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Abstract—Benefited from flux modulation effects, surface-
mounted permanent magnet vernier machines (SPMVMs) present
the high-torque low-speed properties, which can become the
potential candidates for direct-drive applications. However, their
power factor is inferior to conventional PM machines due to the
large inductance caused by parasitic no-working harmonics. This
paper is devoted to propose some design considerations of
SPMVMs to make a good compromise between torque density and
power factor. Via constructing closed-from per-unit equations, the
cross-coupling influences of slot/pole combinations and
normalized geometric variables on machine performances are
revealed. It is found that there is a tradeoff between torque density
and power factor. The high magnet thickness to air-gap length
ratio is beneficial to decrease inductance, while the flux
modulation effect under the large equivalent air-gap length would
be impaired. Moreover, the pole-pair ratio, i.e., the PM pole-pair
to armature winding pole-pair, should be carefully selected, where
the SPMVMs with high pole-pair ratio have the relatively high
magnetic loading owing to the strong flux modulation effects,
whereas they suffer from the low power factor due to serious
harmonic leakage inductance. In particular, taking the end-
winding length into consideration, the high torque advantages of
high pole-pair ratio SPMVMs under the same copper losses can be
well performed with high length-radius ratio. Combined with the
analysis, the preferable selections of critical parameters to satisfy
various technical indexes are determined. Then, the general design
approach is proposed, and two design examples are built and
compared. Meanwhile, finite element analysis (FEA) and
prototype experiments are carried out to verify the feasibility.

Index Terms—Surface-mounted permanent magnet vernier
machines (SPMVMs), pole-pair ratio, normalized parameters,
torque density, and power factor.

I. INTRODUCTION

IRECT-DRIVE motors have received increasing more
attention for wind power generation, marine
proportion, and in-wheel tractions. They have the
advantages of high efficiency, small vibration noise, and high
reliability due to the cancellation of mechanical gear boxes.
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However, there is still the challenges to overcome considering
the high torque density requirements.

Benefited from flux modulation effects, permanent magnet
vernier machines (PMVMs) present the low-speed high-torque
properties, which can become the promising candidates for
direct-drive applications [1-3]. However, PMVMs suffer from
low power factor due to the parasitic harmonic inductances,
which would increase the volume and cost of inverter [4], [5].
To promote the industrial applications of PMVMs, many
researches have been done, which can be classified into two
aspects.

1) Enhancing torque density. Based on the three elements of
PMVMs, i.e., flux modulator, PM excitation, and armature
winding, a lot of efforts have been presented to further improve
the torque density of PMVMs. In [6] and [7], hybrid tooth
surface-mounted permanent magnet vernier machines
(SPMVM) has been proposed to enhance the flux modulation
effects by introducing multiple working permeance harmonics.
Further, interior PM and halbach PM have been applied to
strengthen PM flux focusing effects [8], [9]. Alternate rotor flux
bridges have been designed to resolve the flux barrier effects
occurred in spoke-array PM rotor structure [10], [11]. Moreover,
toroidal winding and split tooth concentrated winding structure
have been used to reduce the end-winding length [12], [13].
Although the torque density of these topologies mentioned
above has been enhanced, the low power factor issues are still
existed.

2) Improving power factor. The dual-stator spoke-array PM
vernier machine has been investigated in [14], where the power
factor can be significantly improved by increasing the
excitation capability. Further, the dual-side PM structure has
been proposed in [15], [16] where the stator and rotor PMs work
together to decrease flux leakage. Moreover, the hybrid
excitation PMVM has been put forward to enhance the
excitation magnetic fields and improve power factor [17].
Nevertheless, these topologies equipped with dual-stator, dual-
PM, or dual-excitation, are relatively complex, which are not
suitable for the direct-drive applications.
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Therefore, it is necessary to investigate more attractive
PMVMs with simple structure and low cost for direct-drive
applications. Especially, it is found in [18] and [19] that
SPMVM with low pole-pair ratio (PR), i.e., the pole-pair ratio
of PM to armature winding, performs a better power factor

characteristic owing to the small parasitic harmonic inductances.

Although the average torque of low PR SPMVMs are inferior
to high PR counterparts, the low PR SPMVMs endowed with
short end-windings are promising for small length-radius ratio
conditions [20]. However, current researches are confined to
specific size and power rating. There is a lack of the
comprehensive analysis and design of SPMVMs to balance
average torque and power factor, covering different length-
radius ratios and power ratings.

This paper proposes some design considerations of
SPMVMs for direct-drive applications, which is devoted to
make a good compromise between torque density, power factor,
and efficiency, covering different power ratings. According to
construct the closed-form per-unit equations, the cross-
coupling influences of critical parameters, including pole-pair
ratio PR, magnet thickness to air-gap length ratio kg, stator slot
opening width to slot pitch ratio ks, et al, on machine
performances are investigated. And the preferable selection
ranges of critical parameters are determined. Further, the
general design approach of SPMVMs for direct-drive
applications are presented, which can avoid the blind attempt
and provide a good guidance for engineering designers.

The main contents are organized as follows: First, the closed-
from per-unit equations, including magnetic loading B, electric

correlations between torque and power factor are revealed.
Second, Section 111 deeply investigates the influence of critical
parameters, such as pole-pair ratio PR, magnet thickness to air-
gap length ratio kg, stator slot opening width ratio ks, and length-
radius ratio Kshape, ON machine performance. Moreover, the
preferable selection ranges are determined. Then, Section IV
propose the general design approach for SPMVMs. And the
detailed design examples and Finite element analysis (FEA) are
given in Section V. Section VI presents the conclusions.

