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Abstract—This paper proposes a new dual-sided permanent
magnet (DSPM) machine with flux-concentrated U-shaped
permanent magnets (PMs) in stator, and consequent-pole PMs in
rotor, respectively. The proposed DSPM machine can perform a
bidirectional field modulation effect (BFME) to enhance the
effective harmonics, and hence improving torque capability. A
magneto-motive force (MMF)-permeance based model is
employed to reveal the torque production mechanism. The torque
contributions of main-order working field harmonics are
identified and quantified by employing a hybrid finite element
(FE)/analytical method with a unified average torque equation. In
order to confirm the merits of the proposed design, the basic
electromagnetic characteristics of the proposed DSPM
configuration are investigated and compared with those of an
existing DSPM machine with stator consequent-pole PM design.
Besides, in order to further reduce the cogging torque, a parallel
complementary (PC) design is adopted for the final prototyping.
Finally, a 6-slot/14-pole-pair prototype is manufactured, and some
experimental measurements are carried out to validate the
theoretical and FE analyses.

Index Terms—Bidirectional field modulation effect (BFME),
consequent-pole permanent magnet (PM), dual-sided PM machine,
torque production mechanism, U-shaped magnet.

I. INTRODUCTION

UE to the inherit merits of high torque/power density and

high efficiency, permanent magnet (PM) machine is
extensively regarded as a candidate for electric vehicles, wind
power generation and various industrial application[1]-[2].
Compared with conventional PM machines with magnets
mounted on the rotor [3], stator PM machines [4] have a salient
rotor structure, armature windings and PMs in their stator side,
leading to the advantages of high rotor robustness, good thermal
management and easy manufacturing. However, because
dominant stationary air-gap field harmonics are absent for the
effective torque generation, the stator PM machines normally
suffer from compromised torque density than conventional PM
machines.

In order to combine the merits of rotor and stator PM
machine configurations to enhance the torque capability, a dual-
sided PM (DSPM) concept is first introduced by A. Ishizaki [5].
Because PMs are located in both stator and rotor sides, a
bidirectional field modulation effect (BFME) can be achieved
in DSPM machines [6]-[7]. This implies that DSPM structures

can produce multiple air-gap field harmonics, and hence
exhibiting higher torque capability than those rotor and stator
PM counterparts [6]-[7]. Then, various DSPM machine
topologies in term of hybrid excited [8]-[9], linear [10]-[11],
dual-stator [12], outer rotor [13]-[14], and memory machine
[15]-[16] configurations are newly developed and investigated
in recent years.

In addition, four DSPM machines are comparatively studied
in [17], which demonstrates that the stator tooth-PM structure
has the highest torque density than other counterparts. For
enhancing stator tooth-PM flux strengthening effect, two
tangentially magnetized PMs with opposite directions are set to
each stator tooth-PM [18]. However, the stator tooth-PM
machine has the unipolar coil flux linkage, which results in
significant magnetic saturation in stator teeth, and hence
compromising the torque capability. Besides, the DSPM
machines with different stator slot PM configurations are
investigated in [19]-[20], which shows that high power factor
and high efficiency can be simultaneously achieved. Moreover,
the DSPM machines with stator closed-slot configurations are
proposed in [21]-[22], which increases the design freedom of
stator PM. As a result, the proposed structure exhibits higher
torque capability than its existing counterparts [22]. However,
the larger flux leakage reduces the PM utilization ratio, and
hence results in localized iron saturation in these cases. For
enhancing torque capability, some DSPM machines with
bipolar stator PM flux structures are proposed [23]-[27]. In
order to reduce the flux leakage, a DSPM machine with stator
consequent-pole PM is proposed in [23], which shows high
torque capability, power factor and flux-weakening capability
and efficiency compared with its single-side PM cases. Besides,
a non-uniformly distributed stator PM and flux modulation pole
design is presented to enhance the main-order working
harmonic components for torque production, which exhibits
higher torque capability than the uniformly distributed structure
[24]. The DSPM machines with complementary stator
structures are comparatively studied in [25], which shows that
the machine with Fe-N-Fe-N-Fe arrangement exhibits higher
torque and PM utilization ratio. In addition, a DSPM machine
with stator spoke-type magnets is investigated in [26], which
demonstrates that the machine with 14-pole-pair has the highest
torque density. Besides, compared with the conventional
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consequent pole magnet design [27], a DSPM machine with
stator spoke-type magnets configuration exhibits higher torque
capability due to its better flux concentrated effect.

