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Abstract—This paper proposes the intrinsic coefficient of power
factor in permanent magnet vernier motors (PMVMs) influenced
by slot-pole combinations for in-wheel direct drive application. To
start with, the theoretical expression of power factor under typical
conditions is derived, and the dominant influencing coefficients
are extracted. Secondly, each inductance component is calculated
theoretically, eg. air-gap main inductance, slot leakage inductance,
etc. Based on previous derivation, the intrinsic coefficient of power
factor is extracted, which represents the high-power-factor ability
and be utilized in the initial machine design. It is influenced by the
armature poles, armature magnetomotive force (MMF) harmonic
spectra, winding factor, and air-gap permeance. Moreover, the
slot-pole combinations with various high-power-factor ability are
illustrated, in which, the ones with coil-pitch of two-slot pitches
overwhelm. In order to validate the theoretical analysis, several
PMVM model candidates with various slot-pole combinations are
selected and simulated by finite-element-analysis (FEA). Finally,
the prototype of PMVM with 28p18s and benchmark PMSM with
28p24s were manufactured and tested for experimental validation.
Overall, this paper aims to provide a guideline to select the slot-
pole combinations with high-power-factor ability, particularly in
PMYVM, for in-wheel direct drive.

Index Terms Permanent magnet vernier motor, permanent
magnet synchronous motor, power factor, slot-pole combinations,
intrinsic coefficient, inductance, in-wheel direct drive.

I. INTRODUCTION

T present, in-wheel drive gains much attention because it
can provide distinctive advantages, such as high efficiency,
strong vehicle dynamic, and more space within the vehicle by
removal of the transmission axis and mechanical components.
In-wheel motor unit, as the origin of power, plays an important
role. To meet the requirements, in-wheel motors claim to have
higher demands of efficiency, torque density, power factor, and
wide constant power speed range (CPSR) [1]-[5]. Typically, the
power factor will determine the voltage level, volume, and mass
of the power supply in electric vehicles (EV), which has a great
impact on the vehicle performances, such as the range, charging
speed. Thus, the power factor issue in EV can’t be ignored.
Recently, permanent magnet vernier motors (PMVM), as one
of the flux modulation machines (FMM), are employed as the
in-wheel motors due to the inherent higher torque density and
simple topology. However, PMVM lose out in terms of power
factor compared with PMSM [6]-[10]. In previous researches,
low power factor is caused by the high flux modulated armature

field and severe flux leakage [11]-[13], so the essential reasons
have not revealed, especially the differences of power factor
between PMSM and PMVM. From the basic theory, armature
reaction reactance is most responsible for the low power factor,
which is intrinsically related to the inductances. Generally, for
PM machines, d-axis inductance can reflect the flux-weakening
capability to some extent, while the difference between d-axis
and g-axis inductance can exhibit the value of reluctance torque
[14]-[17]. Moreover, the inductances, especially for the g-axis
inductance, also reflect the ability with high power factor. The
larger the inductance is, the lower the high-power-factor ability
of the motor is. For PMVM design, the slot-pole combinations
will influence the inductance critically. If the potential slot-pole
combinations with high-power-factor ability are selected before
theoretical calculation and FEA, it helps to promote the design
efficiency. Especially for PMVM, the low power factor is the
main problem for practical application, so evaluating the power
factor is essential when choosing the number of PMs and slots.
Hence, the investigation of slot-pole combinations with a high-
power-factor ability has significance in practice.

Although the topologies of PMVM and PMSM are in some
ways different, but they also have similarities. The inductance
features and calculation methods are similar. It is believed that
the interior permanent magnet machine (IPM) is superior to
obtain the reluctance torque because the difference between Ly
and L, is considerable, whereas El-Refaie has revealed that the
surface-mounted permanent magnet machines with fractional-
slot concentrated winding (FSCW) can also provide a larger d-
axis inductance than that with integral-slot distributed winding
(ISDW) [19]-[20]. Besides, Juha Pyrhonen et al. has proposed
the analytical calculation method of inductance components in
tooth-coil PMSM, where the influencing factors of inductance
are investigated [21]-[23]. Moreover, it is also noted that the
theoretical inductance expression is available when the stator
core and rotor core don’t get saturated [24]. Up to now, whether
the previous studies are suitable to PMVM has not revealed, and
the influencing factor of each inductance component in PMVM
has not focused on, which should be paid more attention in the
future researches.