I1. RELATIONS BETWEEN TORQUE DENSITY AND POWER
FACTOR

In this Section, the closed-from per-unit equations of torque
density and power factor are constructed, where magnetic
loading, electrical loading, and normalized inductance work as
the bridges to reveal the negative correlations between torque
density and power factor.

To have a clear presentation, all the design parameters are
summarized in Table I. And the dimension parameter model of
SPMVM is depicted in Fig. 1.

-

Stator

A

loading A, normalized inductance L, torque density o, and BBl
power factor PF, are derived in Section Il, where the negative Fig. 1. The dimension parameter model of SPMVM.
TABLE|
DESIGN PARAMETERS OF SPMVMS
Design Parameters Symbols | Design Parameters Symbols
Stator slot number Z The base for inductance normalization Loase
PM pole-pair number Pr Normalized total inductance L
Armature winding pole-pair number Pa Normalized main inductance Lm
Stator outer radius Iso Normalized harmonic leakage inductance L,
Stator inner radius rg Back-electromotive force E
Air-gap length [s} Series turns per phase N
Stack length It Phase current RMS value |
Stator slot pitch ts Rotor position and time o, t
Stator slot opening width W Vacuum permeability and relative permeability Loy fry
Stator slot depth I; PM fundamental MMF Fr
PM pole-arc Om PM resistance Rm
PM thickness Nm PM remanence B,
Average torque T Copper resistivity P
Torque density o The ratio of PM pole-pair to armature winding pole-pair PR
Power factor PF Copper loss per-unit volume kcopper
Efficiency n The ratio of PM thickness hy, to air-gap length g ke
Slot filling factor ky The ratio of stator slot opening width w; to stator slot pitch # ks
Magnetic loading B The ratio of stator inner radius r, to stator outer radius 7, Kpuie
Electric loading A The ratio of stack length I, to stator outer radius r, Kshape
Air-Gap relative constant permeance Ao The ratio of slot depth / to stator depth (ry, — r) ke
Air-Gap relative fundamental permeance A1 The ratio of air-gap length g to stator outer radius ry, kp
P" and (ZP,)" MMF harmonic amplitudes Fer, Fzsser | The ratio of total winding length to stack length Z, Keond
P."and (ZP,)™ flux density harmonic amplitudes Bpr, Bzsser | ROtor mechanical angular speed Q
Winding factors of (iZ:#P,)" harmonic Kuwizszpr Rotor electrical angular speed ®
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A. Magnetic Loading

According to magnetomotive force (MMF)-permeance
model, no-loading air-gap flux density in SPMVMs is defined
as the product of air-gap MMF and permeance [1].

B(0,t) = F, (6,t)* A(0)

=F,, cos(P.0— wt)(A, + A, cos(Z.60)) (1)
= By, cos(P.6 — wt) + B, cos((P, £ Z,)0 F wt)
B,, = ko —0 @
1+ 4
kg
Brrizs =K L 3
2(1+ )
kg
h 4 .
k, =™k, =— B, (sin22%) (4)
g Vs 2

where kg is the factor that quantifies air-gap harmonics. A¢ and
A are constant and fundamental relative permeance, where the
detailed expressions are given in Appendix. Both the A¢ and A
are the function of magnet thickness to air-gap length ratio kg,
and stator slot opening width ratio ks.

It can be noticed that SPMVMs exist multiple no-load air-
gap harmonics having different pole-pairs. And it has been
confirmed in [12] that all the air-gap harmonics are working

harmonics, which can contribute back-EMF and average torque.

Combined with expression of back-EMF and winding function
[14], the contribution of each harmonic can be determined.
Further, magnetic loading B of SPMVMs can be given as [7]:
B = f(PRk, Kk, P,.k,)

= k BPr + PRkWPr—Zs BPr—Z'.a PR

+—K B
2PR+1 WPr+Zs —Pr+Zs (5)

where £, is winding factor of air-gap working harmonics, which
has taken account of slot opening factor [2].

It can be found that magnetic loading B of SPMVMs is
related to multiple parameters, including pole-pair ratio PR,
magnet thickness to air-gap length ratio kg, stator slot opening
width ratio ks, armature winding pole-pair P,, and winding
factor k.

wPr

B. Electric Loading

To make a fair comparison, end-winding length and the
corresponding copper losses caused by which are taken into
consideration. In particular, the copper loss factor kcopper, i.€.,
the copper losses per-unit volume, is set as a benchmark to
reflect machine dissipation capability. Further, electric loading
A can be defined as [21]:

A= f (PR' kshape’ Pa’ kt ' ksplit’ks)

_ mNS | _ \/kcﬂpper kf kt r502 (1_ ksplit)(2ksplitks + k[ (1_ ksplit )) (6)

7Z'|'g

27pk

end

K =1+ ”((Z_kt)ksplit—i_kt)’V(PR_l—‘ (7)

=7 (1+PR)Pk 2

shape
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It can be noticed that electric loading 4 is related to multiple
parameters. Among which, pole-pair ratio PR and length-radius
ratio kgqpe have a significant influence on end-winding length
factor k..q, which are treated as the most critical parameters for
electric loading 4. Moreover, electric loading A4 is also related
to stator slot opening width ratio &, slot depth ratio k;, and split

ratio kxplib

C. Inductance

Different from regular PM machines, the constraints of equal
pole-pair between armature winding and PM have been broken
in SPMVMs. As a result, the definition of inductance
components is also changed. From armature magnetic field
perspective, only the armature harmonic which has the same
pole-pair P, of PM, can interact with PM rotor and generate
torque. As a result, the normalized main inductance L, of
SPMVMs is defined as the flux linkage produced by the P,
armature harmonics under per-unit current. Whereas the
normalized harmonic leakage inductance L, is produced by
other no-working armature harmonics, where P, armature
harmonics are the main components. Slot leakage inductances
and end-winding leakage inductances are neglected due to the
relatively small proportion.