This paper aims to provide an insightful understanding of
torque generation mechanism and performance evaluation of a
novel DSPM machine with stator U-shaped magnets. In Section
II, the machine topology is illustrated. In Section III, a hybrid
finite element (FE)/analytical method is proposed to quantify
the torque contributions of multiple air-gap field working
harmonics with the help of a unified average torque equation.
In Section IV, in order to confirm the proposed design, a
conventional DSPM machine with stator consequent-pole PM
design is selected to present a performance comparison. In
Section V, a parallel complementary (PC) design is employed
in an optimally selected 6-slot/14-pole-pair DSPM structure to
reduce the cogging torque. Besides, some experimental
measurements are carried out on a 6-slot/14-pole-pair machine
prototype in order to confirm the theoretical and FE analyses.
Finally, some conclusions are drawn in Section VI.

II. MACHINE TOPOLOGIES

The topology of a 6-slot/14-pole-pair DSPM machine is
illustrated in Fig. 1. It can be seen that the machine has
consequent-pole PMs in rotor and U-shaped PMs in stator,
which enables a BFME for the torque improvement. Besides,
the stator U-shaped PM arrangement exhibits high flux
concentrated effect, which means that the larger effective
working harmonics can be obtained. In addition, it should be
noted that some iron bridges are adopted in the stator to
strengthen the stator mechanical stability. The main design

parameters are tabulated in Table I.
Stator

Stator U-shaped PM

Fig. 1. Topology of 6-slot/14-pole-pair DSPM machine.

TABLE I

MAIN DESIGN PARAMETERS OF THE PROPOSED DSPM MACHINE
Items DSPM machine
Stator slot number, Z; 6
Rotor PM pole-pair, Z- 14
Stator outer diameter, mm 102
Stator yoke thickness, mm 4
Stator PM thickness, mm 2.7
Stator inner diameter, mm 66.2
Air-gap length, mm 0.5
Rotor outer diameter, mm 65.2
Rotor PM thickness, mm 34
Rotor PM pole-arc ratio, 0.49
Steel grade 35CS250
PM grade N42SH
Turns per phase 136
Rated current, A 8

III. TORQUE PRODUCTION MECHANISM

A. PM MMF-Permeance Based Modeling

A simple PM MMF-permeance method is employed to
illustrate the torque generation mechanism of the studied
DSPM machine. The ideal stator PM MMF distribution can be
expressed as

Fopu z seai SIN(IZ,0) (D

where Z; is the numbers of stator PM pole pairs, Fspas; is the i
stator PM MMF Fourier coefficient. The rotor PM MMF
distribution can be expressed as

Frpy = ZFRPMj sin[er (0-6, _Qrt)] (2)
=0

where Z, is the number of rotor PM pole pairs, 6, is the initial
rotor position relative to the stator, and Q. is the rotor angular
speed.

For a doubly salient configurations, the stator and rotor
slotting effects can be taken into account respectively. Thus, the
air-gap permeance can be synthesized by calculating the stator
and rotor permeances, respectively. The air-gap permeance
function can be expressed as [28] [29]

AA
A, x 2 (3)
/g

where g is air-gap length, respectively. As and A, are the air-
gap permeance functions by taking the stator and rotor slotting
effects into account, respectively. When initial rotor position is
in the axis of phase A windings, A; and A, can be described by
A= AS0+Z A, cos(mZ6) 4)

m=1

A, =N+ A, cos[nZ, (0-Q,0)] 5)
n=1

where Ay and A, are the 0™ stator and rotor permeance
coefficients, respectively. Ay, and A,, are the m™ and n'™ stator
and rotor permenace coefficients, respectively. Thus, the
synthesized air-gap permeance function can be further rewritten
as

