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Abstract — The reduction in cogging torque enables
smooth operation and an increase in the torque density
of the machine. This research aims to minimize cogging
torque in dual rotor single stator axial flux permanent
magnet (AFPM) machine. Reduction in cogging torque
makes the back EMF sinusoidal and reduces the torque
ripples in AFPM machine. In this paper, an elliptical
trapezoidal-shaped permanent magnet (PM) is proposed
to minimize torque ripples of the AFPM machine. The
3D finite element analysis (FEA) is used for the analysis
of AFPM machine. The optimization of AFPM machine
is done by employing the asymmetric magnet-overhang
along with the parameters of elliptical-shaped PM using
Genetic algorithm (GA).

Index Terms — Axial flux machine, cogging torque,
elliptical-trapezoidal magnet, FEA, slot-less, torque ripples.

I. INTRODUCTION

Axial flux permanent magnet (AFPM) machines are
getting popularity for electric vehicle and wind energy
system, nowadays [1]-[2]. AFPM machines are beneficial
as compared to radial flux machines due to higher torque
and power density because of their high D/L ratio [2]-
[4]. Furthermore, AFPM machine are suitable for low-
speed direct drive applications since it can accommodate
large number of poles. In addition, it is feasible due to its
adjustable air-gap capability. Moreover, AFPM machine
has high torque characteristics at low speed without
utilizing mechanical gearbox. It is worth noted that
slotless AFPM machine has less torque ripples as
compared to the slotted AFPM machines. To further,
dual rotor slotless AFPM machine has balanced magnetic
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force as compared to a single rotor AFPM machine. Due
to higher D/L ratio, end winding in AFMs is smaller with
drum type winding configuration as compared to the
ring type winding configuration. In drum winding, for
slotless dual rotor AFPM machine, only N-N magnet
configuration is used [5]-[9].

Different techniques are used to minimize the torque
ripples, i.e., change in the shape of magnets, optimizing
pole arc to pole pitch ratio (a), skewing the slots or
magnets, and adding dummy slots [9]-[11]. Also, torque
ripples are reduced by adopting different winding types.
Among different shapes of magnets, trapezoidal-shaped
PMs exhibit better performance as compared to the
circular and rectangular-shaped PMs. An AFPM machine
having arc-shaped trapezoidal PM was proposed in [12],
where torque ripples were reduced as compared to the
trapezoidal-shaped PM. However, using the arc-shaped
trapezoidal PM, the back EMF was reduced too.

In this paper, an elliptical-trapezoidal-shaped PM
AFPM machine is proposed to reduce the torque ripples
and consequently enhance the output power and torque.
By the use of elliptical-trapezoidal shape PM, an
effective reduction of torque ripple and an improvement
in back EMF is observed. To further reduce the torque
ripple and increase in the back EMF, magnet overhang
configuration is employed in proposed PM-shaped
machine. The 3-D analysis of dual sided AFPM machine
having elliptical trapezoidal-shaped magnets and drum
winding on the stator is performed by using time stepped
3-D FEA. The results of AFPM machine having elliptical-
trapezoidal PMs are compared to the conventional model.
Furthermore, the optimization is performed by using
genetic algorithm (GA). The results show a salient
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reduction in the torque ripples and an increase in output
torque.

I1. COMPARISON BETWEEN PROPOSED
AND THE CONVENTIONAL MODEL
The structure of slot-less AFPM machine consists of

slotless iron stator sandwiched between the two rotor
discs. Each rotor has surface mounted PMs of alternate
magnetic polarity on it. Furthermore, Drum winding is
used on the stator of AFPM machine in the middle of
assembly. N-N type magnet configuration is used instead
of N-S configuration because in drum winding the flux
should flow through the stator core for maximum
utilization of the windings.