Then, the inductance L of SPMVMs can be given as [2]:

L= f(PR,P, K, Ky Ky,)

_L +L’ a?t g Cspilt ! tw (9)
Koiw 1 K.k K o’
L= T O A A) (1)
Pragy-o
He
K. 1 Kok
Ln :ﬁ—k(PR*kaazAO_i_%Al) (11)
Pragy-o
He
24,mN 2
= SHMN, 12
Lbase PR * P ( )

It can be observed that the inductance is mainly determined
by pole-pair ratio PR, armature winding pole-pair Pa, magnet
thickness to air-gap length ratio kg, and winding factor k.

D.Torque Density and Power Factor

Combined with magnetic loading B, electric loading A, and
inductance L, both the torque density and power factor can be
acquired. First, the total volume torque density of SPMVMs can
be given as:

k 2
— — it AR

”rsozkend k

T ABzr*
o=—
Vtotal
Further, under /; = 0 control and neglecting winding
resistance, as shown in Fig. 2, the power factor of SPMVMs can

be written as:

E [ A
PF=—— =1/ +(\24,LD)? (14
E? +(olL)* ]/ +V2u B) (5

(13)
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Fig. 2. The vector diagram of SPMVMs under 14 = 0 control.

It can be seen that torque density o is proportional to the
product of kyu?AB/kena, while power factor PF is inversely
proportional to LA/B. That is, by selecting magnetic loading B,
electric loading A, and inductance L as bridges, the negative
correlation between torque density and power factor is revealed.
Moreover, they are mutually restricted due to the cross-
coupling influence of geometric parameters on which. Thus,
there is a trade-off for the design of SPMVMs.

I1l. CROSS-COUPLING INFLUENCE OF PARAMETERS ON
MACHINE PERFORMANCE

Based on the analysis mentioned above, torque density of
SPMVMs is negatively correlated with power factor. To make
a good compromise between which, the cross-coupling
influence of critical parameters, including magnet thickness to
air-gap length ratio kg, stator slot opening width ratio %, pole-
pair ratio PR, armature winding pole-pair P4, and length-radius
ratio kguqpe, ON machine performance are comprehensively
investigated. The detailed analysis is given in what follows,
where the variation of machine performances with design
parameters are acquired by the analytical calculation equations.

To better reveal the influences of critical parameters on
machine performances, six models with different slot/pole
combinations are selected for comparisons, covering different
pole-pair ratios PR and armature winding pole-pairs P.. Among
which, the model with PR=1, P,=2 is the regular PM
synchronous machine (PMSM) having the same pole-pair of
armature winding and PM, which is worked as the benchmark.
It can also be treated as the special SPMVM, where the flux
modulation effect is weakest [7]. While other models have the
different pole-pairs between armature windings and PMs,
where the higher pole-pair ratio PR, the stronger flux
modulation effects. It is worth noting that the models under
different pole-pair ratios have the different coil pitches and end-
winding lengths. As a result, under the same copper loss, the
models with low PR and compact end-winding can acquire the
high active phase current. However, the models with high PR
suffer from the low active phase currents. Especially, the
selected model with PR=3.5, P,=2 can have a better balance
between flux modulation effects and end-winding lengths.

Table 11 presents the original design parameters of the six
models. To have a fair comparison, all the models have the
same stator outer radiuses, air-gap lengths, stack lengths, series
turns per phase, total copper losses, and so on. Moreover, the
stator inner radiuses, split ratios and stator slot depths are

© 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/j

flexibly adjusted to acquire the similar no-load yoke flux
density. Although the models under different stator inner
radiuses, split ratios and stator slot depths have the different
electromagnetic performances, the variation tendencies of
performances with targeted parameters are kept unchangeable.
To avoid the interference of other parameters on machine
performances, the variable control method is applied. That is,
only the investigated single variable is changeable, while other
parameters are kept invariable.

A. Magnet Thickness to Air-Gap Length Ratio kg

Fig. 3 shows the influence of magnet thickness to air-gap
length ratio kg on torque density o and power factor PF,
respectively. For regular PMSM, only Bpr and L,, are the main
components of air-gap flux density and inductance, while the
modulated harmonics Bprszs and harmonic leakage inductance
L, are barely existed. As a result, it can be seen that with the
increase of kg, both the torque density o and power factor PF of
regular PMSM are enhanced due to the increase of magnetic
loading B and decrease of inductance, as shown in Fig. 4.

PR=1Pa=2 PR=3.5 Pa=2
— —-PR=5Pa=l  — — - PR=5Pa=2
------- PR=11Pa=l  ------- PR=11Pa=2
14 1
12 08 | _——-==
-~ -—
310 06 ¢/~ -
é 8 £ 04 '/,::‘—‘-':::: ---------
© 6 02 F
4 1 1 1 1 1 1 O 1 1 1 1 1 1
05152535455565 05152535455565
ke=hu/g ke=hw/g
(a) (b)

Fig. 3. The influence of magnet thickness to air-gap length ratio 4. (a) Torque
density o. (b) Power factor PF.

