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Torque Improvement in Dual M-Phase
Permanent-Magnet Machines by Phase
Shift for Electric Ship Applications

Yuhua Sun ', Wenxiang Zhao

Abstract—This paper proposes a design technique for electric
ship traction machines to achieve high torque density and low
torque ripple by adopting dual m-phase windings with an appro-
priate phase shift. Firstly, the general relationship between the
slot number and the phase number for dual m-phase windings is
investigated. Secondly, the uniform analytical expressions of torque
with different phase shifts are derived. Also, the optimal phase shift
angle is summarized from the perspective of improving torque
performance. Then, the 48-slot and 22-pole permanent-magnet
machines for electric ship with different windings configurations
are designed. The finite-element method is used to calculate their
electromagnetic performances, such as back electromotive force,
torque capability, stator magnetic motive force and radial force.
Finally, some experiments on the prototype machine for electric
ship are carried out for validation.

Index Terms—Dual m-phase windings, electric ship, permanent-
magnet machine, phase shift, torque.

1. INTRODUCTION

ITH increasing concern on energy security and envi-
W ronmental impacts, electric ships have been paid much
expectation [1]-[3]. Significant works on the characteristics and
design criteria of electric ship applications have been presented
in [4]-[6], revealing that the applications possess low-speed and
high-torque, high power density, high efficiency and reliability,
low vibration and noise. In the meantime, the permanent-magnet
(PM) machines adopt dual m-phase windings configurations can
offer the merits of high windings factor, low stator magnetic
motive force (MMF) harmonic components and high reliability,
this can be a promising candidate for electric ship applications
[7]. The electric ship applications require smooth torque because
high torque ripple will result in unacceptable vibration, acoustic
noise, and poor position and speed control [8]-[10].
At present, many published literatures have investigated
torque ripple reduction in PM machines. Skewing stator slots
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or rotor poles, reshaping magnets and asymmetry magnets were
widely used to reduce torque ripple [11]-[13]. In [14], the shapes
of stator teeth and slot-opening were optimized to suppress
torque ripple. To sum up, these methods are aimed at reducing
torque ripple by adjusting machine topologies, which not only
result in difficulty in machine manufacture, but also inevitably
lower torque capability.

It is well known that as the phase number increases, the
torque ripple can be reduced inherently, without sacrificing
torque capability [15]. Currently, the dual 3-phase windings
configuration was widely studied [16]-[18]. It has been indicated
that the configuration with 30° phase shift has larger torque
density and lower torque ripple than the traditional 3-phase
windings ones. In addition, a nonconventional 15° angle dis-
placement between the adjacent windings set was proposed in
[19]. Besides, the star-delta hybrid connection to improve torque
capability was proposed in [20] and [21]. However, this method
requires asymmetric turn number and increases the complexity
of the windings configuration. In [22] and [23], a dual 3-phase
asymmetric stator windings configuration was adopted in a
new multiphase PM machine, which offers low torque ripple
and high torque density. However, this windings configuration
requires a specific slot-pole combination. The effects of phase
shift between multiple multiphase windings in flux-switching
PM machines were investigated in [24]. In terms of reducing
torque ripple, the optimal phase shift for multiple multiphase
windings was summarized. However, this work did not concern
the effect of current harmonics on torque performance. In [25]
and [26], the influences of the current harmonics on torque
performance were investigated, revealing that the torque can
be improved by current harmonics injection. However, these
researches focus on low order current harmonics to a large extent.
In [27] and [28], the phase shift was adopted by a multilayer
winding configuration to suppress the torque ripple and stator
MMEF harmonic components. However, this method causes some
reduction in the windings factor of the torque-producing MMF
component. To sum up, the existing papers mainly focus on
the dual 3-phase windings configuration, and most of them
adopt 30° angle displacement. Other dual multi-phase windings
configurations with different phase shifts are rarely involved.
The main contribution of this paper is to investigate and compare
the torque performance of the dual m-phase windings with all
possible phase shifts, in which the current harmonics can be
considered.
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Fig. 1. Phase shift between adjacent windings set in dual m-phase windings
configurations.

This paper is organized as follows. In Section II, the general
relationship between the slot number and the phase number
for the dual m-phase windings configurations are presented.
Then, the complete analytical expressions of torque, excited by
sinusoidal and non-sinusoidal currents, are derived to reveal the
principle between optimal phase shift and torque performance.
In Section III, the 48-slot and 22-pole PM machines are designed
and their performances are comprehensively calculated by using
the finite-element method to verify the theoretical analysis re-
sults. In Section IV, some experiments on the prototype machine
are carried out for validation. Finally, conclusions are drawn in
Section V.

