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ABSTRACT In recent years, permanent magnet vernier (PMV) machines have been attracting more and
more attention due to the inherently exhibited advantages such as high torque density and simple mechanical
structure. In this paper, a consequent pole (CP) PMV machine with single-layer concentrated winding is
proposed. The novelty is that the asymmetric air-gap field distribution is introduced to improve its working
harmonics and to reduce the PM consumption. By employing a CP structure, the flux density amplitude can
be enhanced. Moreover, due to uneven distribution of modulator poles on the armature teeth and fault tolerant
teeth, the number of periods of modulator poles is only half of that of the stator teeth. Then, significant
improvement in flux density working harmonics can be achieved. Furthermore, the superior electromagnetic
decoupling capability can be achieved by introducing the fault-tolerant teeth. The relevant electromagnetic
performance such as flux density, back electromotive forces, cogging torque and on-load torque have been
calculated by using finite-element analyses, which have also been validated by experiments.

INDEX TERMS Asymmetric air-gap field distribution, consequent pole, fault-tolerant, flux density working

harmonic, permanent magnet vernier machine.

I. INTRODUCTION

Due to the advantages such as superior torque density, high
efficiency, and simple mechanical structure, permanent mag-
net (PM) machines have been widely used in industry and
electric vehicle [1]-[5]. One special type of PM machine,
the permanent magnet vernier (PMV) machine can achieve
even higher torque density compared with other conventional
PM machines mainly due to their operation principle based
on magnetic gearing effect [6], [7]. Therefore, these PMV
machines are mainly employed in the low speed large torque
direct-drive applications such as electric vehicle, wind power
generator and ship propulsion [8]-[10].

For conventional PMV machines, the orders of modulated
flux density harmonics, which equal to the number of sta-
tor pole pairs, are always considered while the other har-
monic components are neglected [11]. Thus, the flux density
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harmonics are not effectively utilized, which offsets the
advantage of high torque density. Torque capability and qual-
ity of PMV machines were analyzed in [12], [13]. It shows
that the working harmonics in air-gap flux density can
increase torque capability, and the other undesirable flux den-
sity harmonic components have serious negative impact on
machine’s electromagnetic performance such as increasing
the torque ripple and also core losses [14], [15]. Therefore,
it is important to increase the working harmonic components
and eliminate the undesirable harmonic components in flux
density. In order to enhance the torque capability of PMV
machines, multiple flux density working harmonics were
introduced in [16], [17]. For a PMV machine with double-
layer concentrated windings, by adjusting the pitch angle of
modulator poles, the number of periods of modulator poles
can be equal to the number of stator teeth. Then, based on
the magnetic gearing principle, more flux density working
harmonics can be generated, thus improving the torque den-
sity [17], [18]. However, when the same method is employed
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for a PMV machine with single-layer windings, although the
number of periods of modulator poles is still equal to the
number of stator teeth, the produced desirable working flux
density harmonics are insufficient. Thus, this method cannot
be used in the PMV machine with single-layer windings.

Recently, the consequent pole (CP) concept is introduced.
Compared with the conventional PM machines with N-S
poles rotor, the machines with CP rotors have homopo-
lar PMs (either N-pole or S-pole) [19]. Such arrangement
can provide higher back electromotive forces (EMFs) and
also larger torque capability for the machines even with
smaller PM volume [20], [21]. This increase in torque
capability is mainly due to the asymmetric air-gap field
distribution [22], [23].

Stator
Armature tooth
Modulator-pole,
4 Ny

FIGURE 1. Cross sections of (a) existing PMV machine with N-S poles
rotor and (b) proposed PMV machine with CP rotor.

In this paper, to enhance the torque capability and fault-
tolerance of the PMV machines and also to reduce the magnet
consumption, a novel five-phase PMV machine with CP rotor
and also single-layer concentrated windings is proposed,
as shown in Fig.1. Compared with three-phase machine, mul-
tiphase machine can achieve higher efficiency, lower torque
ripple and better power splitting [24]. The main contribution
of this paper therefore lies in the introduction of asymmetric
air-gap field distribution in the proposed PMV machine with
CP rotor. It can bring two main advantages: 1) combined with
the CP structure, the air-gap flux density can be enhanced
leading to lower PM consumption; 2) more working harmon-
ics in the air-gap flux density can be obtained with special
uneven distribution of modulator poles.

