspaces, based on their magnitudes as listed in

Table 1.

For the ab subspace, the magnitudes of the voltage levels
are 0, 0.1166, 0.2297, 0.3357, 0.4317, 0.5144, 0.6311, and
0.6614 corresponding to levels 0 ! 7, respectively. It is obvi-

ous that each level comprises 6 VVs except the third level,
which has 24 redundant VVs, in addition to four zero vectors,
as listed in Table 1.

For the third level, which comprises 24 VVs with 12 distinct
directions, the directions of these VVs are not equally spaced.
This is different from all other voltage levels whose vectors are
equally spaced in the ab subspace by 60�. Interestingly enough,

each vector of level-4 VVs is surrounded by 4 vectors from
level-3 having a phase angle of �10� and �13�in the ab and
xy subspaces, respectively. Moreover, the phase angle between

adjacent vectors of level-3 varies between 20� and 40� sequen-
tially. This abnormal distribution of VVs has not been
obtained in conventional six-phase machines [20].

By investigating Table 1, it can be noted that the VVs of
levels 6 and 7 have the largest voltage magnitude in the ab sub-
space and are mapped to levels 1 and 2 in the xy subspace,

respectively, with the smallest voltage magnitude. Whereas,
the remaining VVs are mapped to the same levels in both sub-
spaces. Furthermore, these two VV sets (6 and 7) have very
close magnitudes, hence, may be grouped together in one set

having 12 VVs similar to the conventional A6P case. Thus,
they constitute a reduced number of admissible VVs that can
be used during the optimization stage in a similar manner to

PCC of A6P IMs [24-26]. This indeed reduces the computa-
tional burden without affecting the overall performance.
Moreover, since the xy impedance of the P6P winding is higher

than an equivalent A6P stator [10], the xy current component
is expected to be highly suppressed.

4.2. Virtual voltage vectors

As shown in Table 1 and Fig. 3, the VVs of levels 6 and 7 cor-
respond to non-zero xy voltage components. To further
improve the current waveform, the concept of virtual voltage

vectors proposed in [25], will be adopted. The main objective
of virtual vectors is to synthesize a new voltage vector in the
ab subspace that is mapped to a zero average voltage magni-

tude in the xy subspace. This can be accomplished by selecting
two vectors having the same phase angle in the ab subspace,
while being out of phase in the xy subspace. Hence, the xy

voltage component could be eliminated by controlling the
duration of each VV within the sampling period.

Fig. 3 shows that vectors of levels 5 and 6 are in phase in
the ab subspace, while being out of phase in the xy subspace.

Hence, combining these voltage vectors with specific duty
cycles results in a new set of six virtual vectors. Similarly, vec-
tors of levels 4 and 7 can be combined to generate another set

of six virtual vectors. The duty cycles (Di;DjÞ of each VVV set

Fig. 2 Sequence circuits of P6P IM. (a) ab. (b) xy subspaces.
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can be calculated from (12–14), which nullify the magnitude of

the corresponding xy components given by (11);

VVxyj j ¼ Di V
xy
i

�� ���Dj V
xy
j

��� ��� ¼ 0 ð11Þ

Dj ¼ 1�Di; Di > Dj ð12Þ

Vxy
i

�� ��:Di ¼ ð1�DiÞ: Vxy
j

��� ��� ð13Þ

Di ¼
Vxy

j

��� ���
Vxy

j

��� ���þ Vxy
i

�� �� ;Dj ¼
Vxy

i

�� ��
Vxy

j

��� ���þ Vxy
i

�� �� ð14Þ

where, i represents the larger vector level (6 or 7) and j rep-
resents the other vector levels (5 or 4), respectively. The resul-
tant VVV length in ab subspace is given by (15).

VVab
�� �� ¼ Di V

ab
i

�� ��þDj V
ab
j

��� ��� ð15Þ

Knowing the magnitude of VV in each voltage level as listed
in Table 1, the duty cycle and the voltage magnitude of each
VVV can be calculated as shown in Table 2. The resultant

twelve VVVs are almost equal in magnitude and equally spaced
in ab subspace with zero xy components, as shown in Fig. 4.
These VVVs are analogue to the ones synthesized for the con-

ventional A6P machine in [25]. It worth mentioning that the
DC voltage utilization of a P6P machine has been reduced by
� 7:44%VDCunder virtual vector realization, while A6P machi-

nes have a reduction in DC voltage utilization of ffi 7:08%
under virtual voltage vector PCC when compared with the con-
ventional PCC. A detailed calculation of the DC reduction
ratio can be found in the appendix for interested readers.