Various PMs Shapes are used in AFPM machine for
reducing torque ripples. However, trapezoidal-shaped
PM for an AFPM machine provides better effective
utilization of the rotor back iron surface as compared
to the rectangular, sine wave, orthogonal and circular-
shaped PMs. The increased effective utilization makes
enhanced output torque. In addition, trapezoidal-shaped
PM provides more uniform inter-polar separation
between PMs along radial length of the disc which
results in less cogging torque. AFPM machine with flat
trapezoidal-shaped PMs and arc-shaped trapezoidal PMs
are categorized as conventional-shaped and arc-shaped
models, respectively. While an elliptical trapezoidal PM-
shaped is proposed in this paper for the reduction of
torque ripples.

Exploded view of elliptical trapezoidal double
rotor slotless stator AFPM machine is shown in Fig. 1.
Conventional, arc-shaped, and proposed models have
flat top trapezoidal magnet, arc top trapezoidal magnet
and elliptical trapezoidal magnet shapes, respectively.
The design parameters of dual rotor single stator AFPM
machine are listed in Table 1.

Rotor Disc

Coils

j Stator
Magnets

Fig. 1. Exploded view of slot-less AFPM machine.

Volume of PM in all three cases is kept constant.
Height of inner and outer edge of flat top trapezoidal PM
is same; however, it is different in the arc and elliptical
top trapezoidal PMs as shown in Fig. 2.
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Fig. 2. Comparison of PM shapes: (a) flat trapezoidal, (b)
arc trapezoidal, and (c) elliptical trapezoidal.

Table 1: Parameters of machines

Parameter Value Parameter Value
Stator yoke
11 . .
Speed 00 rpm height 6.5 mm
Poles 12 ROtOr yoke 5.5 mm
height
Coils 36 Conductor | 71 mm
Size
Air-gap 1 mm Hie_conventional 10 mm
B 14T Hoe_conventional 10 mm
Ln 30 mm I‘Iieﬁarc shape 9.1 mm
Coil height 16.7 mm Hoe_arc shape 7.64 mm
Nph 420 I_IiEJIV()p()S(’d 8.7 mm
Do/Di 152/84.6 Haejrapased 7 mm
a 0.8 Harg arc shape 3 mm
M t 433.1 il
agne 7 333 C01 0.1 ohm
volume mm resistance

In proposed elliptical top trapezoidal PM model, air-
gap is larger than flat top trapezoidal PM model and
smaller than arc top trapezoidal PM model. Comparison
of air-gap lengths in flat, arc, and proposed elliptical
top models is shown in the Fig. 3. Air-gap length I4 is
constant and smaller in conventional flat trapezoidal PM
shape due its flat top shape. The air-gap length g is
largest in arc-shaped model and at intermediate sized in
proposed elliptical model as ellipse is flatter than arc.
However, there is a small difference of Ig in arc top and
proposed elliptical model. Air-gap length comparison for
various PM-shaped models is given in the following
equation:

| <l

g_Arc shape g_ Proposed < Ig_ConvemionaI . (1)

In conventional PM model, ¢q is greater than arc top
and proposed elliptical model. Arc-shaped and proposed
elliptical models have very minor difference of ¢y while
arc-shaped model has the lowest value of ¢4. Air-gap flux
comparison for the various PM shapes is given in the
following equation:

<

¢g_Arc shape g_ Proposed < ¢g_Conventi0naI . (2)



Teogging IS directly proportional to air-gap flux ¢, and
the factor dR/d6 which is a change in air-gap reluctance
with respect to change in the rotor position.

The relationship of cogging torque, air-gap flux, and
air-gap reluctance is given as in the equation (3) [12]:

1 ,dR
Tcogging = _E%Z @ ) (3)

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

The change in the flux and change of reluctance is
responsible for the cogging torque in any permanent
magnet machine. Abrupt change in the reluctance is
caused by the stator slots whereas the sharp edges of the
magnet cause the sudden change in MMF and hence the
air-gap flux to change abruptly. Air-gap flux change is
smoother in elliptical magnet shape which results in less
cogging torque.