Il. MACHINE TOPOLOGY WITH BIASED

AIR-GAP FIELD DISTRIBUTION

As shown in Fig. 1, all the radially magnetized PMs in CP
structure are homopolar. As a result, the open-circuit fluxes
due to PMs pass through the stator and the salient rotor core,
and finally return to the PMs, as shown in Fig. 2. Hence,
all the salient rotor iron poles between PMs are magnetized
to another polarity and can be regarded as the virtual poles.
Furthermore, in order to reduce the end winding length and
the associated extra copper loss and also to enhance the fault-
tolerant capability, the fractional slot concentrated single-
layer windings and fault-tolerant teeth are adopted. Based on
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FIGURE 2. Open-circuit flux line distribution of (a) existing PMV machine
with N-S poles rotor and (b) proposed PMV machine with CP rotor.

such arrangement, to modulate more desirable flux density
harmonics, the pitch angle 8 is designed to be unequal to
the slot opening angle y. Moreover, the armature and fault-
tolerant teeth are all called stator teeth. If they have satu-
ration problem, their width needs to be increased. This can
be decided after appropriately optimizing the stator teeth.
However, the slot area needs to be maintained constant to
keep the copper loss unchanged during the optimizing pro-
cess. The detailed parameters of the proposed machine are
summarized in Table 1.

TABLE 1. Optimized parameters of existing machine and proposed
machine.

Existing machine Proposed machine

Parameter with N-S poles with CP rotor
rotor
Stator outer diameter, mm 168
Stator inner diameter, mm 115
Rotor outer diameter, mm 113
Rotor inner diameter, mm 80
Stack length, mm 100
Slot number 20
Stator teeth number 20
Air-gap length, mm 1
Tooth width, mm 6.3
Rotating speed, rpm 300
Rated peak current, A 10
PM thickness, mm 5
PM volume, cm® 169.6 112.8
Rotor pole pairs 31 21
Armature pole pairs 9 9
Modulator poles 40 30
Pole arc ratio 1 0.66
Modulator tooth width, mm 4 5.6
Pitch angle f, deg 12 18
Slot opening angle y, deg 6 9
Power factor 0.52 0.68

To simplify the analyses, the open-circuit PM air-gap flux
density distribution without considering the slotting effect
and the leakage flux is shown in Fig. 3. For the existing
machine with N-S poles rotor, the flux density distribution
is symmetrical, and its magnitude can be expressed as

B,

ey

where B, is the remanent flux density of PMs, u, is the PM
recoil permeability (1), g is the air-gap length, and #,, is the
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FIGURE 3. Air-gap flux density distribution. (a) N-S pole. (b) CP.

PM thickness. The air-gap flux density can be represented as

4B, _ j

By (s, t):Z i; S sin (%7‘[) cos[i (Py0s—wt)] (2)
l

where 6; is the mechanical angle, w is the electrical angular

speed, and P, is the PM pole pairs. The relationship of the @

and P, can be expressed as

anP,

©=— 3)

where n is the rotor mechanical speed. However, for the
proposed machine with CP rotor, the flux density distribution
is asymmetric, the amplitudes By, and B, are respectively
expressed as

B
Bcpm = 1# 4)
Bz
o
Bcpr = chpm (5)

where « is the PM pole arc to pole pitch ratio. The air-gap
flux density can be given as

By (b5, 1) = Z % sin(ira) cos [i (Pr0s—wt)] (6)

The relationship between B;,_; and B, can be expressed as

(20— 1-5=) B,

SHr SHr
(1—a+8) (14 82)
It can be found that the equivalent fundamental amplitude
and peak-to-peak value of air-gap flux density of the existing

machine with N-S poles rotor and the proposed machine with
CP rotor can be obtained if satisfying

gl
2o —1— SHr
* h

Bcpm + Bcpr —2By—s =

(N

>0
ghr . . ®)
h—[sm(om) —2]4+2a — 2+ sin(amr) > 0
m

Based on the aforementioned analyses, it can be found that
the air-gap flux density of the proposed machine is biased and
it can be adjusted to achieve higher value according to (8). For
example, Fig. 4 (a) shows the comparison of open-circuit air-
gap flux density distribution of the machine with N-S poles
rotor and the machine with CP rotor. It can be seen that air-gap
flux density of the machine with CP rotor is larger, though the
PM consumption is significantly reduced. Hence, the higher
fundamental amplitude of the machine with CP rotor can be
obtained, as shown in Fig. 4 (b).
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FIGURE 4. Comparison of open-circuit air-gap flux densities of machine
with N-S poles rotor and machine with CP rotor. (a) Waveform. (b) Spectra.