PR=1 Pa=2 PR=3.5 Pa=2
— — - PR=5Pa=1 — — - PR=5Pa=2
------- PR=11Pa=1  ------- PR=11Pa=2
2 0.3
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i
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O L L L L L L O
051.5253545556.5 051.5253545556.5
kg=h./g ke=hw/g
(a) (b)
35 80
25 60
" g 40
15 20
05 1 1 1 1 1 1 0
0515253545556.5 0515253545556.5
ky=h./g kg=h./g
(c) (d)

Fig. 4. The influence of magnet thickness to air-gap length ratio 4. (a) Air-gap
harmonic Bpr. (b) Air-gap harmonic Bprszs. (C) Magnetic loading B. (d)
Inductance L.
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For SPMVMs, the power factor can also be improved by the
increase of Kg, due to the reduction of inductance. While the
influences of kq on torque density o are more complicated due
to there are multiple air-gap working harmonics. On the one
hand, increasing kg, that is, increasing magnet consumption, is
beneficial to enhance harmonic Ber, as shown in Fig. 4(a). On
the other hand, the flux modulation effects are deteriorated due
to the relatively large equivalent air-gap length. It can be
noticed in Fig. 4(b) that the modulated harmonics Bprazs are
increased first and then dropped due to the decrease of air-gap
relative fundamental permeance A;. Thus, with the increase of
kg, the torque density o of SPMVMs is increased first and then
reduced. Under the optimal kg, the torque density o of SPMVMs
with high pole-pair ratio PR, can be up to several times of
regular PMSMs.

Therefore, the selection of £, can be concluded that:

1) In terms of torque density o, the optimal &, of SPMVMs
with the same PR is similar. With the increase of PR, the
optimal 4, is decreased to strengthen flux modulation effects, as
listed in Table I and II.

2) In terms of power factor PF, the relatively large £, is
preferable due to the weakened inductance.

B. Stator Slot Opening Width to Slot Pitch Ratio ks

leakage L, is the main components.

On the whole, the effects of ks on torque density o is in
accordance with magnetic loading B, which climbs up and then
declines. However, the effects of ks on PF are relatively weak,
due to the variation of electric loading A and inductance L with
ks are inverse.

The selection of & can be concluded that:

1) For torque density o, the optimal &, of SPMVMs with the
same PR is nearly kept identical, which is around 0.4~0.7. With
the increase of PR, the optimal %, is slightly enlarged to
strengthen the contribution of modulated harmonics, as shown
in Table I and II.

2) In terms of power factor PF, the influence of &, on which
is relatively weak, which can be neglected.

C.Pole-Pair Ratio PR and Length-Radius Ratio Kshape

Combined with the analysis mentioned above, both the
selections of kq and ks are strongly associated with the selection
of pole-pair ratio PR. Thus, for the design of SPMVMs, it is
necessary to determine PR at first. The effects of PR on torque
density o and power factor PF are explored under the same
copper loss factor kcopper = 76 kW/m?, covering different length-
radius ratio Ksiape.

Further, the cross-coupling influences of stator slot opening - Egié Egif . Egig‘g;’:&; 2
width to slot pitch ratio ks on torque density o and power factor ~ ------- PR=11Pa=1  ------- PR=11 Pa=2
PF are investigated, as shown in Fig. 5. With the increase of ks, 19 1 ===
the harmonics Bp, is gradually decreased due to the impaired LeZIIIIN 08 ]
air-gap relative constant permeance Ao, as shown in Fig. 6(a). 2 14 /’L—\\ 06 | ____commmmemee.]
Whereas there is the optimal ks about 0.6 to acquire the £ %/\ I
maximum modulated harmonics Bprazs, as shown in Fig. 6(b). &  E- 02
As a result, it can be noticed in Fig .6(c) that magnetic loading 4 — 0 —

B increases first and then reduces. Moreover, Fig. 6(d) and (e) 0.20.30405060.7 038 0.20.30.4 0506 0.7 0.8
show that with the increase of ks, the electric loading A under ks:(V\;s/ts ksz(]\gj/ts
a

the same copper losses can be improved due to the enlarged slot
area. While inductance L is decreased, where the harmonics

Fig. 5. The influence of stator slot opening width to slot pitch ratio ;. (a)
Torque density o. (b) Power factor PF.

TABLE Il
DESIGN PARAMETERS OF ORIGINAL MODELS

Design Parameters

PR=1P,=2 PR=35P,=2 PR=5P,=1 PR=5P,=2 PR=11P,=1 PR=11P,=2

Stator slot number, Z 9 6 12 12 24
PM pole-pair number, P, 7 5 10 11 22
Armature winding pole-pair number, P, 2 1 2 1 2
The ratio of PM pole-pair to armature winding pole-pair, PR 35 5 5 11 11
Phase current RMS value, | (A) 11.3 10.8 9.8 10.7 9.8 10.7
The ratio of total winding length to stack length /g, kena 1.03 1.13 1.28 1.15 1.28 1.15
The ratio of stator inner radius r, to stator outer radius 7, Ky 0.65 0.65 0.6 0.65 0.6 0.65
The ratio of slot depth /, to stator depth (ry, — r), & 0.57 0.57 0.5 0.57 0.5 0.57
Stator inner radius, rg (mm) 325 325 30 325 30 325
Stator outer radius, rs, (Mm) 50

Air-gap length, g (mm) 0.8

Stack length, I (mm) 400

PM remanence, B, (T) 1.24

Stator slot depth, I, (mm) 10

PM pole-arc, om 1

Copper loss per-unit volume, kcyper (KW/m?) 76

Slot filling factor, &, 0.4

Series turns per phase, Ng 60

Rotor mechanical angular speed, Q (r/min) 300
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Fig. 6. The influence of stator slot opening width to slot pitch ratio k. (a) Air-
gap harmonic Be. (b) Air-gap harmonic Bpr.zs. (C) Magnetic loading B. (d)
Electric loading A. (e) Inductance L. (f) Harmonic leakage L.

