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ABSTRACT Asymmetrical six-phase (A6P) induction motor-based drives can be considered as a well-
established employed technology in high-power safety-critical industry sectors. Of the different control
techniques proposed for multiphase machines, model predictive control (MPC) has recently been favored
thanks to its simplicity, rapid dynamic response, and flexibility to define new control objectives. One of
the main operating challenges when employing MPC to A6P induction machine is the poor quality of
the phase current waveform due to the relatively low impedance of the secondary xy subspace. Although
different controller structures have been introduced in the available literature to mitigate this problem, most
of the available proposals, if not affecting the dc-link voltage utilization, will likely add to the control
complexity. From the stator winding layout perspective, this paper attempts to investigate the effect of
different winding configurations of six-phase stators with isolated neutral arrangements on the performance
of predictive current control (PCC). This study shows that the winding configuration affect the mapping of
the 64 available voltage vectors to the αβ and xy subspaces, the induced current ripples, and the required
weighting factor employed in PCC. The theoretical findings have experimentally been validated using a
1kW twelve-phase machine that can externally be reconnected to form any of the three available six-phase
winding configurations.

INDEX TERMS Six-phase, dual three-phase, asymmetrical, symmetrical, predictive current control, voltage
space decomposing.

I. INTRODUCTION
Multi-phase induction machines have long attracted
both industry and academia especially in high-power
safety-critical applications [1], [2]. That was motivated by
the simultaneous need for high performance drive sys-
tems along with stringent levels of reliability. The most
up-to-date research in this field is still showing a persistent
interest to highlight the various benefits of this promis-
ing technology in various industrial applications such as
automotive, aerospace, ship propulsion, and offshore wind
energy generation systems [2]. Consequently, recent litera-
ture has discussed several challenges such as control, machine
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design,[3], [4] parameter identifications [5], fault detection
and post-fault operation [6], [7] as well as some other inno-
vative applications [8], [9].

As a matter of fact, increasing the phase order not only
enhances the machine degrees of freedom and post-fault
reliability, but also reduces the per phase ratings, which
in turn alleviates the required power semiconductors rat-
ings [10]. However, the complexity and cost of the power
inverter will also dramatically increase, which practically
limits the available choices in many applications to certain
phase orders. On one hand, literature has extensively covered
machines with prime phase orders such as five and seven
phase machines [2], [11]. On the other hand, machines with
multiple three-phase winding have been practically dominat-
ing since the readily commercial three-phase off-the-shelf

VOLUME 9, 2021
This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/ 81125

https://orcid.org/0000-0003-1910-1242
https://orcid.org/0000-0001-5542-5960
https://orcid.org/0000-0001-5162-4954
https://orcid.org/0000-0002-7912-8140
https://orcid.org/0000-0002-3998-7194


A. Shawier et al.: Assessment of PCC of Six-Phase Induction Motor With Different Winding Configurations

power converters as well as available control techniques can
still be recruited [12]. In the same context, the standard
three-phase machines can simply be used to construct these
machines without technical constraints.

FIGURE 1. Different configurations of six-phase winding. (a) D3P. (b) A6P.
(c) S6P.

As a result, various configurations of six-phase induction
machine (SPIM) has been proposed in literature consisting
of two three-phase winding sets with an arbitrary spatial
phase shift angle between the two sets [13], [14]. Based
on the winding arrangement, six-phase machine could be
classified into dual three-phase (D3P), asymmetrical six-
phase (A6P), and symmetrical six-phase (S6P)machines with
a spatial phase angle between the two-winding sets of 0◦,
30◦, and 60◦, respectively, as shown in Fig. 1. Among these
available three options, it is fair to say that the A6P is the most
deployed configuration in most industrial applications [15].
Historically, this choice was motivated by the absence of
the fifth and seventh flux harmonics in the A6P stators,
which eliminates the sixth order torque ripple component.
Besides, A6P is the only six-phase winding layout with the
capability of torque density enhancement using third order
harmonic current injection [16]. However, it has been proven
that with an appropriate choice of the switching frequency,
the harmonic contents and, thus, the developed torque for the
three configurations may fairly be comparable [17], [18]. The
recent study introduced in [13] has compared the parame-
ters and performance of three equivalent six-phase machines
having same dimensions and copper volumes with the three
possible winding configurations (D3P, A6P, and S6P). This
has been carried out using a 12-phase machine with a double
layer winding and a 5/6 coil span. This recommended chorded
winding design is commonly employed in practical six-phase
stators. The terminals of the 12 phases are externally recon-
figured to form any of the three six-phase winding configu-
rations, as detailed in [13]. The study showed the following
interesting conclusions:
• The fundamental sequence circuit parameters are the
same for both D3P and S6P, while the A6P shows
a slightly higher leakage inductance, which slightly
affects the maximum machine pullout torque.