Ill. OPERATION PRINCIPLE

A. FLUX DENSITY HARMONICS DUE TO PMS

Compared with the conventional PM machines, the rotor pole
pairs of PMV machines are not equal to armature wind-
ing pole pairs. The relationship of the pole pairs of PMV
machines always satisfies

Py =P, £P, ©

where Py, P, and Py are the modulator pole number, the pole
pair numbers of rotor and armature windings, respectively.
Since the principle between the PMV machine and magneti-
cally geared machine are almost the same, for a magnetically
geared machine, there is an outer air-gap between the mod-
ulator poles and stator core, the PMV machine is essentially
equivalent to the corresponding magnetically geared machine
when the outer air-gap is infinitely small [17]. In the outer
air-gap, the torque will be generated when the modulated PM
harmonics interact with the corresponding winding harmon-
ics. Hence, the modulated flux density harmonics in the outer
air-gap are investigated.

Due to the CP PM rotor, all the PMs have the same polarity.
According to the magnetic circuit theory, the magnetomotive
forces (MMFs) generated by rotor PMs can be assumed to be
square wave. The period of square wave is 27 /P,. Thus the
PM MMFs can be expressed in Fourier series, as

B.h
Fc (03‘, t) = z z
HoMr
2 B,h
+ Z = T sin(jar) cos (jP.0s — jwt)
- JTT oty
j=1,2,3,--
= Fo+ Z F;cos (jP, 65 — jowt) (10)
j=1,2,3,-
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FIGURE 5. Air-gap permeance function of (a) existing machine with
N-S poles rotor and (b) proposed machine with CP rotor.

where Fy is the DC component, and F; is the amplitude of
i" MMF harmonic.

Fig. 5 (a) shows the air-gap permeance model of the exist-
ing machine, where Z; is the stator teeth number and is equal
to the stator slot number, i.e. 20. It can be found that the
number of permeance periods is equal to that of the stator
teeth, and the pitch angle is unequal to the slot opening
angle. However, for the proposed machine, due to the unequal
number of modulator poles distributed on the armature teeth
and the fault tolerant teeth as well as the unequal pitch and
slot opening angles, its number of permeance periods is
only half of that of the stator teeth, as shown in Fig. 5 (b).
The air-gap permeance function can be expressed in Fourier
series, as

A =Ao+ Y Ajcos(iZty) (11)
i=1,2,3,

where A and A; are the DC component and the amplitude
of the i permeance harmonic, respectively; Z is the stator
teeth number in the existing machine, but it is only half of
that of the stator teeth in the proposed machine. Therefore,
with this special structure, the air-gap permeance harmonics
of the proposed machine are more enriched.

When only considering the constant and fundamental com-
ponents (i.e. j = 1) of the MMFs, the modulated air-gap
flux density of proposed machine can be expressed as (12).
It should be noted that the (P,)™, (P, & iP;)™ flux den-
sity harmonics are the inherent harmonics in the proposed
machine, which also exist in all PMV machines. However,
the (iZ)™ and the (P, & iZ)™ harmonics are the newly gen-
erated harmonics and the speed of which are w/(iZ) and
w/|P, £ iZ|, respectively. And, it can be seen from Table 2
that the (iZ)™ and the (P, £ iZ)™ flux density harmonics are
generated in the proposed machine. The main reason is that
the period number of the permeance in the proposed machine
is only half of that of the existing machine. Fig. 6 shows
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FIGURE 6. Spectra of simulated air-gap flux density due to PMs.

(a) Existing PMV machine with N-S poles rotor. (b) Proposed PMV
machine with CP rotor.

TABLE 2. Modulated flux density harmonics due to PMs.