For the conventional FCS-MPC, the switching states is
implemented using the enhance pulse width modulation

Table 1 Voltage Vectors mapping To Different Subspaces.

Fig.3 Voltage vector set. (a) ab. (b) xy subspaces.
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(EPWM) ports of the DSP where either zero or 100% duty
cycle is applied during the whole sample time for each switch

in the inverter.
Similarly, for virtual vector concept, the EPWM is utilized

but with different duty cycles depending on the optimum vir-

tual voltage vectors to be applied.

For example, let the optimal VVV selected by the cost func-
tion is the one synthesized from v27; v10 which belongs to level 6
and level 5, respectively. Based on Table 2, the corresponding

duty cycles are 0.763 and 0.237, respectively. Knowing that
v27; v10 are corresponding to the switching states (011011,
001010) respectively and considering the duty cycle of each

VV, an overall duty cycle can be deduced based on (15) result-
ing in the required VVV, as shown in Table 3. Similarly, the
other VVVs can be synthesized knowing the levels of the resul-

tant inverter VV in ab subspace and the duty cycles required to
eliminate the resultant xy component.

5. Proposed PCC of P6P IM

Model predictive control utilizes a system model to forecast
the future values of the output variables, then, chooses

amongst all feasible possibilities a control command which
minimizes the deviation between the reference and predicted
variables. A predefined cost function is used to determine the
control objectives and is commonly defined as the squared

error between the reference and the predicted variables
[25,20]. In the case of PCC, the cost function is defined as
the squared difference between the reference and the predicted

sequence currents. The general block diagram of the PCC
algorithm is shown in Fig. 5. The PCC algorithm implementa-
tion consists of four main steps: measurement, estimation, sub-

space currents prediction, and cost function minimization.
Since not all of the machine variables could be easily measured
(rotor quantities), they can be estimated using either appropri-
ate observer design [27] or using the technique proposed in [20]

by lumping all non-measurable states and using the last values
of the measured quantities to update these lumped values. In
this study, the latter method is used for the rotor dynamics

estimation while the prediction and cost function minimization
were designed as in [20]. The general form of the cost function

Table 2 Virtual Voltage Vectors Parameters.

Parameters VVs Set

VV1ðV6;V5Þ VV2ðV7;V4Þ
Di 0.7634 0.7012

Dj 0.2366 0.2988

VVab
�� �� 0.6035 0.5928

Fig. 4 Virtual voltage vectors in ab corresponding to zero xy

voltage components.

Table 3 PWM duty cycle for VVV (v27&v10Þ
S1 S2 S3 S4 S5 S6

v27(76.3 %) 0 1 1 0 1 1

v10(23.7 %) 0 0 1 0 1 0

Resultant duty cycle of the VVV 0% 76.3% 100% 0% 100% 76.3%

Fig. 5 Block diagram of standard PCC of pseudo six-phase induction machine.
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for the PCC of multi-phase machine can be expressed as
follows:

gðVsÞ ¼ i	a � ia
p

� �2 þ i	b � ib
p

� �2
� �

þ c i	x � ix
p

� �2 þ i	y � iy
p

� �2
� �

ð16Þ

where, the superscripts * and p stands for the references and

predicted values, respectively. The constant c represents the
weighting factor, where its value sets the relative priority for
the xy current minimization compared to the current reference

tracking of the fundamental ab subspace. The optimal VV is,
then, selected based on (16) and is applied to the six-phase
inverter in the next control sample.

Vopt
s ¼ arg min

v0 ;


;vnf g
gðVsÞ ð17Þ

where v0 to vnf g are the feasible voltage vector set for each
winding configuration (P6P or A6P).

As a matter of fact, the prediction of the xy current compo-

nents will be highly affected by the leakage inductance (Lxy
ls ) of

this subspace [20]. The P6P winding configuration results in a

higher value of Lxy
ls compared to the A6P [15]. This helps min-

imize the effect of xy currents. Employing the concept of VVVs
will also further enhance the phase current quality, as will be

shown in the results section. As mentioned earlier, the P6P
connection has 60 active VVs classified into seven levels of
voltage vectors in addition to four zero vectors. Employing

all distinctive vectors at each sample highly increases the com-
putational time of the PCC algorithm. By investigating these
VVs, it is possible to reduce the number of feasible VVs that
will be evaluated in each control sample. It has been shown

that the VVs belonging to levels 6 and 7 give the highest dc-
link utilization and are mapped to the smallest vectors in the
xy subspace. Experimental investigation showed that using

