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ABSTRACT Electric propulsion based on six-phase machines in marine propulsion and automotive traction 
applications are undergoing rapid development due to its high capacity, fault tolerance, reduced size, and 
reduced torque pulsations. Among different control techniques of six-phase machines, direct controllers, such 
as finite control  set model predictive control (FCS-MPC), have extensively been studied in recent literature. 
One of the main problems of this controller type is the relatively poor current quality due to circulating xy 
current components.  This problem has been tackled in literature through enhanced control techniques and/or 
winding design. Following both approaches, this paper extends a previous study to deeply investigate the 
effect of winding design on the performance of the model predictive control applied to a six-phase induction 
machine (SPIM). Three six-phase winding layouts have been compared, namely, dual-three phase (D3P), 
asymmetrical (A6P) and symmetrical (S6P) configurations. The main objective of this study is to investigate 
the effect of winding chording when standard three-phase stator frames are employed on the current quality 
of different winding configurations under classical predictive current control (PCC). A 1.5Hp prototype 
system has been used for this experimental comparative study.  

INDEX TERMS Six-phase, PCC, MPC, induction machine, D3P, A6P, S6P, marine, Electric ships 

I. INTRODUCTION 
  Transportation electrification is expected to prevail in 
different automotive and marine propulsion applications, 
which will fundamentally reshape the world energy outlook.  
The common trend of electrification has gained a high 
reputation in marine ships industry thanks to the rapid 
development in the electrical drives side by side with the 
battery industry. Besides being environmentally friendly, 
electrical ships propulsion system is also more efficient and 
more controllable than the conventional diesel engine-based 
propulsion systems[1]  

Recently, the use of high-power multiphase machines in the 
electric vessels  was motivated by the various advantages of 
multiphase machines that perfectly satisfy the stringent 

standards of marine applications [2]. Reduced per phase 
rating, lower torque pulsations, post-fault capability, and 
increased degrees of freedom are among the main silent and 
concurrent features [3-5]. Recent literature showed that the 
preferred structures of multiphase drive systems in marine 
applications are those based on multiples of three-phase 
winding, such as six-phase-based drive systems [2, 5-7]. Thus, 
the drive system designers can simply exploit the off-the-shelf 
three-phase power converters and the well-established control 
techniques of the three phase-based drive systems. Moreover, 
six-phase induction machine (SPIM) offers less complexity, 
cost-effective, and more reliable solution compared to other 
multiphase machines. Fortunately, the SPIM can easily be 

This article has been accepted for publication in IEEE Access. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2022.3194893

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



 

VOLUME XX, 2022 9 

constructed using the same standard three-phase stator frames 
with theoretically no-practical constraints [8],[9].  

Various configurations of six-phase induction machine 
(SPIM) has been introduced in the available literature [6], 
[10]. These configurations are distinguished by the arbitrary 
angle (𝛿𝛿) between the three-phase sets, as shown in Fig. 1, 
which, in turn, classifies the six-phase machine into dual three-
phase (D3P), asymmetrical six-phase (A6P), and symmetrical 
six-phase (S6P) machines with a spatial phase angle (𝛿𝛿)equlas 
00, 300, and 600, respectively. The A6P have been favored in 
most of industrial application, especially in marine propulsion 
applications [2, 11, 12]. Nevertheless, other six-phase 
configurations have also shown potentials in the recent 
literature [13-15]. A comparative study between these 
different configurations has been introduced in [6], which 
investigated the air gap flux distribution and the effect of 
winding configuration on the equivalent machine parameters. 
Moreover, the performance of each configuration under model 
predictive control has been studied in [13-15]. Also, a unified 
analysis has been done to investigate the fault tolerance 
capability of different configurations under several fault 
scenarios [10].   Ref. [16] has presented the effect of the neutral 
point arrangement on the inverter modeling based on double 
dq modelling approach. Also, the steady-state and postfault 
performances are investigated in terms of control flexibility 
and dc link voltage utilization. 

One of the silent characteristics of SPIM is the poor quality 
of phase current waveform due to circulating 𝑥𝑥𝑥𝑥 current 
components, which is even more problematic under direct 
controllers, such as model predictive control (MPC) [14, 17]. 
The available literature has proposed two approaches to tackle 
this problem: enhanced machine design-based and enhanced 
control-based approaches. In the former approach, different 
machine winding layouts have been proposed to increase the 
machine impedance of the secondary subspace, which 
significantly suppresses these disrupting circulating current 
component [18-22]. While in the latter approach, advanced 
control techniques have been introduced that carefully 
regulate the secondary subspaces currents to enhance the 
SPIM performance [4, 7].  

