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ABSTRACT Multiphase machines have attracted significant attention in both academic and industrial
sectors as candidates for high-power safety-critical applications as well as wind energy conversion systems.
Undoubtedly, this interest has been fueled by the rapid development in semiconductor devices. Due to
the lack of available standard stator frames suitable for constructing multiphase machines of any phase
order, machines with multiple three-phase winding sets seem to be the standard topology in many industrial
applications. Recent literature has demonstrated a simple generalized technique to rewind a standard
three-phase stator frame with a generic prime-phase order stator winding. However, based on the selected
slot/pole combination, this technique yields a small unbalance component in the stator phase currents due to
the stator leakage inductance mismatch among different phases. This paper further investigates the optimal
slot/pole choices, for a given phase-order, that minimize the unbalance in the stator leakage components
between phases to ensure comparable performance to standard symmetrical n-phase machines. The analysis
is presented for the well-known phase orders employed in literature, namely, 5-phase, 7-phase, and 11-phase
windings. The effect of winding asymmetry on mathematical modeling and, hence, the dynamic response is
also investigated. A 1 kW prototype machine equipped with a five-phase winding is used to experimentally
verify the theoretical findings.

INDEX TERMS Multiphase machine, induction motor, three-phase, five-phase, seven-phase, eleven-phase,
star of slots, leakage inductance calculation, multilayer winding.

NOMENCLATURE T. Developed torque
i Current o, Electrical rotor angular speed
% Voltage .
A Flux linkage Subscripts
R Winding resistance af  Fundamental subspace components
G Conductance xy  Secondary subspace components
L Self or magnetizing inductances s Stator
l Leakage inductance r Rotor
p Number of pole pairs m  Mutual/Magnetizing
n Number of stator phases t Top
Npr Number of turns per stator phase b Bottom
N,  Number of conductors per slot for the original

three-phase stator.
I. INTRODUCTION

The past decade has witnessed extensive academic interest in
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systems arguably represents a promising opportunity to meet
the stringent standards of certain safety-critical applications
[1]-[8]. The selection of an optimum number of phases
remains a questionable choice that not only entails several
cost/complexity tradeoffs but also is, in fact, an application-
dependent parameter [1]. Although the employment of multi-
phase machines in industrial applications may have started a
few decades ago, the six-phase machines have since solely
been prevailing in most applications [9]-[11]. That was
mainly dictated by different practical and technological con-
straints at this early stage of development. Early key papers
in multiphase machines actually did not recommend the use
of a prime number of phases due to these constraints [12].
More recent literature, however, demonstrated that machines
with a prime number of phases, including five- [4], [13],
seven- [14], [15], or eleven-phase [16], potentially offer
numerous attractive merits over machines with multiple
three-phase windings. This includes better torque density
through harmonic injection without additional hardware com-
ponents [16], [17], the feasibility to employ single layer wind-
ings while preserving a high quality of flux distribution [18],
and the relatively better fault-tolerant capability [19].

Nevertheless, it is fair to acknowledge that industry is
still reluctant to adopt this technology, and machines with
multiple three-phase winding sets seem to be the favored
option in many industrial sectors since the well-established
three-phase technology and, therefore, the readily off-the-
shelf three-phase converters can still be utilized. Additionally,
stators with multiple three-phase winding sets can, in most
cases, be constructed using standard three-phase stator frames
without many constraints. As a matter of fact, all available
stator frames provided by most electric motor manufacturers
are still limited to standard three-phase designs. Therefore,
building a stator frame with a number of slots different from
these standard frames will certainly be a higher cost custom
task, especially for high power designs.

The work done in [20] introduced a simple and general-
ized technique to construct a prime-phase order multiphase
winding using standard three-phase stator frames. The pre-
sented winding layout was based on the Star of Slots (SoS)
theory [21] combined with the concept of stator winding
shifting [22] to design the number of turns of the series-
connected coils belonging to each phase that not only ensures
a zero backward MMF component, but also results in a high-
quality flux distribution. Additionally, the total number of
turns per phase is the same for all phases to ensure equal
stator resistance for all phases. The proposed layout in [20]
was introduced for the five-, seven-, and eleven-phase orders.
By taking an existing three-phase stator frame as a bench-
mark, a better flux distribution at a higher fundamental flux
component was achieved for the same copper volume with
these proposed winding layouts. Interestingly, the given lay-
outs can also enhance the machine torque density for a certain
core volume; the gain in the fundamental torque produc-
ing flux component increases with the adopted phase order.
The concept of harmonic injection was also proven to be
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applicable since machine torque/current gain was comparable
to conventional symmetrical n-phase windings of the same
phase-order.

On the other hand, this winding layout resembles a more
complicated stator structure than standard winding layouts.
Being structurally based on series-connected coils with a
different number of turns, this winding layout was shown to
yield a small secondary sequence current component due to
the difference in the leakage stator inductances of different
phases. Therefore, it was concluded in [20] that the presented
solution represents a compromise, rather than an optimum
solution to make use of the available stator frames in con-
structing prime-phase order multiphase machines. Moreover,
the solution was presented as a means to bridge the gap in
multiphase drive systems research, since it enables interested
researchers to access the required technology platform with
minimal barriers.

This papers further investigates the concept presented
in [20] with an additional major objective to derive a
mathematically-verified optimal selection criterion to choose
a suitable standard stator frame for a given number of phases.
This criterion aims to minimize the effect of the induced sec-
ondary current component experienced due to the unavoid-
able mismatch in the stator leakage inductance of different
phases. It will also be mathematically proven that the effect
of the small mismatch between the stator leakage inductance
of different phases has a minimal/no effect on the machine
dynamic performance. The traditional vector space decompo-
sition (VSD) for a symmetrical n-phase winding is proved to
successfully decompose the phase variables of this winding
layout into decoupled subspaces with small cross-coupling
terms depending on the adopted slot/pole combination.
A mathematical model to represent this leakage inductance
mismatch is also presented.

