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ABSTRACT This paper presents performance improvement of dual stator axial-flux spoke type permanent
magnet vernier machine (DSAFST-PMVM), which has the capability to generate high torque at a lower
speed due to magnetic gearing effect. Flux focusing effect is created by means of dual stator single rotor
topology with spoke type permanent magnets. It is best suitable for high-performance industrial applications
such as servo motors, robot arms, wind power, electric vehicles, and elevator applications. A PM shape is
proposed in this paper which has notches in such a way that it produces discrete skew effect which reduces
the cogging torque and torque ripples. Optimization of magnet shape is done to make the optimized model
more competitive than the proposed and basic models. Main parameters such as back emf, cogging torque,
torque ripples, electromagnetic torque, VTHD, airgap flux densities, flux density distribution, power factor,
and power of the machine are compared among the basic model, proposed model, and optimized models.
The comparative analysis is done by using the time stepped 3D finite element method.

INDEX TERMS Axial flux, cogging torque, dual stator axial flux machine, flux focusing effect, magnetic
gearing effect, torque ripples, vernier machine, finite element method.

I. INTRODUCTION

Investigations on permanent magnet machines at a massive
scale have commenced with the evolution of permanent mag-
net material [1]. These PM machines have better efficiency
and high-power density, due to which they are superior from
most of the electromechanical applications such as induction
motors and DC motors. In recent years, parament magnet
machines are gaining popularity in the field of direct drive
systems because of their enhanced efficiency and high-power
density with minimal losses. These characteristics make them
the best choice for the direct drive system [2]. When the motor
is directly connected to load with high torque at low speed,
then the direct drive system came into being. In earlier times,
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the motor is not directly connected to the low-speed load. The
gear mechanism is used in between the motor and low-speed
load to sustain higher torque, but these mechanical gears
have wear and scratch as well as gear transmission losses.
Moreover, require regular maintenance and extra space for
installation [3], [4]. However, with direct drive systems,
existing topologies required larger dimensions as material
consumption increased. This requires a compromise between
the omission of the gear mechanism and the bulky size of
the machine. Therefore, much of the work on machinery
is focused on direct drive machines to replace the classic
gear mechanism [5]-[10]. Many new prototypes have been
proposed for this purpose in recent years. For example, a
transverse permanent magnet machine is known for its exces-
sive torque density, but it has a complex arrangement with a
very low power factor and high cogging torque [11], [12].
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Furthermore, a method of integrating coaxial magnetic gear
in PM motors has also been introduced. For this purpose,
the brushless outer rotor PM machine may be merged with
a coaxial magnetic gear to share a single rotor to form a
magnetic gear machine. This concept enables direct drive
systems that reduce the requirement, intended for mechanical
gear, and improve high efficiency and ruggedness. Magnetic
gear machines, however, require two rotors whose alignment
and precision are very complex, growing the worth and com-
plexity of production [13], [14].

Permanent magnet (PM) is improved by increasing
the energy creation of the permanent magnet material.
As a unique electromechanical device, a permanent magnet
vernier machine offers all the benefits of vernier and per-
manent magnet machines (PMVM) [15], [16]. As a PMVM
design principle, the number of PM poles is not equivalent
to the number of winding poles and does not correspond
to the conventional PM machines to achieve the so-called
“magnetic gear effect”. When the number of flux modu-
lators (ferromagnetic poles) is equal to the number of sta-
tor tooth and stator tooth act as flux modulator, resulting
in complete removal of flux modulator from the machine,
then the topology is called PMVM. PMVM has high torque
density and small size as compared to traditional permanent
magnet machines with the same ratings. This high torque
characteristic is due to the flux modulation effect and is
considered to be the best substitute aimed at low-speed direct-
drive systems [8], [15], [17], [18]. Because of the fact,
PM vernier machines are generally designed with large num-
bers of magnetic poles, making them suitable for generating
high torque at relatively low speeds. Therefore, no reduction
gear is required, which requires a clearance, friction loss,
and maintenance. A higher torque density should be consid-
ered for the topology design to achieve competitive machine
performance. However, when compared to a conventional
PM machine, a normal VPM machine will experience a
low power factor characteristic [11], [19]-[20]. which will
increase the converter rating of the VPM machine for a
given output power, which will be costly and require a high
ratting converter. Therefore, methods to upgrade the power
factor of VPM machines are motivating. The dual stator
axial flux spoke type permanent magnet vernier machine
(DSAFST-PMVM) topology has been proven with high
torque density and enhanced power factor related to conven-
tional PMVM machines [21].