In the recent state-of-the-art, the finite-set MPC represents 
one of the commonly suggested techniques for high 
performance dynamic control of induction machines due to its 
simplicity, ease of implementation with non-linear constraints, 
lower switching frequency and the unnecessary modulation 
stage [23]. The implementation of the finite set predictive 
current control (PCC) and finite set predictive torque control 
(PTC) techniques to multiphase machine drives has been 
extensively addressed in several recent studies  [22, 24-27]. 
These techniques utilize a cost function to select the optimal 
vector that minimizes the error between the predicted and the 
reference values using a preadjusted and normalized 
weighting factors. This way, the current waveforms can 
notably be improved. In the same context, a remarkable effort 
has been done to overcome the MPC challenges, such as 

variable switching frequency, weighting factor design, and 
current waveform quality [25, 28] [29] . The concept of virtual 
vector has widely been employed as a possible and promising 
technique to concurrently improve the waveform quality and 
eliminate the weighting factors [24, 26, 27, 30, 31]. Ref. [32] 
combines 26 voltage vectors in order to generate 24 auxiliary 
voltage vectors. Then, four virtual voltage vectors are 
obtained, and the two lowest-cost vectors are selected by the 
cost function. The recombination of the vectors allows for a 
better tracking and current prediction. Moreover, ref. [31] 
employed the concept of the virtual vector in the postfault 
operation of an asymmetrical Six-Phase Permanent Magnet 
Synchronous Hub Motor (SP-PMHSM) by providing an 
accurate predication model of the PCC controller. Their idea 
is to  add the voltage disturbance term to the predicted voltage 
vector in order to compensate the effect of the faulty phase’s 
voltage in this vector.  

One of the main parameters that directly affect the 
impedance of the secondary 𝑥𝑥𝑥𝑥 subspace is the winding 
design, such as winding chording. This represents a confusing 
point among many available studies that investigate the effect 
of a certain controller technique on the current quality. This 
confusion arises due to the fact that these studies have 
employed different winding designs.  In this context, and to 
the best of the authors’ knowledge, literature has not clearly 
explored the effect of winding design chording) on the 
performance of classical PCC-based of an SPIM. In an earlier 
study by the same authors [14], the three six-phase 
configurations have been compared under PCC when a 5/6 
chorded stator winding is employed. This study showed that 
the D3P corresponds to an improved current waveform over 
A6P connection, minimum number of voltage vector, 
elimination of weighting factor, and minimum computational 
burden. This paper, therefore, further investigates the same 
comparison for the same winding configurations when 
unchorded winding design is adopted. The effect of winding 
chording of each configuration on the magnetomotive force 
(MMF) spectra of different subspaces, and hence, the 
parameters of these subspaces, is used to deeply understand 
the effect of winding design on the current quality under 
classical PCC, which represents the main contribution of this 
study. Moreover, this paper suggests a simple solution to 
enhance the phase current quality of different configuration 
under the classical PCC without increasing the control 
complexity. 

The paper is organized as follows. Section II introduces the 
general mathematical model of an SPIM, the vector space 
decomposition (VSD) of a six-phase system, and the 
corresponding voltage vectors mapping of each configuration 
in both 𝛼𝛼𝛼𝛼 and 𝑥𝑥𝑥𝑥 subspaces. Then, Section III presents the 
MMF harmonic spectra of the fundamental and the secondary 
subspaces, upon which, the effect of chording on secondary 
subspace impedance can be explained. The structure of the 
proposed PCC technique that achieves the main objectives 
while respecting the imposed constraints is then introduced in 
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section IV. The experimental validation using two 
configurable twelve-phase machines is introduced in section 
V. Finally, main conclusions are given section VI. 

δ 
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Figure 1.  General layout of six-phase winding configurations with 
general arbitrary angle (𝜹𝜹). 
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Figure 2. Equivalent circuits of SPIM. (a) 𝜶𝜶𝜶𝜶. (b) 𝒙𝒙𝒙𝒙 subspaces. 
   

 
II. MATHEMTICAL MODELLING OF THE SPIM AND 
THE TWO-LEVEL SIX-LEG INVERTER. 

This section introduces the SPIM modelling based on the 
vector space decomposing (VSD) approach. The equivalent 
circuits of different subspaces, given in Fig. 2, are the same for 
all of the three configurations regardless the change in 
parameters due to winding layout [6]. This section also 
introduces the two-level six-phase inverter modeling and the 
voltage vectors (VVs) mapping in each subspace. 

A. SPIM MATHEMATICAL MODELLING  
Generally, the SPIM has three main subspaces, namely, 

fundamental (𝛼𝛼𝛼𝛼), the secondary (𝑥𝑥𝑥𝑥) and the zero (0+0−) 

subsapces. Using the general transformation matrix (1) of an 
SPIM with an arbitrary angle (𝛿𝛿) between phase 𝑎𝑎1 and phase 
𝑎𝑎2, the subspaces quantities could be obtained from the phase 
values [33], where 𝛿𝛿 equals 00, 300, and 600 for the D3P, 
A6P, and S6P winding configurations, respectively. 