II. DUAL M-PHASE WINDINGS CONFIGURATIONS AND
TORQUE CHARACTERISTICS

The traditional symmetric m-phase windings PM machines
suffer from low windings factor and large torque ripple, which
is unacceptable for electric ship applications. To overcome these
shortcomings, PM machines can be connected to dual m-phase
windings. The key of this technique is to determine the optimal
phase shift av,,. In this section, the relationship between the slot
number and the phase number will be investigated. Then, the
appropriate phase shift for the dual m-phase windings will be
discussed.

The dual m-phase windings configurations and the phase
shifts are shown in Fig. 1, where A1, B1, Cl, ..., M1 refer to the
phases of the first windings set, A2, B2, C2, ..., M2 refer to the
phases of the second windings set. 0, is the phase difference
for each windings set. The slot-pitch angle oy and spatial phase
difference of two windings sets « should satisfy [20]

2T

a:haozm

ey
where m is the phase number (m>1), & is the slot-pitch number.
Besides, k; is constant and constrained by phase shift o.. Then,
by substituting the expression of slot-pitch angle aq into (1)
[20], the relationship between the slot number and the phase
number can be obtained, which is appropriate for the dual m-
phase windings with different phase shifts. The relation equation
can be written as

Z =mkh ©))

where Zis the slot number, and the unit machine numberis 1. The
slot number and the phase number for dual m-phase windings
are limited and their relationship should meet Z = mkyh. It is
worth noting that k; 7 should be an even number. The common
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TABLE I
SLOT NUMBER FOR DUAL M-PHASE WINDINGS WITH DIFFERENT
PHASE SHIFTS

Phase shifts h=1 h=2 h=3 h=4
2n/m / 2m / 4m
n/m 2m 4m 6m 8m
2n/3m / 6m / 12m
2m 4m 8m 12m 16m
Pessssssssmmasssszszssssssssszssay r

L8

Fig. 2. Equivalent slot electric potential star diagram for dual m-phase wind-
ings. (a) m is odd or 2. (b) m is even except 2.

slot number for the dual m-phase windings with different phase
shifts are listed in Table I. The oblique line indicates that it is not
suitable for dual m-phase windings configuration. Specifically,
dual 3-phase windings configuration is adopted and the phase
shift ais 7.5°, 15°, 30°, and 60°, respectively. Namely, m equals
to 3 and k; equals to 16, 8, 4, and 2, respectively. In the case of &
= 1, the slot number of unit machine which can satisfy the above
windings configurations is 48, 24, 12 and 6, correspondingly.

Fig. 2 is the equivalent slot electric potential star diagram for
dual m-phase windings. The star of slots is divided into Sy, So,
..., Si. Two sectors are assigned to each phase, and they are
referred to as positive (e.g., labeled A1+) and negative sectors
(e.g., labeled A1—). It is well known that high windings factor
means great potential for increasing torque density. When the
slot number in unit machine satisfies Z = mk h, the slot number
per phase Z,, is k1 h/2. When m is odd or 2, the slot number per
phase Z,, is twice the slot-pitch number 4, which can offer the
largest fundamental windings factor than other competing phase
shifts. Correspondingly, the slot number per phase Z,,, should
be equal to slot-pitch number £ for m is even except 2. It can be
summarized as

3)

ki =4 misoddor?2
ki1 =2 'mis even except 2

A. Torque With Ideal Sinusoidal Current

The torque of surface-mounted PM machines only has PM
torque component, and low cogging torque can be obtained by
selecting proper slot-pole combinations. In this case, the torque
ripple of the surface-mounted PM machines mainly results from
the PM torque. It is worth noting that different phase shifts cannot
influence the cogging torque. Conversely, the phase shifts greatly
affect the PM torque.
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When the back electromotive force (back-EMF) is symmet-
rical and has no even order harmonics, the back-EMF can be
expressed as

Z E, -sin{v[wt — (ky — D)a] + pur, } @)

v=13,5...

ekz wt

where w is the electric angular frequency, ¢ is the time, v is
the back-EMF harmonics order, and ks (ks = 1, 2) denotes
the ko™ m-phase windings set. I, is the amplitude of the v
back-EMF harmonic, and ¢, is the phase angle of the pih
back-EMF harmonic of the ko™ m-phase windings set. Due to
the symmetrical distribution, the back-EMF of the ko™ m-phase
windings set can be written as