The torque of an electrical machine is the combination of
constant component and periodic component. The periodic
component is related to the rotor position and is dominant
over the constant component. The pulsation in the torque,
also called torque ripples are due to the periodic component.
Torque ripples depend upon three things, which are the root
causes: (a) cogging torque which is defined as the interaction
among PM of the rotor and the teeth of the stator. The physical
distance between teeth of the stator and PM of the rotor is less
so the force of attraction increased at that point and torque is
produced with the symptom of jerkiness, (b) non-sinusoidal
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distribution of magnetic flux density in the air gap, and
(c) unequal permeances [22]. Torque ripples and cogging
torque are more dominant at low speed. At high speed,
the torque ripples are filtered out due to the moment of inertia.
There are different techniques available for cogging torque
minimization, for instance, contouring the slots and mag-
nets, shaping the magnets, the introduction of dummy slots,
effective ratio of magnet pole arc to pole pitch, fractional
winding, and reduce the slot area [23]. DSAFST-PMVM has
low inertia and high torque density make it very attractive
for high-performance industrial applications such as servo
motors, robot arms, wind power, electric vehicles, and ele-
vator applications. In these applications, the torque should
be as smooth as attainable to skip vibrations, so it is usually
considered to have a minimal torque ripple.

The paper is divided into three sections. In the first section,
DSAFST-PMVM is analyzed and consider as a basic model,
in the second section we proposed a new magnet shape and
refer it as a proposed model, also compare its performance
with the basic model. In the last section, we optimized the
magnet shape to develop an optimized model for competitive
analysis.

Il. DUAL STATOR AXIAL-FLUX SPOKE TYPE PERMANENT
MAGNET VERNIER MACHINE

A. OPERATION

The operating principle of PMVM is almost the same as
magnetic gear and magnetically geared machines. High and
low pace rotors of magnetic gear are correlated to stator and
rotor poles of PMVM, correspondingly. Its number of stator
tooth is equal to the sum of rotor permanent magnet pole pairs
and winding pole pairs, which means that the number of rotor
permanent magnet pole pairs are greater than the number of
stator winding pole pairs [13], [20], [21], [24]. Consequently,
it breaks the conventional rule of the equal number of rotor
permanent magnet pole pairs and winding pole pairs. Despite
unequal pole pair number of stator and rotor, PMVM yet
attains the steady torque by synchronizing the stator MMF to
air gap flux rotation because of flux modulation effect by the
stator tooth. Design rule for PMVM is discussed in [25]-[27]
which is:

Zr=Zstp ey

where Z, represents the PM pole pair, Z; is the slot number
(number of flux modulator) and p is stator winding pole pairs.
In other words, the required low-speed high-torque attribute
in a PMVM is fetched out by the magnetic gearing effect,
in such a way that a minor mobility of the rotor conveys an
enormous flux variation [21]. Z, is normally designed much
larger than p in PMVMs. Once the flux rotates 360°, the rotor
only rotates by 360°/Z, as expressed in equation (2). where
; rotor speed, wyyr flux speed, T, rotor slot pitch, and
T ypmr MMEF pole pitch

Wy Rotor speed T p

@

OMMF - Rotating Field Speed - TMMF  Zr
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B. CONFIGURATION