Il. PRIME-PHASE ORDER MULTIPHASE WINDING
USING STANDARD THREE-PHASE FRAMES
In [20], the design steps to rewind a standard three-phase
stator frame with any n-phase winding having a prime-phase
order are detailed. The concept is simply based on the SoS
theory by first assuming a single layer winding, where each
phase comprises a number of series-connected coils with a
different number of turns, in general, based on the available
number of slots. The SoS theory [21] is used to calculate
the required number of turns for each coil such that bal-
anced n-phase emf voltages are obtained across all phases.
To achieve such a goal, this initial single-layer design will
mostly experience a notable diversion between the number of
conductors per slot in different stator slots. The stator shifting
concept [22] is, therefore, used to minimize this diversion
by employing a multilayer winding design. For the sake of
winding simplicity, the design criterion given in [20] was
constrained to double-layer layouts.

The concept given in [20] was given for the most common
number of slots/pole, namely 6, 9, 12, 18 and for a number
of phases of 5, 7, and 11. It has been concluded based on
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FIGURE 1. 18-slot/2-pole five-phase winding layout.
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FIGURE 3. 24slot/2-pole seven-phase winding layout.
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FIGURE 4. 24slot/2-pole eleven-phase winding layout.

Finite Element Analysis (FEA) that the best choice seems to
be the one which corresponds to a number of slots close to or
higher than the number of slots of a standard n-phase wind-
ing. For example, the standard five-phase stator commonly
entails 20 slots/pole-pair (with a number of slots/phase/pole
qg = 2). An 18-slot stator was shown effective to obtain a
balanced five-phase winding. Similarly, a standard 2-pole
seven-phase winding entails 28 slots (¢ = 2); the closest
standard three-phase frame will have 24 slots. An 18-slot
stator, however, yields a notable secondary sequence current
component, as explained in [20]. Finally, a 22-slot stator with
a concentrated winding can be used to construct an eleven-
phase stator with a high-quality flux distribution; the closest
standard three-phase frame will have 24 slots.

Table 1 summarizes the feasible slot/pole values for a
different number of phases which yield winding layouts
with only two layers while providing high-quality flux
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TABLE 1. Possible n-phase winding layouts for different slot/pole
combinations.

Phase
Five Seven Eleven
S/pole
6
9 Valid
12 Valid Valid Valid
18 Valid Valid Complex
Invalid option
Valid

Valid with notable stator current unbalance
Valid but complex winding - higher than two layers

distributions and acceptable slot filling factors [20].
Figs. 1-4 show the winding layouts for some important cases,
upon which the given analysis in this paper will then be
based.
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lIl. COMPARISON WITH STANDARD

SYMMETRICAL N-PHASE WINDING

Although the concept presented in [20] generally yields wind-
ing layouts having an equal total number of turns and equal
stator resistance for all phases, the difference in the number
of turns for separate coils comprising each phase will cause
a certain degree of asymmetry in the stator impedance of
different phases. This is due to the difference in the stator
leakage inductance components between the different phases.
Hence, in order to verify that these winding layouts can suc-
cessfully emulate/approximate standard symmetrical n-phase
windings, the following points should be mathematically
verified:

1. The magnetizing component, and hence the magnetiz-
ing inductance, of all phases should be the same for all
sequences.

2. The self and mutual components of the stator leakage
inductance of different phases should be very close in
order to minimize the impedance mismatch between
phases.

3. The employment of standard VSD transformation for
symmetrical n-phase windings given by (1) to decom-
pose the phase variables of the proposed winding lay-
outs will eventually yield decoupled subspaces.

These points are mathematically investigated in the
following subsections based on a comparative study
with equivalent standard n-phase windings.

2
[T1==
n
1 cosa cos 2« cos(m—1Da]
0 sin o sin 2o sin(n— 1)«
1 cos 3a cos 6a cos3(in—1a
0 sin3«  sin 6« sin3(n— 1)«
X
lcos(n—2)a
0 sin(n—2)«x
1 1 1 1
L2 2 2 a 2

(1)
where « = 21 /n

A. SEQUENCE COMPONENTS OF MAGNETIZING FLUX

It is required in this proof to verify that the winding layouts
given in [20] will provide comparable magnetizing flux distri-
bution, and, consequently, sequence flux components, as the
standard n-phase winding. This is carried out by investigating
the harmonic flux mapping among available subspaces for
different phase orders represented by the following cases
assuming 2-pole winding layouts:

1. Conventional five-phase winding using 20-slot stator.
Proposed five-phase winding using 18-slot stator.
Conventional seven-phase stator using 28-slot stator.
Proposed seven-phase winding using 18-slot stator.
Proposed seven-phase winding using 24-slot stator.

DAl
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6. Conventional eleven-phase stator using 22-slot stator.

7. Proposed eleven-phase winding using 24-slot stator.

The conventional n-phase cases for the 5, 7, and 11-phase
stators are used for benchmarking. A standard 1Hp, 4-pole,
400V, 50Hz, 36-slot standard three-phase machine is used
for this comparative study and for experimental verification.
The machine rated speed and current are 1320 rpm and 2.1A,
respectively. For the same rotor, the required stator designs
to accommodate the previous n-phase winding examples are
calculated, while the same total number of active conductors
is assumed equal for all designs to ensure the same machine
total power [23]. The original three-phase machine has a
number of conductors per slot equal to 84 conductors with a
conductor diameter of 0.56 mm. The total number of turns per
phase will be 252 turns. Correspondingly, and for the same
rated phase current, the total number of turns per phase will,
therefore, be 150, 108, and 69 turns for the five-, seven, and
eleven-phase windings, respectively. As explained in [23],
the new phase voltages for these equivalent machines that
ensure the same total power will be (3/5) x 230V = 138V,
(3/7) x230V=98.6V, and (3/11) x 230V= 62.7V for the
five-, seven-, and eleven-phase stators, respectively.

Based on these cases, the MMF distributions of differ-
ent phases are obtained from their corresponding turn func-
tions at a certain time instant assuming a unit stator current
magnitude. The sequence components are then determined
from the phase MMF distributions by applying the VSD
transformation given by (1). The harmonic spectra of dif-
ferent sequence components are then found for the different
cases. FEA is also used to support the theoretical findings.