For an SPIM with isolated neutrals arrangement, the zero 
sequence currents are zero [6]. Therefore, the following 
unified modeling are done for both 𝛼𝛼𝛼𝛼 and 𝑥𝑥𝑥𝑥 subspaces only. 
The relevant voltage and linkage flux equation of each 
subspace are expressed in the phasor form as follows. 
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It has been proven in [6] that the sequence leakage 
inductance of the secondary subspace, 𝐿𝐿𝑙𝑙𝛼𝛼

𝑥𝑥𝑥𝑥 will highly be 
affected by changing  the winding layout, which significantly 
affects the machine current quality. Moreover, using the 
same technique given in [6], it has been found that for the 
chorded winding layout, the A6P has the smallest 𝐿𝐿𝑙𝑙𝛼𝛼

𝑥𝑥𝑥𝑥 value 
compared to other two configurations. In contrary, the 
unchorded winding layout of the A6P machine offers the 
largest 𝐿𝐿𝑙𝑙𝛼𝛼

𝑥𝑥𝑥𝑥 value as will be shown later. 
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Figure 3.  Voltage vectors mapping in 𝜶𝜶𝜶𝜶 (upper figures), and 𝒙𝒙𝒙𝒙 (lower figures) subspaces for (a) D3P, (b) A6P, and (c) S6P winding configurations.  

B. TWO LEVEL SIX-PHASE INVERTER MODELLING  
A two level six-leg inverter is used to drive both machines 

(chorded/unchorded) using the PCC technique. For the 2N 
arrangement, the phase voltages quantity can be expressed by 
the summation of the leg output voltages, which can be, in 
turn, represented in terms of the switching state as follows. 

⎣
⎢
⎢
⎢
⎢
⎡
𝑉𝑉𝑎𝑎1
𝑉𝑉𝑏𝑏1
𝑉𝑉𝑐𝑐1
𝑉𝑉𝑎𝑎2
𝑉𝑉𝑏𝑏2
𝑉𝑉𝑐𝑐2⎦

⎥
⎥
⎥
⎥
⎤

=
1
3 𝑉𝑉𝐷𝐷𝐷𝐷

⎣
⎢
⎢
⎢
⎢
⎡

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 ⎦

⎥
⎥
⎥
⎥
⎤

⎣
⎢
⎢
⎢
⎢
⎢
⎡
 𝑆𝑆𝑎𝑎1
𝑆𝑆𝑏𝑏1
𝑆𝑆𝑐𝑐1
𝑆𝑆𝑎𝑎2
𝑆𝑆𝑏𝑏2
𝑆𝑆𝑐𝑐2 ⎦

⎥
⎥
⎥
⎥
⎥
⎤

 (7) 

where, 𝑆𝑆𝐽𝐽  ∈ {0,1} is the switching state of leg 𝐽𝐽.  
Applying the SPIM transformation defined by (1), the 

subspaces voltages could be obtained at any switching state 
using (8). 

𝑉𝑉𝛼𝛼𝛼𝛼𝑥𝑥𝑥𝑥 = 𝑇𝑇𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆.𝑉𝑉𝑎𝑎1→𝑐𝑐2 (8) 
 

Generally, six-phase inverter has 64 different switching 
states that could be represented using the binary representation 
from state (0) to state (63), e.g., state (49) are represented by 
110100 corresponding to legs 𝑆𝑆𝑎𝑎1𝑆𝑆𝑏𝑏1𝑆𝑆𝑐𝑐1𝑆𝑆𝑎𝑎2𝑆𝑆𝑏𝑏2𝑆𝑆𝑐𝑐3. The 
application of (1) to (7) and (8) results in 64 different VVs for 
each subspace. Needless to say, these 64 voltage vectors are 
different in magnitude and direction based on the arbitrary 
angle (𝛿𝛿) of the employed winding layout. Fig. 3 shows the 
mapping of the 64 voltage vectors in 𝛼𝛼𝛼𝛼 and 𝑥𝑥𝑥𝑥 subspaces for 
the three configurations. For a 2N arrangement, the zero 
subspace vectors can be discarded since there is no pass for the 
zero-sequence current.  For all configurations, the 64 voltage 
vectors could be classified into five levels based on their 
magnitude, namely, large (L), medium-large (ML), medium 
(M), small (S), and zero (Z) vectors. It is remarkable that the 
ML level only exists under A6P configuration, while D3P and 
S6P have no vectors with a ML level, as clear from Fig. 3.  

III. MMF SPECTRA OF DIFFERENT CONFIGURATIONS 
UNDER CHORDING/UN-CHORDING WINDING LAYOUT. 

Chording in three-phase AC winding is commonly 
employed to achieve better flux distribution with minimum 

low-order harmonics, which minimizes torque ripple but at the 
cost of average torque production. Since increasing the 
number of phases inherently improves the flux distribution, 
employing chorded coils may be questionable. In 
asymmetrical six-phase induction machines, it has been 
proved that while chorded winding corresponds to less 
equivalent leakage reactance of the fundamental subspace, 
hence, higher maximum torque, the effect of the circulating xy 
secondary current components will be even much worse [34]. 
This section discusses the effect of the winding chording on 
the machine parameters as well as the MMF spectra under 
fundamental and secondary excitations. It also presents a 
detailed comparison between the MMF spectra of both 
chorded and the unchorded windings of the three available 
configurations. Similar to [6],  two 24 slot, four pole, 12 phase 
machines with same dimensions have been used to obtain any 
of the three configurations by simply reconnecting the 
terminals of the 12 stator phases. The first machine has 5/6 
chorded coils, while the second one has fully pitched stator 
winding.  