The configuration of DSAFST PMVM is shown in Fig. 3.
Two half-slot-pitch shift stators perpendicular to spoke mag-
net and air gap of the rotor. A rotor pole directs the flux over
the two air gaps to the two stator cores, the pitch being shifted
by half a slot. The flux moves in a stator core in the circum-
ferential direction and back through the air gap to the rotor
and into another air gap to the other stator core. The tooth
of the first stator faces the slot of the second stator creates
unalignment which directs the flux to flow over the entire
machine which is different from conventional surface type
machines. In conventional surface type machines, the flux
loop cover half of the machine. This unaligned two stator
arrangement inherently produces a skew effect which lessens
machine cogging torque. Conductors of coils are wrapped
over the stator yoke to apply drum winding in the open slot
arrangement as shown in Fig. 4. The main design parameters
of DSAFST-PMVM are tabulated in Table. 1. Magnet pieces
with a 7 mm thickness are selected in event of demagne-
tization. A ratio of stator slot width per slot pitch 0.63 is
picked as a result of the optimized design of the open slot
in PMVM [28].

C. FLUX FOCUSING

The DSAFST PMVM design uses spoke-arranged magnets
to have a flux-focusing effect, thus raising the useful mag-
net flux. The rotor pole directs flux through both the outer
and inner airgaps with half teeth pitch shifted dual stators,
as seen in Fig. 1. Circumferentially, the flux flows through
one stator core, back through the air gap through the rotor,
and then across another air gap through the other stator core.
Figure 1 (a) and (b) display the flux line in two distinct rela-
tive positions. The magnet’s length can be varied to achieve
the desired flux focusing.

Fundamental section of machine, which consist of only one
tooth, one slot and one magnet pole pair is shown in Fig. 2.
The specific arrangement of PMs in Fig.2 (a) and (b) illus-
trated that Spoke type PMVM topology discourage flux leak-
age between adjacent PM. Thus, large leakage flux in Surface
PMVM result in poor power factor.

Above discussion shows that this topology can enhance the
air gap flux density and useful magnet flux. Due to which
few ampere-turns are required for desired Output power.
Therefore, the winding reactance can be largely decreased
which improve the power factor of this topology.

D. DESIGN EQUATIONS
The designing of the PMVM is done in [21], [29], in which
the magnetic field is analyzed by taking a small section of the
DSAFST-PMVM, which includes single pole pair, slot, and
tooth. Equation (1-16) are basic design equations presented
in [21], [29], for dual stator axial flux topology of PMVM. All
the machines in this paper follow the same design equations.
From equation (1), we have the number of combina-
tions for rotor pole pair and the number of slots of the
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FIGURE 1. Flux path of DSAFST-PMVM with respect to rotor positions.
(a) Position 1. (b) Position 2: Rotated by one rotor pole pitch.
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FIGURE 2. Fundamental section of machine (a) Surface PMVM (b) Spoke
Type PMVM.

DSAFST-PMVM. One selection is adopted for all the
machines analysis. Z, = 17, Z; = 18 and p = 1.

For a 3-phase machine (m),
7
~ 2pm

q =3 (€)

The slot per pole per phase is illustrated in Fig.4. Axial field
permeance coefficient P is given by:

P©) = Po+ (=1 Y Py cos(nZ,f) 4)
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Py is an average air gap permeance coefficient,

P, is the amplitude of the permeance coefficient
(myy, harmonic),

kcs, and k., are the Carter coefficients,

Jj is the number of slot shifts of the short pitch windings,
Ko is the permeability of air,

g. is the equivalent airgap length,

displayed here below:

Bppm(0) = Fgap(0)P(0)
~ ;Fga,, €08 Zr (6 — O,)(Po+(—1Y Py cos(Z;0))
+ Bhar
= ;FgapP(, cos(Z-(0 — 6,,))

2
+ (=1~ FoapP1 €OS(Zy = 20 = Zy6n)