1) FIVE-PHASE CASE

The winding shown in Fig. 1 is compared with a standard
20-slot single-layer symmetrical five-phase stator winding
with ¢ = 2 and the same total number of turns per phase. For
this phase order, there are two main subspaces and one zero-
sequence component. Under star connection, the effect of the
zero-sequence component is discarded. The harmonics with
order 10k &£ 1 are mapped to the fundamental o8 subspace,
while those with order 10k &3 are mapped to the xy secondary
subspace. Based on (1), the MMF sequence components are
shown in Fig. 5. Clearly, the harmonic mapping for the pro-
posed and the conventional five-phase winding layouts can be
assumed identical, which proves that a complete decoupling,
in terms of the magnetizing (torque producing) flux compo-
nents, can be a fair assumption.

2) SEVEN-PHASE CASE

For this phase order, there are two secondary subspaces,
namely, xy; and xy;. The seven-phase winding layouts shown
in Figs. 2 and 3 for the 18-slot/pole-pair and the 24-slot/pole-
pair stators, respectively, are compared with a standard
28-slot seven-phase single-layer winding layout with g = 2.
It has been mentioned before that the closer the number
of slots to the conventional n-phase case is, the better the
MMF distribution is expected to be. The MMF sequence
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FIGURE 5. MMF sequence components for the five-phase case (a) Conventional five-phase stator using 20-slot stator. (b) Proposed five-phase winding

using 18-slot stator.

components of a conventional 7-phase case using a
28-slot/pole pair are given in Fig. 6(a). By investigating
the MMF sequence components of the 18-slot and 24-slot
stators shown in Figs. 6(b) and (c), respectively, the latter
winding corresponds to a better flux distribution; it highly
approximates the standard 28-slot seven-phase stator. On the
other hand, the MMF «f components of the 18-slot/pole-
pair stator are slightly unbalanced, and small coupling
between different subspaces will likely take place. This will
expectedly yield a notable unbalance in the phase currents.
To support this conclusion, FEA is used to simulate the
phase currents under rated operation of the 18-slot/pole-
pair and 24-slot/pole-pair stators equipped with the proposed
seven-phase winding layouts, and the simulation results are
shown in Figs. 7(a) and (b), respectively. Clearly, the 24-slot
stator phase currents are closer to the ideal seven-phase case,
where all phases should perfectly be balanced.

3) ELEVEN-PHASE CASE

The last considered case has an eleven-phase stator winding.
Hence, the MMF harmonics are mapped to five subspaces,
namely, of8, xy1, xy2, xy3, and xy4. These subspaces com-
prise the fundamental, third, fifth, seventh, and ninth space
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harmonic orders, respectively. As a matter of fact, in multi-
phase machines, the MMF distribution becomes more sinu-
soidal as the number of phases increases. Using 22-slot and
24-slot stators for the conventional and the proposed eleven-
phase winding layouts, respectively, Fig. 8 proves that the
conventional, as well as the proposed eleven-phase winding,
are quite similar. Very small coupling is obtained for the
xy3 and xy4 subspaces, while the main effective subspaces
(aB, xy1, and xy,) are fairly decoupled. The FEA results for
the stator currents under rated conditions are shown in Fig. 9,
which indicates approximately balanced currents. The very
small unbalance component is mainly due to the difference
in the mutual leakage inductance between phases, as will
mathematically be verified later.

In a nutshell, the magnetizing flux distributions and their
sequence components of the proposed winding layouts are
quite similar to the conventional symmetrical n-phase cases
provided that the number of stator slots will be close enough
to standard n-phase stators. This proves that the magnetizing
flux produced by the proposed winding layouts can be per-
fectly decomposed using VSD, which allows for the same
VSD-based controllers employed in conventional n-phase
cases. For the same total number of turns, the machine
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FIGURE 6. MMF sequence components for the seven-phase case. (a) Conventional seven-phase stator using 28-slot stator. (b) Proposed
seven-phase winding using 18-slot stator. (c) Proposed seven-phase winding using 24-slot stator.

magnetizing inductances of different subspaces of the con-
ventional and the proposed winding layouts will, therefore,
be the same.

B. SEQUENCE COMPONENTS OF STATOR LEAKAGE FLUX

Generally, the stator winding leakage inductance comprises
three components, namely, slot, end-coil, and air-gap leakage
components. The air-gap leakage component mainly rep-
resents the effect of the spatial harmonics of the air gap
MMF [24]. Since the harmonic mapping was proven to be
the same as the conventional n-phase winding, this leakage
inductance term will be similar to the conventional case. The
same is also expected for the end-coil inductance since the
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medium is air with the same permeance. The main concern
will, therefore, be with the slot leakage inductance, where the
sequence mutual leakage inductance will vary from subspace
to another [25].

For a double layer winding, the total slot leakage flux
linkage, Ay, of each coil comprises three components due
to the upper (top), lower (bottom) coil side fluxes, and the
mutual flux between them, and can therefore be put in the

following form:
hst = NaPyis + N2 Ppip + 2NN oy Ppi i )

where, P;, Py, and Py, are the total slot permeances associ-
ated with the top conductors, bottom conductors, and mutual

VOLUME 7, 2019



A.S. Abdel-Khalik et al.: Standard Three-Phase Stator Frames for Multiphase Machines of Prime-Phase Order

IEEE Access

A

X

N

O

Stator currents, A
o

1
N

1
N

o

0.02

Time, s
(a)

0.01 0.03

DV

N

N

N

Y

Stator currents, A
o

FIGURE 7. FE simulation results for the seven-phase stator phase currents. (a) 18-slot stator. (b) 24-slot stator.