• The equivalent leakage inductance of the secondary sub-
space is much lower for the A6P than D3P and S6P
connections. That was basically the main reason behind
the experienced intolerable circulating xy currents when
A6P connection is used.

• The D3P corresponds to minimum zero sequence
impedance, which is highly favored to maximize the
dc-link utilization of the stator winding under post-fault
operation with connected neutrals.

• The D3P generally outperforms the three connections in
terms of efficiency and current quality.

Based on these conclusions, it was stimulating to extend
the effect of winding layout on the performance of recent con-
trollers that are highly dependent on the machine parameters,
which has not been conceived so far.

As far as the control of multiphase machine is concen-
tered, using voltage space decomposition (VSD) modeling
approach [19] has been recognized to facilitate the exten-
sion of the well-established control methods like field ori-
ented control (FOC) and direct torque control (DTC) for
multi-phase machines [20]. However, it is found to be more
complicated compared to standard three-phase controllers
due to the existence of the circulating currents of the sec-
ondary (xy) subspace. Thus, extra current control loops have
to be added in order to regulate these disrupting current com-
ponents and reduce stator harmonic current distortion [21].
Moreover, sophisticated modulation techniques should be
utilized as proposed in [22] for A6P and in [23], [24] for S6P
machines.

Recently, model predictive control (MPC) has successfully
proven itself as a promising alternative to classical controllers
for different power converters [25] due to its simplicity and
ease of handling nonlinearities and constrains. In particular,
finite control set MPC (FCS-MPC) is the most convenient
algorithm to undertake the discrete nature of power converter
while avoiding the modulation stage in other controllers.
These salient merits motivate the implementation of predic-
tive current control (PCC) in multi-phase machines in recent
studies [26]–[29]. Nevertheless, there are some well-known
problems associated with the implementation of FCS-MPC
such as the variable switching frequency, the weighting factor
design, and the computational burden [30]. Consequently,
many solutions have been proposed to overcome these chal-
lenges for FCS-MPC based multi-phase drives. In order to
reduce the computational burden, a reduced number of volt-
age vectors (VV) out of the admissible 64 VVs has been
used for the A6P configuration [29]. The optimization stage
of the PCC algorithm of six-phase machines should deal
with both the (αβ) and (xy) subspaces. Thus, an appropriate
weighting factor should carefully be design [31]. In [32],
a weighting factor elimination technique is proposed using
modified prediction model and cost function based on the
double dq modelling technique. A novel solution is also
presented in [33] based on the concept of virtual voltage
vectors (VVV). This method greatly minimizes the effect
of the circulating currents, while simplifying the design and
implementation of FCS-MPC. However, it results in a higher
switching frequency, while it reduces the DC link voltage
utilization. In [34], an FCS-MPCwith a lower complexity has
been introduced using a predefined lookup table to eliminate
the useless VVVs, which has, in turn, relatively reduced the
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computational burden. The problem of variable switching fre-
quency was also addressed in [35], where constant switching
frequency was achieved by utilizing a combination of zero
vectors and selected VVVs during each control sample.

The mitigation of the high circulating (xy) currents in
six-phase induction machines has also been dealt with in
the recent literature using some special winding configu-
rations [36], [37], which offer a high secondary subspace
inductance and can successfully suppress the effect of the
circulating current without complicating the control design.