A, = ZZA A, cos[(mZ, £nZ, )0 FnZ,Q t] (6)
21u()m =0 n=0

By using PM MMF-permeance based method [30], the no-
load air-gap flux density can be obtained as
B (FSPM +FRPM )A BngPM +Bg7RPM (7)

4
where By spy and B, rpy are the no-load air-gap flux densities
due to stator and rotor PMs, respectively. The B, spir can be
further rewritten as

:u() i=0 m=0 n=0 V (8)
sin [(an +mZ +iZ )0 - anQrt]

Similarly, B, rpy can be further rewritten as

g ZZZFRPMA A x

0 J=0 m=0 n=0 (9)
sin[(nZ, £mZ, + jZ,)0—(n+ j)Z,Q,tF jZ,0, |

g RPM:
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Considering the fluxes passing through phase A, the flux
linkage of phase A can be given as

2z
w0 =rl,[ BN,(0)0

where /[y is the active stack length, 7, is the air-gap radius.
N4(6) is the winding function, which can be expressed as [31]

(11)

where N; is the number of series-connected turns per phase,
ki is the winding factor of the 4™ air-gap flux density.
Consequently, the back-EMF of phase A can be obtained by

dy (1) (13)

d = €spyr t Expyr
The electromagnetic torque of DSPM machines can also
be derived as

(10)

N,(0)= Z% N k,, cos(h8)
h=1

e, ()=~

T, =(e,i, +eBiB+eCiC)/Qr (14)
where e4, ep and ec are the back-EMFs of phases A, B and C,
respectively. iy, ip and ic are the currents of phases A, B and
C, respectively. When neglecting the reluctance torque, the
average torque can be further expressed as
_3I1E,
™2 Q)
where /4 is the phase current. E,4 is the phase back-EMF
amplitude. Tspir and Trpys are the average torque components
due to stator and rotor PMs, respectively. Taking the main-
order air-gap field working harmonics into consideration, the
average torques due to the stator and rotor PMs can be further
rewritten as

=T,

SPM

+T,

RPM

(15)

B. MMF Modelling Torque Quantification by a Hybrid
FFE/Analysis Method

In order to quantify the torque contributions of the multiple
working harmonics, a hybrid FE/analytical method is proposed,
the flowchart of which is shown in Fig. 2. The no-load air-gap
flux density distribution can be obtained by static magnetic field
simulation, which requires significantly reduced computation
time compared with transient simulation. Besides, the open-
circuit air-gap flux densities due to stator and rotor PMs can be
separated by the well-known frozen permeability method. Then,
the torque contributions of the main-order working harmonics
can be quantified by a unified average torque equation. In
addition, the torque proportion due to the j air-gap flux density
can be determined by

T
A, = =255 100% (19)

avg

FE modeling

| Static magnetic field simulation |

| No-load air-gap flux density waveform and harmonic spectra |

FEmethod | Frozen permeability method |

Stator PMs no-load air-gap
flux density

Rotor PMs no-load air-gap
flux density

Quantification of torque

Quantification of torque

TSPM = 3rgl.sszsIAZr x
B kw‘ZZx -7, B kw‘}Zx -7, B kw\z\ -7,
T + By, 2, +
[22,-7, 32,-2,| 1Z,-2,|
kw 32,-22, kw Z,+7, kw 27,+7, (16)
B +B +B +
32,-27,] 12,+2,] [22,+27,|
32,-22, Z,+2, 27,+2,
pz,-2z,| |7.+2,] Pz+7,|
B kw\zzfzzr\ B kw\sz‘_+z,\
[22,-22,| 3z,+2,|
[2z,-27, 3z,+z,|
TRPM = 3’jg'lstkNxIAZr x
B kw‘ZZ‘. -7, B kw‘}Z\ -7, B kw‘Z‘. -7,
[22,-7,| P + 32,-2,| + 1Z,-2,| +
[2z,-z,| 3z,-z,| 1z,-2,|
B kw\z,.\ B kw\zz\.—zz,.\ B kw‘Z?+Z,.‘ (17)
21 Tp T Phz-az +Biz,.z) +
1z,] [2z,-27,| 1Z,+2,|
B kw‘ZZV+Z,.‘ B kw\zz,.\ B kaZ\.JrZF‘
22,42, Dz 0424205
[22,+2,| [22,| 3z,+2,]
where 1, is the peak value of phase current. The average
torque can be expressed as a unified form
z
— “r —
T:zvg - 3rg lstk Ns[A z P Bikwy' - z T:zvgj (l 8)
VAR Jj=1