It can be observed in Fig. 7(a) that with the increase of kgape,
torque density o is increased because of the negative influence
of end-winding is weakened, while the electric loading 4 can
be enhanced. The end-winding length factor k..« of SPMVMs
with high PR is significantly higher than low PR counterparts,
especially under small kgqpe condition. As a result, compared to
high PR SPMVMs, conventional PMSMs with fractional slot
concentrated winding and low PR SPMVMs, can be up to the
upper limit of torque density o quickly. Moreover, the
contributions of regular air-gap flux density harmonics B, and
modulated harmonics Bprszs are compared, as depicted in Fig.
7(c). With the increase of PR, the effects of modulated
harmonics Bprazs On torque density o are enhanced. Further, Fig.
7(b) shows that high PR SPMVMs suffer from low power factor,
due to large inductance.

Thus, the selection of PR is strongly related to Ksiqpe, Which
can be summarized that:

1) For torque density o, the high PR SPMVMs are
competitive when length-radius ratio kgape > 4, where the
negative effects of long end-winding can be neglected.
However, with &gqp.<4, the regular fractional slot concentrated
winding PMSMs and low PR SPMVM are attractive owing to
the compact end-winding, as listed in Table II.

2) For power factor PF, the high PR SPMVMs suffer from
low PF due to the abundant harmonic leakage inductances.
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Fig. 7. The influence of pole-pair ratio PR covering different length-radius
ratios Ky (@) Torque density o. (b) Power factor PF. (c) Magnetic loading B.
(d) Electric loading A. (e) Inductance L. (f) End-winding length factor Keng.

D.Armature Winding Pole-Pair P,

It can be found that except the pole-pair PR, the effects of
armature winding pole-pair P, on torque density ¢ and power
factor PF should also be taken into consideration. It can be
found in Fig. 7 that under the same PR, the larger P, the lower
magnetic loading B. The reason is that the air-gap fundamental
relative permeance and flux modulation effects are weakened
under the large Pa. However, the larger P, is conductive to
improve end-winding, electric loading A, and inductance L.

Therefore, the selection of P, can be summarized as:

1) For torque density o, the SPMVMs with large P, are
promising when length-radius ratio kguqe > 4, where the
decrease of magnetic loading B can be compensated by the
increase of electric loading A. However, with kga.<4, the
SPMVMs with small P are attractive owing to the stronger flux
modulation effects.

2) For power factor PF, the SPMVMs with large Pa is
preferable due to decrease of inductance.

In a word, combined with the analysis mentioned above, how
the parameters of SPMVMs affect torque density o and power
factor PF are summarized in Table IIl. Among which, the
higher kg, the higher PF due to the weakened inductance L
under the large equivalent air-gap length. While with the
increase of kq, o is increased first owing to the improvement of
regular air-gap flux density harmonics, and then decreased due
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to the impairment of modulated air-gap flux density harmonics.
For £, it is mainly related to o, while the influence on PF can
be neglected. The design of %, should balance both the flux
modulation effects and slot area, that is, achieve the relatively
high magnetic loading B and electric loading A simultaneously.
In terms of PR, the SPMVM with high PR can obtain the high
B due to the strong flux modulation effect. Whereas it suffers
from the low PF due to the large harmonic leakage inductance.

Moreover, the model with low armature winding pole-pair P,
and high PR suffer from the long end-winding length, which
lead to the low electric loading A. As a result, the high torque
density advantages of SPMVM with high PR can only be
exploited under the large length-radius ratio ksuqpe. Further, the
preferable selection ranges of critical parameters are
determined, as listed in Table V. It can be observed that with
the increase of PR, the preferable kg is decreased to enhance the
flux modulation effects by decreasing equivalent air-gap length.
While the preferable k; is slightly increased to improve air-gap
fundamental permeance, so as to have a better use of modulated
air-gap flux density harmonics. Moreover, the high torque
density advantages of SPMVMSs with high PR can be performed
under the relatively high kgape.

TABLE Il
INFLUENCE OF PARAMETERS ON MACHINE PERFORMANCES

Geometric Electromagnetic Performance

Parameters B A L p PE
kg 7N - N 7N 7
ke 7N /7 N 7N -
PR 7 N 7 4 N
P, N 7/ N 7 7
Kohape - 7 7 Ve N

where </ N\, ¢/’ and N\, represent increase first and then decline,
monotonic increase, and monotonic decrease, respectively.

TABLE IV
PREFERABLE SELECTION RANGE OF NORMALIZED PARAMETERS

PR Preferable kg Preferable ks Preferable Ksnape
1 >6 <01 <05
2~35 45~55 0.2~0.35 0.5~1.5
35~5 35~45 0.35~0.55 15~25
5~8 3~35 0.55~0.6 2.5~4

>8 1~3 >0.6 >4

IV. GENERAL DESIGN APPROACH OF SPMVMSs

Based on the relations between parameters and machine
performances, as well as the preferable selection ranges of
critical parameters, the general design approach of SPMVMs is
proposed to balance torque density, power factor, and efficiency,
covering different power ratings. And the detailed design
flowchart is organized in Fig. 8.

Step 1: Determination of Initial Parameters

1) Based on the size of space, both the stator outer radius 7o,
and the upper limit of length-radius ratio kgqpe can be set.