50 |
L Y F,
— F
B
f T | -
‘ [l x1
E r L T Fy1
o 1L 11 I F
s [H e = = H °
= j =H L] fﬁ‘:é% j:EE Fy2
§ r j L \_\‘ Fea
’,J (1 Fy3
- Frs
L o Fra
-50 ‘
(6] 60 120 180 240 300 360
0, deg
50
[ ﬁfﬂj F.
J \—‘ FH
[~ = Fra
2 M - - Py
- I F
L i — x2
= 0 = *%Jh - % ‘:’:‘\ F
= = ] — :?ﬁ = y2
§ | f_f [ ] L | Fea
\T Fy3
"_‘ Fx4
r | Fra
L L\_/—‘ | l z
-50
0 60 120 180 240 300 360
0, deg
FIGURE 8. MMF e comp

eleven-phase winding using 24-slot stator.

coupling between the two layers, respectively; N, N¢p are
the number of conductors in the upper and lower layers,
respectively.

The relation between these permeances highly depends on
the slot shape [25].

In the following analysis, the stator leakage inductance
matrices are calculated for the same previously considered
cases in subsection III.A. For the proposed winding layouts,
each slot generally comprises coils with different numbers
of turns. In order to simplify the mathematical formulation,
the number of conductors comprising each slot is assumed
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ts for the eleven-phase case. (a) Conventional eleven-phase stator using 22-slot stator. (b) Proposed

to be equally divided between the two layers. This is carried
out by splitting the coil sides having a larger number of
turns into two portions such that the number of conductors
in both layers will eventually be equal. This will allow the
employment of the calculation technique for leakage induc-
tance given in [25].

1) FIVE-PHASE CASE

For the 18-slot five-phase winding layout given in Fig. 1,
the distribution of the conductors between the two layers
can be rearranged, as shown in the layout given in Fig. 10,
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FIGURE 10. 18-slot/2-pole five-phase winding layout with conductors per slots divided into two equal layers.

to ensure an equal number of conductors per layer. Based
on this distribution of different conductors per slot, the total
leakage flux for phase a can be calculated using (2) is
given by (3).

Msa = N2 {Pt (0.62 +0.42 406> + 0.42)
P, (0.62 +0.42 4+ 0.6 + 0.42)

+2P3(0.6 x 0.4+ 0.6 x 0.4)} - iy
—ON2Pp(0.2 X 1) -ic —2N2Pp(0.2 x 1) -ig  (3)

where N, is the number of conductors per slot for the original
three-phase stator.
This can be reduced to;

hisa = N2 (1.04P, + 1.04P, + 0.96P,)
ia = 0ANZPic = 0ANZPyia (&)

Similarly, for phase b, the slot leakage flux is given by;
Jap = N2 [P, (04 +0.57 405>+ 0.67)

+7, (042 +05 +05 +06)

4+ 2P(0.5 x 0.5)} - ip

—2N2P(0.4 x 0.8) - ig — 2N2P»(0.6 x 0.6) - ie
(5

Which can be reduced to:

Msp = N2 (1.02P; + 1.02P; + 0.5P3) iy
—0.64N?P,iq — 0.72N?P,ic  (6)
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Following the same concept for phases c, d, and e, the cor-
responding slot leakage fluxes are given by (7), (8), and (9),
respectively.

Mse = N2 (0.94P, + 0.94P; + 0.74Py) i,

—0.4N2Piq — 0.64N2P i 7
Msa = N2 (0.94P, + 0.94P), + 0.74Py) ig

—0.4N2P i, — 0.64N2P,, il ®)
Mse = N2 (1.02P; + 1.02Py + 0.5P3) i,

—0.72N2P i, — 0.64N2P, i )

The stator phase leakage flux vector [)Lfsh] = [Asa Alsh

Mise Msa Misell, can be expressed as a function of the phase
ph ... . .qT
current vector, l{q) = [la ip i ig le] , as follows:

[40] = [ ]+ ][]

where the self-leakage and mutual-leakage stator phase

(10)

inductance matrices [Lﬂh] and [ng ], respectively, are given
by (11) and (12).
L8107 = N2 Py + Py

Is
1.04 0 0 0
0 1.02 0 0

(In

o
o
o
=
o
o c o oo
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(20| = N2Py
7096 0 —04 —04 0
0 05 0 —064 —072
x|-04 0 074 0 —064
—04 —064 O 074 0
0 072 -064 0 05

(12)

By applying (1) with n = 5, the corresponding sequence
components, after discarding the zero-sequence component,
are given by,

s ettt .
@ 1 0 0024 0 fles
Ag _. |0 .01 0  0.036]]|s
AT 01002470 104 0 [ixs
2is 0 0036 0 0.98 I Liys

1 0 0037 0 J[las

b |10 10861 0 0047 |ks| (13)
m10.037 70 0251 0 ||ixs
0 0047 0 0.196)liy

where [, = 0.9861N2 (P, + Pp), Ly = 1.5284N2Py,.

It is clear that for each subspace, there is no cross-
coupling between its components. Also, the mutual coupling
between different subspaces is less than 4%, which may be
assumed negligible, with the fact that the contribution of
secondary subspaces can merely be neglected [23]. Also,
the af inductance terms (represented by the red dashed
boxes) are very close for the self-leakage inductance term,
and with an approximately 8.6% mismatch in the ¢ mutual
leakage inductances term. Generally, the contribution of the
mutual leakage inductance to the total stator leakage induc-
tance depends on the slot design. Similar to the definition
made in [25], the coefficient k,,;, which represents the
ratio between the mutual- and self-leakage inductance terms,
is defined as follows,

I} Py
KPP = — 1552 14
e (P; + Pp) 4

It has been clarified in [25] that the coefficient k,,;, varies
from 0.25 to 0.35 for open slots, while it may increase up
to 0.5 in semi-closed slot shapes. The coefficient k;,;, equals
zero in single layer windings.