Although most of the conducted research in MPC of
six-phase motors was mainly focusing on the A6P configura-
tion, a recent study introduced in [38] has investigated the
application of an integrated S6P motor in electric vehicles
using predictive torque control (PTC) for both charging and
propulsion modes of operation. To the best of the authors’
knowledge, application of FCS-MPC to D3P motors has
not been addressed so far. Moreover, most available propos-
als assume that ensuring zero xy voltage component of the
applied VV will guarantee zero current component, which
represents also a rather idealistic assumption. Experimental
investigations have proven that xy current components at
fundamental frequency or even order harmonics may take
place due to machine/inverter asymmetries, which has not
also been highlighted so far. This paper, therefore, aims to
investigate the effect of winding configuration of SPIM on
the performance of conventional PCC. The presented study
covers the effect of winding configuration on phase cur-
rent ripple, subspaces voltage vectors, dc-link utilization,
weighting factor effect, and dynamic response. In order to
achieve a fair comparison, same stator with the same cop-
per volume and dimensions has been used for all winding
configurations. The theoretical findings have experimentally
been validated using a 1 kW twelve-phase machine that can
externally be reconnected to form any of the three differ-
ent windings of SPIM [13]. The current study is limited to
healthy case with isolated neutrals arrangement, which is
the preferably employed neutral arrangement under healthy
conditions.

The mathematical VSD based model for a general SPIM is
first given in Section II. The VVs mapping among the αβ
and xy subspaces as well as the effect of winding/inverter
asymmetry on the induced circulating current components are

FIGURE 2. Equivalent circuits of SPIM. (a) αβ. (b) xy subspaces.

also explained in the same section. Based on the conclusions
made, Section III further discusses the implementation of
PCC using different winding configurations and their suitable
voltage vectors to suppress the circulating xy current compo-
nents due to either applied VVs and/or winding asymmetry.
The experimental results are then introduced in Section IV,
while the paper is concluded in Section V.

II. MACHINE AND INVERTER MODELING
This section discusses the modelling of six-phase machines
based on classical voltage space decomposition (VSD).
Although it has been shown in [13] that the winding layout
will affect the equivalent parameters of the sequence circuits,
the sequence circuits shown in Fig. 2 will be the same for
all winding configurations. This section also investigates the
inverter modelling under isolated neutrals arrangement (2N)
as well as the voltage vectors mapping among the αβ and
xy subspaces for the three available winding configurations.
Under 2N arrangement, the zero-sequence subspace is simply
discarded in all analysis [13].

A. MATHEMATICAL MODELLING OF SPIM
For isolated 2N six-phase winding with a general arbitrary
angle δ between the two winding sets, the Clarke’s transfor-
mation given by (1), as shown at the bottom of the page, can
be used to obtain two orthogonal subspaces (i.e. fundamental
αβ and secondary xy) based on the machine phase quantities
(i.e., voltage, current, and linkage flux) [15]. The angle δ
equals 0◦, 30◦, and 60◦ for the D3P, A6P, and S6P config-
urations, respectively.

While considering only the dominant harmonics for both
active subspaces, the voltage and flux linkage equations for
the (αβ) and (xy ) subspaces can be expressed in space phasor
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form as follows:

v̄αβs = Rs.īαβs + pλ̄αβs (2)

0 = Rr .īαβr + pλ̄αβr + jωr .λ̄αβr (3)

λ̄αβs = (Lαβls + L
αβ
m )īαβs + Lαβm .īαβr (4)

λ̄αβr = (Lαβlr + L
αβ
m )īαβr + Lαβm .īαβs (5)

v̄xys = Rs īxys + L
xy
ls pīxys (6)

It has been proven in [13] that the winding configuration
will highly affect the value of the sequence leakage induc-
tance of the secondary subspace, Lxyls , being minimum under
A6P configuration.

B. INVERTER MODELING
The phase voltages of a six-phase inverter with isolated neu-
trals can be represented in terms of inverter switching state
pattern as follows:

Va1
Vb1
Vc1
Va2
Vb2
Vc2

 =
1
3
VDC


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

 S
(7)

S = [S1 S2 S3 S4 S5 S6]T (8)

where, Sn ∈ {0, 1} is the switching state of leg n. At Sn = 1,
the upper switch of leg n is ON, while the lower switch will
be ON in case of Sn = 0.

Applying the VSD transformation defined by (1), the sub-
spaces voltages could be calculated using (9).

Vαβxy = TVSD.Va1→c2 (9)

The transformation given by (9) results in 64 different volt-
age vectors mapped into both αβ and xy subspaces simulta-
neously. The voltage vectors corresponding to zero subspaces
are not considered in a 2N arrangement six-phase machines
since the zero-subspace is nullified. The numbering of volt-
age vectors commonly corresponds to the decimal equivalent
value of the switching state, i.e., VV number 25 is realized by
applying the switching state S= 011001.Whereas, the vector
length represents the percentage dc-link utilization. Since the
VSD matrix depends on the arbitrary angle δ, it is expected
that each winding configuration will correspond to voltage
vectors with different magnitudes and angles.