€Ak, = €k, (wt)
€Bk, = €k, (wt — Gph) (5)
€Ck, = €k, (wt — 29ph)

where 0,, equals to 2m/m (m>2) and /2 (m = 2), respectively.
Based on the same analytical method, when using ¢; = 0 control
strategy, the current expression can be derived [29]. Therefore,
the torque produced by the first windings set can be obtained as

Tei(wt) = —(eariar +eprip +ecrict+ ... emMitMi1
me
1 m—1
=5 > > Eulax{cos|(v — Dwt—(v - 1)
Tome v=13... j=I

X (4 — 1)0pp + (o1 — @11)] — cos[(v + Nwt
— (W +1)(F = DOpn + (o1 + 1))} (6)

where j (j = 1, 2, 3, ..., m) is the phase sequence, 1n,,, is the
mechanical rotor angular speed, I,,,x is the amplitude of ideal
sinusoidal current. According to (6), the v back-EMF harmonic
contributes to the generation of torque ripple only if (v£1) =
ml (Il =1, 2,3, ...). It should be pointed out that the average
torque generation in the case of v = 1 for the sinusoidal current.
Thus, the back-EMF harmonics orders, which interact with the
sinusoidal current to generate torque ripple, can be expressed as

~J2ml£1
o lmi+1
The torque for the second symmetrical winding 7., can be

obtained by replacing wt in (6) with (wf-a). Consequently, the
total electromagnetic torque 7, can be given by

=2 ZTn

n=0,2... j=

2] o ()
(3)

where n is the torque harmonics order, and 7, is the amplitude
of the n'" torque harmonics. It is worth noting that the torque per-
formance of 3-phase windings configuration is identical to the
dual 3-phase windings configuration with o = 0° one. Generally,

m is odd or 2
(7

m is even except 2

Te(wt) = Ty (wt) + Tea(wt)

X COS {n {wt—(j—l)G
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Fig.3. Relationship between back-EMF harmonic order and current harmonic
order generating torque for each symmetrical 3-phase windings set.

the most significant torque harmonics are the (2m)™ (m is odd
or 2) and the m™ (m is even except 2) components. According to
(8), the nt torque harmonics can be eliminated when it satisfies
cos(na/2) = 0. In order to minimize torque ripple, the most
significant harmonic should be eliminated. In the meantime, the
maximum fundamental windings factor is required in order to
increase the torque density. Thus, the optimal phase shift o, is
defined as the angle which can eliminate the most significant
torque harmonic. Also, the maximum fundamental windings
factor can be obtained. Based on (3) and (8), it can be con-

cluded as
o
aop — %n—'m
m

B. Torque With Non-Sinusoidal Current

m is odd or 2
9

m is even except 2

In fact, the real current contains some harmonic components,
so it is necessary to determine the influence of the current
harmonics on torque performance. When the phase current is
symmetrical, it can be written as [31]. Therefore, the torque of
first windings set with current harmonics can be written as

Tei(wt)=——(earta1 +epiip +eciici +...... emiian)
Z Z Z By ”{cos (v—pwt — (v —p)
Li=1,3.. nme
x (j— 1)9ph + (o1 — @u1)] — cos[(v + p)wt

- (U + M)(] - 1>9Ph + (‘pvl + SDMI)]} (10)

where p is the current harmonics order, /,, is the amplitude of
the ™ current harmonic, and ¢, is the phase angle of the y™®
current harmonic of the first m-phase windings set. According to
(10), it can be concluded that the v back-EMF harmonic interact
with the ™ current harmonic contributes to the torque ripple
generation, when (v£p1) = ml is satisfied. Therefore, the back-
EMF harmonics order, which interact with the current harmonics
to generate torque ripple, can be written as

U:{Zml:tu m is odd or 2 (11

ml=Epu  miseven except 2

Specifically, Fig. 3 reveals the relationship between the back-
EMF harmonic order and the current harmonic order generating
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Fig. 4. Cross section of 48-slot and 22-pole PM machine.

torque of single 3-phase windings set, in which the different
color curves represent different torque harmonics order as shown
in legend. It can be seen that torque harmonic components is
(61)". Moreover, the 6™ harmonic is the lowest order of main har-
monics, which is the first main harmonics for each symmetrical
3-phase windings set. The amplitude of the harmonics decreases
with the harmonic order. Therefore, the 6™ torque harmonic
elimination is the key to reduce torque ripple for 3-phase winding
machines.