For the sake of comparison with the standard case, the cal-
culated inductance matrix for a 20-slot standard five-phase
stator is also given assuming the same total number of con-
ductors. To have a meaningful comparison and to show the
effect of the mutual leakage inductance on VSD of phase
values, a double layer winding is assumed for the symmetrical
five-phase case to show the expected value for the coeffi-
cient ky;;;, in standard five-phase winding having same slot
design. The winding is assumed to be chorded with one slot
to justify a double layer winding. Following the same pre-
vious technique, the leakage phase inductance matrices are
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given by;
1] = 2 0,4 22
1 0 0 0 O
0O 1 0 0 O
x[0 O 1 0 O (15)
0O 0 0 1 0
0 0 0 0 1
0.5 0 -05 =05 0
0 0.5 0 -05 =05
x | —0.5 0 0.5 0 -0.5
-05 -05 0 0.5 0
0 -05 -05 0 0.5
(16)

By applying (1), the corresponding sequence components are
given by:

L .
/1;; 0 O][las
Aﬁs _ 0 0]]|s
AL 1 0Offixs
A5 0 1oLiys
L0 0 7[las
: i
! 0 0 .ﬁs (17)
0.146 0 Lys

0  0.146]liys

where [{" = N2 (P, + Pp), [5™ = 1.31N Py
The coefficient k,;;, for this winding is then calculated as:

conv. __ P th
i = 1.31 P+ P
Clearly, the proposed winding can effectively approximate
this ideal five-phase case. However, the coefficient k,;, of
the 18-slot five-phase winding seems to be approximately
18% higher. This means that the effect of the mutual leakage
inductance will be higher. Nevertheless, this slight increase
has nothing to do with the machine dynamic response, while
it will likely decrease the maximum pullout torque, a well-
known fact for multiphase machines with a double layer
winding [26], [27]. On the other hand, the effect of the small
unbalance in the o8 components of the stator leakage induc-
tance on the machine dynamic response as well as the phase
currents magnitude diversion will be shown in a subsequent
section.

(18)

2) SEVEN-PHASE CASE

The stator winding inductance matrices of the 18-slot and
24-slot stators shown in Figs. 2 and 3 will be compared with
a standard 28-slot seven-phase stator.

i) 18-slot stator:

The winding layout shown in Fig. 2 can be rearranged,
as shown in Fig. 11, to allow for an equal number of conduc-
tors between the upper and the lower layers. Following the
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FIGURE 11. 18-slot/2-pole seven-phase winding layout with conductors per slots divided into two equal layers.

same concept, the stator leakage flux vector [A’l’sh] between

different phases can then be written as given by (19), as shown
at the bottom of this page. By applying (1) with n = 7,
the corresponding sequence components, are given by (20), as
shown at the bottom of this page. The coefficient &, is then
calculated as given by (21). where, [; = 0.3518N % (P; + Pp),
Ly = 0.6238N2Py,.

kyip = Im = 1.773L

I (P + Pp)

For this slot number, the mutual leakage flux yields a higher
coupling between subspaces, which complies with the previ-
ous conclusion regarding the magnetizing flux for the same
stator slot number (18-slot/pole-pair). This coupling will give

ey

rise to a certain degree of unbalance between phases, how-
ever, its effect on the torque production, and hence, the system
dynamics can still be tolerated.

ii) 24-slot stator:

The winding given in Fig. 3 is rearranged in two
equal layers, as shown in Fig. 12. This slot number is
closer to a conventional 28-slot seven-phase stator. Hence,
the decomposed sequence inductance matrix will expectedly
be much better than the previously presented 18-slot stator
case.

The calculated stator leakage flux vector and its sequence
components are then given by (22) and (23), as shown at the
top of the next page, respectively.

[ Aisa | [0.3826

0 0 0 0 0 0 i
Mish 0 0318 0 0 0 0 0 i
Mise 0 0 03923 0 0 0 0 ise
Msa | = N2 (Pr + Pp) 0 0 0 0.3465 0 0 0 isd
s 0 0 0 0 03645 0 0 oo
iy 0 0 0 0 0 03926 0 iyy
| e o 0 0 0 0 0 03183 | | ig |
[ 0.3698 0 0 01152 —0.1152 0 0 [iw]
0 0.2117 0 0 —0.2552  —0.174 0 i
0 0 0.3698 0 0 0 —0.174 | | i
+N2P, | —0.1152 0 0 0.256 0 0 02552 | | i | (19)
01152 —02552 0 0 0.256 0 0 oo
0 —0.174 0 0 0 0.3698 0 iy
0 0 —0.174 —0.2552 0 0 02117 | | igg |
b 1 0 004 0 005 0
A 0 103 0 —007 0 006
Ml |00 0 1.01 0 —002 0
M =5 0 —007 0 1.02 0 001
A 005 0  —002 0 107 0
Af{sz 0 006 0 —001 0 09
1 —0.15 -017 014 019  —0.06 ins
—~0.05 108 0126 —006 —0.18  0.11 i4s
Lo -011 0235 075 —0.67  —0265 0.1 st 0,
ml_0.025 021 007 0468 —0.101  0.039 iy
0.054 0064 —0.005 —0.029 0352  0.038 -
0.056 —0225 —0.158 0.188  0.228  —0.209 iy
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Asla [ 0.574 0 0 0 0 0 0 i
Aslb 0 0.6156 0 0 0 0 0 ish
Asle 0 0 0.59805 0 0 0 0 i
Asid | =N2(Pr+Py)| 0 0 0 0.61245 0 0 0 isd
Asle 0 0 0 0 0.61245 0 0 e
Asif 0 0 0 0 0 0.59805 0 isf
| g | 0 0 0 0 0 0 0.6156 | | iy |
T 0.47 0 0 —0.4104 —0.4104 0 0 | [iy]
0 0.3042 0 0 —0.504 —0.4356 0 ish
0 0 0.46035 0 0 —0.3744  —0.4356 | | iy
N2P, | —0.4104 0 0 0.35795 0 0 —0.504 ia | (22)
—0.4104  —0.504 0 0 0.35795 0 0 ise
0 —0.4356 —0.3744 0 0 0.46035 0 isf
0 0 —0.4356  —0.504 0 0 0.3042 | | iy |
I /\,ji | 0 —0018 0 —0021 0
)\/é 0 1.007 0 0.011 0 —0.01
x);] _ |, | —001s8 0 1 0 —0.01 0
As 1T 0 0.011 0 1.01 0 0.003
2 —0.021 0 —0.01 0 0.99 0
1’5(52 0 —0.01 0 0.003 0 1.02
1 0 —0.005 0 0.024 0 s
0 0.99 0 0.007 0 0.03 ips
—0.005 0 0.484 0 0 0 i1
L 0 0 0.5 0 —0016 | || i | 3)
0.024 0 0 0 —0.04 0 i
0 0.034 0 —0.016 0 —0.227 iy
where [, = 0.6018N2 (P, + Pp) , Ly = 1.1855N2Py,
lm Ptb
Kty = — = 1.97 24
T (P, + Pp) @9
Ké 1 0 0 0 0 07 iy 1 0 0 0 0 0 .
K/§ 0 1 0 0 0 0] ig 0 1 0 0 0 0 ips
Als 0 0 1 0 0 0]]i 0 0 0516 0 0 0 i
x1 __ jconv. xs1 cony. xs1
T Iy 00 0 1 0 0f]im + 0 0 0 0.516 0 0 iys1 (25)
Als) 0 0 0 0 1 0]]iw 0 0 0 0 —0.09 0 i
,\zsz 00 0 0 0 1]]|iw 0 0 0 0 0 —0.09 | | iy
where [ = N2 (P, + Pp) , [S”™ = 1.4N %Py,
lm Ptb
Ky = =~ = 1.4—2 26
mtb ls (P[+Pb) ( )