The MMF is given by:

F.=H.I_, 4)

where Fn is the magneto-motive force, Hc is the
magnetic field intensity and I is the height of magnet.

For flat top magnet I, is same throughout the magnet
and it has the sharp edges at both ends of magnet, which
causes the sudden fall for MMF from a constant value
but for arc-shaped and elliptical top magnet I, changes
gradually, i.e., MMF is different at a, b, c, d, e, f, g, h,
and i, points and MMF is reduced smoothly to the edges
of the magnet.

Reduction of MMF in arc-shaped magnet causes
EMF to reduce considerably because of sharp slope of
Im, from center of magnet to the edges.

The Elliptical top magnet is proposed as the solution
of the problem because with the smoother surface, the In,
changes smoothly by a little value through point a, to
point i, which causes the smaller change in MMF from
point a, to point i, and hence the better distribution of air-
gap flux with the less cogging torque and better EMF
induction.

Figure (3) illustrates the different magnet shapes and
the change in Iy, for each magnet.

Arc-Shaped
Magnet

o [II.‘.':ZZ‘Z““' . /:Z‘,’Z;’;“’
g g 1111 11
.\s / . B

Fig. 3. Air-gap length comparison: (a) flat trapezoidal,
(b) arc trapezoidal, and (c) elliptical trapezoidal.

A. Performance comparison of the conventional, arc,
and proposed shape models

In this section, analysis of conventional flat
trapezoidal PM model, arc trapezoidal PM model and
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proposed elliptical trapezoidal PM model is carried out
by using 3-D finite element analysis (FEA). The results
show that the proposed model has less Tcogging @S
compared to the conventional and arc-shaped models.
Furthermore, results show that proposed-shaped model
results in increased back EMF as compared to the arc-
shaped model.

The comparison of air-gap flux densities in
conventional, arc-shaped, and proposed models is shown
in Fig. 4. Results show that conventional model has the
most and arc model has the least air-gap magnetic flux
density. Air-gap flux density of proposed model lies
between the air-gap flux densities of conventional and
arc shape models.
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= = Arc-Shaped Model Air-Gap Magnetic Flux Density
+++ Proposed Model Air-Gap Magnetic Flux Density
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Fig. 4. Air-gap flux density comparison of conventional,
arc shape and proposed model.

The comparison of cogging torque and back EMF
for the conventional, arc-shaped, and proposed models a
re made. The results show that cogging torque is maxim
um in conventional model while minimum in proposed
model. Also, the back EMF voltage is maximum in
conventional and minimum in arc-shaped models.
Comparison of cogging torque and back EMF for conve
ntional, arc-shaped, and proposed models are shown in
Figs. 5 and 6.

Conventional model has an average output power of
2208.5 W, whereas the average power the proposed and
arc-shaped model is 2181W and 2108 W respectively,
as shown in Fig. 7. Moreover, average output torque
of conventional model is 22.82 Nm, arc-shaped model
is 21.92 Nm, and the proposed model is 22.42 Nm.
Furthermore, the Torque ripple in conventional, arc-
shaped, and proposed model are 50.6%, 35.1% and
30.6%, respectively. Figure 8 shows the comparison of
output torque of the conventional, arc-shaped, and
proposed models.

The comparison of various performance parameters
of conventional, arc-shaped, and proposed models is
shown in Table 2.
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Fig. 5. Cogging torque comparison of conventional, arc
shape and proposed model.
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Fig. 6. Back EMF voltage comparison of conventional,
arc shape and proposed model.
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Fig. 7. Output power comparison of conventional, arc
shape and proposed model.
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Fig. 8. Output torque comparison of conventional, arc
shape and proposed model.