At present, for in-wheel direct drive, the IPM combined with
FSCW has become the common choices for competitive torque
and better flux weakening capabilities [25]-[27]. However, the
existing researches of d-axis inductance between FSCW, ISDW
are based on the same PM pole number. If the PM pole number
is different, the final results have not revealed yet. Furthermore,
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the power factor in PMVM is a key item that depends not only
on inductance but also on the other items, eg. current frequency,
back-EMF amplitude etc. In addition, the dominant parameters
should be targeted for optimization. Thus, exploring the power
factor distribution under various slot-pole combinations plays a
significant role during the design of PMVM, and the previous
papers have not addressed this yet, especially for the practical
in-wheel drive applications. D. W. Li et al. have studied the
power factor of PMVM and proposed a new modular structure
to achieve both high-power-factor and torque capability, where
the armature reaction field, especially the flux-modulated ones,
dominates the power factor in PMVM [28]-[29]. Nevertheless,
the theoretical analysis of high-power-factor ability in PMVM
under various gear ratios and slot-pole combinations have not
revealed until now. At present, PMSM are still the mainstream
products as the in-wheel motors, while PMVM own excellent
torque capability and quality but poorer power factor [30]-[31].
Thus, the power factor issue in PMVM is particularly essential.

This paper proposes the intrinsic coefficient of power factor
in PMVM with various slot-pole combinations and gear ratios
for in-wheel direct drive. In Section II, based on the conditions
of in-wheel motors, the expressions of power factor are derived
and the influencing factors are summarized. In section III, it is
devoted to theoretical calculation of inductance component, and
a parameter titled as the “intrinsic coefficient” to represent the
high-power-factor ability is proposed and exacted. In Section
IV, the models equipped with various slot-pole combinations
are established and simulated, where FEA validation for typical
ones with high-power factor ability has carried out. In Section
V, two prototypes, one PMVM and one PMSM, are tested to
verify the correctness of theoretical analysis.

II. THEORETICAL DERIVATION OF POWER FACTOR

For PM machines, if the reluctance torque can be neglected,
170 control strategy is always applied; if the reluctance torque
exists, 170 control strategy is applied, and the maximum torque
per ampere (MTPA) is preferred. For in-wheel motors, it always
operates at constant torque or flux-weakening area. The power
factor is calculated according to the phasor diagrams in Fig. 1,
where 0 is the current angle, ¥'is the power angle between phase
voltage U and no-load back-EMF Ej, ¢ is the power factor angle,
Ey is the amplitude of no-load back-EMF, Xy, X, are the d-axis
and g-axis reactance, Xq4, X,y are the armature reaction d-axis
and g-axis reactance, X, is the leakage reactance, /4, I, are the
d-axis and g-axis current, /; is the phase current amplitude, R,
is the phase resistance.
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Fig. 1. Phasor diagrams under /,=0 and /,<0 control strategies. (a) ;=0 control
strategy. (b) 1,<0 control strategy.

A. Theoretical Expression

In PM machines, the following equations can be obtained.
Ucos@=E,-1,X,+1,R,
Usin0=1X, +1,R,

I, =1 cosy e
1, =1 siny
p=0-y

Combing equations in (1), if the phase resistance is neglected,
the power factor can be written as a function of /; and /,, Xy and
Xy, Eo, and it can be expressed as

1 X I
cos p=cos| actan| —~—2— |-arctan| —~ 2)
E,-1X, I,

In PMSM, the g-axis reactance and no-load back-EMF can
be expressed as follows.
Xq = wqu (3)

E, =27 f.N,®k,, “)
where wj is the electrical angular speed, L, is g-axis inductance,
fs s the electrical frequency of current, &V, is the coil turns of per
phase, k1 is the fundamental winding factor, and then @y is the
amplitude of fundamental no-load flux, which can be written as

2
(DO = Buvrlxtk = _Bmlz-lxtk (5)
T

where B,, is the average air-gap magnetic field amplitude, By
is the fundamental component amplitude of air-gap magnetic
field, [ is the stack length of iron core, 7 is the pole pitch. The
pole pitch 7 and electrical frequency f; can be written as

nD.

rT=—=5 6
5 (6)
nN

= 7

7 50 (7

where D;, is the inner stator diameter, » is the speed, and N, is
the PM pole pair number. In PMSM, N, equals to armature pole
pair p.

In PMVM, only the open-slot stators are considered and used
in the following parts. In terms of [29], the no-load back-EMF
can be written as follows.

E,= \/571’,](\ NchOkw—eqM (N’
p

w—equ ~r

j=JZmM®w G (8)

where k,,..q 1s the equivalent winding factor, G, is the gear ratio
(N//p). The winding factor k..., can be expressed as

2k, 2k,,
kw—equ =k, A, +[ Vw 1 jAo +( N = jAl ©))

1 2

where vy, v, represent the 1%, 2" slot harmonic orders, k1, k2
are the winding factors of the 1%, 2™ slot harmonics, which have
the same value as the fundamental one, A, A, are the 1%, 2™
air-gap relative permeance values. The slot harmonic order can

be expressed as
v,;h(g}_rl (10)
P

k, =k =k_ .=k (11)

wl — Ty wy, T By,
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where k. 1s the winding factor of Ath slot harmonic, Q; is the
slot number. Substituting (10) into (9), the equivalent winding
factor can be expressed as