Fig. 4 shows the MMF spectra of both unchorded and 
chorded machines under the fundamental 𝛼𝛼𝛼𝛼 excitation. It 
shows that unchorded D3P and S6P stators correspond to 
notable 5th and 7th low order harmonics, which are minimized 
by chording the stator winding by one slot. Therefore, it is 
expected that the six-order torque ripple component of the 
D3P and S6P will be reduced by chording. In contrary, 
chording does not affect the harmonic spectrum of an A6P 
stator. For all configurations, chording reduces the torque 
producing fundamental component.  

Under 𝑥𝑥𝑥𝑥 excitation, the MMF spectra of the three 
configurations are shown in Fig. 5. Chording in both D3P and 
S6P stators gives rise to even harmonic components indicating 
asymmetrical flux distribution under this excitation profile. 
However, the existence of these even harmonic flux 
components increases the equivalent inductance of the 
secondary 𝑥𝑥𝑥𝑥 subspace, which, in turn, improves the phase 
current. On the other hand, the fully pitched winding of either 
D3P or S6P configurations shows a zero magnetizing flux 
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component under 𝑥𝑥𝑥𝑥 excitation. Hence, very small 𝑥𝑥𝑥𝑥 leakage 
inductance is expected, and a higher current ripple will 
eventually appear in the phase current. Considering the effect 
of chording on A6P machine, Fig. 5 shows a remarkable 
reduction in the 5th and 7th low order harmonics, hence, it is 
expected that an A6P with chorded winding has a smaller 𝑥𝑥𝑥𝑥 
leakage inductance and a higher current ripple. 

IV. PREDICTIVE CURRENT CONTROL 
Recently, Model predictive control gained high reputation in 

the field of multiphase drive systems and, of course, it is 
considered as one of the model-based controllers that entail an 
accurate system model to achieve a better performance and 
stability. Conventional PCC of six-phase machine is known to 
experience a poor current quality due to circulating xy current 
components. Although several techniques have been proposed 
in the available literature, conventional PCC will be employed 
in this study to explicitly depict the effect of winding design 
on the machine phase current quality for the three known 
configurations of the six-phase machine, namely, D3P, A6P, 
and S6P. This section briefly discusses the PCC structure as 
well as the feasible vectors subset of each winding 
configuration. Fig. 6 shows the full block diagram of the 
system with the PCC controller that comprises the following 
steps: 
• Obtaining the optimal vector subset 
• Obtaining the reference sequence currents.  
• Estimating the un-measured variables 
• Sequence current prediction.  
• Cost function calculation.  

A. Feasible Voltage Vectors  
Being a six-phase system, each winding configuration (D3P, 

A6P, and S6P) has its own 64 voltage vectors in the 𝛼𝛼𝛼𝛼 
subspace. As clear from Fig. 3, these vectors are mapped to 
the 𝑥𝑥𝑥𝑥 subspace with different magnitudes and directions. In 
order to reduce the computational burden, an optimal subset 
of these vectors should be selected [23]. The main concern of 
selecting these vectors is their magnitudes in both subspaces, 
such that vectors with large magnitudes in the 𝛼𝛼𝛼𝛼 subspace 
will achieve maximum DC-link utilization, while their 
magnitudes in 𝑥𝑥𝑥𝑥 subspace determine the quality of the phase 
current.  

Referring to Fig. 3, the optimal vectors of D3P are the large 
vectors subset as they have the largest magnitude in the 𝛼𝛼𝛼𝛼 
subspace and correspond to zero magnitude vectors in the 
𝑥𝑥𝑥𝑥 subspace. Therefore, the computational burden is 
optimized for this winding layout.  
For the S6P configuration, although large vectors has the 
largest DC-link utilization and are mapped as zero vector 
magnitude in the 𝑥𝑥𝑥𝑥 subspace, similar to D3P, it has been 
proved in [6, 14] that winding asymmetry, which increases by 
increasing the arbitrary angle between the two-winding set, 
will give rise to a circulating 𝑥𝑥𝑥𝑥  current flow and distort the 
phase current quality. Nevertheless, increasing the controller 

sampling time will be enough to alleviate this problem, as will 
be declared later. 

For the A6P configuration, the optimal set of vectors is also 
the large vectors subset.  In the contrary to other two 
configurations, large 𝛼𝛼𝛼𝛼 vectors are mapped as small 
𝑥𝑥𝑥𝑥 vectors which in turn affect the phase current quality in 
case the inductance of this subspace, 𝐿𝐿𝑥𝑥𝑥𝑥 , is small, which is 
the case for chorded winding stators.  Therefore, a suitable 
weighting factor should be selected in the cost function to 
reduce the circulating 𝑥𝑥𝑥𝑥 current.  

 
 

(a) 

 
(b) 

Figure 4. MMF harmonic spectra for different SPIM connections under 
       𝜶𝜶𝜶𝜶 excitation. (a) Unchorded winding. (b) Chorded winding. 