Then, by substituting (10) into (8), it can be known that torque
harmonics can be eliminated when it satisfies cos((vtu)a/2) =
0. Compared with the sinusoidal current, the current harmonics
do not change torque harmonics order, but influence the original
contents. Moreover, the most significant harmonic order is con-
sistent with the sinusoidal current, and the current harmonics
cannot cause changes in windings factor. Hence, the conclusion
of (9) is also suitable for the non-sinusoidal current case. To be
specific, the (6¢)" (¢ = 1, 3, 5, ...) torque harmonics can be
cancelled for dual 3-phase windings when o = 30°, while the
maximum fundamental windings factor is obtained.

In addition, the optimal phase shift can eliminate torque
ripple caused by the specific current harmonics. This technique
can be used to improve the torque density of the electric ship
traction machines without generating additional torque ripple by
injecting the current harmonics [29]-[31].

III. SIMULATION AND EVALUATION

For a clear explanation, the surface mounted PM machine for
electric ship having 48-slot and 22-pole combination is chosen
as example, in which the vibration and noise performance are
considered [32]. The cross section of this PM machine is shown
in Fig. 4. Its main specifications are listed in Table II. As can be
seen, the surface mounted PMs are fixed by card teeth. The height
and width of card teeth are small, hence the reluctance torque can
be almost neglected in this topology. The two-layer fractional
slot distributed windings are adopted for the purpose of high
windings factor. Moreover, the greatest common divisor of the
slot number and pole number is selected as 2 to reduce cogging
torque. Based on this slot-pole combination, the dual 3-phase
windings, dual 4-phase windings and dual 6-phase windings can
be adopted. In this section, the case of m = 3 is analyzed and

TABLE II
MAIN SPECIFICATIONS OF PROTOTYPE MACHINES

Items Values
Rated speed (1r/min) 200
Rated current 7 (A) 9.3
Outer diameter of stator Dy, (mm) 350
Inner diameter of stator Ds; (mm) 276
Inner diameter of rotor Dy (mm) 240
Air-gap length g (mm) 1.5
Axial length L (mm) 150
Tooth width ¢ (mm) 8.5
Thickness of PM /ipm (mm) 8
Polar-arc coefficient of PM opm 0.87
Turns per phases N 30
Remanence of PM B: (T) 1.1
PM material Smco32

©

Fig. 5. Slot electric potential star diagram for dual 3-phase windings config-
urations. (a) &« = 7.5°. (b) a = 15°. (¢) a = 30°. (d) o = 60°.

verified. It is worth emphasizing that the analysis method in this
paper is universal, which is not limited to dual 3-phase windings.
Besides, electromagnetic performances of the prototype PM
machines with different phase shifts are compared by using
the finite-element method, such as back-EMEF, torque capability,
stator MMF harmonic and radial force.

A. Windings Factor and No-Load Back-EMF

Based on (1) and (2), the 48-slot and 22-pole PM machine
can be connected to the dual 3-phase windings with « equals
to 7.5°, 15°, 30°, and 60°, respectively, as shown in Fig. 5.
The positive sectors of phases Al and A2 are labeled as Al+,
A2+4. Similarly, for the negative sectors, the letters Al- and A2-
are used. The number of spokes in each sector is 4, and the
slot-pitch number 4 is 1, 2, 4 and 8, corresponding to phase
shift o equals to 7.5°, 15°, 30°, and 60°, respectively. According
to the general formulation of windings factor [19], [33], the
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TABLE III
WINDINGS FACTORS FOR DUAL 3-PHASE WITH DIFFERENT PHASE SHIFTS

o kav Vv=p v=3p
o . 25V, 4vr 13vn
0 \smz(7)cos(7) cos(—-)| 0.947  0.592
7.5 sin?(Z)cos (D) 0949  0.604
15° sin(Z)cos()cos(=) 0956  0.641
30° Isin?(Z)cos(2)| 0981  0.837
o . 25V 4vr 13vn
60 |sm2(7)cos(7) cos(—-)| 0.947  0.592
200 _
’fﬁw N IEN ------ =0
— y/ \ —0=7.5°
100
\E, ) \ — 0=15°
> 9 ——a=30°
o ——a=60°
A
3 A f
Z-100 S&.
-200
0 60 120 180 240 300 360
Rotor position (Elec.deg.)
()
240 : —
T B B
£180 o [ o=15° N o=30°
e
Z120-
Z 60 *
N ~
0 1 2 5 7 8 9