2 1
kwfequ = kwl (Al + (_] AO + (_) A] ] (12)
Vl V2

Then, the equivalent air-gap permeance can be defended as

A= {Al J{EJAO +(LJA1] (13)

If the phase resistance is neglected, by deriving the equations
(3)-(7) into (2), the power factor of PMSM can be written as

(ﬁqu )1‘/ t 1,
(DrslsrkNlelkwl )7 (\/EPLd )Id e (:]jl
(14)

If the phase resistance is neglected, by deriving the equations
(8)-(13) into (2), the power factor of PMVM can be written as

(\/Equ ) Iq -arctan [1—4]:|
(DislslkNlelkw—equ ) - (\/EpLd )[d 1 q
(15)

cos @=cos| actan {

COS @=cos| actan {

If 7,=0 is applied, the power factor can be expressed as

(16)

cosQ =

If the phase resistance is neglected, by deriving the equations
(3)-(7) into (16), the power factor of PMSM can be written as

cos o= ! (17)

(o),
(NID[SISII( )(kwlel )

1+

If the phase resistance is neglected, by deriving the equations
(8)-(13) into (16), the power factor of PMVM can be written as

cosg— ! (18)

(v2p1, )1,
X
(MO ) (kB ]

In PMVM and PMSM, if the slot-pole combination and basic
design dimensions are selected, the inductance can be obtained
basically, and then the power factor characteristic is determined
generally under the applied control strategy. It indicates that the
d-axis and g-axis inductance can affect the power factor a lot in
PMVM and PMSM.

B. Influencing Coefficient of Power Factor

From the expressions of power factor, the influencing factors
of power factor can be divided into two categories, the design
and control parameters, where the stator dimeter Dy, axial core
length I, phase coil turns N;, d-axis and g-axis inductance Lg,
L, armature pole pair p, and winding factor k..., belong to the
design parameters, and d-axis and g-axis current /,, I, belong to
the control parameters. Considering the electrical loading, if the
design parameters D, [, N; are fixed, the air-gap flux density
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amplitude B, is also assumed to be same to guarantee the same
magnetic loading. Then, the parameters p, L4, Ly, ki1 determine
the final power factor, which can be extracted as the influencing
coefficient of power factor as follows.

kw
PFpy 50 = 1
Phy (19
kwlAcqu
PFpypy =
rL,

It can be extracted that armature pole pair, g-axis inductance,
and winding factor are the dominant parameters of power factor,
which compose the influencing coefficient of power factor. In
the following parts, the determined design parameters of g-axis
inductance are further extracted and highlighted.

III. INVESTIGATION OF EACH INDUCTANCE COMPONENT

Different slot-pole combinations will generate various d-axis
and g-axis inductance component, and then produce the d-axis
and g-axis armature reaction reactance, which takes the most
responsibility for power factor characteristic.

A. Calculation of Inductance Components

In PM machines, the air-gap flux linkage connecting stator
and rotor core corresponds to the magnetizing inductance, and
leakage flux linkage corresponds to leakage inductance. Thus,
the total inductance can be calculated as the sum of magnetizing
inductance and leakage inductance. The leakage inductance can
be calculated as the sum of air-gap leakage inductance Ls,, slot
leakage inductance L., tooth tip leakage inductance L,, and end
winding leakage inductance L.

For each inductance, the magnetizing inductance and air-gap
leakage inductance make up the majority of the total inductance,
which indicates that the sum of two components could present
the total inductance possibly.

1) Air-Gap Inductance

Air-gap inductance contains the fundamental one of armature
reaction inductance and the other harmonic leakage inductances,
which can be written as

L

5d,5q

=L

'md ,mq

+L

od,oq (20)
where Lyg, Ling are d-axis and g-axis fundamental inductance,
and Lgq, Ls, are d-axis and g-axis harmonic leakage inductance.

The harmonic inductance L,,s and L,,, can be written as

2
Nk K,,
Lmd,mq = (ﬂj Dislstk [ = ] = Aad,aq (21)
T p st,xp

where m is the phase number, K, , is the d-axis and g-axis
influencing factor, K4 s is the d-axis and g-axis saturation
factor, Auq qq 1s the d-axis and g-axis air-gap permeance.

Similarly, the expression of harmonic leakage inductance is
same as the armature reaction inductance, which can be written
as follows.

2
m N kwv Kd-;
Lad,aq = (;)Dislstk (‘L—p) {K - jAad,aq (22)

sd,sp

In terms of each inductance component, it can be observed
that the MMF harmonic inductance value mainly depends on
the selection of the machine design parameters, eg. the phase
number, the inner stator diameter, stack length, MMF harmonic
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orders, and winding factors. In addition, MMF harmonic orders
and winding factors are influenced by the slot-pole combination
in PM machines. Hence, the criteria to evaluate the inductance
value among various slot-pole combinations can be written as

S, =3[k e3)

The total harmonic leakage inductance is summed as

K
Lo‘d,sq = (%JDi.vlstkle (ZVJ)(K(/,F ]Aad,aq (24)

sd ,sp

The total harmonic inductance can be expressed as

La‘d,a‘q = COZVG (25
where the constant coefficient can be expressed as
K
CO = (ﬂj Dis lxtk le L Aad aq (26)
u st 8P ’

2) Slot Leakage Inductance
Slot leakage inductance is an inductance created by a real slot
leakage flux, which cannot be neglected.