+Bhar
= Bpymo coS(Z; (0 — 6p) + (—1YBpm1
X €08(Zy — Z5)0 — Z,0) + Bhar (14)

Bpar represents the harmonic component. For back-EMF,
considering only the flux components of its low order,

: ental dr®) 12 [riptha
g is the mechanical airgap length, e(t) = — = TNDglw Z / Bpp (0)do
gm 1s the width of PM, t k=0 Y ka
by is slot width, Z-Bpui
kco is a coefficient linked to airgap and slot, = ksNDglsicx(Bpao £ (=1 2% ) c08(2,6m + p)
B is a function of the ratio by/g, (15)
T, is stator pole pitch,
7, is rotor pole pitch. A is phase flux linkage,
Applying the law of the Ampere and ignoring the drop of N is the number of turns (one phase),
MMF in the core to get the fundamental amplitude of airgap Dy is airgap diameter,
MMF Fgq,(8) as observed in (9)-(13). MMF Fgp,, cannot be w is mechanical velocity,
ignored as PM relative permeability is near to one. «a is slot span and defined as 27 /Z;
F,, is the MMF through PM, ks is the winding factor.
Foap1 and Fgqp correspond to the MMF drops in two ) ) )
airgggé, i T = eqiq + epip + ecic/w (16)
Fgqp shows their average value. €as b, €. are back-EMF (rms value),
Feapt + Foap2 + Foapm + Fun = 0 ) iq, ip, Ic are excitation current (rms value).
B
F, =+ 18" (10)
Mom
Feap _ (Fgap1 + Fgap2)/2 i 4/(Potrlsc)
Fgapm Fgupm gm/(ﬂohmlstk) Coil
P
= (1n
Ahnito
B,gm
Fop = —"—— (12)
2% Sy

By applying Fourier series, it yields to,

4 o0 1
Feap(®) = —Fgap Zn:l’odd —cos(nZy(0 = On))  (13)

B, is residual flux density,

Wm 1s the permeability of PM,

Ly 1s stack length,

hy, is rotor height.

The flux density is created by that of the MMF and perme-
ance, so given the main order of components m = 0, 1, and
n = 1, no-load flux density throughout the airgap Bpys(0) is

(b) Side view

FIGURE 3. Configuration of the DSAFST-PMVM.
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FIGURE 4. Drum winding.

E. ANALYSIS

DSAFST-PMVM has high back emf at low speed of 300 rpm
due vernier effect and required a smaller number of amperes
turns as compared to conventional axial flux machines of the
same size. DSAFST-PMVM has 120 (peak-to-peak) voltages
with sinusoidal waveform is clearly shown in Fig. 9. Cogging
torque has also been tested in no-load condition since it is the
torque due to the interaction among rotor PMs and slots of
the stator. 3D-FEM analysis of cogging torque waveform is
presented in Fig. 10. The peak-to-peak values of the cogging
torque waveform are not the same, Negative maximum value
is -6.02 N-m while the positive maximum peak is 5.08 N-m.

TABLE 1. Specifications of the DSAFST-PMVM.

Items Unit DSAFST-PMVM
Power kW 6.4
Current density A/mm’ 4.4
Rated speed rpm 300
Winding pole pair number p - 1
No. of slots Z; - 18
No. of magnet pole pair Z, - 17
No. of coils - 18
Stator outer diameter D, mm 254
Stator inner diameter D; mm 152
Axial length / mm 82.4
Airgap g mm 1.2
PM thickness g mm 7
Magnet (NdFeB) - B~=1.23T, H=-890kA/m