For the D3P configuration (δ = 0◦), the 64 available
voltage vectors are mapped into αβ and xy subspaces, with
10 zero voltage vectors. According to vector magnitude,
the voltage vectors are categorized into Large, Medium,
Small, and Zero voltage vectors with corresponding magni-
tudes of 0.6667, 0.5774, 0.333, and zero, respectively, keep-
ing in mind that there is a redundancy in the small and
medium vector sets.

While, under the A6P configuration (δ = 30◦), the
64 switching states result in 49 distinct voltage vectors

in both αβ and xy subspaces, simultaneously, which are,
in turn, categorized into Large (L), Medium Large (ML),
Medium (M), Small (S), and Zero (Z) vectors, with corre-
sponding magnitudes of 0.644, 0.4714, 0.333, 0.1725 and
zero pu, respectively.

TABLE 1. Voltage vectors classification in αβ subspace.

TABLE 2. Voltage vectors mapping to different subspaces.

Under S6P configuration (δ = 60◦), the mapping of the
available 64 vectors will be the same as the D3P case in terms
of voltage vector magnitudes and the vectors numbers in each
level. However, the mapping to xy subspace totally differs
from the D3P case. Table 1 summarizes the classification
of the voltage vectors for each configuration based on their
magnitudes in the αβ subspace. While, Table 2 shows all
available VVs in both subspaces and how they are mapped to
different subspaces, which can be differentiated using the col-
ored numbers representing different VVs. It should be noted
that Table 2 only illustrates how the same VV can be mapped
with different magnitudes to different subspaces, keeping in
mind that the VVs orientation also might differ [32], [37].
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FIGURE 3. Open loop current response in αβ and xy subspaces. (a) D3P
(b) A6P. (c) S6P.

C. EFFECT OF MACHINE INVERTER ASYMMETRY ON THE
SEQUENCE CURRENT COMPONENTS UNDER
OPEN-LOOP CONTROL
One of the related points that should be highlighted in the
same context is the effect of inevitable machine/converter
asymmetries on the induced circulating xy current compo-
nents. Theoretically, the corresponding xy current compo-
nents should also be zero under sinusoidal stator excitation.
However, the experimental results show an increasing xy
current components at fundamental frequency and/or even
order harmonics as the spatial phase angle, δ, between the
two winding sets increases, being the worst under the S6P
case, as shown in Fig. 3. The obtained experimental results
prove that even though the reference xy sequence voltage
components of the inverter output are theoretically zero,
a notable xy current component can still be introduced due
to winding asymmetry. This problem has been commonly
solved in literature based on classical xy current control for
asymmetry compensation by controlling the reference xy cur-
rent component to zero [21]. However, in PCC, this problem
is solved by the proper selection of applied VVs as well as the
weighting factor design, as will be shown in the subsequent
sections.

III. PCC OF SIX-PHASE IM
Conceptually, model predictive control (MPC) predicts the
future values of the controlled variables based on system
model. A predefined cost function is then used to determine
the control commands that convene the control objectives
to minimize the deviation between the predicted and refer-
ence variables. In predictive current control (PCC), the cost
function is commonly defined as the squared error between
the reference and the predicted currents for a certain voltage
vector. The general block diagram of the PCC algorithm is
depicted in Fig. 4. This section investigates the implanta-
tion of PCC for the three different winding configurations.
In addition, it discusses the admissible voltage vectors and
the need for weighting factor design for different winding

configurations. PCC algorithm implementation comprises
three major stages, namely, estimation, sub-spaces currents
prediction, and cost function minimization, which are briefly
explained in the following subsections.

A. ESTIMATION
Since the rotor variables could hardly be measured, they can
simply be estimated either by lumping all non-measurable
quantities and using the last values of the measured states
to update this lumped value [26], or by using observers for
estimating these variables [39]. In this study, the former
method that incudes rotor dynamics is simply adopted with-
out losing the concept of generalization. From (2) and using
Euler discretization method, the stator flux can be estimated
as follows,

ψk+1
s = ψk

s + Ts(V
k
αβ−Rsi

k
αβ ) (10)

While using (5), the rotor flux is estimated from (11).