For this winding layout, the coefficient ks is then calcu-
lated by (24), as shown at the top of this page. Clearly, this
case is much better than the 18-slot stator in terms of coupling
between different subspaces as well as unbalance in the o8
leakage inductance components. The obtained coupling due
to the uneven winding distribution is less than 4%, which
agrees with the same conclusion made for the five-phase case
with an 18-slot stator.

Similar to the five-phase case, the conventional seven-
phase stator, having 28 slots with coils chorded by one slot,
corresponds to the sequence leakage inductance matrices
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given by (25), as shown at the top of this page, and k.
coefficient is given by (26), as shown at the top of this page.

By comparing the conventional and the proposed wind-
ings, the 24-slot stator has less unbalance in the inductance
sequence component; however, it corresponds to a higher
contribution of the mutual leakage inductance to the total
stator leakage inductance.

3) ELEVEN-PHASE CASE
The 24-slot eleven-phase winding layout shown in Fig. 4 is
rearranged in two layers with an equal number of conductors,
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FIGURE 12. 24-slot/2-pole seven-phase winding layout with conductors per slots divided into two equal layers.
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FIGURE 13. 24-slot/2-pole eleven-phase winding layout with conductors per slots divided into two equal layers.

as shown in Fig. 13. The calculated stator leakage flux vector
and the corresponding sequence vector are given by (27),
as shown at the previous page, and (28), as shown at the

bottom of this page, respectively, while, the coefficient &, is
given by (29), as shown at the bottom of this page. Although
the uneven winding distribution introduces relatively higher

i? ! 0 0.05 0 0.034 0 —0.013 0 -001 0 A
g 0 0.992 0 —0.04 0 0.056 0 —0.0094 0  0.0083 os
/\f? 0.05 0 0.985 0 0.003 0 0.04 0 —-002 0 ps
/\);1 0 —004 0 1.007 0 0.006 0 0.0553 0 0.001 s
A .| 0034 0 0.0025 0 0.986 0  —0.006 0 0.0436 0 ;y“
Afg - 0 0.0564 0 0.0058 0 1.006 0 0.0141 0 0.047 ixsz
/\3,;3 —0.013 0 0.04 0 —0.006 0 0.994 0 —0.007 0 lf“z
,\’l‘s3 0 —0.009 0 0.0553 0  0.0141 0 0.998 0 0.015 l.ysz
3, —0.01 0 —-002 0 0.04 0 —0.007 0 1.04 0 ;“3
,\;54 .0 0.008 0 —0.001 0 0.047 0 0.015 0 0.951 | LW
1 0 —-021 0 0.14 0 0.178 0 0.177 0 - .
0 1.62 0 —028 0 —0035 0 —0.001 0 0 z.”
—-021 0 1 0 0017 0 0.17 0 0.17 0 Ps
0 —-028 0O 08 0 —017 O 0.01 0 0003 ||™
Lo | 0135 0 0017 0 036 0 0.228 0 0.192 0 ?“ 28)
ml 0 —003% 0 —017 0  0.178 0 0.06 0 0.03 2
0.178 0 017 0 0228 0 —036 0 0436 0 bxs2
0 0001 0 —001 O 0.06 0 0.52 0 0256 |3
0.177 0 0173 0 0192 0 0436 0—084 0 st
|0 0 0 0003 0 0.03 0 0.256 0—1.13 It ysd |
where Iy = 0.3993 N2 (P, + Pp) , L, = 0.4315 N2Py,
lm Ptb
Kot T 1.08 PP (29)
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FIGURE 14. Direct online starting under different winding layouts.
(a) Speed. (b) Torque.

coupling terms between subspaces and unbalanced o8 mutual
leakage inductances (as indicated by the second inductance
matrix given by (28)), the cross-coupling terms for each
subspace are still zero. The effect of this coupling will only
appear as a small unbalance component between different
phase currents, as will be confirmed later through simula-
tions. Also, if [,, < I, which is the typical case for prac-
tical values of ky;, , the effect of this unbalance may be
insignificant.

It is worth noting that a conventional eleven-phase stator
having 22-slot/pole pair can only be wound using a single
layer winding which corresponds to a zero mutual-leakage
inductance (k5= 0). To show the effect of a double-layer
winding on the inductance matrix of a standard eleven-phase
case, the number of slots should necessarily be increased.
Hence, the comparison with the symmetrical winding will be
discarded.