DSAFST-PMVM has a high average torque of 188.76 N-m
at a very small outer diameter of 262.4 mm due to the
magnetic gearing effect. Which builds DSAFST-PMVM high
torque density machine. 3D-FEM analysis of output torque
of DSAFST-PMVM is displayed in Fig. 11 with maximum
current (RMS) of 26 A is supplied. Due to the high airgap
flux density of DSAFST-PMVM, end turns are effectively
utilized which enhances the torque profile. With the effect
of flux modulation and flux focusing, the air gap flux density
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of DSAFST-PMVM is highly enhanced, which enables the
DSAFST-PMVM to deliver high power. High air gap flux
density also enables the machinery to provide the required
power at fewer ampere-turns due to which winding reac-
tance is highly decreased. Which significantly decreased the
unwanted losses. Furthermore, less winding reactance also
improves the power factor of the machine. Flux focusing
effect significantly decreased leakage flux, consequently,
the power profile of DSAFST-PMVM is highly enhanced. 3D
FEA simulation results of the DSAFST-PMVM are shown
in Fig. 12.

Stator and rotor are made from non-oriented silicon steel
(50JNE350), which has good performance at high and
medium-range frequencies. Magnetic flux density distribu-
tions without load (by PMs) are shown in Fig. 5. In this
machine stator and rotor is of 1.75 T out of material saturation
which is up to the mark. Flux density distribution clearly
illustrates that it has 2 winding poles. Via flux focusing
effect, spoke arranged PM provides a greater flux density
nevertheless along with gigantic harmonics in one airgap.
Fig. 14 defines the average radius in one airgap which notice-
ably displays the peak value of 1.5 T, which proves the
presence of flux focusing effect. Fig. 6 shows fast Fourier
transform (FFT) results for each harmonic component of
the airgap flux density, where the magnet pole pairs number
Z, = 17 is the fundamental harmonic order, with one rotor
pole pair number (17+1), the 35th is the working harmonic.

o e
s by
1.7500
=

1.4000
1.0500
0.7000

| 0.3500
Npimum: £ 487

FIGURE 5. Flux density distribution of basic model.

Ill. PROPOSED NOTCHED SHAPE MAGNET

Cogging torque is directly proportional to the square of the
air gap flux and change in reluctance w.r.t rotor position.
Mathematically it can be symbolized as below.

1 ,dR

2¢g do
where @, is the air-gap flux, R is the air-gap reluctance,
and 6 is the position of the rotor.

Equation (17) gives the concept that cogging torque is
the interaction among the rotor PMs (the cause of the air-
gap flux then cogging torque is studied with an unexcited
stator) and the teeth of the stator (the cause of the varying

Teg = (17)
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FIGURE 6. FFT results of airgap flux density waveform.

(@ (b)

FIGURE 7. PM and rotor core shape. (a) Conventional rectangular shape
PM (b) Proposed notched shape PM (c) Rotor segment of proposed
model.

air-gap reluctance). This equation specifies that either airgap
magnetic flux or reluctance variation need to be lessened to
minimize cogging torque. Though reducing airgap magnetic
flux worsens motor performance and therefore it is not a
feasible tactic to minimize cogging torque. Hence, reducing
the reluctance variation is an appropriate way to lessen the
cogging factor.

Skewing magnets or shaping magnets certainly decrease
this variation and thus reduce cogging. Both the peak value
and shape of the cogging topography rely on the physi-
cal geometry of the magnet. The conventional rectangular
shape magnet and proposed notched shape magnet is shown
in Fig. 7, for fair comparison the volume of both magnets
is kept constant. The proposed magnet has notches on one
side but adding the same size of space on the other side of
the magnet to keep the volume of the magnet constant. The
proposed notched shaped magnet has a built-in characteristic
of skew effect, which reduce the cogging torque. Basically,
the skew effect has two types, continuous and discrete skew
as displayed in Fig. 8.