4m
Ls = ?#Olstkllez (27)

The slot permeance factor depends on the geometry of the
slot. For the open-slot and semi-closed slot, the slot permeance
factor can be written as [21]

P (S U PR LSRN W N Y
3b, b, b bi—b B ) b,

where we can define the parameter as

K, = 5 +83 g
(29)
l+g
k,=—=
2
3) Tooth Tip Leakage Inductance
The tooth leakage inductance can be expressed as
4m
L= _luol.s-tk/ltle (30)

s

where /, is the tooth tip leakage specific permeance, which can

be written as
)
. (%)
2
5+ 4( % j
1

where ¢ is the air-gap length, and b, is the slot opening.
4) End Leakage Inductance

End winding leakage flux results in the currents flowing in
the end winding [21].

A=

1

€3]

4 2
LB = _quOquLSzk /Ie = _Nzluolxtk/’ie (32)
0, p
where /. is the end leakage specific permenace

The end leakage permenaces can be written as [21]

4, =0.67-L(1, -0.647)

stk (33)

A, = o.57i(ﬁj
stk 2

The sum of four inductance components represents the d-axis
and g-axis total inductances. Therefore, the theoretical value of
power factor coefficient can be calculated.

B. Intrinsic Coefficient of Power Factor

1) Intrinsic Coefficient Definition

Herein, according to (19), the parameter H is defined as the

“intrinsic coefficient” to evaluate the high-power-factor ability.
H sy = ut

P2Vs

kA

_ Twl Tequ

HPMVM - pz VU

where p is the number of PM pole pairs, v, is the coefficient
of air gap permeance, winding factor, and equivalent coefficient.
2) Intrinsic Coefficient Calculation

For the power factor, Xv, is not the only influencing factor,
and the electrical frequency also matters, where it is related to
rotor speed and PM pole pair number. Therefore, pXv, is the
determined factor in PM machines, which is true for PMSM and
PMVM. If both v, and N, are large in PM machines, its power
factor is also not as high as expected. In the following part, the
intrinsic coefficients under various slot-pole combinations are
calculated to identify the ability to produce high power factor.

The calculation of v, is introduced for three-phase windings
with a phase belt of 60°, which is shown as follows.

b — QS
gcd(QS,2mp)

(34)

2 (35)

d=—“"
ged(Q,,2mp)

where gcd (Qs, m) represents the greatest common divisor of O
and 2mp.
All harmonic orders by armature reaction is written as

[(6n+1)/d]or[-(6n-1)/d],  disodd
X:{[2(3n+1)/d]0r[—Z(Sn—l)/d] diseven

where n=0, 1 ,2,...
Parameter 7, is the minimum number to make X is an integer,
and then the X can be expressed as

[6b(n,~1)+1]/d,  disodd
X = 37
2[3b(n, -1)+1]/d, diseven
where n,=0, 1, 2,.... Then, the Xv, can be calculated as
. (m
" sm(VSde
z isin[vs ﬁj6— ,d is odd
n=0,1,2,..| Vi bsin EVSdH
6 b
dv,= -
. ! cos(ln2 vdej
Z —sin(vS ﬂ]— ,d is even
n=0,1,2,... VS 2 bCOS lVSdH
L 12 b
(38)
The parameter f can be expressed as
p=t (39)
mq
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TABLEI
THE PARAMETER Xv,,, Hpyvar, Hpusy UNDER DIFFERENT SLOT-POLE COMBINATIONS