IV. EFFECT OF LEAKAGE INDUCTANCE MISMATCH ON
THE DYNAMIC RESPONSE

Based on the provided analysis in section III, the proposed
winding layouts will experience a certain degree of stator

78252

FIGURE 15. IRFOC controller of the five-phase IM.

impedance mismatch, mainly due to the effect of the mutual
component between the slot layers of the stator leakage flux.
Nevertheless, it is a well-established fact in multiphase sys-
tems that torque production is mainly due to the fundamental
subspace only. Therefore, the exploitation of the extra degrees
of freedom offered by multiphase systems can ensure rated
operating conditions even with some phases open [1]; the
open-phase fault indeed corresponds to a completely asym-
metric stator impedance matrix. It was also clear for all
previously considered-cases that the «f leakage inductance
terms are approximately equal for both the self-leakage and
mutual leakage flux components (except for the eleven-phase
case). The cross-coupling terms between the o and B axes
are also too small to raise a concern. On the other hand,
the mutual coupling with other subspaces will mainly give
rise to some distortion in the current waveform (under core
saturation), or yields phase current unbalance, similar to the
presented study. Nevertheless, when all secondary subspace
current components are properly controlled to zero, these
parasitic effects will also be nullified. This is indeed a more
resilient case than operating the machine under open phase
conditions. Needless to say, the stator current asymmetry
will inevitably happen in conventional symmetrical winding
due to different winding/inverter asymmetries. The literature
proved that this problem could simply be solved using current
control without affecting the machine dynamic response. This
is simply because the required secondary voltage components
will generally be orthogonal with the torque producing volt-
age components.

In order to support the previous claim, a simulation
case study using FEA is first introduced under free-running
machine starting, with a step input applied voltage, to com-
pare the dynamic response of the proposed winding layouts
with the original three-phase winding using the same standard
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FIGURE 16. Five-phase (18-slot) dynamic response under step quadrature current component and torque control mode with secondary current
compensation. (a) Speed. (b) Torque. (c) V.3 components. (d) Vxy components. (e) Phase currents.

stator frame. This case represents the step response of this
electromechanical system. Second, the machine mathemati-
cal model under IRFOC based on the calculated inductance
matrix is built and used to simulate the dynamic response of
different winding layouts using MATLAB /SIMULINK.

A. MACHINE START-UP USING FEA

First, the transient module in JMAG FEA software is used to
simulate the startup response of the machine while the rated
voltage is applied to the stator. This is carried out for the
original 3-phase machine and with the same stator equipped
with the proposed 5-, 7-, and 11-phase winding layouts.
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The rated voltages for different n-phase windings are given in
section III. All cases assume the same total number of turns
to ensure a fair comparison. However, the number of stator
slots are adjusted based on the employed winding layout.
The speed, as well as the torque responses for all cases, are
shown in Fig. 14. Clearly, all stators with a number of phases
higher than three have a quicker speed response than the
original three-phase case, thanks to the obtained torque gain
due to winding factor improvement when multiphase winding
layouts are generally engaged [20]. This FE simulation study
clearly proves that the proposed winding will correspond to
a step dynamic performance even better than the three-phase
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FIGURE 17. Five-phase (18-slot) dynamic response under step quadrature current component and torque control mode without secondary
current compensation (Vxy1-2 = 0). (a) Speed. (b) Torque. (c) Phase currents.

case, regardless of any possible small stator impedance imbal-
ance. The 24-slot seven-phase stator is slightly better than
the 18-slot; the latter experiences a higher stator impedance
unbalance yielding to a slightly lower torque producing
component.

B. MATHEMATICAL MODELLING AND
DYNAMIC SIMULATION
In this subsection, the derived sequence stator leakage induc-
tance matrices in section III are used to build the machine
mathematical model given as follows.

The machine sequence voltage equations are given in
matrix form as;

[V?aﬁ] = [RY] [i?a/s] + % I:)‘?aﬁ]

101 = [R1] [itas] + & [ ] + (6" 0 [110s] 3D

where the impedance matrices dimension is n X n, while

(30)

the sequence vector [xgﬂ], which may be representing

voltage, current, or flux linkage, is defined as [xgﬂ] =
[xozl XB1 Xx1 Xyl - -« Xx(n—2) Xy(n—2) xO] .

The resistance and conductance matrices are defined as in
terms of different subspace parameters as

[R?] = diag ([rs col T rs]),

[R!] = diag ([ rr1 rr1 73 773 - Fr(n=2) Trn-2) 0])
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ryj is the rotor resistance of subspace j, and
[6"]

saos([[5 o] [5 o] [220 7o)

The flux linkage equations are defined by (32) and (33).

Mo | = (L] [0 + (0] [ 1] D)
[as] = [ [t + 0] [2s] — G33)
The inductance matrices are given by
(L] = [Li] + [Li] + [L3] (34)
[Lr] =[]+ [L0] (35)

where,

[Ll';] is the stator self-leakage inductance matrix,
[Ll',’n] is the stator mutual-leakage inductance matrix,
[L}] is the rotor self-leakage inductance matrix, and
[L}] is the magnetizing inductance matrix,

The stator self and mutual leakage inductances are found
as given by the derivation given in section III. While
the rotor leakage and magnetizing inductance matrices are
defined as;

[L;;] = diag ([lrl i b3 s ... lr(n—2) lr(n—2) O]) s
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FIGURE 18. Seven-phase machine (24-slot stator). (a) Speed. (b) Torque. (c) V3 components. (d) Vxy components. (e) Phase currents.

lyj is the rotor leakage inductance of subspace j, and

(23]
= diag ([ Lm1 Lmt Lw3 Lm3 - .. Ln(n—2) Lmn—2) 0])

The average torque, T,, expression can be calculated from;

12 = 5[] 1671 W] (36)

The previous model can be used to simulate the effect of stator
leakage inductance mismatch for any phase order n. This is
will be done first for the five-phase prototype machine. Then
the simulation study is extended to investigate the other phase
orders.

In order to obtain the parameters for the five-phase proto-
type machine, the parameters of different subspaces of the
prototype machine are first identified using the technique
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given in [28]. Based on the estimated machine parameters,
different inductance terms are identified to build the required
machine model. The main challenge is to separate different
stator leakage inductance terms from the lump sum of the
stator leakage inductance obtained based on the blocked rotor
test. Based on the derivation given in section III.B, the coef-
ficient ks, given by (14) can be used to separate the leakage
inductance terms from the lump sum of the stator leakage
inductance obtained based on conventional blocked rotor test.

