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Permanent magnet vernier (PMV) machines are attracting more and more attention due to its high torque density and simple
mechanical structure. In this paper, a novel PMV machine with improved permanent magnet circuit is proposed. Compared with regular
PMV machine, half of the PMs in the rotor are moved to the stator slot opening, and Halbach array PMs are employed in the stator
while consequent pole is employed in the rotor. The analysis of this machine indicates that the back EMF amplitude of the proposed
PMV machine could be two times that of the regular PMV machine with similar magnet usage, and for the same torque density viz.
23.1kNm/m3, the power factor of proposed machine can reach 0.89, while this value is only 0.65 in the regular PMV machine.
Index Terms—Halbach array, leakage flux, permanent magnet vernier machine, power factor

I. INTRODUCTION

I

N RECENT years, low speed, high torque density electric
machines have attracted more and more attention with the
increase of developing direct drive applications, like wind
power plant, electric propulsion. Permanent magnet vernier
(PMV) machine has high torque density for the magnetic gear
effect [1], and simple structure. Moreover, it has low torque
ripple due to the more sinusoidal EMF waveform compared
with that of regular PM machine [2], which makes it much
attractive to low-speed, direct-drive applications. Therefore,
many novel topologies have been proposed in recent years,
while the PMV machine suffers from quite lower power factor
because of the large leakage flux compared with traditional PM
machine. PMV machines with fractional slot and toroidal
winding were shown in [3], dual-rotor or dual-stator structures
were proposed in [4], [5] for a higher torque density, a dual
stator with spoke array PMV topology was proposed in [6] for
a higher power factor, and dual-permanent-magnet-excited
machine to offer higher torque capability [7], [8] etc. The object
of this paper is to propose a novel PMV machine which has
advantages of higher EMF amplitude and torque density, and
the power factor is also increased by improving the PM circuit.

(a)
(b)
Fig. 1. The structure of machines. (a)Proposed PMV machine. (b)Regular
surface PMV machine.

S-pole magnets produce the leakage flux to reduce main flux in
regular PMV machine, while Fm, Rm, Rg1, Rg2 and Φrl. are rotor
magnetomotive force (MMF), magnet reluctance, airgap
reluctance facing N-pole, airgap reluctance facing S-pole and
rotor leakage flux respectively. In the proposed PMV machine,
almost all the magnets produce the main flux, especially for the
Halbach array PMs leading the main flux into the stator tooth
as shown in Fig. 2(a), while Fmr, Rmr, Rg1, Rg2, Fms, Rms and Φm
are rotor MMF, reluctance of magnets in the rotor, airgap
reluctance facing iron tooth, airgap reluctance facing magnets,
stator MMF, reluctance of magnets in the stator and the main
flux. Hence, the significant improvement on the magnet flux
can be obtained with similar magnet usage.

II. STRUCTURE AND OPERATION PRINCIPLE
The structure of the proposed PMV machine is shown in
Fig .1. It is seen that the consequent pole is employed in the
rotor, and the Halbach array PMs in the stator slot opening [9]
is used to guide the flux through airgap into the stator as shown
in Fig. 2. It should be noted that magnetization directions of
magnets are marked with different colors, while the PMs
surface-mounted in the rotor and fixed in the middle of Halbach
arrays are radially magnetized and PMs fixed next to stator
tooth are circumferentially magnetized with alternate direction.
To explain advantages of the proposed machine, comparison
of magnetic circuit of the two machines is illustrated in Fig. 2.
As shown, only the N-pole magnets produce the main flux, and

(a)

(b)
Fig. 2. Comparison of flux lines and magnetic circuits of the two machines.
(a) Flux lines under open circuit. (b) Magnetic circuit comparison.
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As explained in [2], to take advantage of the flux-modulation
effect, the number of winding pole pairs Ps, rotor pole pairs Pr,
and the stator tooth Z of PMV machines should satisfy that:
(1)
Z  Pr  Ps
Moreover, airgap flux density distribution of the two
machines can be calculated by the production of MMF and
permeance under the assumption that stator iron and rotor iron
are unsaturated. As for regular surface PMV machine, the flux
density is calculated as [2]
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where θHs and θCs is the mechanical angle on the stator when
two sets of PMs are investigated separately. Given that double
salient structure is preferred in the proposed machine, the airgap
permeance function can be calculated as [10]
 ( s , t ) 
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Only taking the working flux harmonics into account, the
flux density can be expressed as
BC (Cs , t )  BC1 cos(Pr  Cs   t )
(7)
 BC 2 cos(( Z  Pr ) Cs   t )
 BC 3 cos(( Z  Pr ) Cs  t )
BH ( Hs , t )   BH 1 cos(( Z  Pr ) Hs   t )
(8)
 BH 2 cos(( Z  Pr ) Hs   t )
The flux density components excited by stator and rotor
magnets are given in Table I, while Ω (ω=PrΩ) means the
mechanical speed of the rotor. As observed, pole pairs and
speed of the flux density due to magnets in stator and rotor
separately are exactly the same, and magnetization directions of
the two sets of PMs should be selected to satisfy that θCs=θHs=θs
to maximize the working harmonic as shown in Fig. 1.
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where Nj is the peak value of the jth harmonics of one phase
armature winding function. The back-EMF expression can be
obtained as,