2) According to power ratings and process craft, air-gap length

g can be determined. Then, the air-gap length to stator outer

radius ratio kp can be calculated.
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3) Combined with dissipation capability and machine efficiency
requirements, the upper limit of copper loss factor kcopper can
be defined.

4) By materials characteristic, copper resistivity p and PM
remanence B, can also be acquired.

5) The upper limit of PM consumption can be determined based
on cost.

Step 2: Design of Key Parameters

1) Based on the indexes of torque and power factor, the initial
pole-pair ratio PR can be set.

2) Combined with ke and efficiency requirements, the
armature winding pole-pair P, can be selected.

3) According to the selected PR, the preferable stator slot
opening width ratio ks and magnet thickness to air-gap length
ratio k, can be determined.

Step 3: Design of Detailed Size

1)Based on the selected P, and overloading capability
requirements, the initial split ratio & and slot depth ratio k;
can be set.

Step 4: Evaluation of Performance

1)Based on the acquired parameters, initial model can be
constructed, and the performance can be evaluated by FEA.

2)If all the performance are satisfied, flowchart can be
completed. Otherwise, some iterations are needed.

3) If torque T is unsatisfied, P, can be decreased to enhance flux
modulation effects and magnetic loading B. Moreover, kg
can be increased to enhance air-gap radius.

4)If power factor PF is unsatisfied, inductance can be
decreased by applying lower PR or larger P,.

5) If efficiency 7 is unsatisfied, copper losses can be reduced by
increasing P, or decreasing PR to reduce end-winding.

6) If all the performance are unsatisfied, PR should be redefined.

Start

Determination of Initial Parameters

Application space — Outer radus ;.. Length-radius ratio Azpape
Power ratings — Air-gap length g and kp

Cooling and thermal constraint — Copper loss factor kg,
Material — Copper resistivity ¢, PM remanence B,

e e e b b

Cost — PM consumption

Design of Key Parameters

++ Torque density and power factor indexes — Pole-Pair ratio PR

++ Efficiency and Ky, — Armature winding pole-pair Py, End-
winding length factor &g

% PR and P, — Stator slot opening width ratio k.. magnet thickness
to air-gap length ratio &,

Dissatisfaction

Design of Detailed Size

% Overloading requirement — Split ratio k.. Slot depth ratio &,

Evaluation of Performance

Torque T
Power factor PF
Efficiency 5

g e

Satisfaction

End
Fig. 8. The general design flowchart of SPMVMs.
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V. DESIGN EXAMPLES AND FEA VALIDATIONS

In order to validate the analysis, two SPMVM examples
named as Model 1 and Model 2 have been built based on the
proposed design approach. Technical indexes and initial
parameters are listed in Table V.

First, according to size upper limit, the initial Kshape Can be
determined. Further, based on rated power and speed, the
targeted torque density o can be predicted. Then, combined with
torque density and power factor indexes, as well as the relation
between pole-pair ratio PR and machine performance, the initial
PR can be selected. In the design examples, the PR of Model 1
is selected as 3.5 to acquire high power factor PF, while the PR
Model 2 is set as 14 to achieve high efficiency.

Further, based on the preferable selection range, the critical
parameters, covering magnet thickness to air-gap length ratio kg
and stator slot opening width ratio &, can be derived. In
particular, the selection of £k, should also meet magnet
consumption limit. Model 2 with high PR has the smaller kg and
larger & to strengthen the flux modulation effects. Next, based
on the overloading requirements, slot depth ratio k; and split
ratio kg can be determined, where Model 2 with high PR and
low armature winding pole-pair P, is easier to get saturated.
Thus, the split ratio of which is smaller than Model 1.

TABLEV
INITIAL PARAMETERS AND TECHNICAL INDEXES

Parameters Values Parameters Values
Stator outer radius, rs < 167 mm Stack length, I <50 mm
Air-gap length, g 0.7 mm PM remanence, B, 1.24T
PM consumption < 0.5kg Slot filling factor, ki 04
Rated power, P 600 W Overload capacity 1.5 times
Rated speed, 300 r/min Power factor, PF >0.8
Copper resistivity, p 2.17*%10* Q*m?m [Efficiency, >85%

(0) (d)
Fig. 9. The topology structure and no-load flux density distribution of two
examples. (a) Structure of Model 1. (b) Structure of Model 2. (c) Flux density
of Model 1. (d) Flux density of Model 2.
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Fig. 11. Comparison of the torque waveforms for the two models. (a) Cogging
torque. (b) On-load torque.

Fig. 9 shows machine structure and no-load flux density of
two design examples. Fig. 10 presents the no-load air-gap flux
density waveforms and spectrums of the two models. It can be
seen that except for the regular air-gap flux density harmonics
with the same pole-pair of PMs, the modulated air-gap flux
density harmonics having the same pole-pair of armature
winding are also generated.

Moreover, the torque waveforms of the two models are
compared in Fig. 11. It can be observed in Fig. 11(a) that the
cogging torques of the two models are low, where the peak-to-
peak values are lower than 50 mNm. In particular, the Model 2
with high PR presents the lower cogging torque due to the
strong flux modulation effects [22]. Fig. 11(b) shows the on-
load toque waveforms, where the torque ripples of the two
models are also low.