-
Po . .
Harmonic order

(b)

Fig. 6. Comparison of no-load back-EMF of dual 3-phase windings configu-
rations. (a) Waveform. (b) Spectrum.

main windings factor at different phase shifts can be calculated
as given in Table III. Besides, this machine will be connected
to the dual 4-phase windings with « equals to 7.5°, 22.5°, and
45°, respectively. The fundamental windings factor is calculated
as 0.893, 0.911, and 0.967, correspondingly. Obviously, the
maximum fundamental windings factor can be obtained when
the optimal phase shift is adopted.

Fig. 6 shows the waveform and space harmonic spectrum of
the back-EMFs with different phase shifts at the same rotation
speed. In one electrical period, the fundamental order is the
1. The torque harmonic generated by the 5", 7" back-EMF
harmonics are eliminated when o = 30°. In order to show
the influences of phase shifts on electromagnetic performances
clearly, the results of the @ = 0° windings configuration are
added. It can be seen that the @ = 30° windings configuration
has larger fundamental harmonic magnitude than that of other
phase shifts windings. This is because it has maximum windings
factor. Although the 3™ back-EMF harmonic amplitude of the
o = 30° windings is higher than other competing phase shifts
windings one, it does not contribute to torque ripple in the case
of the sinusoidal current. This feature means great potential for
increasing torque density by the 3™ current harmonic injection,
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5 ——a=7.5° ——a=15°
=230 a=30° ~60°
220
0 60 120 180 240 300 360

Rotor position (Elec.deg.)

Fig. 7. Waveforms of total torque in different windings configurations with
ideal sinusoidal current.

which will be elaborated in Section III-C. The analysis method
is also applicable to the dual even-phase windings.

B. Torque With Ideal Sinusoidal Current

Fig. 7 presents the torque waveforms of different wind-
ings configurations with ideal sinusoidal current. Obviously,
the torque performances of 3-phase windings and the av = 0°
windings configurations are identical to the o = 60° windings
configuration. Hence, the first second windings configuration
will not be discussed later. The phase shift not only affects
the amplitude of average torque, but also affects torque ripple.
Fig. 8 shows the torque waveform of each 3-phase windings set
with different phase shifts. As can be seen, the most significant
torque harmonic order is the 6! for each winding set, that is,
the torque period is 60° in an electrical period. Moreover, the
torque angle displacement between two windings sets equals
phase shift c.. Therefore, the torque phase of two windings
sets are compensated when o = 30° as shown in Fig. 8(c).
Fig. 9 compares the spectrum of total torque with different phase
shifts. It can be known that the 6 torque harmonic can be
completely eliminated when o = 30°, and the average torque
is maximum. This is the optimal phase shift for dual 3-phase
windings. Similarly, when this machine is connected to the dual
4-phase windings with o« = 45°, the torque ripple can be smaller
than other competing phase shifts windings one.

For the purpose of further verifying the generality of the
optimal phase shift conclusion, other three PM machines are de-
signed. The slot-pole combinations include 16-slot and 12-pole,
20-slot and 14-pole, 24-slot and 20-pole. They are equipped
with the dual 4-phase windings configuration, the dual 5-phase
windings configuration and the dual 6-phase windings configu-
ration, respectively, while the optimal phase shift is adopted. In
order to prove the advantages of optimal phase shift in torque
performance, the o = 0° windings configurations are selected
for evaluation. Figs. 10-12 show the slot electric potential
star diagram of the three machines. According to [33], the
fundamental windings factor can be calculated as 0.854 and
0.924 for 16-slot and 12-pole, respectively. Correspondingly,
the fundamental windings factor is 0.880 and 0.891 for 20-slot
and 14-pole, 0.933 and 0.966 for 24-slot and 20-pole. The
torque waveforms of the three machines with optimal phase
shift are highlighted with dotted box in Fig. 13. The red and blue
curves represent the torque waveforms of the first and second
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Fig. 8. Torque separation in dual 3-phase windings configurations. (a) o =

0°. (b) @« = 7.5°. (c) a = 15°. (d) @ = 30°. (e) @ = 60°.

windings set respectively. Obviously, the torque waveforms of
two windings sets are mutual compensated, thereby, the most
significant torque harmonic can be completely eliminated. Fur-
ther, Fig. 13 indicates the total torque spectrum comparison of
the three machines. It is known that the (4¢)™, (10¢)™, (6¢)™
torque harmonics are eliminated respectively in the 16-slot and
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Fig. 10. Slot electric potential star diagram of 16-slot and 12-pole.
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Fig. 11. Slot electric potential star diagram of 20-slot and 14-pole.
(@) a=0°(b) a = 18°.