Slot Ttems Armature pole pair number p
Number 2 4 5 7 8 10 11 13
NG) | 40 : : : - - : :
q 0.5 0.25 0.2 0.143 0.125 0.1 0.091 0.077
6 ko 0.866 0.866 1 -1 -0.866 -0.866 -1 1
YV, 0.273 0.273 1.096 1.096 0.273 0.273 1.096 1.096
Hpysu 1.587 0.793 - - - - - -
Hpyyur 1.272 S - R _ _ ) )
N.(G)) 7(7/2) 5(5/4) - - - - - -
q 0.75 0.375 0.3 0.214 0.188 0.15 0.136 0.115
9 ko 0.945 0.945 0.945 -0.945 -0.945 0.945 0.945 -0.945
YV, 0.283 0.121 0.121 0.283 0.933 0.933 0.283 0.121
Hpysu 1.669 1.953 1.562 - - - - -
Hpyyu 1.070 1.410 - - - - - -
N,.(G)) 10 (5) 8(2) 7 (7/5) 5(5/7) 4(1/2) 2 (1/5) 1 (1/11) -
q 1 0.5 0.4 0.289 0.25 0.2 0.182 0.154
12 ke 1 0.866 0.933 0.933 0.866 1 0.933 -0.933
YV, 0.274 0.068 0.068 0.068 0.068 0.205 0.891 0.891
Hpysu 1.814 3.185 2.746 1.961 - - - -
Hpyyu 1.042 1.946 1.748 - - - - -
N.(G)) 13 (13/2) | 11(11/4) 10 (2) 8 (8/7) 7 (7/8) 5(1/2) 4 (4/11) 2(2/13)
q 1.25 0.625 0.5 0.357 0.313 0.25 0.227 0.192
1 ke 0.951 0.951 0.866 0.951 0.951 0.866 -0.951 -0.951
YV, 0.254 0.078 0.044 0.043 0.043 0.044 0.078 0.254
Hpysu 1.873 3.049 3.937 3.155 2.762 - - -
Hpyyu 1.010 1.706 2.257 1.919 - - - -
N.(G)) 16 (8) 14 (7/2) 13(13/5) 11(11/7) 10 (5/4) 8 (4/5) 7 (7/11) 5(5/13)
q 1.5 0.75 0.6 0.429 0.375 0.3 0.273 0.231
18 ke 0.945 0.945 0.945 0.902 0.945 0.945 0.902 -0.945
YV, 0.233 0.071 0.050 0.03 0.03 0.03 0.03 0.05
Hpysu 2.028 3.322 3.774 5.000 3.937 3.155 - -
Hpyyu 1.049 1.761 2.033 2.793 2.247 - - -
N.(G)) 19 (19/2) 17(17/4) 16(16/5) 14 (2) 13(13/8) | 11(11/10) | 10(10/11) 8(8/13)
q 1.75 0.875 0.70 0.5 0.438 0.35 0.318 0.269
21 ke 0.953 0.932 0.953 0.866 0.89 0.953 0.953 0.89
YV, 0.239 0.070 0.047 0.022 0.022 0.022 0.022 0.022
Hpysu 1.992 3.333 4.049 5.618 5.051 4.329 3.937 -
Hpyyu 1.001 1.704 2.092 2.976 2.710 2.410 - -
N.(G) 22 (11) 20 (5) 19(19/5) 17(17/7) 16 (2) 14 (7/5) 13(13/11) | 11(11/13)
q 2 1 0.8 0.571 0.5 0.4 0.364 0.308
24 ko 0.966 1 0.925 0.925 0.866 0.933 0.949 0.949
>V, 0.24 0.068 0.043 0.025 0.017 0.017 0.017 0.017
Hpysue 2.012 3.676 4310 7.407 6.369 5.495 5.076 4.202
Hpyym 0.988 1.828 2.160 3.774 3.279 2.899 2.717 -

The coefficient of air gap permeance Zv, of numerous slot-
pole combinations is calculated and listed in Table I. Coil pitch

is determined to achieve the largest fundamental winding factor.

For combinations with the same SPP values, the coil pitch and
fundamental winding factor are omitted because they are same.
However, Xv, maybe not same due to different pole numbers.
Therefore, only ¢ and Xv, are presented for the same SPP. The
negative kg1 means that magnetic field rotates in the negative
direction compared with the positive one. From Table I, several
inferences can be drawn as follows.

1) Under the same stator slot number, the coefficients v, and

winding factors of PMSM and PMVM show a cyclical variation.

The two adjacent winding factors show alternating positive and
negative variations, while the coefficient Xv, keeps constant in
two periods.

2) Under the same armature pole number, the coefficient v,
of PMVM is larger than that of PMSM, because the armature

MMF pith harmonic has the largest amplitude and its winding
factor is the same as the N,th harmonic;

3) Under the same slot number, when gear ratio G, is larger
than one, the intrinsic coefficient Hpyyay is smaller than Hpysy,
which indicates that PMVM have a poor ability to produce high
power factor than that of PMSM.

4) Under the same slot number, the larger the gear ratio G is,
the smaller the Hpyyus is, the poorer the ability is to produce a
high power factor. This indicates a negative correlation between
the gear ratio and the ability to produce high power factor.

5) Under the same armature pole number, FSCW ones have
smaller Hpyyar and Hpysy than the ISDW and FSDW ones. It
shows that the FSCW one owns a lower ability to produce high
power factor.

The slot-pole combinations with high power factor in Table
I are concluded as follows: 22p/8p15s, 28p/8p18s, 26p/10p18s,
34p/8p21s, 32p/10p21s, 40p/8p24s, 38p/10p24s et. al. The gear
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ratios are 2.6, 3.5, 2.6, 4.25, 3.2, 5.0, 3.8 respectively. It shows
that the ones with high-power factor seems to have a lower gear
ratio, which are generally lower than 5.0. This indicates that the
power factor may be competitive with torque capability.
Overall, the intrinsic coefficient is related to the armature
pole number, coefficient Zv,, and equivalent winding factor in
PMVMs. Once the slot-pole combinations are determined, the
ability to produce high power factor is also certain. Before the
accurate calculation, this method can provide a pre-reference.