The detailed parameters and performances of two models are
concluded in Table VI, where the analysis results match well
with finite element analysis (FEA), which verify the feasibility
of the proposed design and analysis. Both Model 1 and Model
2 can achieve targeted power and torque within the limit of
machine size, power factor, efficiency and PM consumption. It
can be noticed that benefited from high PR, Model 2 has higher
magnetic loading B, which is 2.7 times to Model 1. As a result,
Model 2 can achieve targeted power with lower electric loading
A and higher efficiency #, although it suffers from the longer

Authorized licensed use limited to: UNIVERSITY OF NO'lPTINGHAM. Downloaded on March 29,2023 at 11:10:21 UTC from FEEE Xplore. Restrictions apply.

ublications/rights/index.html for more information.



This article has been accepted for publication in IEEE Transactions on Industry Applications. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TIA.2023.3245586

IEEE Transactions on Industry Applications

TABLE VI

PARAMETER AND PERFORMANCE COMPARISONS OF MODEL 1 AND MODEL 2
Parameters Model 1 Model 2
Slot-Pole combination Z/P,/P, 18/14/4 15/14/1
Pole-Pair ratio PR 35 14
Winding factor ki 0.945 0.951
Copper loss factor Keepper, KW/m? 76.4 345
End-winding length factor keng 2 49
Stack length to stator outer radius ratio Ksnape 0.6 0.6
Air-gap length to stator outer radius ke 0.8% 0.8%
Magnet thickness to air-gap length ratio kq 4.3 3.0
Slot opening width to slot pitch ratio ks 0.55 0.65
Magnet consumption, kg 0.39 0.26
Split ratio Kspiit 0.77 0.72
Slot depth ratio k; 0.71 0.5
Performances Analysis FEA Error Analysis FEA Error
Magnetic loading B, T 243 24 0.3% 6.5 6.4 0.6%
Electric loading A, A/lcm 1725 - - 73.2 - -
Total inductance L, mH 33 3.2 3.1% 41 40 2.5%
Phase resistance R, Q 0.7 - - 1.9 - -
Back EMF E, V 443 44.2 0.2% 111 107.8 2.8%
Torque T, Nm 19.1 18.9 1.1% 19.1 18.6 2.7%
Electromagnetic Power P, W 600 594 1.1% 600 584 2.7%
Effect volume torque density, Nm/L 17.4 17.2 1.1% 17.4 17 2.7%
Total volume torque density o, Nm/L 8.8 8.7 1.1% 3.6 35 2.7%
Power factor PF 0.94 0.96 -2.1% 0.88 0.91 -3.3%
Copper losses Pcopper, W 84 - - 38 - -
Efficiency 7, % 87.7 85.8 2.2% 94.0 92.8 1.3%

end-winding. Moreover, the power factor of Model 2 with high
PR is inferior to Model 1, due to the larger inductance. It is
worth noting that for the proposed Model 1 and 2, only the
length-radius ratio ksuqpe = 0.6 is selected, which is based on the
size upper limitation. For the conditions with kgqpe higher than
0.6, the copper loss proportion of end-winding can be decreased,
which is conducive to enhance the active electric loading A
under the same total copper losses. In other words, to achieve
the targeted torque, the copper losses caused by end-winding
can be decreased and machine efficiency can be improved. As
a result, the efficiency advantage of Model 2 with high PR=14
can be more significant.

V1. EXPERIMENTAL VALIDATIONS

In this section, two SPMVM prototypes of 18/14/4 (slot/PM-
pole-pair/winding-pole-pair) and 15/14/1 with pole-pair ratio
PR 3.5 and 14 are manufactured and tested to verify the analysis
mentioned above. Fig. 12 performs the pictures of stator,
surface-mounted PM rotor, winding, and test platform,
respectively.

TABLE VII
PROTOTYPE PARAMETERS

Parameters Values | Parameters Values
Stack length 100 mm | Airgap length 0.7 mm
Stator outer diameter 167 mm | PM thickness 2.7 mm
Stator inner diameter 128 mm | Rotor pole-pair 14
Series turn per phase 180 Magnet material N38UH
Rated speed 300 r/min | PM remanence, B, 1.24T
Rated Power 1kw Core material 50WwW470
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The main parameters and electromagnetic performances are
listed in Table VII and VIII, where the two prototypes have the
same stator outer diameter, stack length, and series turn per
phase. And the same PM rotor has been used to save the
manufacture cost.

Torque &Speeds
Sensor

f)
Fig. 12. Prototypes pictures. (a) 18-slot stator. (b) 4-pole-pair winding. (c) 15-
slot stator. (d) 1-pole-pair winding. (e) Rotor. (f) Test bench.

29,2023 at 11:10:21 UTC from |IEEE Xplore. Restrictions apply.



This article has been accepted for publication in IEEE Transactions on Industry Applications. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TIA.2023.3245586

IEEE Transactions on Industry Applications

TABLE VIII
PROTOTYPE PERFORMANCES AT RATED POINT

Parameters Prototype 18/14/4 Prototype 15/14/1
Torque, Nm 31.8 31.8
Current, A 54 21
Resistance, Q 1 3.6
Self-Inductance, mH 7 59
Mutual-Inductance, mH -2 -24
Power factor 0.95 0.86
Efficiency (Analysis) 92.2% 93.1%
Efficiency (FEA) 91.4% 92.3%
Efficiency (Measured) 89% 91%
300 .
g 200 } 18/14/4 Analysis
L 100 O  18/14/4 FEA
2 ol R L L 18/14/4 Measured
X 1100 — - — 15/14/1 Analysis
8 O  15/14/1 FEA
8 200 TR [ 15/14/1 Measured
£ -300

0 60 120180240300360

Rotor Position (Elec. deg)
Fig. 13. Phase back-EMF waveforms at rotation speed 300 r/min.
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Fig. 14. Average torque versus phase current at rotation speed 300 r/min.
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Current (A)
Fig. 15. Power factor versus phase current at rotation speed 300 r/min.