where B;, k,; and P; are the amplitude, winding factor and pole
pairs of the /" air-gap flux density. T..; is the average torque
generated by the j™ air-gap flux density.

components by equation (16)

components by equation (17)
I

Analytical method
| Torque proportion of the main-order working harmonics |

End
Fig. 2. The flowchart of the proposed hybrid FE/analytical method.

In order to confirm above-mentioned analysis, the torque
characteristics are illustrated in Fig. 3. The average torques due
to stator and rotor PMs can be separated by employing frozen
permeability method [32], as shown in Fig. 3(a). The
corresponding individual and total torque waveforms are
illustrated in Fig. 3(b). The torque proportions due to various
harmonics can be obtained by (23), as shown in Fig. 3(c). The
detailed torque contributions of the working harmonics are
tabulated in Table II. It can be seen that various harmonics are
involved in the torque production in DSPM machine. Besides,
because of the pronounced biased field modulation effect, the
low-order harmonics, ie., [2Z-Z| (2 and [3Z-Z]| (4"),
contribute the relatively higher torque proportion than other
components. Moreover, the torque proportion of various
harmonics due to the stator and rotor PMs are illustrated in Fig.
3(d). It can be observed that the [2Z,-Z,| (2") and Z, (14") order
harmonics contribute the relatively higher torque proportions in
rotor PMs excitation, while the |2Z,-Z,| (2™) and [3Z,-Z,| (4")
order harmonics exhibit higher torque proportion in stator PMs
excitation, which is mainly due to the fact that the BFME results
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in relatively higher harmonic amplitudes. The torque TABLEII
contributions of the main working harmonics are tabulated in TORQUE CONTRIBUTIONS DUE TO VARIOUS WORKING HARMONICS IN DSPM
. T MACHINE
Table II. It can be observed from the analytical predictions that DSPM machi
. machine
the stator and rotor PMs contribute 54.73% and 45.27% to the
total average torque, respectively, which are in good agreement ~ Items Tspu Treut Total
with those 2D FE predicted values. Besides, because only the B(T)/ Tug(Nm)/ X(%)  B(D)/Tax(Nm)/A%) A (%)
main Yvorkmg harmonics a.re taken 1pto consideration in the 027/ 2" 0.133/3.079/ 25467 0,088 /2.037/ 16.849 42306
analytical model, the analytically predicted total torques due to .