j

where FR(θRs,t) is the MMF in Fourier series, ΛR(θRs) is the
airgap permeance fuction, θRs is the mechanical angle on the
stator, ω is the electrical velocity. And the MMF of proposed
PMV machine can be expanded as
(3)
FP  FC ( Cs , t )  FH ( Hs , t )
where FC(θCs,t) is the MMF by consequent pole PMs, FH(θHs,t)
is the MMF by Halbach array PMs. The corresponding MMF
can be further expanded into the Fourier series as
(4)
FC (Cs , t )   Fci cos(i Pr Cs  it )
FH ( Hs , t ) 

In order to expediently analyze the EMF harmonics, winding
function theory is employed as shown below:
N ( s )   N j cos( jPs s )
(9)

It’s interesting that the proposed PMV machine can be
regarded as the integration of one consequent pole PMV
machine and one large slot opening, Halbach magnet array flux
reversal PM machine.
III. ELECTROMAGNETIC PERFORMANCES AND OPTIMIZATIONS
For further validation, electromagnetic performances of the
proposed PMV machine like back-EMF, cogging torque, output
torque are analyzed by FEA method and the corresponding
optimization is performed. Given that the slot area is reduced
because of PMs employing in the slot opening, the optimization
is carried out in two steps: change the proportion of the middle
part of the Halbach array for a larger back-EMF value while the
thickness is constant and change the thickness for a large
average torque. Based on FEA method, the proposed machine
is compared with conventional surface PMV machine, while the
main geometry parameters are exactly the same as given in
Table II except that the Halbach magnets are introduced in the
stator slot opening. According to the analysis before, the
winding layout of the two machines are the same, too.
TABLE II
MACHINE PARAMETERS
Parameters
Value
124
Outer diameter
74.4
Stator inner diameter
0.5
Airgap length
3
Magnet thicknesss
12/22
Slots/Poles
0.9
Pole arc
14.8
Slot depth
13.6
Slot opening width
70
Stack length

Unit
mm
mm
mm
mm
–
–
mm
mm
mm

A. Back EMF
The expanded view of Halbach array PMs in slot opening is
given in Fig. 3 and the corresponding magnetization direction
is also marked. The proportion of middle magnet is regarded as
the parameter to be investigated and can be calculated as:

 m
s
where θm and θs are the opening angle of the middle magnet and
the Halbach array.
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Fig. 3. Halbach array PMs in stator
slot opening.

Fig. 4. EMF and cogging torque under
different distribution of Halbach array.

(a)Proposed and regular PMV machine.

(b)Excited only by stator or rotor magnets.
Fig. 5. Comparison of airgap flux density under different conditions.

slot opening is large. As observed, β is selected to be 40%, and
the corresponding RMS value of back-EMF of the proposed
machine is 114.8 V which is 95.6% larger than that of the
regular one, viz. 58.7 V. It’s worth noting that when the largest
EMF is acquired, the cogging torque of proposed PMV machine
is the also lowest, viz. 0.5 Nm, while it’s still 177% larger than
that of the regular one. In Figs. 5-7, open-circuit characteristics
of the two machines are shown at a speed of 600 r/min. As
shown in Fig. 5, expressions (7) and (8) are validated in the
spectra analysis of airgap flux density. And the assumption that
the proposed machine can be treated as the superposition of two
machines is validated, too. The enlarged flux density of
proposed machine is responsible for the enhancement of
electromagnetic performance, and EMF from consequent or
Halbach part share same frequency. Meanwhile, it’s seen from
Fig. 7 that leakage flux of the proposed machine is obviously
decreased and the utilization of silicon steel for the proposed
machine is much better while the tooth tips are slightly
saturated.
B. Torque Characteristic
When β is selected to be 40%, the torque versus current
curves of the proposed and regular PMV machine are shown in
Fig. 8, and the corresponding torque ripple values are also given.
As shown, the average torque of proposed machine is much
larger than the regular one under same current values. It’s worth
noting that the proposed PMV machine produces 54.8% larger
torque than that of the regular one under same copper loss as
marked in the graph, while the magnet volume is 37% larger
than that of the regular one. The trends of torque ripple of the
two machines along the increase of current value are generally
consistent with each other, while the proposed machine has
obvious larger torque ripple for larger cogging torque.
Moreover, the power factors of proposed and regular PMV
machine are 0.89 and 0.65 when the torque of two machines are
both 19.5 Nm.

(a)
(b)
Fig. 6. Performances comparison under open circuit. (a) Phase back-EMF. (b)
Cogging torque.