 
(a) 

 
(b) 

Figure 5. MMF harmonic spectra for different SPIM connections 
under 𝒙𝒙𝒙𝒙 excitation. (a) Unchorded winding. (b) Chorded winding. 
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Figure 6.   Overall system block diagram. 

B. PCC ALGORITHM STRUCTURE  
Refereeing to Fig. 6, the PCC algorithm has three main 

stages, namely, estimation, prediction, and evaluation. In the 
estimation stage, the non-measured rotor and stator variables 
are obtained using forward Euler discretization, the stator and 
rotor fluxes can be estimated from (9) and (10), respectively, 
as follows,  

𝜑𝜑𝛼𝛼𝑘𝑘+1 = 𝜑𝜑𝛼𝛼𝑘𝑘 + 𝑇𝑇𝛼𝛼� 𝑉𝑉𝛼𝛼𝛼𝛼𝑘𝑘 − R𝛼𝛼𝑖𝑖𝛼𝛼𝛼𝛼𝑘𝑘 � (9) 
𝜑𝜑𝑟𝑟𝑘𝑘+1 = 𝐴𝐴.𝜑𝜑𝛼𝛼𝑘𝑘+1 + 𝐵𝐵. 𝑖𝑖𝛼𝛼𝛼𝛼𝑘𝑘   (10) 

where 𝑇𝑇𝛼𝛼 is the sampling time of the PCC algorithm, 

 𝐴𝐴 = 𝐿𝐿𝑟𝑟
𝐿𝐿𝑚𝑚

,  𝐵𝐵 = 𝐿𝐿𝑚𝑚2 −𝐿𝐿𝑟𝑟𝐿𝐿𝑠𝑠
𝐿𝐿𝑚𝑚

, and 𝑅𝑅𝛼𝛼 is the stator resistance. 

The one step ahead 𝛼𝛼𝛼𝛼 currents are then predicted based on 
the estimated rotor flux from (10) as given by (11). 

 

𝑆𝑆𝛼𝛼𝛼𝛼𝑘𝑘+1 = �1 +
𝑇𝑇𝛼𝛼
𝜏𝜏σ
� 𝑆𝑆𝛼𝛼𝛼𝛼𝑘𝑘

+ 
ε
𝑅𝑅σ

��
𝑘𝑘𝑟𝑟
𝜏𝜏𝑟𝑟
− 𝑗𝑗𝑗𝑗𝑟𝑟𝜔𝜔�𝜑𝜑𝑟𝑟𝑘𝑘+1 + 𝑉𝑉𝛼𝛼𝛼𝛼𝑘𝑘+1� 

(11) 

Where  𝑅𝑅σ = 𝑅𝑅𝛼𝛼 + 𝑅𝑅𝑟𝑟𝑗𝑗𝑟𝑟2 ,   𝑗𝑗𝑟𝑟 = 𝐿𝐿𝑚𝑚
𝐿𝐿𝑟𝑟

,    𝜏𝜏σ = (𝐿𝐿𝑠𝑠−𝐿𝐿𝑚𝑚𝐷𝐷𝑟𝑟)
𝑅𝑅σ

,  𝜀𝜀 =
𝑇𝑇𝑠𝑠

𝜏𝜏σ+𝑇𝑇𝑠𝑠
 ,  and 𝜏𝜏𝑟𝑟 = 𝐿𝐿𝑟𝑟

𝑅𝑅𝑟𝑟
 .  

Taking into account the computational delay caused by the 
controller, the two step-ahead prediction is done using (12).   
𝑆𝑆𝛼𝛼𝛼𝛼𝑘𝑘+2 = �1 + 𝑇𝑇𝑠𝑠

𝜏𝜏𝜎𝜎
� 𝑆𝑆𝛼𝛼𝛼𝛼𝑘𝑘+1 +

 𝑇𝑇𝑠𝑠
𝜏𝜏𝜎𝜎+𝑇𝑇𝑠𝑠

1
𝑅𝑅𝜎𝜎

 �
.

�𝑘𝑘𝑟𝑟
𝜏𝜏𝑟𝑟
− 𝑗𝑗𝑘𝑘𝑟𝑟𝜔𝜔�𝜑𝜑𝑟𝑟𝑘𝑘+2 + 𝑉𝑉𝛼𝛼𝛼𝛼𝑘𝑘+2� 

(12) 

While the 𝑥𝑥𝑥𝑥 current prediction can be done in a similar 
manner to the  𝛼𝛼𝛼𝛼 current predication as given by (13). 

𝑆𝑆𝑥𝑥𝑥𝑥𝑘𝑘+2 = �1 −
𝑅𝑅𝛼𝛼𝑇𝑇𝛼𝛼
𝐿𝐿𝑙𝑙𝛼𝛼
𝑥𝑥𝑥𝑥 � 𝑆𝑆𝑥𝑥𝑥𝑥𝑘𝑘+1 + 

𝑇𝑇𝛼𝛼
𝐿𝐿𝑙𝑙𝛼𝛼
𝑥𝑥𝑥𝑥 𝑉𝑉𝑥𝑥𝑥𝑥𝑘𝑘+2 (13) 

As mentioned previously, the leakage inductance  𝐿𝐿𝑥𝑥𝑥𝑥 
mainly depends on the winding design. Hence, the prediction 
of the 𝑥𝑥𝑥𝑥 current will highly be affected by the winding layout 

(chorded/unchorded) as well as the winding configuration 
(D3P, A6P or S6P).  