ψk
r =

Lr
Lm
ψ
k

s
+ iks−αβ

L2m − LrLs
Lm

(11)

where, Ts represents the sampling period.

B. PREDICTION STEP
The αβ subspace currents could be predicted from stator and
rotor equivalent dynamic equations by making use of the
estimation step given by (10), (11) and the measured stator
voltage and current as given by (12).

IK+1αβ =

(
1+

Ts
τσ

)
I kαβ +

Ts
τσ + Ts

1
Rσ

×

{(
kr
τr
− jkrω

)
ψk
r + V

k
αβ

}
(12)

where, Rσ = Rs + Rr .k2r , kr =
Lm
Lr
, τσ =

(
1− L2m

LsLr

)
.Ls

Rσ
, and

τr =
Lr
Rr
.

While, the xy current can be predicted by discretizing (6),
as given by (13).

IK+1xy =

(
1−

RsTs
Lxyls

)
IKxy +

Ts
Lxyls

(Vxy (i)) (13)

Based on (13), the prediction of the xy current components
will highly be affected by the leakage inductance, Lxyls , of this
subspace, which is highly dependent on the winding config-
uration, as proved in [13].

C. OPTIMIZATION STEP
Through this final step, the control algorithm searches among
the admissible VVs of each configuration, then, it selects the
one, which minimizes the cost function given by (14).

g(V k+1
s ) =

[(
i∗α − i

k+1
α

)2
+

(
i∗β − i

k+1
β

)2]
+ γ

[(
i∗x − i

k+1
x

)2
+

(
i∗y − i

k+1
y

)2]
(14)
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FIGURE 4. Block diagram of standard PCC of six-phase induction machine.

FIGURE 5. Voltage vectors mapping in both αβ subspace (upper figures), and xy subspace (lower figures) for different winding
configuration. (a) D3P. (b) A6P. (c) S6P.

The reference αβ currents are generated based on the flux
and torque requirements. Whereas, the reference xy currents
are set to zero under healthy conditions. The constant γ
represents the weighting factor, where its value decides the
relative priority of the xy current minimization compared
to the current reference tracking of the fundamental αβ
subspace. The optimal VV is, then, selected based on (15)
and applied to the six-phase inverter in the next control
sample.

V opt
s = arg min

{v0,...,vn}
g(V k+1

s ) (15)

where, {v0 to vn} are the feasible voltage vector set for each
winding configuration, as will be explained in details in the
following sub-section.

D. FEASIBLE VOLTAGE VECTORS
As mentioned previously, each winding configuration has
its own VSD matrix, which entirely depends on the spatial
phase angle between the two-winding sets. The conventional
method of evaluating all distinct VVs results in a relatively
high computational burden. By investigating these VVs, it is
possible to reduce the number of feasible VVs that will be
evaluated in each control cycle [26].

In case of D3P configuration, by referring to
Tables 1 and 2, the six large VVs correspond to zero VVs
in the xy plane, as shown in Fig. 5(a), which significantly
reduces the xy currents in cases they have only been used.
Thus, the term representing the effect of xy currents in the
PCC cost function has nothing to do with the selection of
the optimal voltage vectors. Therefore, this term can simply
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be omitted from (14). Hence, the control algorithm is much
simplified since the optimal vector is selected among only six
large vectors in addition to one zero vector at each sample.

In case of A6P, it can be observed that the large vectors
(L) in the αβ subspace corresponds to small vectors (S)
with minimum magnitude in the xy subspace, as illustrated
in Fig. 5(b). Therefore, in order to achieve the best DC-link
utilization with minimum xy harmonics, the large vector set
will be considered only in the PCC cost function for the A6P
in addition to one zero VV. This results in 13 VVs to be
evaluated during each sample time.