Pole Existing machine Proposed machine Sneed
pairs with N-S poles rotor with CP rotor pee
P, 31 21 /P,
P+iPy 71 51 w/(P+iPy)
P,-iP; -9,-49 -9,-39,-69 -/|P,-iP)
iZ - 10,20,30 wl(iZ)
1,11
11 P w/\P,-iZl
P-iZ : -9,-19,-29,-39,-49,- .
-9,-29,-49,-69 59.69.79 -w/|P,-iZ]
P+iZ 51,71 31,41,51,61,71 w/(P+iZ)

the simulated results of the harmonic spectra of flux density
due to PMs. It should be noted that the amplitudes of the
(iZ)™M flux density harmonics in the proposed machine are
much smaller than that of the other flux density harmonics.
Thus, it proves that the harmonic orders are consistent with
those predicted in Table 2, where the symbol ““-”’ represents
the negative rotating direction. Therefore, with this special
structure, more flux density harmonics are introduced in the
proposed machine.

By(6s,1) = Ao [Fo + Fi cos (Pr6s — wi)]

>

i=1,2,3,-

FoAjcos (iZ6y)

FiA;
+ 0y 12 L eos [(Py + iZ) 65 — wt]
i=1,2,
+ D

i=1,2,

(5]

Fi1A;

cos[(Pr —iZ)bO; —wt] (12)

o
o

)
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B. FLUX DENSITY HARMONICS DUE TO

ARMATURE WINDINGS

The MMF of five-phase symmetrical windings can be
expressed as

e ¢]

Fy ZZ Z %Fvcos [v@s—wt—i-(l —V)?]

v=1 | n=0,2,4,6,8

+ Y treos [v6s +or - +0 |} a3)
n=0,2,4,6,8 2 >

where F,, is the amplitude of the v MMF harmonic. It can be
noted that the five-phase symmetrical windings only generate
[10k + l|‘h(k =0, &1, £2, +£3...) MMF harmonics, where
“-” represents the negative rotating direction. Therefore,
according to the magnetic gear principle, the |10k + 1|1
flux density harmonics in the outer air-gap are generated by
stator windings, and the speed is w/|10k + 1|. The arma-
ture flux density harmonics are listed in Table 3, and the
simulated results of the armature flux density spectra are
shown in Fig. 7. It can be seen that the harmonic orders
of the armature flux density are consistent with theoretical
predictions.

TABLE 3. Flux density harmonics due to armature windings.

Pole pairs Harmonic order Speed
10k+1(k=-1,-2...) -9,-19,-29,-39... -0/110k+11
10k+1(k=0, 1,2...) 1,11,21,31... w/(10k+1)

0.1
S
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£
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o L l. || || || |
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Harmonic Order
FIGURE 7. Spectra of simulated air-gap flux density due to armature
windings.

Therefore, except for the (iZ)™ harmonics, the order,
the speed and rotating direction of flux density harmonics due
to PMs are the same as those due to armature windings in
the proposed machine. Thus, these harmonics of flux density
due to PMs will interact with the corresponding flux density
harmonics due to armature winding, and steady electromag-
netic torque can then be generated. In addition, due to special
distribution of the asymmetric air-gap field, more flux den-
sity working harmonics are generated, leading to potentially
much higher torque capability.

IV. ELECTROMAGNETIC PERFORMANCE
A. BACK-EMF
The general expression of back-EMF can be given as

e=——

2
| reLon fo By @) [ D —Nysinvo; | db

v=1,3,5---
(14)
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where 7, is the radius of the air-gap, Ly is the active axial
length, N, is the v harmonic amplitude of the winding
function. Substituting (12) into (14), the fundamental back
EMF of phase-A can be expressed as

eq = rgLsxmwAoF 1 Ny=p, cos wf

1
+ Z ~rgLsk TwAiF1Ny=p,+iz coswt (15)
i=1,2,3--- 2

It is worth noticing that except the (iZ)" flux density
harmonics due to PMs, all the other flux density harmonics,
e.g. the PP, (P, £iZ)h, (P, £ iPy)™, will contribute to the
fundamental back-EMF.