Finally, the optimization step optimally decides the best 
voltage vector using (14), from the predetermined feasible 
vectors subset that minimizes the cost function. 
𝑔𝑔(𝑉𝑉𝛼𝛼𝑘𝑘+2) = ��𝑖𝑖𝛼𝛼∗ − 𝑖𝑖𝛼𝛼𝑘𝑘+2�

2
+ �𝑖𝑖𝛼𝛼∗ − 𝑖𝑖𝛼𝛼𝑘𝑘+2�

2
� + 

  𝛾𝛾 ��𝑖𝑖𝑥𝑥𝑘𝑘+2�
2

+ �𝑖𝑖𝑥𝑥𝑘𝑘+2�
2
� 

(14) 

where 𝛾𝛾 is the 𝑥𝑥𝑥𝑥 subspace current weighting factor, 𝑖𝑖𝛼𝛼𝛼𝛼∗  are 
the 𝛼𝛼𝛼𝛼 reference values, which are obtained from the 
reference torque and flux values, and 𝑖𝑖𝑥𝑥𝑥𝑥∗  are the 𝑥𝑥𝑥𝑥 reference 
values that are set to zero. 

It is worth mentioning that for higher sampling frequency, 
the future value of the reference current approximately equals 
the present value [35]. This will highly improve the current 
quality while simplifying the controller algorithm. 

V. EXPERIMENTAL RESULTS 

A. SPIM SETUP DESCRIPTION 
Two customized twelve phase machines are constructed 

using two identical 24-slot, 4-pole, off-the-shelf three-phase 
induction motors [6]. One of them is equipped with fully 
pithed winding while the stator winding of the second motor 
is chorded by one slot (5

6
 coil span). Each machine can be 

externally connected to form any of the possible SPIM 
configurations (D3P, A6P, or S6P). The two machines have 
the same ratings, which are given in Table I. The parameters 
of each configuration for both machines have been determined 
in a similar manner to the technique proposed in [6], and are 
given in Table II. Two-level six-leg inverter is used to drive 
the SPIM and is fed from a 300V programable DC supply. A 
coupled DC generator acts as a variable electrical load. The 
PCC was employed using a dSPACE MicroLabBox-1202 as 
the main controller with 40 kHz sampling frequency. LEM 
hall effect sensors are used for the current feedback and an 
Omron Rotary Encoder E6B2-CWZ1X  is used for the speed 
feedback. The whole experimental setup is shown in Fig. 7. 
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B. STEADY STATE PERFORMANCE   
In order to assess the winding chording effect, the 

performance of the two SPIMs under the PCC technique for 
all configurations is obtained at steady state conditions. In the 
following, the phase current as well as sequence current 
waveforms are compared. The average switching frequency 
and the computational burden are also calculated. Finally, the 
torque waveforms are estimated based on experimental 
currents and speed for all cases. 
For the employed sampling time of 25𝜇𝜇sec, the average 
switching frequency and the computational burden are listed 
in Table III. The average switching frequency is calculated 
using (15) based on the switching frequency of each phase 
given by (16). 

𝑓𝑓𝛼𝛼𝑠𝑠���� =
1
6
�� 𝑓𝑓𝛼𝛼𝑠𝑠

𝑗𝑗
𝑐𝑐2

𝑗𝑗=𝑎𝑎1
�  (15) 

𝑓𝑓𝛼𝛼𝑠𝑠
𝑗𝑗 =

𝑆𝑆∑  �𝑆𝑆𝑘𝑘
𝑗𝑗 ⊕ 𝑆𝑆𝑘𝑘−1

𝑗𝑗 �ℎ
1

𝑇𝑇𝛼𝛼.ℎ
  (16) 

Where 𝑗𝑗 ={𝑎𝑎1 … 𝑗𝑗2}, 𝑆𝑆𝑖𝑖  is the switching state at instant 𝑘𝑘 and 
(𝑘𝑘 − 1),𝑇𝑇𝛼𝛼 is the sampling time and h is the number of 
samples. All test cases have been performed at full-load 
condition at the rated speed 1400 RPM and 300V dc link. The 
reference 𝑆𝑆𝑥𝑥𝑥𝑥∗  currents are set to zero, while the direct axis 
current is set to the rated magnetizing current value 
𝑖𝑖𝑑𝑑∗ = 1.4 𝐴𝐴. 