Table 2: Performance comparison of conventional, arc
shape and proposed models

Conventional | Arc-Shaped | Proposed
Parameters |  odel Model Model
Vims 87.6 83.1 84.4
Tcogging (pk2pk) 8.1 7.4 6.7
Bg (T) 0.335 0.282 0.293
V1Hp (%) 12.2 5.6 8.8
1t & 31 124.23, 118.19, 119.88,
Harmonic 12.04 4.67 6.7
Tavg (Nm) 22.82 21.92 22.42
Pavg (W) 2208.5 2108 2181
Tripples (%) 50.6 35.1 30.6

I11. OPTIMIZATION OF THE PROPOSED
MODEL

A. Design variables

To increase the output torque as compared to the
conventional model optimization of the proposed model
is performed in this section.

Asymmetric magnet overhang is employed to
optimize the proposed model and hence increase its back
EMF and reduce the torque ripples. During optimization
process, volume of elliptical trapezoidal PM is kept
constant. Length of the magnet is varied along inner
and outer radii by asymmetric overhang. Extending the
magnet towards outer radii is termed as outer overhang
and along inner radii is called inner overhang.

Latin Hypercube Sampling (LHS) was used get the
samples of variables X1, X, and X3 from MATLAB. Total
sixteen experiment were done with different values of
parameters and the output EMF, and the cogging torque
was analyzed. Genetic Algorithm (GA) was used to get
the optimized value of the variables and the objectives.
Values of variables and the Objectives is given in the
Table 3.



Furthermore, magnet pole-arc to pole-pitch ratio
and height of magnet are also varied. Height of PM is
varied to make volume constant. Genetic algorithm (GA)
is used to get the optimized results for average torque of
proposed model. The limits of design variables are:

0mm < X; < 6.76mm,
0mm < X, < 8.5mm,
0.45 < X5 < 0.8,
where X; the inner overhang of PM, X is the outer
overhang of PM, and X; the is pole-width to pole-pitch
ratio (a).

According to the values of the variables X1, X, and
Xs, obtained by using Latin hyper cube sampling (LHS),
trapezoid height of the magnet is varied to make the
volume constant. Major axis of ellipse varies according
to the width of the magnet and minor axis is fixed at 6
mm (3 mm half of ellipse). Pole pitch, width and height

of PM are elaborated in Fig. 9.
N:le Pitch

Minor axis(Vertical axis)= 6mm

==

Major Axis (dependent on X3)

(a)

/E-F

Outer Overhang
(c) (d)

Inner Overhang Trapezoid magnet height

Fig. 9. Design variables of magnet.

Table 3: Experimental models for optimization and their
results

No. X1 X2 X3 Tcogging Vrms
1 6.03 6.16 0.54 7.34 87.51
2 3.55 5.72 0.76 6.75 89.91
3 0 1.76 0.56 6.70 80.01
4 0.35 6.6 0.63 7.46 88.77
5 5.68 4.84 0.62 5.66 88.99
6 1.42 8.36 0.47 10.01 68.19
7 6.39 7.92 0.78 5.31 90.35
8 2.84 7.48 0.74 7.79 91.04
9 3.90 3.08 0.8 7.46 89.85
10 1.06 3.52 0.58 6.49 82.46
11 5.32 1.32 0.73 3.36 87.47
12 4.97 2.64 0.65 7.21 87.01
13 2.13 2.2 0.69 8.65 87.47
14 1.77 3.96 0.51 9.33 80.74
15 6.74 7.04 0.67 7.50 89.90
16 2.48 0.88 0.45 8.25 7217
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B. Performance comparison after optimization

A comparison of various parameters for optimized
elliptical-shaped permanent magnet machine with other
machines is elaborated in this section. Flux density
distribution of optimized elliptical-shaped permanent
magnet model, conventional model and arc-shaped
model is compared in Fig. 10. The optimization reduced
maximum flux density from 1.8 T to 1.6 T. which shows
significant improvement in the result.

The comparison of air-gap flux densities of
conventional, arc-shaped, and optimized elliptical
models using 3-D FEA analysis is shown in Fig. 11. The
result shows a noticeable reduction in air-gap flux
density.