At first, the no-load performances of proposed SPMVMs are
tested. Fig. 13 depicts the phase back-EMF waveforms at
rotation speed 300 r/min, where the analysis, FEA and
measured results have the good agreement. It can be seen that
prototype 15/14/1 with high pole-pair ratio PR of 14 has the
higher back-EMF due to the strong flux modulation effects and
high magnetic loading, where the fundamental amplitudes are
218.3 V and 88.1 V, respectively. And the waveforms are
sinusoidal.

Then, the on-load performances of proposed SPMVMs are
further investigated. Considering winding inductance has small
variation with the rotation of rotor, the conventional I = 0
control has been used. It can be seen in Fig. 14 that the
prototype 15/14/1 with high PR 14 can achieve rated power
with smaller rated current of 2.1 A, while the rated current of
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prototype 18/14/4 is up to 5.4 A. Although the resistance of
prototype 15/14/1 is significantly higher than prototype 18/14/4
due to the long end-winding, the machine efficiency of
prototype 15/14/1 is higher due to the smaller total copper
losses produced by the low rated current. The machine
efficiency of prototype 18/14/4 and prototype 15/14/1 at rated
point are 89% and 91%, respectively. Moreover, it can be
noticed that prototype 18/14/4 has the better torque linearity,
where the torque is almost proportional to the current. However,
prototype 15/14/1 with high PR suffers from large inductance
caused by abundant armature harmonics, which is easier to get
saturated.

Further, the power factor has been compared in Fig. 15,
where prototype 18/14/4 can acquire the high power factor due
to the small inductance. Whereas with the increase of current,
the power factor of prototype 15/14/1 is quickly declined due to
the large inductance. At rated condition, the power factor of
prototype 18/14/4 and prototype 15/14/1 are 0.95 and 0.86,
respectively.

Fig. 16 shows the measured torque, and phase
current/voltage waveforms at the rated conditions. It can be
seen that the torque ripples for the two prototypes are low.
Moreover, it can be noticed that the phase angle difference
between phase voltage and phase current of the prototype
18/14/4 is smaller than the prototype 15/14/1 counterpart due to
the low inductance, which reflects the high power factor of
SPMVMs with low PR.

Therefore, both the two prototypes can meet rated power,
where the prototype 18/14/4 has the higher power factor, while
the prototype 15/14/1 has the higher efficiency. Moreover, all
the analysis, FEA, and measured results match well with each
other, which confirmed the feasibility of the proposed analysis
and design approach for SPMVM.
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Fig. 16. Measured torque and phase voltage/current waveforms for the two
models. (a) Torque of Model 1. (b) Phase voltage/current of Model 1. (c)
Torque of Model 2. (d) Phase voltage/current of Model 2.

VII. CONCLUSIONS

This paper presents design considerations of SPMVMs to
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make a good compromise between machine performances. By
means of closed-from per-unit equations, the negative
correlation between torque density and power factor is revealed.
Further, the cross-coupling influence of critical parameters,
including magnet thickness to air-gap length ratio kg, stator slot
opening width to slot pitch ratio ks, pole-pair ratio PR, armature
winding pole-pair P,, and length-radius ratio Asqpe, On machine
performances are clarified. Then, the preferable selection
ranges are determined. In particular, the general design
flowchart of SPMVMs is proposed, which can avoid the blind
attempt and provide a good guidance for engineering designers.

The following conclusions are drawn:

1) When length-radius ratio kgqp. larger than 4, SPMVMs
with high pole-pair ratio PR are preferable due to the stronger
flux modulation effects. However, benefited compact end-
winding lengths, regular fractional slot concentrated winding
PMSMs and low PR SPMVMs are attractive when k. Smaller
than 4.

2) Under the same PR and copper losses, the larger armature
winding P, is conducive to decrease end-winding length and
inductance, so as to improve electric loading A and power factor
PF. However, with &4, Smaller than 4, SPMVMs with smaller
P, are attractive due to the higher magnetic loading B.

3) The preferable magnet thickness to air-gap length ratio k,
of SPMVMs is lower than 6. With the increase of PR, the
optimal %, is decreased to strengthen flux modulation effects.
However, the relatively large k. is beneficial to weaken
inductance.

4) The preferable stator slot opening width ratio &, of
SPMVMs is around 0.4~0.7. With the increase of PR, the
optimal £; is slightly enlarged to strengthen flux modulation
effects.

APPENDIX

The coefficients of the air-gap relative permeance function
can be figured out by conformal mapping method proposed in

(2].
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Fig. 17. Stator slot opening width ratio vs air-gap relative permeance covering
different stator slot number Z, and air-gap length to stator outer radius ratio ke.
(a) Ao. (b) A1
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Fig. 17 presents the variation of air-gap relative permeance
with k,, under different stator slot number Z; and air-gap length
to stator outer radius ratio kp. It can be seen that with the
increase of k;, the air-gap relative constant permeance Ao is
gradually decreased, while the air-gap relative fundamental
permeance A; increases first and then decrease. The relatively
large A can be acquired with &, around 0.4~0.7. Moreover, with
the increase of stator slot number Z;, Ao can be increased, while
A1 is decreased, which means that under the same pole-pair
ratio PR, the flux modulation effects would be impaired with
large armature winding pole-pair P,. Similarly, with the
increase of air-gap length g and the ratio kp, the flux modulation
effects is deteriorated. In this paper, the air-gap length to stator
outer radius ratio kp is set as 0.1% for direct-drive application
[23].
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