The machine dynamic response is investigated based on
IRFOC for an n-phase machine and given in Fig. 15 [2].
The machine speed and torque responses are obtained while
controlling the machine in torque mode under step refer-
ence quadrature current component. The reference direct cur-
rent component is set to 1.2 A (rated magnetizing current
component). At 0.5s, the reference quadrature current
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FIGURE 19. Eleven-phase case (24-slot stator). (a) Speed. (b) Torque. (c) V.4 components. (d) Vxy components. (e) Phase currents.

component is step-increased from zero to 2A then brought
back to O after 0.2s. Two cases are considered, namely with
the xy current components controlled to zero (compensated
case) and with the xy voltage components set to zero (uncom-
pensated cases). A pair of PI current controllers are used to
regulate each subspace with a total of 4-PI controllers for the
five-phase case. All PI gains of the current controllers are
selected to be the same for the proposed and the standard
five-phase machines.

For the prototype five-phase machine, the simulation
results of the conventional and the proposed windings for
the compensated and uncompensated cases are shown in
Figs. 16 and 17, respectively. Clearly, the proposed and
the conventional five-phase windings give identical dynamic
responses. Under the compensated case, the xy current
controllers produce small V,, components to ensure zero
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xy current components and, hence, perfect balanced phase
currents are eventually obtained. While, under the uncom-
pensated case, the xy current controllers are disabled while
the V,, components are simply set to zero. This will give
rise to small xy current components, which yields a small
current imbalance, as clear from Fig 17(c). However, this
small unbalance has nothing to do with the machine dynamic
response.

The same simulation case has been repeated for the seven-
and eleven-phase stators. The conventional and the proposed
windings are compared under the same conditions. The con-
troller block diagram given by Fig. 15 is extended to allow for
the extra available subspaces. Based on the original prototype
five-phase machine, set of parameters have been estimated
for the seven- and eleven-phase machines to ensure the same
machine power and current ratings, as explained in [23].
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FIGURE 20. Experimental setup block diagram.

()

FIGURE 21. Experimental setup. (a) Five-phase IM. (b) Inverter.

The assumptions made in [23] neglect the small differences in
machine inductances due to winding layout and stator design;
however, these assumptions may seem appropriate to carry
out this comparative study. The considered simulation case
studies are given for the compensated case only to avoid
repetition. The simulation results are given in Figs. 18 and 19,
respectively. Clearly and similar to the five-phase case, the
torque and speed curves for the conventional and the proposed
winding layouts are quite similar. Since all machines have the
same power ratings, the machine accelerating torque and the
final steady-state speed will approximately be the same for
the same reference dq current components. The current con-
trollers produce small xy voltage components to compensate
for the small impedance mismatch ensuring balanced phase
currents under all conditions.

To sum up, the small unbalance in stator leakage induc-
tance between phases will only cause a small current unbal-
ance. This current unbalance can easily be eliminated through
current control. Nevertheless, it neither has an effect on the
torque production nor on the machine dynamic response.

V. EXPERIMENTAL VALIDATION

In this section, the five-phase prototype machine employed in
this study is used to verify the machine model introduced
in section VI based on the calculated inductance matrices

VOLUME 7, 2019

(b)

given in section III. The machine is coupled to a dc gen-
erator for mechanical loading. A five-phase inverter con-
trolled using sinusoidal pulse width modulation is used to
feed the induction motor. The block diagram of the exper-
imental setup is shown in Fig. 20, while the prototype
five-phase induction motor and the power converter are
shown in Fig. 21. The machine is controlled using the IRFOC
shown in Fig. 15 under speed mode, which is implemented
using a Digital Signal Processor (DSP) board eZdspTM based
on the Texas Instruments F28335 DSP. The current com-
ponents of the secondary subspace igy3 are controlled to
zero. While the reference direct component is set to 1.2 A.
The machine reference speed is firstly set to 500 rpm while
accelerated mechanically unloaded. The reference speed is
then step-increased to 1000 rpm. The full load torque is then
applied by loading the dc generator using a resistive load.
The simulated dynamic response for this case is shown
in Fig. 22. While the comparison between the experimental
and the simulation results based on the proposed mathemat-
ical model is shown in Fig. 23. Clearly, the conventional
IRFOC can successfully eliminate the induced secondary
current components caused by the small unbalance in the
stator impedance of different phases. Besides, this unbal-
ance has nothing to do with the machine dynamic response,
which seems quite similar to the response of a conventional
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FIGURE 23. Comparison between simulation and experimental results of dynamic performance under IRFOC. (a) Speed. (b) dq1 current

components.

symmetrical five-phase machine, as supported by the simula-
tion study given in section IV.

VI. CONCLUSION

This paper investigates the possible slot/pole combinations
of standard three-phase stator frames used to construct
a multiphase machine of prime-phase order. For a given
phase order, some slot/pole combinations have mathemati-
cally proven to be optimal in their ability to minimize the
stator current unbalance due to the small mismatch in the
stator leakage inductance of different phases due to the effect
of mutual leakage in a multilayer winding. As a general
conclusion, the optimal slot/pole is the one which is close
to the slot/pole combination employed for standard n -phase
symmetrical winding. It has also been mathematically proven
that the small mismatch in stator leakage inductance between
phases has nothing to do with the machine dynamic response.
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Hence, conventional VSD based controllers can successfully
be employed. This has been proven by calculating the stator
leakage inductance matrices then decomposing them using
conventional VSD employed in a symmetrical n -phase wind-
ing. The results showed a neglected cross-coupling between
different subspaces, especially for optimal slot/pole com-
binations. This small cross-coupling may, however, yield
induced secondary current components due to this impedance
mismatch. Nevertheless, these secondary current components
can easily be compensated through current control. The
mathematical modeling of the proposed winding layouts was
also given and verified experimentally using a prototype
five-phase machine.
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