When j in (10) is equal to even number, jP, and jP, £ iZ
are even-order. Thus, the (jP,)™ and (jP, + iZ)™" flux density
harmonics are generated due to the even-order PM MMF
harmonics, but their amplitudes are quite small. According
to (14), the integral value of them is zero, i.e. the even-order
harmonics in back-EMFs are zero. Therefore, there are only
odd-order harmonics in back-EMFs.
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FIGURE 8. Comparison of no-load back-EMF of phase-A. (a) Waveforms.
(b) Spectra.

=

Fig. 8 shows the comparison of no-load back-EMFs of the
two machines. It can be seen that the back-EMF amplitude
of the proposed machine is 35.8% higher than that of the
existing machine, but its higher order harmonics are much
lower, leading to potentially higher average torque and lower
torque ripple.

B. COGGING TORQUE

Cogging torque is generated by the interaction between the
PMs and stator teeth-slot. The pole arc to pole pitch ratio has
an important effect on the cogging torque. The PMs in N-S
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array are surface-mounted on the rotor, the pole arc of PMs is
relatively fixed. However, the pole arc of PMs in CP array can
be adjusted easily. The optimized pole arc to pole pitch ratio
of the proposed machine is 0.66, the waveforms and spectra
of cogging torque of the existing and proposed machines are
shown in Fig. 9. The peak value of the existing and pro-
posed machines is 259mNm and 65mNm, respectively. Thus,
the cogging torque of the proposed machine is significantly
reduced.

—+-The existing machine

The proposed machine
g
Z 200
&
< 100
&
g
0
S
_:50»100
23-200
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Harmonic Order

FIGURE 9. Comparison of cogging torque between existing and proposed
machines. (a) Waveform. (b) Spectra.

C. TORQUE CAPABILITY
The average torque can be expressed as

5
T, = ErgL‘ng[PrImaxAOFlNU=Pr

5 1
+ ErgLstkT[Prlmax Z EAiFle=P,~iiz (16)
i=1,2,3--

where Inax is the amplitude of armature current. It can be
seen that all the flux density working harmonics involved
in the fundamental back-EMF engage in the effective torque
production. The parameter k is the modulator pitch ratio,
which is defined as
BPr
2
The torque optimization of the proposed machine with
modulator pitch ratio k is presented in Fig. 10. It can be
seen that the torque increases with the increase in k. When
k reaches 1.5, the maximum torque is obtained, and then
B is calculated to be 18 degrees. Fig. 11 shows the opti-
mal torque comparison of the two machines. It can be seen
that the average torque of the proposed machine is 23.6%
higher than that of the existing machine, and also the torque
waveform is smoother due to the lower back-EMF harmonics

k= (17)
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FIGURE 10. Torque vs modulator pitch ratio k in proposed machine with
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FIGURE 11. Torque comparison between existing and proposed machines
at rated peak current.

(see Fig. 8) and also much smaller cogging torque (see Fig. 9).
Additionally, it should be noted that the increase ratio of the
average torque of the proposed machine is lower than that of
the no-load back-EMF. This is mainly due to the fact that the
virtual poles during on-load operation are saturated. This is
one of the main drawbacks of the CP rotor due to the reduced
effective air-gap length.

D. FAULT-TOLERANT CAPABILITY

The electromagnetic coupling characteristic between phases
can be indicated by the mutual-inductance, and the fault-
tolerant capability can be investigated by the ratio of the
mutual- to self-inductances. Since phase-A is adjacent to
phase-C and phase-D in spatial structure, as shown in Fig. 2,
the mutual-inductances L,; and L,q are larger than the mutual-
inductances Ly, and Lge, as shown in Fig. 12. On the other
hand, due to the CP rotor, the permeability of core is much
larger than that of PM and then the salient pole structure
is generated. Hence, the inductance ripple of the proposed
machine is larger than that of the existing machine. The
maximum mutual-inductances of the existing and proposed
machines are 0.0083mH and 0.159mH, respectively. And
the maximum ratios of mutual- to self-inductance are 0.15%
and 1.63%, respectively. Thus, the ratio of mutual- to self-
inductance of the proposed machine is slightly larger than that
of the existing machine, but the value is still small. Therefore,
the excellent fault-tolerant capability still can be achieved in
the proposed machine.

E. POWER FACTOR

Asymmetric flux distribution is incorporated with CP
structure, which allows the higher main flux and lower
leakage flux to be achieved with less PM consumption.
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FIGURE 13. Waveforms of Induced voltages and rated current.