TABLE I 
MACHINE RATINGS 

Parameter Value 
Rated RMS phase Voltage (V) 110V 

Rated Power (HP) 1.5 
Rated RMS phase current (A) 2.8 

Rated frequency (Hz) 50 
No. of poles 4 

Rated speed (RPM) 1400 
 

TABLE II 
 MACHINE PARAMETERS 

Parameter 
Unchorded Chorded 

D3P A6P S6P D3P A6P S6P 

𝑹𝑹𝒔𝒔 (Ω) 5.00 5.00 5.00 4.18 4.18 4.18 

𝑹𝑹𝒓𝒓 (Ω) 2.90 3.10 2.90 3.46 3.67 3.46 
𝑳𝑳𝜶𝜶𝜶𝜶𝒔𝒔  (𝒎𝒎𝒎𝒎) 10.0 9.60 10.0 9.10 12.0 9.10 
𝑳𝑳𝜶𝜶𝜶𝜶𝒓𝒓  (𝐦𝐦𝐦𝐦) 21.0 22.5 21.0 19.1 16.7 19.1 
𝑳𝑳𝜶𝜶𝜶𝜶𝒎𝒎  (𝐦𝐦𝐦𝐦) 270 304 284 254 247 260 
𝑳𝑳𝒙𝒙𝒙𝒙𝒔𝒔  (𝐦𝐦𝐦𝐦) 4.44 25.5 4.52 11.8 7.5 11.8 
𝑹𝑹𝟎𝟎+𝟎𝟎−  (Ω) 5.60 6.70 6.86 5.50 13.7 5.60 
𝑳𝑳𝟎𝟎+𝟎𝟎−  (𝐦𝐦𝐦𝐦) 4.74 26.46 4.78 18.2 23.5 26.2 

𝜸𝜸 000 0.05 000 000 0.30 000 
 

 
Figure 7. Experimental setup. 1) Six-phase motor. 2) DC generator.  
3) Generator dc excitation. 4) Loading resistor. 5) Six-phase Inverter. 6) 
Programmable DC Power Supply. 7) Real-Time System (dSPACE-1202 
MicroLabBox). 8) dSPACE interface board. 9) Host PC-Control Desk. 10) 
Oscilloscope. 11)Encoder. 

 
For both winding layouts (unchorded/chorded), the phase 

and sequence currents of each configuration are obtained and 
compared together as shown in Figs. 8 , 9, and 10 respectively. 
The results show that the chorded SPIM machine experiences 
notable slot harmonic current components (13th and 15th for 
the employed 28 bras rotor), as shown in right plot of Fig. 8, 
Fig. 9, and Fig.10 which can be avoided if the number of rotor 
bars is selected properly. Therefore, to show the effect of 
discarding this component on the comparative study, a notch 
filter is added to remove these harmonic components from the 
chorded SPIM currents and added as a third case in Fig. 11.   

At 1400 RPM, the performance of the unchorded/chorded 
D3P SPIMs are shown in Fig. 8(a) and Fig. 11(a). The ripple 
content of the chorded D3P machine is lower than the 
unchorded D3P due to the higher 𝐿𝐿𝑥𝑥𝑥𝑥 inductance of the 
chorded D3P, as clarified in section III, which results in a 
lower THD and a lower average switching frequency, as given 
in Table III. On the other hand, winding chording generally 
causes a little winding asymmetry which in turn induces a 
circulating 𝑥𝑥𝑥𝑥 currents, as shown in Fig. 8(b) and Table III. 
Refereeing to Fig. 3(a), it is clear that the D3P optimum 
voltage vectors have a zero magnitude in the 𝑥𝑥𝑥𝑥 subspace. 
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Therefore, there is no way to control this 𝑥𝑥𝑥𝑥 circulating current 
using these large vectors only.  

In case of the A6P SPIM, Fig. 9(a) shows that the chorded 
machine has a larger current ripple component than the 
unchorded A6P, which has been expected based on earlier 
discussions. The reason is due to the small value of the 𝐿𝐿𝑥𝑥𝑥𝑥 
inductance of the chorded A6P. Moreover, the employed 
voltage vectors are mapped as non-zero vectors in the 𝑥𝑥𝑥𝑥 
subspace yielding a significant secondary current component 
due to small 𝐿𝐿𝑥𝑥𝑥𝑥 value, as shown in Fig. 9 (b) and Table III.  

For the S6P SPIM, it shows a similar performance to the 
D3P SPIM. Fig. 10(a) and Fig. 11(c) shows that phase current 
of the unchorded S6P has little ripple content than the chorded 

S6P which is evident from the lower THD and average 
switching frequency of the chorded S6P. Fig. 10(b) shows the 
sequence currents of the S6P, where chorded winding 
correspond to larger 𝑥𝑥𝑥𝑥 current component.   

Fig. 12 show the estimated torque waveforms of the 
fundamental subspace based on measured experimental 
currents and speed. Generally, there is no much difference in 
the torque ripple component between chorded and unchorded 
winding for the same winding configuration. However, S6P 
experience the lowest torque ripple component since it 
corresponds to the lowest THD in the phase current, as is clear 
from Table III. 