The magnets are circumferentially magnetized for flux
focusing effect so the rotor segments are directly involved in
the flux path or we can say that the rotor segment links the flux
to stator winding axially. Because of the proposed magnet
shape geometry, the shape of the rotor segment is changed
as shown in Fig. 7(c). The new shape of the rotor segment
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(a) (b)

FIGURE 8. Basic types of skew effect (a) continuous (b) discrete.
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FIGURE 9. Back EMF assessment of basic model and proposed model.

has a discrete skew effect. If we divide the rotor segment into
the number of identical slices. Then each slice experiences
a minor skew effect. Although it is not a pure discrete skew
effect, but this factor plays role in the reduction of cogging
torque in the proposed model. From equation (17), the factor
dR/d0 is minimum in the proposed notched shape magnet due
to the built-in characteristic of discrete skew effect while it is
maximum in conventional rectangular shape magnet.

R &) < & Conventional) (18)
— (FTOpPOSE < — onventiona
a0 P o

Considering these factors, the order of cogging torque of
proposed magnet shape and conventional rectangular shape
magnet is as follow:

T;og(Proposed) < Tog(Conventional) (19)

In this paper, the conventional rectangular shape magnet
model is specified as the basic model, which is discussed
earlier in detail. In this section, we will compare the different
parameters of both the basic and proposed models. Back EMF
of the basic model and proposed model is presented in Fig. 9.
The back EMF of the basic model and proposed model is
84.56 Vs and 84.02 V,,,,s respectively. There is a negligible
reduction of voltages in the proposed model as compared to
the basic model, but the back EMF of the proposed model
has less percentage of harmonics. VTHD of the basic model
and proposed model is 0.67004% and 0.6678% respectively
as shown in Fig. 15. The proposed magnet shape plays the
role to minimize the harmonics, as sinusoidal flux density
distribution depends upon it.
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FIGURE 10. Cogging torque assessment of the basic and proposed
models.
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FIGURE 11. Output Torque assessment of the basic and proposed models.

The peak-to-peak cogging torque of the proposed model
is 7.03 Nm, which is less than 11.1 Nm of the basic model
due to the proposed magnet shape as shown in Fig. 10. There
is a 36.67 % reduction in cogging torque with almost the
same back EMF. The output torque of the basic model is
188.76 Nm while that of the proposed model is 181.55 Nm
as shown in Fig. 11. The output torque of the basic model is
slightly greater than the proposed model’s output torque but
with a high percentage of torque ripples (8.82%). The torque
ripples in the proposed model are 4.22%, which is the primary
objective of this paper, to reduce torque ripples. The basic
model has slightly greater power as compared to the proposed
model as shown in Fig. 12.

Fig. 13 shows the flux density distribution of the proposed
model with rated 4.4 A. The core of the proposed model is
a maximum of 1.75 T to elude saturation factor. Air gap flux
densities of the basic and proposed model are almost the same
as shown in Fig. 14.

IV. MAGNET SHAPE OPTIMIZATION
The flow chart of the optimization procedure is shown
in Fig. 16. First, design variables and objective function are
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FIGURE 12. Power comparison of the basic and proposed models.
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FIGURE 13. Flux density distribution of proposed model.

25

sl ——Basic Model Airgap Flux Density ‘

1.54

1.0

-0.5 -

Airgap Flux Density [T]

25—+
0 100 200 300 400 500 600

Distance [mm]

FIGURE 14. Airgap flux density at the average radius.

nominated. In the next phase, sampling is done to design
the experiments by using the Latin hyper cube (LHC) sam-
pling technique. Then to approximate the objective function,
the kriging method is applied. The optimal value for the
selected design variable is obtained through the genetic algo-
rithm (GA). In the last phase, 3D FEM is performed to verify
the output of the proposed machine.
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FIGURE 15. VTHD comparison of the basic and proposed models.
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FIGURE 18. Back EMF assessment of the proposed and optimized models.
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FIGURE 16. Optimization process.

X1

3
IX2

FIGURE 17. Proposed notched shape magnet.