stator and rotor PMs are slightly lower than the 2D FE predicted BZ-Z (%) 0.109/1.273/10.529 0.061/0.710/5.873 16.402
ones. Z-Z (8") 0.100/0.579/4.789 0.131/-0.758/-6270  -1.481
15
E = Rotor PMs 3Z-2Z (10™) 0.068/0.318/2.630 0.039/0.185/1.483 4.040
é 12 |F—=— Stator PMs Z. (14%) 0.028/0.094/0.755 0.661/2.168 /17.932 18.687
w —— Total
g_' 9 2727 (16™) 0.059/0.171/1.414 0.050/0.146/1.175 2.589
E 6 |Z:+Z,] (20™) 0.119/0.276/2.282 0.142/0.329/2.721 5.003
= L
o [2Z+Z,] (26™) 0.195/0.347/2.787 0.041/0.073/0.604 1.391
I
3 -
3 27 (28" 0.020/0.034/0.281 0.185/0.307/2.539 2.820
%50 0 =0 5 20 o 90 BZ+Z] (32" 0.134/0.195/1.569 0.062/0.089/0.723 2292
Current angle (elec. deg.) 1Z+27,| (34™) 0.034/0.047 /0376 0.031/0.042/0.339 0714
(@) 4Z+7,] (38M) 0.017/0.021/0.165 0.029/0.036/0.287 0.452
[2Z+2Z,) (40™) 0.031/0.035/0.285 0.009/0.010/0.081 0.366
E SZ+Z,| (44™) 0.038/0.039/0.319 0.045/0.047/0.380 0.699
Z ol T,,~12.44Nm
P 3Z+27) (46") 0.018/0.018 /0.021 0.020/0.021/0.165 0312
=
g |6Z:+Z,| (50™) 0.017/0.016 /0.128 0.003/0.003/0.023 0.151
5 ’
=
3F 7,=53Nm T,.=6.62Nm Sum Tavg
avg avg O* 6.617 /54.73% 5.473 /45.27% 12.090
0 ) 1 1 IA 1 1 (Nm)/)\(%) A] A)
0 60 120 180 240 300 360 FE Ty o o
Rotor position (elec. deg.) N 6.62/53.22% 5.82/46.78% 12.44
(b
o 50 =
s L4 Total IV. PERFORMANCE COMPARISON OF THE PROPOSED AND
g CONVENTIONAL DSPM MACHINES
€ 30F
= A. Torque Capabilit
g‘ 20 ‘3Zs_zr| Zr q p y ] '
z 10 77 In order confirm the merits of the proposed machine, a
g | P22z VAl pzaz) tional DSPM machine with stat t-pole PM
2 O o0 . conventiona machine with stator consequent-pole
5 Z-Z) design, as shown in Fig. 4, is selected to present a performance
=10 0 s 10 15 20 25 30 35 20 comparison. The detailed design parameters are listed in Table
Harmonic spectra III. In order to perform a fair comparison, the three machines
(c) share the same stator outer diameter, stack length, PM volume
— 30 . . . .
S 22-2] Stator PMs and current. density, as illustrated in Ta-ble V. Besides,
= - 7 Rotor PMs compared with proposed DSPM machine with U-shaped PM
-% " structure, the existing DSPM configuration exhibits relatively
2 0l larger flux leakage and hence resulting in more magnetic
g Hq |Z-Z,| 1Z+Z) saturation in stator and rotor teeth, as illustrated in Fig. 4, which
g 0 B oo m M 00 n indicates that the existing DSPM machine exhibits a higher iron
g BZ:-2)] E\3ZS-2Z,| 22,42 loss, a lower PM utilization and torque capability. The torque
ot -1o L 1 1 1 1 1