Conventional

Fig. 10. Flux density distribution analysis of conventional,
arc-shaped, and optimized elliptical models using 3D
FEA.
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Fig. 11. Air-gap flux density comparison.

Figure 12 shows comparison of the back EMF
of conventional, arc-shaped and optimized elliptical
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models. The result shows that back EMF voltage is
improved from 84.451V,.,,. to 87.6 V., in elliptical-
shaped model after optimization, which is an increment
of 3.7 % in the back EMF of the model. Back EMF of
conventional and arc-shaped model is 87.6 and 83.1,
respectively.

The comparison of VTHD of conventional, arc-
shaped and optimized elliptical models is made. Results
show that the optimization improves the first harmonic
from 119.88 V to 124.58 V as well as reduces the 3rd
harmonic from 6.7 V to 2.23 V. Harmonic’s comparison
of conventional, arc-shaped and optimized elliptical
models is shown in Fig. 13. VTHD is reduced from
8.8% to 4.3%. While VTHD in conventional and arc-
shaped model is 12.2% and 5.6%, respectively.
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Fig. 12. Back EMF comparison.
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Fig. 13. Harmonics comparison.

Figure 14 shows comparison of the cogging torque
for conventional, arc-shaped and optimized elliptical
models. The peak-to-peak cogging torque of the proposed
model is reduced from 6.77 Nm to 3.358 Nm, this shows
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a decrease of 50.4% through the optimization process.
These results witnessed that cogging torque of the
optimized model is further reduced while back EMF is
also improved. So, the cogging torque of conventional,
arc-shaped and optimized elliptical models is 8.1 Nm,
7.4 Nm, and 3.358 Nm, respectively.

A comparison of output power of conventional, arc-
shaped and optimized elliptical models is made as shown
in Fig. 15. The machine output power is improved by 7%
after optimization from 2181.07 W to 2342.3 W, while
output power of conventional model is 2208.5 W and
that of arc-shaped model is 2108 W.

A comparison of output torque of conventional, arc-
shaped and optimized elliptical models is made as shown
in Fig. 16. After the optimization, output torque of the
machine is improved by 7.8% and torque tipples are
reduced to 17.58%. While torque ripples in arc-shaped

and conventional models are 35.1% and 50.6%
respectively.
64 S B o = = Conventional
----- Arc Shaped
= Elliptical Shaped

g S — L -

Torque [Nm]

L] L]
0.003 0.006 0.009 0.012
Time [sec]

Fig. 14. Cogging torque comparison.
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Performance comparison for proposed and optimized
models is presented in Table 3. The results show that V.,
of optimized model is improved while Tcogging, VTHD
and B, (rms) is reduced in optimized model.

Table 3: Performance analysis of proposed and optimized
model

Parameters Elliptical | Conventional | Arc-Shaped
Model Model Model
Vims 87.6 87.6 83.1
T cogging (pk2pk) 3.358 8.1 7.4
By (T) 0.282 0.335 0.282
V1hp (%) 4.3 12.2 5.6
1t & 3 122.88, 124.23, 118.19,
Harmonic 2.23 12.04 4.67
Tavg (NM) 24.17 22.82 21.92
Pavg (W) 2342 2208.5 2108
Tripples (%0) 17.58 50.6 35.1
IV. CONCLUSION

A model of the slotless AFPM machine using an
elliptical trapezoidal-shaped PM is investigated in this
paper. Proposed model has reduced cogging torque and
torque ripples as compared to the conventional model.
Furthermore, optimized elliptical-shaped magnet model
has proved to be the most efficient model in terms of
reduce cogging torque by an average of 58.54% as
compared to the conventional model. Torque is also
enhanced by 5.92% as the result of optimization of the
proposed model as compared to the conventional model.
Moreover, the decrease of 65.26% in torque ripples is
also achieved. Additionally, power of AFPM generator
is improved by 5.72%, from 2208 W to 2342 W. Hence,
the optimal design demonstrates better performance as
compared to the conventional and proposed models.
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