A simple notched shape magnet as shown in Fig. 7(b),
was chosen as the beginning point for optimization of
the rotor pole. Length and width of notch illustrated as
X1 [0.5-3.5 mm] and X2 [0.5-5 mm], respectively in Fig. 17,
were chosen as the design variables. Each notch is just like
a small rectangle, so we select any two sides X1 and X2 as
design variables. The length and width of both variables must
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FIGURE 19. Cogging torque assessment of the proposed and optimized
models.

be greater than 0 mm to create a notch as well as for a signif-
icant notch it must be at least 0.5 mm. The maximum length
is equal to half of the magnet width which is 7/2 = 3.5 mm,
greater than half of the magnet will change its overall basic
rectangular shape. For a given number of notches, the width
should not greater than 5 mm.

Objective Function:

Maximize the Back EMF

Minimize the cogging torque (pk-pk)

Selected Variables:

X1: Length of notch [0.5-3.5 mm]

X2: Width of notch [0.5-5 mm]

Optimal values:

X1 =2.053 mm

X2 =1mm

Back EMF of the proposed model and optimized model is
shown in Fig. 18, having a magnitude of is 84.02 V,,,,; and
87.31 Vs, respectively. VTHD is improved from 0.6704 to
0.6601 by optimization of magnet shape as shown in Fig. 22.
With the optimization of magnet shape, the back EMF of the
optimized model is increased, and cogging torque is reduced
by 8.53% as shown in Fig. 19, without compromising other
parameters. The torque of the proposed model is 181.55 Nm
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FIGURE 20. Output torque assessment of the proposed and optimized
models.
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FIGURE 21. Power assessment of the proposed and optimized models.

TABLE 2. Comparison of 3D FEA results.

. Basic Proposed Optimized
tems Unit | Model |  Model Model
Back EMF Vv 84.56 84.02 87.31
Cogging Nm (pk-pk) 11.1 7.03 6.43
torque
Output Nm 188.76 181.55 184.18
torque
Torque % 8.82 422 3.93
ripples
Power kW 6.2 6.1 6.3
VTHD % 0.6704 0.6678 0.6601
Power factor - 0.87 0.83 0.88

while that of the optimized model is 184.18 Nm as shown
in Fig. 20.

Power profile is improved with optimization due to an
increase in back EMF as shown in Fig. 21. Performance eval-
uation of basic, proposed, and optimized model is presented
in Table 2. Chief problem of low power factor (0.3-0.5) of
PMVM is removed by DSAFST-PMVM topology [19], [21].
It is improved to a remarkable level of 0.88. It is due to the
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FIGURE 22. VTHD assessment of the proposed model and optimized
models.

circumferentially magnetized spoke type PMs creating flux
focusing and reducing leakage flux. Specific arrangement
and direction of PMs decrease the leakage flux between the
neighboring PMs and provide almost full utilization of PMs
material. which results in increase in airgap flux, as flux
is generated by two same polarity adjacent PMs, which is
referred as flux focusing effect. Seeing that, this topology
can increase the density of airgap flux and effective PM flux,
the desired output power can be obtained by a low number
of ampere-turns in the stator. Therefore, the power factor is
improved by the reduction of winding reactance in this regard.

V. CONCLUSION

In this research work, DSAFST-PM VM is analyzed and com-
pare its performance with the proposed model and optimized
model. Cogging torque and torque ripples are mainly focused
and reduce to the significant level without reducing the
back emf and torque of the machine. The proposed notched
shape magnet has the advantage of less cogging torque and
torque ripples as verified by the 3D-FEM simulation results,
as compared to the basic rectangular shape magnet. There is
a36.67% reduction in the cogging torque due to the proposed
PM. Furthermore, optimization of the magnet shape is done
to improve the performance of the machine, resulting in a
further 8.53% reduction in cogging torque. Torque ripples of
the basic model are 8.82% which is reduced to 4.22% by the
proposed magnet shape, with optimization it further reduces
to 3.93%. The low power factor (inherent problem) of the
vernier machine is improved to 0.88.
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