(a)
(b)
Fig. 8. Torque characteristic of the two machines under different current values.
(a) Torque current characteristics. (b) Torque ripple comparison.

(a)
(b)
Fig. 7. Flux lines and flux density distribution under open circuit. (a) Proposed
PMV machine. (b) Regular SPMV machine.

Based on 2D-FEA method, back-EMF and cogging torque
under different β values is analyzed and illustrated in Fig. 4.
When β is small, the added flux from rotor iron pole to the slot
opening is also reduced, and when β is quite large, the
additional flux guided is also reduced while the flux into stator

Fig. 9. Torque characteristic of the
proposed machine with Lm.

Fig. 10. Torque waveforms under
different optimization results.
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usage and change the distribution of Halbach array PMs in
stator slot opening.

Fig. 11. Rotor Geometry of the machine with chamfered magnets

C. Other
Due to the enlarged fundamental harmonic value of airgap
flux density [see Fig. 5], the iron loss of proposed machine is
increased compared with regular one. Based on 2D-FEA
method, the losses comparison of the two PMV machines under
TABLE III
LOSSES COMPARISON UNDER SAME TORQUE DENSITY
Iron loss (W) Magnet loss (W)
Regular
21.0
6.0
22.4
1.8
β=40%
36.0
2.9
β=40% & Lm=4.4 mm
Chamfered magnet
32.9
1.6

(a)
(b)
Fig. 12. Average torque of the two machines with different Hm values.

Due to the fact that the slot area is reduced with the Halbach
array employed, and the thickness Lm [see Fig. 3] is optimized
to acquire larger output torque. In Fig. 9, the output torque and
torque ripple under different Lm values are given. It should be
noted that the analysis is performed while keeping the copper
loss constant as before. The results have shown that when the
thickness is selected to be 4.4 mm, the output torque is 60%
larger than that of the regular PMV machine with same copper
loss and the torque ripple is 2.1%. While the optimization of Lm
can only improve the output torque about 5% larger than that
with the optimization of β and the usage of magnets is way too
much when Lm equals 4.4 mm considering that the slot depth is
14.8 mm [see Table I], it’s demonstrated that the output torque
of the proposed PMV machine can be further enhanced by
increase the thickness of magnets in stator slot opening. Given
that the torque ripple is still much larger than that of the regular
PMV machine, the way to chamfer magnets in the rotor is
investigated with Lm=3 mm and when the torque ripple is
reduced to 1.81%, the output torque of proposed machine is still
41.1% larger than that of the regular one under the same copper
loss. It should be noted that the magnet usage is 30% larger than
that of the regular PMV machine. The torque waveforms under
the three different situations are given in Fig. 10, and the
corresponding ripple values are also noted. The rotor geometry
of the machine is also shown in Fig. 11.
It has been found that it’s not practical to improve the output
torque of surface-mounted PMV machine by merely increasing
the length of magnet along magnetization direction, and the
relationship between average torque and the thickness of rotor
magnet Hm for the two machines is analyzed and illustrated in
Fig. 11. It’s seen that the average torque of the proposed PMV
machine increases along with the increase of Hm because of the
enlarged working harmonic flux density [see Fig. 12(b)], while
that of the regular one declines along with the increase of Hm
which has been validated in other literatures. Owing to the
Halbach array PMs in stator slot opening guiding flux into the
stator tooth, it becomes possible to increase output torque of
PMV machine by increasing the thickness of rotor magnets.
Generally, there are two ways confirmed to further enhance the
output torque of proposed PMV machine: increase rotor magnet

same torque density viz. 23.1kNm/m3 is evaluated and given in
Table III. As shown, the iron loss of the proposed machine is
truly larger than that of the regular one, while the output torque
is significantly enhanced. Magnet loss of the proposed machine
at β=40% is 30% as that of the regular one and that is 26.7%
lower than that of the regular one even when half of the slot area
is occupied by magnets. It’s worth noting that loss of magnets
in the rotor is the dominant part of the whole magnet loss
considering that magnet loss is apparently reduced with
magnets moved to the stator.
IV. CONCLUSION
In this paper, a new way to further enhance output torque of
PMV machine is proposed and a novel surface-mounted PMV
machine with Halbach array PMs in stator slot opening has been
provided and analyzed. The analysis results have shown that
this machine could produce 95.6% larger back-EMF and 54.8%
larger output torque than that of regular PMV machine. And the
torque of proposed machine could be even 70.3% larger than
that of the regular one after further optimization. Moreover, the
power factor of this PMV machine can reach 0.89 and that of
the regular one is only 0.65, when same torque density of the
two machines is achieved. And the torque ripple can be reduced
further by chamfering the magnet and iron pole. In addition,
different from regular surface PMV machine, what is confirmed
is that changing the usage of magnets employed in rotor or
stator becomes effective to enhance output torque of the
proposed machine.
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