For the S6P configuration, the six large voltage vectors in
αβ subspace are projected as zero voltage vectors in the xy
subspace. From the first glance, large voltage vectors only
seem to be the optimal vector set to be evaluated during the
optimization stage of the PCC, which is the same as the D3P
case. This theoretical assumption, however, yields a notable
distortion due to machine/converter asymmetries, as proved
by the experimental validation given in section II.C. The
experimental results also showed a notable xy even order har-
monic current component in case of S6P when large voltages
are only recruited despite of their zero xy voltage magni-
tude, as will be shown later. One of the solutions proposed
herein to compensate for this circulating current component
is to extend the optimal voltage vector set with extra VVs
having nonzero xy voltage components. This can be carried
out by considering a set of medium voltage vectors with
the six large VV. Taking into account that medium voltage
vectors have redundant pairs in αβ subspace, the selected set
of the medium voltage vectors should fully span the whole
xy subspace. Therefore, any of the following two medium
VV groups can either be utilized: g1 = {9, 10, 18, 45, 54, 53}
or g2 = {43, 27, 30, 36, 33, 20}. Thus, a total of 13 VVs
(6 L, 6 M and one zero) are also considered for the S6P
configuration, as shown in Fig. 5(c). The PCC of S6P when
utilizing the large, six of the medium VVs (g1 or g2) plus
one zero VV will be denoted as enhanced S6P PCC in the
following sections.

Regarding the performance of S6P with large vectors only,
the theoretical analysis showed that despite the similarities
between S6P and D3P, including the medium vectors in the
S6P case, the number of active voltage vectors increases,
while the weighing factor will still be mandatory to minimize
the xy current components.

It is also notable that the D3P has the highest DC link
utilization among other configurations, as given by Table 1.
On the other hand, the S6P configuration will correspond to
the samllest dc-link utilization due to the presence of medium
vectors.

IV. EXPERIMENTAL WORK
A. HARDWARE DESCRIPTION
In order to investigate the behavior of various six-phase
winding configurations (A6P, S6P and D3P), the customized
12-phase stator winding machine introduced in [13] has also
been utilized in this study. By reconnecting multiple phases

TABLE 3. Prototype machine specifications.

TABLE 4. Prototype machine sequence parameters under different
connections.

of the 12-phase machine in a specific manner, the desired
six-phases winding arrangement can directly be obtained.
The details of the winding layouts and the connection dia-
gram for each configuration can be found in [13]. The ratings
of the resulting six-phase machine are listed in Table 3, which
are the same for all configurations. The machine equivalent
circuit parameters are also estimated based on the analysis
given in [13] and are summarized in Table 4 for the three
winding configurations. A separately excited dc-generator
is coupled to the SPIM acting as a mechanical load. The
employed six-phase power inverter is constructed using
two 600 V, 20 A IRAMY20UP60B three-phase inverter
modules and are connected to the same DC-link. The
DC-link is obtained using a 300 V programmable dc-supply.
A TMS320F28379D DSP board is used in the experimen-
tal setup. Six hall-effect (LEM) current sensors are used to
measure phase currents, and a hole effect speed sensor is
used for speed measurement. The whole experimental setup
is illustrated in Fig. 6.

FIGURE 6. Experimental six-phase setup.
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FIGURE 7. Measured current waveforms for PCC in per unit at 500 RPM. (a) D3P(6L+Z VVs). (b) A6P(12L+Z VVs) (c) Enhanced S6P (6L+6M+Z VVs).
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FIGURE 8. Measured current waveforms for PCC in per unit at 1000 RPM. (a) D3P(6L+Z VVs). (b) A6P(12L+Z VVs). (c) Enhanced S6P (6L+6M+Z VVs).
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FIGURE 9. Comparison between S6P current waveforms at 1000RPM using (a) S6P(6L+Z VVs) and (b) enhanced S6P (6L+6M+Z VVs).

In the following, various tests are carried out to assess
the effect of winding configuration of the SPIM using PCC
technique under both dynamic and steady state conditions.

All experiments have been carried out at rated torque,
d-current reference of 2A, sampling time of 50 µ sec, and
500 RPM reference speed.
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FIGURE 10. Measured speed and current dynamic response of different winding configuration. (a) Speed response for D3P, A6P, and
Enhanced S6P. Phase current response for (b) D3P, (c) A6P, and (d) Enhanced S6P.

FIGURE 11. Sudden loading phase current response of different winding configuration. a) D3P. b) A6P. c) Enhanced S6P.

Based on the analysis made in the previous section, best
dc-link utilization with less time consuming is achieved by
considering large vectors only for the D3P and A6P con-
figurations. Whereas, improving the current waveform of
S6P connection entails the inclusion of medium vectors in
the optimization problem. The weighting factor, γ , for each
configuration is obtained based on trial and error and is
given in Table 4. As previously mentioned, the operation
of D3P does not entail a weighting factor since neither
the applied large vector nor possible machine asymmetries
result in notable xy current components, as indicated by the

open loop response and as will be shown in the following
results.