only six VVs (either level 6 or 7) results in a very poor perfor-
mance with unbalanced phase currents and significantly der-
ated output. This is simply because the 60o- phase shift

between the six VVs in each level cannot generate the phase
shift between the two applied three-phase voltage sets, which
equals 26.16o, and is mandatory to ensure balanced phase cur-
rents with a phase shift angle of 40o, as proven in [15]. Actu-

ally, the same is noted with the A6P machine, where 12 VVs
are mandatory to obtain the 30o phase shift between the two
three-phase voltage groups. Consequently, introducing the lar-

gest twelve-vectors of the P6P case in the PCC algorithm is a
must to achieve balanced operation. In order to further
improve the current quality under PCC control, the concept

of virtual vectors is also introduced. The derived 12 VVVs in

Table 4 Prototype Machine Specifications.

Parameter P6P A6P

Rated RMS phase Voltage (V) 110 110

Rated Power (Hp) 2 1.5

Rated RMS phase current (A) 3.2 2.8

Rated frequency (Hz) 50 50

No. of poles 4 4

Rated speed (RPM) 1400 1400

Table 5 Prototype Machine Sequence Parameters under

Different Connections.

Parameter P6P A6P

Rs 1.9 O 4.18 O
Rr 1.86 O 3.67 O

Lab
ls

6.42 mH 12 mH

Lab
lr

6.42 mH 16.7 mH

Lab
m

158.5 mH 247 mH

Lxy
ls

4.39 mH 6.1 mH

c 0.3 0.3

Fig. 6 Experimental setup. 1) Inverter. 2) DC source. 3) P6P machine. 4) DC-machine. 5) Current probes. 6) Oscilloscope. 7) Host PC .
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section 4.2 are alternatively used in the voltage vector selection
step.

6. Experimental setup

A pseudo six-phase P6P induction motor has been developed
and tested as explained in detail in [15] by rewinding an off-

the-shelf 2Hp, 36-slot 4-pole three-phase induction machine.
Another existing 1.5Hp A6P machine is also used for the com-
parative study. The ratings of the prototype P6P and A6P

machines are given in Table 4 and the machine parameters
are listed in Table 5. A separately excited dc-generator is uti-
lized as a mechanical load. The control algorithm is executed

using a TMS320F28379D DSP board. The required six-

phase power inverter is constructed using two 20 A, 600 V
three-phase inverter modules (IRAMY20UP60B) connected
to a 300 V programmable dc supply. Current measurements

are done using six 8A current sensors (LEM). While, the speed
feedback is done through a hall-effect speed sensor. The full
experimental setup of is shown in Fig. 6.

7. Experimental results

In this section, the steady-state and dynamic behavior are

investigated for the proposed PCC of a P6P IM. A compara-
tive study between the P6P and A6P connections is also carried
out. Experiments on P6P machine were carried out at rated

torque of 10 N.m, reference direct current id = 3A, speed of

Fig. 7 Steady state current responses at low speed (500 RPM) (a) Applying V6 only, torque = 0.22pu. (b) Applying V7 only,

torque = 0.13pu. (c) Applying V6 and V7, torque = 1pu, (d) VVVs and torque = 1pu.
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500 RPM (low speed) and 1000 RPM (high speed), and a sam-
pling time of 50 ms. The A6P machine experiments were done

at the same conditions but with a reference direct current
id ¼ 2A: For the sake of comparison, all experimental results
are given in per unit values.

Based on the discussion made in section 5, the experimental
results of P6P show that applying VVs of only one level cannot
be sufficient to achieve balanced currents since the proper

phase shift between the two applied three-phase voltage sets
cannot be achieved. Fig. 7 (a), and (b) show that at a reference
speed of 500 rpm the phase shift between the two filtered phase
voltages va1 and va2 is either zero or 600 respectively by apply-

ing either level-6 or level-7 only. Fig. 7 (a), and (b) also exhibit
notable unbalance in phase currents, which yields high magni-

tude xy current components at fundamental frequency. As a
result, and for the same rated current, the output torque is sig-

nificantly derated to 0.24 pu and 0.15 pu when employing volt-
age vectors of levels 6 or 7, respectively.

Fig. 8 Steady state current responses of P6P and A6P under PCC with and without virtual vector concept at 1000 RPM (a) P6P b) P6P

with virtual VV c) A6P d) A6P with virtual VV .

Table 6 THD of P6P and A6P using Conventional PCC and

Virtual VV based.