IV. FEA VALIDATION

A. Slot-Pole Combination Candidates

In this part, several FEA models with high and low intrinsic
coefficients are established to validate the previous theoretical
analysis. In Fig. 2, the models MH1~MHS with high intrinsic
coefficients should have high-power-factor ability. Besides, the
models ML1~ML4 with low intrinsic coefficients should have
low-power-factor ability, as shown in Fig. 3. Furthermore, in
order to satisfy the in-wheel direct drive applications, the outer
rotor topology with spoke-type PMs is utilized to strengthen the
air-gap flux density and torque capability. It is noted that only
the models with gear ratio larger than 2.0 are selected here to
guarantee the output torque capability. In MH1~MHS, the coil-
pitch of two slot-pitches is employed, while the coil-pitch of 4,
5, and 6 is utilized in ML1~ML4. Herein, only the three phase
windings are considered under the comparisons.

20p/10p15s 26p/10p18s 32p/10p21s 38p/10p24s
Fig. 2. PMVM model candidates MH1~MH8 with high intrinsic coefficient.

26p/4pl5s 32p/4p18s 38p/4p2ls 44p/4p24s
Fig. 3. PMVM model candidates ML1-ML4 with low intrinsic coefficient.

As shown, the design parameters of MH1~MHS8, ML1~ML4
are listed in Table II and Table III. It can be observed that the
same slot numbers (15, 18, 21, 24) are chosen as the comparison
for the ones with high and low intrinsic coefficients. The model
with high intrinsic coefficient own low gear ratio and coil-pitch,
while the model with low intrinsic coefficient is the opposite.

TABLE IT
PARAMETERS OF MH1~MHS8 WITH HIGH INTRINSIC COEFFICIENT
Items MHI MH2 MH3 MH4 MH5 MH6 MH7 MHS

Oy 15 15 18 18 21 21 24 24

N; 15 15 18 18 21 21 24 24

D 8 10 8 10 8 10 8 10
N, 22 20 28 26 34 32 40 38

yi 2 2 2 2 2 2 2 2
G, 2.6 2.0 35 2.6 4.25 32 5.0 3.8
H 1.71 2.26 1.76  2.03 1.70  2.09 1.83  2.16

TABLE IIT
PARAMETERS OF MH1~MHS8 WITH HIGH INTRINSIC COEFFICIENT
Items MLI ML2 ML3 ML4
O 15 18 21 24
N, 15 18 21 24
P 2 2 2 2
N, 13 16 19 22
pal 4 4 5 6
G, 6.5 8.0 9.5 11.0
H 1.01 1.05 1.00 0.99

B. Calculation of d-axis and q-axis Inductances

The d-axis and g-axis inductances of MH1~MHS calculated
by theoretical method and FEA are compared and shown in
Table I'V. It can be seen that the d-axis inductance is similar as
g-axis inductance in MH1~MH&, which indicate that in PMVM
the reluctance torque can be neglected. Besides, MHS5, MH7
have a relatively higher inductance among all models.

In the models of ML1~ML4, the d-axis and g-axis inductance
are generally larger than these in MH1~MHS. From the power
factor expression, the larger the g-axis inductance is, the lower
the power factor will be. It can support our previous analysis.

TABLE IV

INDUCTANCE PARAMETERS OF MH1~MHS8, ML1~ML4.
Items Methods MHI1 MH2 MH3 MH4
2D FEA 0.72 0.68 0.89 0.76
La(mH) Cal. 074 066 084  0.72
L, (mH) 2D FEA 0.72 0.67 0.76 0.75
Cal. 0.70 0.63 0.71 0.73
Ttems Methods MH5 MH6 MH7 MHS8
2D FEA 1.23 0.73 1.34 0.89
Lq(mH) Cal. 1.21 0.70 1.32 0.88
L(mH) 2D FEA 0.71 1.31 0.87 0.71
Cal. 0.67 1.23 0.85 0.69
Ttems Methods MLI1 ML2 ML3 ML4
Ly(mH) 2D FEA 1.98 2.24 2.78 2.95
Cal. 2.02 2.31 2.82 3.04
L,(mH) 2D FEA 1.97 2.22 2.79 2.94
Cal. 1.95 2.27 2.74 3.14

C. Power Factor and Torque

1) The Models with High Intrinsic Coefficient

The power factor and torque curves versus with phase current
in each model is listed and compared are shown in Fig. 4. It can
be seen that the power factors of MH1~MHS are generally high
when the phase current is below the rated current. When the
motors operate at over-load condition, the power factor of all
models is higher than 0.60. However, the torque capability in
M2 is lower than the other ones.