12-pole, 20-slot and 14-pole, and 24-slot and 20-pole machines
by adopting the optimal phase shift, which are consistent with
the analysis results in Section II.

C. Torque With Non-Sinusoidal Current

Fig. 14 shows the average torque and torque ripple when
the rectangular current is applied. It is worth noting that the
fundamental current amplitude of the rectangular current equals
to the sinusoidal current amplitude I,,,«. Since the presence of
the current harmonics, the average torque and torque ripple are
greatly improved. Fig. 15 describes the spectrum comparison of
the total torque in the dual 3-phase windings with the rectangular
current. It can be seen that the (6¢)" torque harmonic compo-
nents can be eliminated when o = 30°. Similarly, the (24c)h
and the (12¢)™ torque harmonic components can be cancelled
in the case of the o = 7.5° windings configuration and the «
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Fig. 12.  Slot electric potential star diagram of 24-slot and 20-pole. (a) o =
0°. (b) a = 30°.
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Fig. 13. Spectrum comparison of total torque. (a) 16-slot and 12-pole.

(b) 20-slot and 14-pole. (c) 24-slot and 20-pole.

= 15° windings configuration, respectively. However, the o =
60° windings configuration cannot change the torque harmonics
order. This proves that the advantage of a = 30° in torque
performance is not limited to the sinusoidal current.
Additionally, the back-EMF amplitude of the harmonic orders
higher than 3 can be ignored for this machine. This is a typical
case of the 3™ current harmonic injection to improve torque
density. The back-EMF of phase Al can be simplified [31].
When the neutral point is provided, the 3" current harmonic,

Alis 3l ganass dass
https://www.tarjomano.com > >

e Ol b 3590

9607

320 —— /) Torque Torque ripple r32
2 2407 ?/ W/ 7 V N | 24 g’
%160— %\\ % N § %% -162.
g 50- . — % 5 =

%E E B

o=T7.5°

Fig. 14. Comparison of output torque and torque ripple in dual 3-phase
windings configurations with rectangular current.
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Fig. 15.  Spectrum comparison of total torque in dual 3-phase windings con-
figurations with rectangular current.
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Fig. 16. Comparison of total torque waveform in dual 3-phase windings
configurations with 3th-order current harmonic injection.

which interacts with 3" back-EMF harmonic, can be used to
improve the torque capability. The torque of the dual 3-phase
windings in this case can be written as

T.(wt) = (ErI + E3I3) + Trip (12)

me
where the T}.;, is total torque ripple. In order to have the same
root mean square value as the sinusoidal current, /1, I and I«
meet 12 + 15 = 12 . Therefore, the value of I; and I3 can be

calculated to obtain the maximum torque by [29]

2
{Il = max/ 1+ (%)

(13)
I; = % 1

In the case of the o = 30° windings, the 3™ current harmonic
does not generate additional torque ripple. Namely, T.;, in (12)
equals to 0. Fig. 16 compares the total torque waveform at dif-
ferent phase shifts with the 3™ current harmonic injection. It can
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Fig. 17. Spectrum comparison of stator MMF harmonics content in dual

3-phase windings configurations with sinusoidal current.

TABLE IV
ELIMINATION STATOR MMF HARMONICS ORDER (WITHIN 50)

Phase shifts Elimination MMF harmonic order
0=0° 1,5,7,11,13,17,19,23,25,29,31,35,37,41,43,47,49...
0=17.5° 1,5,7,11,13,17,19,23,25,29,31,35,37,41,43,47,49...
o=15° 1,5,7,11,13,17,19,23,25,29,31,35,37,41,43,47,49...
0=30° 1,5,7,11,13,17,19,23,25,29,31,35,37,41,43,47,49. ..
0=60° 1,5,7,11,13,17,19,23,25,29,31,35,37,41,43,47,49...

be seen that the average torque increases by 8% approximately,
compared with ideal sinusoidal current.