 

  
(a) 

  
(b) 

Figure 8. (a)Phase currents 𝒊𝒊𝒂𝒂𝟏𝟏𝒊𝒊𝒂𝒂𝟐𝟐 . (b) Sequence currents 𝒊𝒊𝜶𝜶𝜶𝜶𝒙𝒙𝒙𝒙 waveforms of D3P with unchorded winding (left), and chorded winding (right) at 1400 RPM.  
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(a) 

  
(b) 

Figure 9. (a)Phase currents 𝒊𝒊𝒂𝒂𝟏𝟏𝒊𝒊𝒂𝒂𝟐𝟐 . (b) Sequence currents 𝒊𝒊𝜶𝜶𝜶𝜶𝒙𝒙𝒙𝒙 waveforms of A6P with unchorded winding (left), and chorded winding (right) at 1400 RPM.  
 

  
(a) 

  
(b) 

Figure 10. (a)Phase currents 𝒊𝒊𝒂𝒂𝟏𝟏𝒊𝒊𝒂𝒂𝟐𝟐 . (b) Sequence currents 𝒊𝒊𝜶𝜶𝜶𝜶𝒙𝒙𝒙𝒙 waveforms of S6P with unchorded winding (left), and chorded winding (right) at 1400 RPM.  
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C. DYNAMIC PERFORMANCE   
The dynamic response of different configurations is 
investigated using a speed reversal test by changing the speed 
reference from 1000 RPM to -1000 RPM at full load 
condition. The PI speed controller is separately tunned in each 
case to ensure almost same settling time. This fine tuning is 
essential due to the fact that the machine parameters are 
affected with the employed winding topology, as clear from 
Table II. The speed response and corresponding phase current 
are shown in Fig. 13, Fig. 14, and Fig. 15, for chorded and 
unchorded D3P, A6P, and S6P, respectively, where both 
chorded and unchorded machines show a good current 
tracking but the unchorded configurations generally exhibit 
better current quality and lower current distortion 

 
(a) 

 
(b) 

 
(c) 

Figure 11.  Phase currents 𝒊𝒊𝒂𝒂𝟏𝟏𝒊𝒊𝒂𝒂𝟐𝟐 waveforms of chorded winding 
without slot harmonic at 1400 RPM for (a)D3P. (b)A6P. (c)S6P. 

 
TABLE III  

AVERAGE SWITCHING FREQUENCY, COMPUTATIONAL BURDEN , 
PHASE CURRENT THD, AND 𝒙𝒙𝒙𝒙 CURRENT RMS  

Config. D3P A6P S6P 
Machine layout Unch. Chor. Unch. Chor. Unch Chor 

Burden time (µs) 12.37 12.37 14.3 14.3 14.28 14.28 
Avg. switching 
frequency (kHz) 5.13  5.03 4.825 5.2 5.057 4.88 

THD % 9.59 8.02 8.33 22.6 7.65 7.16 
𝒙𝒙𝒙𝒙 RMS (pu) 0.03 0.14 0.03 0.165 0.028 0.13 

 
 
 
 

 
(a) 

 
(b) 

 
(c) 

Figure 12.  Full load torque waveforms at 1400 RPM. (a)D3P. (b)A6P. 
(c)S6P. 
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Figure 13.  Speed reversal of D3P for both chorded and unchorded 

winding design  

 

 
Figure 14.  Speed reversal of A6p for both chorded and unchorded 

winding design  

VI. CONCLUSION 
This paper investigated the effect of winding configuration on 
the current quality of a conventional PCC of an SPIM, where 
phase current will likely experience notable current distortion 
due to circulating 𝑥𝑥𝑥𝑥 current component. To this end, the 
effect of winding chording for the three possible winding 
configurations has been investigated.  Practically, all six-phase 
machines are currently constructed using standard 
 three-phase frame, where rotor and stator winding designs 
may not be optimal for a six-phase case. 
 

 
Figure 15.  Speed reversal of S6P for both chorded and unchorded 

winding design  
 
It has been shown in this paper that the 𝑥𝑥𝑥𝑥 impedance is highly 
affected by the employed winding design. Some designs 
correspond to high secondary subspace impedance and, hence, 
higher current quality. 

For instance, the current quality of an A6P winding, which 
is practically employed in most industrial applications, will be 
much better when unchorded winding is employed. It has also 
been shown that chording the stator winding of the prototype 
machines with one slot has increased the 𝑥𝑥𝑥𝑥 inductance by 
approximately 161% of both D3P and S6P. However, the 𝑥𝑥𝑥𝑥 
inductance of unchorded A6P is higher by 240% over the 
chorded A6P machine. On the other hand, winding chording 
improves the fundamental MMF distribution of both D3P and 
S6P at the cost of a lower stator winding factor. The chorded 
D3P and S6P prototype machines also showed notable slot 
harmonics since rotor bars were designed based on standard 
combinations between stator and rotor slots employed to 
conventional three-phase machines. These slot harmonic 
components added to the distortion of the stator phase current. 
However, these components can be avoided by the proper 
selection of the rotor bars during the machine design phase.  In 
conclusion, unchorded winding will generally outperform 
chorded winding under PCC in terms of higher phase current 
quality, especially under A6P configuration, and lower 
switching frequency.      
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