Besides, under the same slot number, the more the armature
pole is, the higher the power factor is. Nevertheless, for torque
capability, under the same stator slot number, the more PM pole
pair is and the larger the gear ratio is, the larger output torque
is. This indicates that the power factor and torque in PMVMs
are mutually constrained, even though all models have a higher
power factor than the other slot-pole combinations. Moreover,
the power factor range of M1~MS keeps at an acceptable value,
from 0.60~0.95, which can demonstrate the theoretical analysis
of intrinsic coefficient of power factor.

Page 8 of 12
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2) The Models with Low Intrinsic Coefficient

In Fig. 5, the power factor and torque variation of ML1~ML4
versus with phase current are plotted and compared. It can be
seen that the power factors are obviously smaller in ML1~ML4
compared with MH1~MHS. For example, under the same phase
current /,,,s=80A, the power factors of ML1~ML4 are 0.82, 0.84,
0.72, and 0.66, respectively. It can be obviously seen that the
power factors are lower than these in MH1~MHS.

From the analysis above, it is obvious that the models with
low intrinsic coefficients, i.e., ML1~ML4, indeed have a lower
power factor than the models with high intrinsic coefficients,
i.e., MH1~MHS, under the same phase current. This means that
the higher the intrinsic coefficient is, the higher the power factor
is in these models, which can also prove our theoretical analysis
before. Therefore, when we select the slot-pole combinations of
PMVM, this criterion of high-power-factor ability determined
by intrinsic coefficient can be regarded as one of the most useful
design guidelines during the motor design, which can make sure
that the power factor can be acceptable for in-wheel direct drive.
Furthermore, the torque and power factor in these models are
always negative correlated. Although ML1~ML4 have lower
power factor, the torque capability is superior with larger gear
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ratio and end length. However, for in-wheel drive, power factor
or torque are not the only considerations, some other items, e.g.,
end length, efficiency, flux weakening capability, should also
be carefully considered.
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Fig. 5. Power factor versus with phase current under 7,=0 control. (a) ML1. (b)
ML2. (¢) ML3. (d) ML4.

V.EXPERIMENTAL VALIDATION

A. Prototypes and Experimental Rig

In Fig. 6, the mechanical parts of MH3 and assembly with
16-inch tire are exhibited. It adopts 18 slots with semi-open slot
topology for a better overall performance, and 8 armature pole
is utilized to compose an 8p18s stator winding. The spoke-type
rotor topology is adopted here with 28 magnet poles. The

prototype is connected to a 16-inch tire by a hub bearing.
b ‘ - P

Fig. 6. Mechanical parts prototype MH3 and assembly with 16-inch tire.

TABLE V
THE DESCRIPTIONS OF EXPERIMENTAL EQUIPMENT.
Items Descriptions
Controller KEB F5
Torque sensor IN33-2000
Temperature recorder YOKOGAWA
Power analyzer YOKOGAWA WT 5000

Current/Voltage sensors YOKOGAWA, 200A

PC (Upper computer) Lenovo, 16G, intel i5
Based on the theoretical and FEA analysis, a prototype with
high power factor MH3 was manufactured. The experimental
rig is shown in Fig. 7. A conventional PMSM is utilized here as
the load motor. Moreover, it also works as a reference of MH3,
which can verify the power factor and torque performance. The
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YOKOGAWA Analyzer is employed for acquisition of phase
current and phase voltage waveforms. The specific experiment
testbed is shown in Table V.

Temperature
=5 recorder

= .
= i L

Fig. 7. Experimental rig of PMVM and benchmark PMSM prototypes.

B. Inductance Measurement

The phase resistance R,, d-axis and g-axis inductance L4, L,
are measured and shown in Table VI. The inductance of PMVM
is larger than that of PMSM, which indicates that the reactance
is also larger and the power factor is lower.

TABLE VI

PHASE RESISTANCE AND INDUCTANCE COMPARISON BETWEEN CALCULATED
AND EXPERIMENTAL RESULTS

Ry (mQ R; (mQ
Motor type  Method L;(mH) L,(mH) (T11:(20°C)) T, 1: i 50%)
Conventional FEA 0.331 0.448 - -
P‘ll\/ISM Exp. 0369  0.506 27.71 36.27
Error 9.1% 11.5% - -
M3 FEA 0.892 0.764 - -
PMVM Exp. 0.829 0.812 34.44 45.08

Error -6.4% 6.0% - -

C. Power Factor and Torque Measurement

1) Power Factor

The power factor of PMVM versus with d-axis and g-axis
current are shown in Fig. 8. It can be seen that the power factor
increases firstly and then decreases with the d-axis and g-axis
current. With the increase of d-axis current, the g-axis current
at the peak power factor point moves higher. For the condition
1,0 control, it exhibits that the experimental results match well
with the theoretical one, and the error is 8.7% when /s is 80A.