D. Stator MMF and Radial Force

The machine connects to the dual m-phase windings with the
optimal phase shift not only has better torque performance than
other competing phase shifts, but also has advantages in stator
MMF harmonic components and radial force density. It should
be noted that the analysis below is based on the ideal sinusoidal
current.

The multiple 3-phase windings sets have been proposed to
cancel out the stator MMF harmonic components [34]. It is
known that the MMF harmonic will be eliminated when it
satisfies

O
Oy

s(By — B1) + a = £180° = 360°1
s(By — B1) — a = £180° = 360°1

(14)

where s is the stator MMF harmonics order. 6y represents the
forward combined MMF harmonic phase shift, 6, represents
the backward combined MMF harmonic phase shift, and the
(B2-P1) is determined by the slot electric potential star diagram.
For prototype machines in the dual 3-phase windings, when the
phase shift « is selected to be 7.5°, 15°, 30°, 60°, the [2-01
becomes 97.5°, —165°, 30°, 60°, respectively.

Fig. 17 represents the normalized stator MMF harmonics
spectrum of the dual 3-phase windings with different phase
shifts, and the base value is the fundamental amplitude of the
a = 30° windings configuration. It is obviously known that the
a = 30° windings configuration eliminates some high content
harmonics. Specifically, the reductions in stator MMF harmonics
are listed in Table IV by the red font.

It is a common knowledge that the stator MMF harmonics
reduction has profound influence on vibration, acoustic noise
and eddy-current loss [32], [35]. Fig. 18 shows the spectrum
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Fig. 18. Spectrum comparison of radial force harmonics in dual 3-phase
windings configurations with sinusoidal current.

(b)

Fig. 19. Prototype of the proposed 48-slot and 22-pole machine.
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Fig. 20.

Experimental platform.

comparison of the radial force harmonics in the dual 3-phase
windings with different phase shifts. It is necessary to point out
that the main 5" and 7" stator MMF harmonics are cancelled out
when o = 30°, which has important contribution to the 4t and
6 radial force harmonics, respectively. Additionally, the 17"
and 19" stator MMF harmonics are eliminated, which is helpful
for reducing the 8" and 10" radial force harmonics. To sum up,
the main low order radial force harmonics are reduced, such as
4t 6t 8 and 10", Although there is insignificant decrease in
21 radial force harmonic, its content is less abundant.

IV. EXPERIMENTAL VALIDATION

In order to experimentally validate the theoretical analysis, the
prototype PM machine with 48-slot and 22-pole has been built,
as shown in Fig. 19. The prototype machine performance tests
are conducted on an experiment platform as shown in Fig. 20, in
which the machine adopts ¢4 = 0 control and provide load torque
during tests. Fig. 21 shows the windings connection diagrams
of 3-phase windings configuration and dual 3-phase windings
configurations with o = 0° and a = 30°, respectively. The
characteristic is worth noting that the dual 3-phase windings
configuration with o = 30° becomes 3-phase windings config-
uration when the outlet terminals of Al- and A2+ in series,
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A\

3 45 47
1 1

Fig. 21. The windings connection diagram. (a) 3-phase windings configura-
tion. (b) Dual 3-phase windings configuration with o = 0°. (c) Dual 3-phase
windigns configuration with o« = 30°.
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Fig. 22. Measured back-EMF of prototype machine at 200 r/min in dual
3-phase windings configuration with o = 30°. (5 ms/div, 80 V/div).

B1- and B2+ in series, C1- and C2+ in series. The torque
performance of 3-phase windings configuration is identical to
the dual 3-phase windings configuration with o = 0° one. Hence,
the following related experiments are based on the 3-phase
windings configuration to show the torque characteristics of dual
3-phase windings configuration with o = 0°.

Fig. 22 shows the measured back-EMFs of the dual 3-phase
windings with o = 30° at 200 r/min, in which e, ep; and
ec1 represent the back-EMF waveforms of phase Al, phase
B1 and phase C1, respectively. It is worth mentioning that the
back-EMF of the second windings set are not tested, which
only has 30° phase difference relative to the first windings
set ones. Furthermore, the measured and predicted results of
the back-EMF waveform and corresponding harmonic analysis,
for 3-phase windings configuration and dual 3-phase windings
configuration with o = 30°, are compared in Fig. 23 and Fig. 24.
It can be seen that the measured fundamental component is
about 2.5% lower than the predicted one. This is mainly due
to the effect of lamination factor, end effect and manufacturing
error. It is mentioned that the back-EMF results of dual 3-phase
windings configuration with o = 0° is half of the 3-phase
windings configuration ones.