1 1 1
0 5 10 15 20 25 30 35 40
Harmonic spectra

(d
Fig. 3. Torque characteristics. (a) Average torque versus current angle curves.
(b) Stead-state torques. (c) Torque proportion due to main working harmonics.
(d) Torque proportion due to main working harmonics of the stator and rotor
PMs.

characteristics of the three machines are shown in Fig. 5. Due
to the flux concentrated effect and hence improved working
harmonics, the proposed stator U-shaped DSPM machine
exhibits 40.41% higher torque density than the existing DSPM
structure. In addition, it can be seen that the proposed DSPM
machine exhibits the highest torque/PM volume ratio at rated-
load, as shown in Table III, which indicates the best cost-
effectiveness can be obtained by employing the U-shaped PM
design.

/20/$31.00 © 2019 IEEE
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Armature
winding

(b)
Fig. 4. Machine topologies and their no-load flux density distributions. (a)
Existing DSPM machine with stator consequent-pole PM design. (b) Proposed
DSPM machine.

TABLE III
MAIN DESIGN PARAMETERS OF THE EXISTING AND PROPOSED DSPM

MACHINES

Items Existing DSPM  Proposed DSPM

Number of stator slots 6

Number of rotor PM pole pairs 14

Stator outer diameter, mm 102

Stack length, mm 50

Air-gap length, mm 0.5

Stator inner diameter, mm 66.2

Steel grade 35CS250

PM grade N42SH

PM volume, cm® 41.63

Rated current, A 8

Average torque, Nm 8.86 12.44

Torque/PM volume, Nm/L 212.8 298.8

15

’é‘ —&— Exisiting DSPM —e— Proposed DSPM
zZ 12+
D
s 9r
1
8
o 6f
)
B
<

0 1 1 1 1 1

-90 -60 -30 0 30 60 90

Current angle (elec. deg.)
()

~
=
z
P
=
e of
S
= 3Lk

0 1 1 1 1 1

0 60 120 180 240 300 360
Rotor position (elec. deg.)
(b)

20
’E‘ —=&— Exisiting DSPM
z 15 —e— Proposed DSP.
< L
=
<
3 10
S
L
)
g 5t
4
<
0 1 1 1 1 1
0 5 10 15 20 25 30
Phase current (A)

(©
Fig. 5. Comparison of the torque characteristics of the proposed and existing
DSPM machines. (a) Average torque versus current angle. (b) Steady-state
torque. (c) Average torque versus phase current.

B. Loss and Efficiency

The loss characteristics of the two DSPM machines with
different rotor speeds are illustrated in Fig. 6. Because of the
serious flux leakage, the existing DSPM structure exhibits
higher iron loss than the proposed DSPM machine regardless of
rotor speed, as shown in Fig. 6(a). Due to the flux concentrated
effect, the proposed DSPM machine shows higher lower-order
working harmonics. Besides, the U-shaped PM design provides
a magnetic circuit for lower-order air-gap flux density
harmonics and hence resulting in a relatively lower reluctance
for armature-reaction flux and higher PM eddy-current density
in proposed DSPM machine. As a result, the proposed DSPM
design presents a relatively higher PM eddy-current loss than
the existing DSPM machine regardless of rotor speed, as shown
in Fig. 6(b). The efficiency maps of the two DSPM machines
are shown in Fig. 7. Because of the significantly reduced iron
loss and relatively higher torque capability, the proposed DSPM
machine exhibits higher high-efficiency (over 90%) region than
conventional DSPM machine, which confirms the merit of the
proposed design in terms of the efficiency improvement.

600

—&— Existing DSPM
- —e— Proposed DSPM

wn
(=3
(=]

(=3
(=}
T

Iron loss (W)
[y} v B
(=3
(=}

00
100
0 1 1 1 1
0 1000 2000 3000 4000 5000 6000
Rotor speed (rpm)
()
~100 —
—-&— Existing DSPM
% 80 b —— Proposed DSPM
E
s 60
[
f
5 40t
]
Z 20}
=
W
2 0 1 1 1 1
A~ 0 1000 2000 3000 4000 5000 6000
Rotor speed (rpm)
(®)

Fig. 6. Iron and PM eddy-current losses. (a) Iron loss. (b) PM eddy-current loss.
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Fig. 7. Efficiency maps of the DSPM machines. (a) Existing DSPM machine.
(b) Proposed DSPM machine. (;ns=8 A, Ua~=120 V)

V. PROTOTYPING AND EXPERIMENTAL VALIDATION

A. Parallel Complementary Design for Cogging Torque
Reduction

In order to reduce the cogging torque and torque ripple, the
PC design is adopted [33], as shown in Fig. 8. It can be observed
that the two parts rotor shift fpy=n/Z. mechanical degree. In
addition, the PMs in stator and rotor sides share the same
polarity in rear and front parts. The back-EMF waveforms and
their harmonic spectra of the DSPM machine with PC (w/ PC)
and without PC (w/o PC) designs are illustrated in Fig. 9. It can
be seen that the two-part rotors have N and S pole PMs, the
corresponding coil and hence phase back-EMFs exhibit a phase
difference with a & electrical degree. Thus, in order to gain the
same initial phase angle of the back-EMFs, the two-part rotors
are shifted with a n/Zr mechanical degree. Besides, due to the
PC design, the even-order harmonics of back-EMF can be
significantly reduced, as shown in Fig. 9(b), which indicates
that the torque ripple can be effectively reduced in PC design.
In addition, it should be noted that the fundamental component
of PC design is approximate to that of the original model. The
cogging torque waveforms and harmonic spectra of the DSPM
machines without and with PC designs are illustrated in Fig. 10.
It can be found that the peak values can be effectively reduced
59.7% by adopting PC design, which is mainly due to the
canceled 3rd harmonic and effectively reduced 6" harmonic in
proposed PC design, as shown in Fig. 10(b).

