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Abstract

Direct drive applications have become one of the most
exciting research fields recently. Using the modulation
effect (already known as the gearing effect), these kinds
of machines can work at low speeds and have the low
volume at the same time. Permanent magnet Vernier
machine (PMVM) is one of these machines which have
been the topic of papers during recent years. In order to
reducing the quantity of PM material and hence cost, the
Consequent pole permanent magnet (CPPM) machine has
been proposed. This is why, in this paper, three different
proposed structures of VPMs with surface-mounted
permanent magnet Vernier (SPMV) machine, consequent
pole with the same PM pole and iron pole shapes
(CPPMV 1) and consequent pole with the different PM
pole and iron pole shapes (CPPMV II1) are analyzed.
Firstly, the structures and operating principles will be
explained. Secondly, all three machines will be designed
in the same condition but with different magnet volumes
and finally, cogging torque, air-gap flux density
harmonics and load torque of all machines will be studied.
Under the same operation condition, the CPPMV I
showed better performance compared with the other ones.
Keywords: Direct drive, Flux modulation, Consequent
pole, Permanent magnet vernier machine (PMVM),
Rotor pole shaping, Finite-element analysis (FEA).

Introduction

In recent years, direct drive machines have drawn
increasing more attention for wind power generation,
electric vehicles, marine propulsion and etc. [1]-[3]. In a
direct drive system, by elimination of the gearbox,
vibration and noise will be reduced and makes the
drivetrain system much simpler and reliable. However,
the high torque requirement at low speed makes the
volume increase. Different permanent magnet machine
topologies have been proposed to reduce the volume of
direct drive machines such as transverse flux, axial flux
and magnetically geared machines. However, these
proposed machines have complex structure and multiple
airgaps, which makes them difficult to manufacture.
Meanwhile, due to having simple structure (Similar to
conventional surface-mounted PM machines (SPM)) and
high torque density at low speeds, permanent magnet
Vernier (PMV) machine have been proposed for direct
drive applications [4].

Vernier machines work based on the principle of flux
modulation/magnetic gearing effect that makes them
suitable candidate for direct drive topologies [5]. In recent
years, many kinds of research have been conducted to

improve Vernier machine performances such as
improving power factor, torque density, reducing losses
and cost. Based on these studies, different topologies have
been proposed [6].

The price of rare-earth PM materials such as NdFeB is
being increased continuously due to limited resources.
Therefore, reduction of permanent magnet usage is
necessary [7]. However, using very low-cost PM
materials such as hard ferrites or reduced volume of rare-
earth PM materials will make torque density diminish
significantly. As a cost-effective solution, consequent
pole (CP) PM machines, in which only alternate poles are
equipped with a PM pole, have been suggested. These
topologies are proven to achieve higher torque-to-PM
volume ratios compared with their conventional SPM
counterparts. Rotor pole shaping is an effective solution
to reduce even-order harmonics due to unbalanced flux
density distribution in CP machines. This reduction will
be led to decrease torque ripple, cogging torque, vibration
and noise [8].
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Figure 1. Example of an outer rotor SPMV machine
with Z=12, Pr=10, Ps=2
machines are expressed. Then, to show effect of rotor pole
shaping, three different topologies named surface-
mounted permanent magnet Vernier (SPMV) machines,
consequent pole with the same PM pole and iron pole
shapes (CPPMV 1) and consequent pole with the different
PM pole and iron pole shapes (CPPMV I1) are proposed.
The electromagnetic performance of three types of
machines is analyzed and compared by using finite-



element analysis (FEA). Based on the analyzed results,
the merits and demerits of them are discussed.

Machine Topology and Working Principle

A. Operation Principle

The 2D structure of a typical outer rotor PMV Machine
with Z=12, P,=10, Ps=2 is shown in "Figure 1". the
operation principles of flux modulation machines in [9]
are expressed. According to the general air-gap field
modulation theory, The PMs generate the initial
magnetomotive force (MMF) distribution. The
modulators (salient stator poles) modulate the initial
MMF distribution and produce working harmonics
components Z+P;in air-gap flux density. The working
harmonics of airgap flux density, attributed to the so-
called magnetic gear effect, cause higher torque density
than the conventional SPM machines. To maximize the
utilization of these working harmonics components, the
stator is wound the same as modulated pole pair.
Therefore, the relationship between the number of rotor
pole pairs, stator winding pole pairs and the stator slots
should be satisfied as [10]:

P=2+P, (1)
The Vernier machine is designed with slot/pole

number combination given by P,=Z-Ps, which generates
higher torque than the one with P,=Z+P, [11].
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Figure 2. Schematic explanation of the magnetic gearing
effect in vernier machines

"Figure 2" shows the number of pole pairs and the
working magnetic fields speed. The low-speed direct
drive rotor rotates at a mechanical speed of w;. The
produced low-speed air-gap field is modulated by the Z
stator teeth (air-gap permeance) and creates high speed
air-gap field with fundamental and (Z-P,)th order
harmonics. These harmonics rotate at the angular speed of
[P/ (Z-Pr)] wr. The ratio of the speed of the high-speed air
gap field to that of the low-speed direct drive rotor is
defined as the gear ratio (Gy) and is given by [12]:
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To achieve higher torque density, SPMV machines are
generally designed with higher G;. A high G, is achieved
by increasing Pr. However, A high number of rotor pole

pairs increases PM flux leakage and consequently, causes
poor power factor [10]. The no-load-induced EMF (Epn)
and average torque of the SPMV machines can be
represented in terms of the air-gap flux density harmonics
as [12], [13]:
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Where Ao and A; are respectively the constant and
fundamental components of air-gap permeance, which are
calculated by conformal mapping [14].

Figure 3. Machines topology. (a) SPMV. (b) CPPMV I.
(c) CPPMV II.

B. Machines Topology

"Figure 3" shows the three types of Vernier machines with
Q=24, P=19 and Ps=5. This slot/pole number
combination is selected to offer a high winding factor and
low cogging torque. All three Vernier machines have the
same stator structure. To reduce end winding length, the



fractional-slot concentrated winding (FSCW) with split-
teeth structure has been used [15]. However, three types
of machines adopt different PM arrangements in rotor
configuration. A conventional SPMV rotor is illustrated
in "Figure 3(a)". By direct replacement of the alternate
PMs in SPMV machines with iron poles, the conventional
CPPMV machine can be obtained in "Figure 3(b)". In
CPPMV I, as shown in "Figure 3(c)", the PM pole and
iron pole have specific shapes. The main parameters of
the three machines are given in "Table 1".

Table 1. Main parameters of the three machines

Parameter SPMV  CPPMV I CPPMV Il
Wy 160(rpm)
f 50(Hz)
Npn 360
Dy 180(mm)
Lstc 45(mm)
g 0.5(mm)
Co 0.5(mm)
B, 1.2(T)
hom 4(mm)
ap 085 0.85 0.93

SPMV CPPMV
Figure 4. Magnetic circuit of SPMV and CPPMV machines
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Figure 5. Flux density distribution of SPMV and CPPMV
machines

Effect of rotor pole shaping in CPPMV Machine

"Figure 5" shows the flux density distribution of the
SPMV and CPPMV machines. As it can be seen, one of
the features of the CPPMV machine is the asymmetrical
airgap magnetic field produced by the different nature of
PM and iron poles. The asymmetrical air-gap magnetic
field in the CPPMV machine gives rise to even-order
harmonics in the air-gap field and can affect the
electromagnetic performance of the machine. The
magnetic circuit under one pole pair is demonstrated in
"Figure 5" to show the principle of pole shaping. It was
supposed that the relative permeabilities of the stator and

rotor laminations in CPPMV machines are infinitive. The
flux densities under PM pole and iron pole can be
expressed as:

HL' —F
Bew = ﬁ
PM  p1 (6)
__ wuF
iron g+ hpm _ Ll,p
With
Fs = BironSpZRiron (7)
Riron = (g + hpm - L|’p)/:usp2

Where H¢ and Fs is the coercivity of magnet and
magnetic potential in stator, respectively. L; and Lj are

the rotor profile functions which depend on the rotor
position and can be expressed as by harmonic series:

Lty = D [Awsin(@6,) + A, cos(ad,)]
: ®)
L, = S [Ay Sin(b6,) + Ay, cos(b6,)]

Equation (6) shows the relationship between the air-
gap flux density and the rotor shape. So, reduction of L'mp
and L', can increase flux density under the PM pole and
iron pole. In this way, the average torque is improved.
Moreover, the air-gap flux density distribution under the
PM pole and iron pole is controlled by the magnetic
potential of PMs and the air-gap magnetic reluctance,
respectively. Therefore, it can be found that rotor pole
shaping can affect electromagnetic performance of
CPPMV machines and reduces even-order harmonics of
air-gap flux density [8].