Combined with the biased flux modulation theory, the uneven
distribution of modulator poles on the armature teeth and
fault tolerant teeth, more flux density working harmonics are
generated. Hence, higher back-EMF and torque capability of
the proposed machine are achieved compared with those of
the existing machine. The waveforms of induced voltage and
rated current are shown in Fig. 13. It can be found that the
power factor angle (¢;) of the proposed machine is smaller
than that (@) of the existing machine. It can be calculated
that the power factors of the proposed and existing machines
are 0.68 and 0.52, respectively. Therefore, the power factor
can be improved by adopting the proposed topology.

F. VIBRATION AND NOISE

Fig. 14 shows the radial force density, radial acceleration, and
acoustic power level of the existing and proposed machines.
It can be seen that the maximum radial accelerations of
the existing and proposed machines are 0.41 m-s~2 and
0.59 m-s—2, respectively, which are mainly due to the 2"
order radial electromagnetic force harmonic. The total acous-
tic power levels of the existing and proposed machines are
30.64 dB and 36.39 dB, respectively. Therefore, though the
vibration and noise of the proposed machine are slightly
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FIGURE 14. Comparison of (a) radial force density, (b) radial acceleration,
and (c) acoustic power level.

larger than that of the existing machine, the value is still small.
This means that the vibration and noise resulted from the
asymmetric field are slight.

V. EXPERIMENTAL VALIDATION

The proposed machine is prototyped for the verification of
aforementioned analyses. The machine assembly and test rig
are shown in Fig. 15. The magnetic power brake is utilized to
generate a load torque for the test prototype.

Under the rated speed of 300 r/min, the phase back-
EMF and average torque versus g-axis current for the pro-
posed machine are measured and compared with FE in
Figs. 16 and 17. It can be seen that the amplitudes of the
FE-predicted and measured back-EMFs are 44.32 V and
44.11 V, respectively. The amplitude of the 3" harmonic of
the measured result (1.38 V) is slightly higher than that of the
FE-predicted one (0.3 V) due to the limited manufacturing
process. Otherwise, the measured result agrees well with the
FE-prediction. Since the manufacturing tolerances and end-
effects are not included in the FE analyses, the measured
torque is slightly lower than the FE-prediction. However,
the difference between them is within the acceptable error
range.

VOLUME 7, 2019



H. Zhou et al.: Consequent Pole Permanent Magnet Vernier Machine With Asymmetric Air-Gap Field Distribution

IEEE Access

Magnetic

powder brake

* Measured * FEA

Back-EMF (V)
(=]

50 L L L
0 90 180 270 360
Electrical Angle (elec. deg.)

(a)

®Measured HWFEA

1 2 3 4 5 6 7 8 9 10
Harmonic Order

(b)

FIGURE 16. Comparison of measured and predicted back-EMFs at
300 r/min.

(SR
S

Torque (Nm)

~-Measured —~FEA

Current (A)

FIGURE 17. Measured and predicted average torques vs peak current.

Due to the fault-tolerant design, the stator windings have
little electromagnetic coupling. Fig. 18 shows the mea-
sured waveforms of short-circuit current and no-load back-
EMFs. The short-circuit current is limited by the large stator
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winding inductance. It can be seen that when a short-circuit
fault occurs in the phase-A, the back-EMFs of the two adja-
cent phases are nearly not affected, as expected.

VI. CONCLUSION

In this paper, to enhance torque and fault-tolerant capabilities
whilst with reduced PM consumption, a CP PMV machine
with single-layer concentrated windings is proposed.
Combined with the biased flux modulation theory, the flux
density of the proposed machine is improved by adopt-
ing the CP structure. In addition, much more flux density
working harmonics are generated by adopting the special
uneven distribution of modulator poles. Therefore, compared
with the existing machine, the proposed machine can obtain
larger flux density, 35.8% higher no-load Back-EMFs, 30.7%
higher power factor, 23.6% higher torque with lower torque
ripple, but with only 66.5% PM consumption. Furthermore,
the ratio of the mutual- to self-inductance is only 1.63%, thus
excellent fault-tolerant capability can be achieved. However,
due to smaller effective air-gap length, the CP rotor is easy to
be saturated. It will be investigated in the future.
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