Fig. 25 shows the measured torque waveforms of the av = 0°
windings and the o = 30° windings configurations at 200 r/min,
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Fig. 23.  Comparison of the measured and predicted Al phase back-EMF in
dual 3-phase windings configuration with o = 30°. (a) Waveform. (b) Spectrum.

400 : : : ‘
R Measured
2 200 : 3 —0-0— Predlcted
Y\
g 0 \ %
a2
g |
m -200 N

_400 T T T T T

0 60 120 180 240 300 360
Rotor position (Elec.deg.)
(@

450 : : : : :

3604 : - Meajsured
< - Predicted
5270 SRS N S —
<
2
S 180
[
£
< 904

0+ . l l T T T T
0 3 4 5 6 7 8 9 10

Harmonic order

(b)

Fig. 24.  Comparison of the measured and predicted A phase back-EMF in
3-phase windings configuration. (a) Waveform. (b) Spectrum.

and the measured current values are 10.8A and 10.3A respec-
tively. Correspondingly, the predicted ones are 9.7A and 9.3A.
The main reason is that the mechanical loss is not taken into
account during the prediction. Fig. 26 compares the measured
and predicted results of the torque waveform at 200 r/min. It
is worth noting that the comparisons are based on the premise
that the average torque is identical, that is, the current ampli-
tudes are different in each case. The 30° configuration requires
smaller current amplitude compared with its counterpart, which
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Fig. 25. Measured torque waveforms. (50 ms/div, 10 A/div). (a) The o = 0°

windings configuration. (b) The o = 30° windings configuration.
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Fig.26. Comparison of the measured and predicted torque waveform. (a) The
a = 0° windings configuration. (b) The o = 30° windings configuration.

indicates the advantage of high windings factor. Moreover,
the torque waveform of the o = 30° windings configuration
is smoother than that of the o = 0° windings configuration,
which is consistent with theoretical analysis. In addition, the
current harmonics on torque performance are verified by the
experiment, as shown in Fig. 27. Fig. 28 reveals the measured
current spectrum, in which the 5% and 7" harmonics are existent,
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Fig. 27. Measured torque waveform with current harmonics. (100 ms/div,
5 A/div). (a) The aw=0° windings configuration. (b) The a=30° windings
configuration.
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Fig. 28. Comparison of the related measured current spectrum.

and the amplitudes are similar. The torque waveform of the o =
30° windings configuration with current harmonics is smooth.
However, the torque ripple of the o = 0° windings configuration
increases obviously. This proves the torque harmonic generated
by the 5", 7" current harmonics can be eliminated when o =
30° for dual 3-phase windings.

Fig. 29 compares the measured efficiency map of the o =
0° windings and the o = 30° windings in the range of (20—
260) r/min. Due to the high windings factor, the current value
of the a = 30° windings is less than the o = 0° windings one.
Therefore, the o = 30° windings exhibits higher efficiency than
that of the o = 0° windings in full speed range. Specifically, the
efficiencies of four different operating points are marked. It can
be seen that the efficiency of the oo = 30° windings increases by
(0.6-1)% approximately, compared with the o = 0° windings
ones.
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Fig. 29. Comparison of measured efficiency map. (a) The v = 0° windings
configuration. (b) The o = 30° windings configuration.

V. CONCLUSION

In this paper, the torque improvement in dual m-phase wind-
ings configurations by phase shift for electric ship applications
has been systematically studied. Firstly, the general relationship
between the slot number and the phase number, which is ap-
propriate for dual m-phase windings with different phase shifts,
has been derived. Secondly, the effects of phase shift between
adjacent windings set on torque capability have been investi-
gated, and the optimal phase shift has been summarized in terms
of reducing torque ripple, while improving the average torque.
Furthermore, the 48-slot and 22-pole PM machine for electric
ship has been designed and the optimal phase shift has been
adopted. It is shown that the proposed windings configuration
exhibits high average torque and low torque ripple. It has also
been found the stator MMF harmonic components and radial
force densities are improved. Finally, a prototype machine for
electric ship has been built and tested, verifying that the dual
m-phase windings with optimal phase shifts is effective to obtain
better torque performance compared with its counterparts. This
shows great potential in the electric ship applications.
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