Rear stator

Front stator

Front rotor
Rear rotor

Stator PMs

A L.
Rotor iron rmature winding

Fig. 8. Machine topology of the DSPM machine with PC design.
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Z g
2 40 F
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R 20F Y
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Harmonic spectra
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Fig. 9. Back-EMFs @ 1000 r/min. (a) Waveforms. (b) Harmonic spectra.
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B. Final Prototype, Test Rig, and Experimental Results 0 0.3 N 3D FE predicted
In order to experimentally validate abovementioned analyses, Z 4 Measured

a 6-slot/14-pole-pair DSPM machine with PC design is % 02+ v

manufactured and tested. The stator and rotor assemblies are 3 V]

shown in Fig. 11. The test-rig of cogging torque experiment is %L V]

illustrated in Fig. 12. The balanced beam was attached to the B 7

prototype rotor shaft. When the dividing dial drives the S e —

prototype with a rotate angle, a value can be obtained on 0.0 o 1 2 3 4 5 6 7 8 9

electronic scale [34]. The measured and 3D FE predicted Harmonic spectra

cogging torque waveforms and their harmonic spectra are (b)

shown in Fig. 13. It can be seen that the measured cogging Fig. 13. Comparison of 3D FE-predicted and measured cogging torque. (a)
. . . . Waveforms. (b) Hi i tra.
torque values are slightly higher than 3D FE predicted, which aveforms. (b) Harmonic spectra

is mainly due to mechanical tolerance. In addition, the 120 ]
comparison of the measured and 3D FE predicted back-EMF & sof 13\:[) FE ptled‘md
and torque results are given in Figs. 14 and 15, respectively. E 40 casure
Similarly, due to manufactured mechanical tolerance in H
<
prototype, the measured back-EMF and average torque values 2 40
are slightly lower than 3D FE predicted. Because of the = %0
mechanical tolerance and slightly increased mechanical loss in . . . . .
high speed region, the difference between them is slightly '1200 60 120 180 240 300 360
increased with speed. Overall, the satisfactory agreement Rotor position (elec. deg.)
between the measured and 3D FE results confirm the (a)
; 100
effectiveness of the above analyses. - 3D FE predicted
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Fig. 11. The prototype of proposed DSPM machine. (a) Stator core and Fig. 14. Comparison of measured and 3D FE-predicted back-EMFs. (a)
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VI. CONCLUSIONS

This paper proposes a new DSPM machine with stator U-
shaped PMs and rotor consequent pole magnets. A simple
hybrid FE/analytical method is adopted to identify and quantify
the torque contributions of the various effective air-gap field
harmonics by employing a unified torque equation. It can be
found that the low-order harmonics, i.e., [2Z,-Z,| (2"9) and |3Z,-
Z,| (4™M), contribute relatively higher torque proportion than the
other components. Besides, in terms of the rotor PM excitation,
the 2Z+-Z,| (2™) and Z, (14%) order harmonics are mainly
responsible for the torque generation. While for the stator PM
side, the |2Z-Z,| (2") and |3Z,-Z,| (4™) order harmonics show
higher torque proportions, which are mainly due to the fact that
the BFME results in relatively higher harmonic amplitudes.
Compared with the conventional DSPM machines with stator
consequent-pole PM design, the proposed machine exhibits
higher torque capability and larger high-efficiency (over 90%)
region, which confirms the effectiveness of torque and
efficiency improvement by employing the U-shaped PM
structure. Besides, a PC design is employed, which can reduce
the cogging torque 59.7% due its even-order harmonics
cancellation effect. Finally, the DSPM machine with PC design
is manufactured and tested, and the satisfactory agreement
between experimental and FE predicted results validates the
theoretical and FE analyses.
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