B. STEADY STATE OPERATION
Figs. 7 and 8 compare the steady-state phase currents
corresponding to the three configurations at low speed
(500 RPM) and high speed (1000 RPM) values, respectively.
Figs. 8(a) and 9(a) show that the D3P phase current has small
current ripples andminimum xy current components. This is a
result of evaluating the large vectors only, which are mapped
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into zero vectors in the xy subspace as well as the relatively
high inductance of the xy subspace of this configuration [13].
However, it is worth mentioning that the employed SPIM has
a notable high frequency current component in the phase cur-
rent and is mapped to the αβ subspace due to slot harmonics
under D3P, as clear from the FFT plots given in Figs. 7 and 8.
This phenomenon has been highlighted in [13] and can sim-
ply be avoided by the proper selection of the stator slot/rotor
bar combination in the machine design phase.

Figs. 7(b) and 8(b) show that the A6P phase currents under
the same two speeds, respectively, experience significant high
current ripple due to its relatively small inductance of the sec-
ondary subspace, as listed in Table 4. In addition, the selected
VVs in the case of A6P are mapped as small vectors in xy
subspace, but not zeros as the case of D3P.

Figs. 7(c) and 8(c) illustrate the SP6 case under the pro-
posed PCC for this connection, which corresponds to the best
current tracking and best total harmonic distortion (THD).
To focus on the effect of voltage vector selection on this
specific connection, Fig. 9 compares two cases while the
speed reference is set to 1000 rpm. Fig. 9(a) shows the S6P
phase currents when large vectors are only employed. Clearly,
this non optimal case results in highly distorted asymmetric
phase current waveforms, which yields a significant circu-
lating xy even order harmonic current component due to this
notable asymmetry in the phase current. On the other hand,
the current waveform for the same connection is significantly
improved in Fig. 9(b) by introducing the suitable six medium
VVs into PCC in order to produce a small xy voltage compo-
nent to compensate for these secondary current components.

C. DYNAMIC RESPONSE
To compare the dynamic response of different winding
configurations, a step speed response from 250 RPM to
1000 RPM is performed and the experimental results for the
three cases are shown in Fig. 10. Also, the phase current
responses of the three configurations under step loading with
rated load torque are shown in Fig. 11. Clearly, the winding
configuration has almost no effect on the dynamic response
of the SPIM which mainly depends on the fundamental αβ
currents. It has been concluded in [13] that the effect of
winding configuration on the torque production among the
three connections is minimal. This may also be concluded
from the αβ current magnitudes under the same load torque
given in Figs. 7 and 8. Albeit, there is a little bit difference
in case of the enhanced PCC for S6P case since the dc-link
utilization is slightly reduced as a result of including medium
voltages.

V. CONCLUSION
This paper investigated the performance of PCC applied to
SPIM with different winding configurations, namely, D3P,
A6P, and S6P. The relevant literature improved the perfor-
mance of SPIM based MPC by employing more complex,
and time-consuming control techniques. This paper, however,

showed that employing a proper winding configuration may
be a simple and a more efficient option to improve the per-
formance of conventional PCC while greatly simplifying the
VV selection as well as the control computational burden.
It has been shown that each winding configuration results
in different voltage vector sets mapped to both αβ and xy
with different amplitudes. Considering only large vectors,
the experiments showed that the behavior of the αβ subspace
may be assumed the same for all configurations. However,
the xy current component differed greatly among the three
cases. PCC of A6P results in a relatively poor current wave-
form, which adds no new conclusions over the available
literature. The most salient conclusion of this study is the
effect of winding configuration on the induced xy current
components due to winding asymmetry. It has been con-
cluded that the effect of winding asymmetry pronouncesmore
as the spatial phase angle between the two three-phase sets
increases, being the worst under S6P configuration. Although
the voltage vector mapping for the D3P and S6P looks pretty
the same, the latter connection showed a notable asymmetry
in the phase current waveform and a significant xy current
component. This problem has simply been compensated for
by including the medium vectors in the PCC optimization
process of the S6P connection at the cost of a reduced dc-link
utilization. However, it yields the best current tracking and
THD in the phase current among the three connections.
On the other hand, the study showed that the D3P corresponds
to an improved current waveform over A6P connection, min-
imum number of voltage vector, elimination of weighting
factor, and minimum computational burden.
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