Figure 6. Flux density distribution and flux contours (a)
SPMV. (b) CPPMV 1. (c) CPPMV IL.
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Figure 7. Air-gap flux density. (a) Waveforms. (b) Spectra.

Comparison of Electromagnetic Performances

A. Comparison of Air- Gap Flux Density

The no-load air-gap flux density waveforms and spectrum
of harmonics of all three machines are shown in "Figure
7". It can be seen that the fundamental amplitude of air-
gap flux density in the SPMV is the highest due to the
larger PMs volume. The 5th, 29th and 43rd harmonics of
air-gap flux density in the CPPMV Il have the highest
amplitude. However, the even-order harmonics of the
CPPMV machines are the highest ones. The particular
rotor pole shaping reduces the even-order harmonics in
CPPMV II. As show in "Figure 6", the saturation levels
of CPPMV 11 are the lowest due to decreasing harmonics
amplitude.
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Figure 8. No-load Back-EMF waveform

B. No-Load Back EMF

"Figure 8" shows the comparison of no-load back EMF of
all three machines. Due to having the highest order
harmonics  amplitude (5th, 43th) , the back EMF

amplitude of CPPMV | is the more than the other
machines. According to the slot/pole number
combinations of and its effect on the elimination of even-
order harmonics the winding flux linkage and as a result
of back EMF, even-order harmonics are eliminated in the
CPPMV machines [16]. Due to the decreasing harmonics
amplitude, the back EMF waveform of the CPPMV |l
machine has better sinusoidal waveform than those of the
other machines.
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Figure 10. Comparison of torques

C. Comparison of Torque Performance

The pole arc-to-pole pitch ratio has a key effect on the
cogging torque. By optimizing the pole arc coefficient, the
cogging torque can be reduced [17]. "Figure 7" shows the
comparison of cogging torque of three machines. The
even order harmonics amplitude of CPPMV Il are
reduced. As a result, this machine has the lowest cogging
torque. In "Figure 10", average torque and torque ripple
of three machines are compared. It can be seen the
CPPMV Il has the lowest torque ripple and SPMV
machine has the highest one. The comparison of torque
parameters of three machines is given in "Table 2".

Table 3. Torque parameters analyzed machines

Parameter SPMV CPPMV | CPPMV I
Tav (N.m) 23.82 13.09 13.82
7em (N.m/md) 269.43x10° 296.13x10° 275.2x10°
Tr (%) 6 25 5.9
Teoq (%) 1.53 8.95 1.53

Conclusion
In this paper, three different topologies of the Vernier
machine were investigated. These three machines were



designed under the same condition but with different
permanent magnet volumes. Airgap flux density,
harmonic orders, no-load Back EMF, cogging torque and
no-load torque were analyzed. The SPMV has a higher
fundamental harmonic due to using all pole pairs.
Therefore, it can be expected to have a higher average
torque at steady-state conditions. Compared with the
CPPMV machines, the negative point is higher peak-to-
peak cogging torque. On the other side, the CPPMV
machines have undeniable even-order harmonics in airgap
flux density. Due to the presence of even harmonics, the
CPPMV machines have a high torque ripple. The torque
ripple and cogging torque of CPPMV | are improved with
rotor shaping, which is presented as CPPMV I1. Besides,
the CPPMV Il has more sinusoidal no-load EMF than
those of the other machines and causes lower torque ripple
at steady-state conditions. As a whole, for direct drive
application, it can be said that the CPPMV Il showed
better performance from the view point of cogging torque,
torque ripple and more sinusoidal waveform.

Nomenclatures

Ber Fundamental air gap flux density

By Remanent flux density

Bzspr Modulated air gap flux density

Co Slot opening

Dy Air gap diameter

f Frequency

F1 Magnet fundamental component

g Air gap length

Gr Gear ratio

Hc Coercivity of magnet

hpm PM thickness

lpn Phase current rms value

Kw Winding factor

Lsi Stack length

Nph Stator turns per phase

Py Rotor pole pairs

Ps Stator pole pairs

Q Modulator number

Riron Reluctances air gap under iron pole

Rem Reluctances air gap under PM pole

Sp1 Areas under the PM pole

Sp2 Areas under the iron pole

Tav Average torque

Teog Cogging torque

Ty Torque ripple

z Stator slot number

Ao Fundamental air gap permeance function

Az DC air gap permeance function

op Pole arc coefficient

7Pm Torque to PM volume ratios

or Mechanical rotor speed
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