PMVM are 0.94 and 0.78, respectively.

1.0Tpe
+4+ 4+ iy

0.8 *t+ ++ +
2 ++7F
13} +7F
& 0.6
5}
% 0.41 Conventional PMSM (FEA)
A~ X Conventional PMSM (Experiment)

0.2 MH3-PMVM (FEA)

+ MH3-PMVM (Experiment)
0.0 \ \ \ \ : : : : : ‘
0 15 30 45 60 75 90 105 120 135 150 165

Phase current (A)
Fig. 9. Power factor versus with phase current curves. (n=550r/min)

The power factor maps of PMVM and PMSM are shown in
Fig. 10. It shows that the high-power factor area in the proposed
PMVM is considerable compared with that in PMSM, but the
high-power-factor area in PMVM under the high speed (350~
1200r/min) and high torque (250~650N-m) is still smaller than
that in PMSM. Nevertheless, the power factor under the low-
speed (0~350r/min) and high-torque (250~650N-m) is higher
compared with PMSM surprisingly.

In the area of 800~1200r/min and 300~400Nm, the power
factor of PMVM is a bit lower than that of conventional PMSM.
We assume that all controllers have the same specifications for
a fair comparison. The phase voltage of PMVM is higher under
the same speed and torque due to the lower power factor, so the
maximum speed and output torque of PMVM are lower than
these of conventional PMSM. Then, for in-wheel direct drive,
the speed range and vehicle dynamics for climbing will be
challenged. In addition, previous references claims that PMVM
has a larger torque capability. It means that PMVM can produce
a larger torque than PMSM under the same phase current, so
PMVM needs a smaller phase current under the same output
torque. In fact, due to the low power factor, the phase current of
PMVM can be larger than that of PMSM under the same output
active power. So, the high torque advantage of PMVM can be
weakened by the low power factor.
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Fig. 8. Power factor versus d-axis and g-axis curves. (a) Power factor vs. d-axis
current. (b) Power factor vs. g-axis current.

In order to further compare the power factor of PMVM and
conventional PMSM, the power factor curves versus with phase
current under /;=0 control by FEA and experiments are shown
in Fig. 9. It can be seen that the experimental results have a good
agreement with FEA. Besides, the power factor of PMSM under
the same phase current is obviously higher than that of PMVM.
When the phase current is 80A, the power factors of PMSM and

a b

Fig. 10. Power fac(to)r maps. (a) MH3-PMVM. (b) Conven(tio)nal PMSM.
2) Torque Performance

In Fig. 9, the output torque curves of prototype PMVM and
PMSM are measured, where the FEA results match well with
the experiments. It indicates that the theoretical analysis, FEA,
and experiment can be trusted. Besides, the torque capability of
PMVM is a little bit larger than that of PMSM, which can also
validate that the torque capability is superior compared with
PMSM although the power factor of PMVM is much poorer.

Besides, taking account of all analysis above, considering the
torque capability, high-power-factor ability, end length, as well
as the other performances, it can be concluded that PMVM with
high intrinsic coefficient and two-slot pitches is the competitive
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candidate for in-wheel drive, which can provide an alternative
instead of conventional PMSM during the design.
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Fig. 11. Torque curve comparison versus with phase current between MH3 and
conventional PMSM (n=550r/min).

VI. CONCLUSION

In this paper, the power factor in PMVMs influenced by slot-
pole combinations has revealed. Then, the intrinsic coefficient
is extracted to evaluate the high-power-factor ability in PMVM.
Then, the conclusions can be summarized as follows.

1) The sum of magnetizing and leakage inductances was
defined as the air-gap inductance and extracted as an iteration
of variable part Xv, and constant part Cy, so that the ability to
generate high-power-factor of PMVM under various slot-pole
combinations can be quantified.

2) With the definition and calculation of intrinsic coefficient,
for PMVM with open-slot stator, the larger the armature pole is,
the greater the ability to produce high power factor. Moreover,
the output torque has conflict with the power factor ability.

3) The typical slot-pole combinations of PMVM with high
power factor are summarized, which contains but not only the
following ones: 22p/8p15s, 28p/8p18s, 26p/10p18s, 34p/8p21s,
32p/10p21s, 40p/8p24s, 38p/10p24s et. al. The gear ratio ranges
from 2~5, and the end length is relatively short and suitable for
in-wheel direct drive application.

4) For power factor, PMVM with high-power-factor ability
overwhelm in the area of low-speed and high-torque compared
with the conventional PMSM, while it loses out in the area of
high-speed and high-torque area.

5) The inherent low power factor of PMVM can be explained
from the distribution of proposed intrinsic coefficient. The slot-
pole combinations with high power factor ability in PMVM can
be determined by the intrinsic coefficient. Besides, the slot-pole
combinations of PMVM with coil-pitch of two slot pitches have
competitive power factor and torque, which are promising for
in-wheel direct drive application.
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