Machine Conventional PCC Virtual VV based PCC

P6P 17.34% 12.83%

A6P 17.95% 15.15%

Predictive current control based pseudo six-phase induction motor drive 9



As expected, balanced operation can be achieved when
employing both VV groups, which is the case shown

in Fig. 7(c). In this latter case, the desired phase shift
of �26:16� between the two filtered phase voltages va1 and

va2 can simply be achieved. Moreover, the xy current compo-

nents don’t show a fundamental component, which also proves
the perfect phase current balancing under this case.

Significant enhancement of the phase current quality is

achieved when the 12 virtual VVs are employed, as shown in
Fig. 7(d), where the xy currents are significantly minimized.
Hence, employing the proposed PCC to the P6P allows for a

high-quality current waveform. This is simply because the xy
current minimization is achieved by applying the VV concept
in parallel with the high impedance of the secondary subspace

of this promising winding layout.
In order to verify that the P6P IM controlled using the pro-

posed PCC behaves similar to a conventional A6P IM, the two
prototype machines are compared in Fig. 8 under rated output

torque and reference speed of 1000 rpm. The comparison is
done for both conventional PCC and using the VVV concept.
Clearly, the current quality under both cases may be assumed

similar, nevertheless, improved for both machines when apply-
ing the VVV concept. The THD of each machine under both
techniques are listed in Table 6.

The dynamic response of the P6P machine under the PCC-
based VVV technique is carried out by investigating the effect
of step loading and step speed changes. The results are shown

in Figs. 9 and 10, respectively. In Fig. 9, the machine was ini-
tially driven at no-load at a speed of 500 rpm, then, rated load
torque is applied. On the other hand, the step speed response is
investigated by changing the reference speed from 250 rpm to

1000 rpm, as shown in Fig. 10.

8. Conclusion

This paper studied the application of PCC to a pseudo six-
phase (P6P) induction machine, which has been recently intro-
duced as a promising alternative to conventional A6P machi-

nes for high power medium voltage application. The effect of
the unusual VSD voltage transformation of this connection
on the inverter voltage mapping among different subspaces

has been investigated. The decomposition of the available volt-
age vectors resulted in seven non-zero VV levels in both sub-
spaces. Similar to literature, it was expected that the most

feasible VV sets are either the one with the largest voltage level
in the ab subspace in order to maximize the DC-link voltage
utilization, or those corresponding to the smallest voltage
levels in the xy subspace in order to diminish the circulating

xy current components. It has been shown that at least 12
VVs should be recruited to achieve a balanced current with
acceptable current quality similar to conventional an A6P

machine. The current quality can be further improved by
employing the concept of VVVs, which has also been analyzed.
The experimental investigation has confirmed the theoretical

findings and proven that the same A6P-based controllers can
directly be employed by the P6P machines.
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Fig.9 Loading response of P6P under virtual VV based PCC. (a)

Speed response. (b) Current response.

Fig. 10 Dynamic response under step speed from 250 rpm to

1000 rpm using virtual VV based PCC. (a) Speed response. (b)

Current response.
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Appendix. For the P6P stator, the average magnitude of the
synthesized virtual vectors can be estimated based on the val-
ues listed in Table 2 as follows.

VVV1j j þ VVV2j j
2

� Vdc ¼ 0:6035þ 0:5928

2
Vdc ¼ 0:598Vdc

ðA1Þ
While, the magnitudes of levels 6 and 7 are 0.6311 and

0.6614, respectively, from which the average magnitude of

the conventional PCC vectors can be estimated to be
0:646Vdc . Consequently, the reduction of DC voltage utiliza-
tion of a P6P under virtual VV approach can be calculated as

follows:

V6j j þ V7j j
2

� VVV1j j þ VVV2j j
2

V6j jþ V7j j
2

¼ 0:646� 0:598

0:646
� 100% ¼ 7:44%

ðA2Þ
For the case of A6P machine, the average magnitude of the

synthesized voltage vectors is calculated as in (A3) [25], while
the large vectors magnitude equals 0:644Vdc.

d1 � Large Vj j þ 1� d1ð Þ � MediumLarge Vj j
¼ 0:732� 0:644þ 1� 0:732ð Þ � 0:472 ¼ 0:5983Vdc ðA3Þ
Consequently, the reduction of DC voltage utilization of a

A6P can be calculated as follows:

Large Vj j � VVVj j
Large Vj j ¼ 0:644� 0:5983

0:644
� 100% ¼ 7:08% ðA4Þ
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