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In this paper, model of the axial-flux permanent magnet synchronous generator (AFPMSG) having arc-shaped

trapezoidal permanent magnets (PM) is presented. The proposed model reduces the cogging torque and torque

ripple, at the expense of lowering the average output torque. Optimization of the proposed model is performed

by considering the asymmetric overhang configuration of the PMs, as to make the output torque of the

proposed model competitive with the conventional model. The time stepped 3D finite element analysis (FEA) is

performed for the comparative analysis. It is demonstrated that the torque ripple of the optimized model is

highly reduced as well as average output torque is increased.
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1. Introduction

Recently, renewable power generation from the wind's

kinetic energy has gained popularity because of the re-

duced environmental pollution. Generators that are used

in windmills include induction generators (IG), syn-

chronous generators (SG), radial-flux permanent-magnet

synchronous generators (RFPMSG) and AFPMSG [1, 2].

For power generation at low speeds, the AFPMSG is

more efficient than other generators due to its disc-shaped

structure [3, 4]. AFPM machine has higher torque and

power density, as compared to the RFPM machine [4, 5].

Coreless AFPMSG has high efficiency due to the absence

of stator core losses, and a reduced total harmonic di-

stortion (THD) in the back EMF [5, 6]. Moreover, the

dual rotor coreless generator has greater mechanical

stability due to the reduced axial force of attraction bet-

ween the stator and rotor, and it is also easy to manu-

facture [7, 8]. 

For the smooth operation of the coreless AFPMSG,

elimination of the torque ripple is necessary. However,

similar to the other types of AFPMSG, coreless AFPMSG

also produces torque ripples. The main sources of torque

ripple in coreless AFPMSG are cogging torque, nonsinu-

soidal back EMF and saturation of the magnetic circuit [9,

10]. Several techniques including magnet shaping, pole arc

to pole pitch ratio, coil shapes and winding configuration

have been proposed to eliminate torque ripples in AFPM

machines [11-17]. 

Literature has reported [18, 19] the symmetric over-

hang effect in the radial-flux permanent magnet (RFPM)

machines. Improved performance of the machine requires

minimizing the leakage flux and increasing the air gap

flux [20]. For the RFPM machine, the increase in the air

gap flux and minimization of the leakage flux have been

proposed with PM in an overhang configuration [20, 21].

Overhang techniques including optimizing the rotor over-

hang variation and PM overhang in the tangential direc-

tion have been proposed to improve the performance of

AFPM machines [22, 23].

In RFPM machine, the length of the magnet is along

the stack length, where the circumference includes both

sides of the stack and which have the same length. There-

fore, the use of a rectangular magnet shape results in

effective utilization of the rotor surface area. However,

for the AFPMSG, the length of the magnet is from the

inner to outer diameter of the rotor back iron. The outer

circumference of the rotor back iron is greater than the

inner circumference. Therefore, in order to increase effec-

tive utilization of the rotor surface area, a trapezoidal
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shape is more advantageous than a circular or rectangular

shape [15]. 

Furthermore, using an arc-shaped PM in a RFPM

machine reduces torque ripple and cogging torque com-

pared to the flat PM because the arc-shaped PM makes

the air gap flux more sinusoidal and increases the effec-

tive air gap length. The air gap length in the arc-shaped

PM is not same over one pole; specifically, it is minimum

in the middle of the magnet and maximum at the edges of

the magnets. The increase in the effective air gap length

decreases the flux between PMs, which in turn reduces

the overall cogging torque [20].

In this paper, topology of the coreless AFPMSG with

arc-shaped trapezoidal PMs is presented, to reduce the

torque ripples. However, the output torque of the pro-

posed model is reduced as compare to the conventional

AFPMSG model, due to the increase in the effective air

gap. Therefore, proposed model is optimized with PM in

an asymmetric overhang configuration. The experiments

are designed by using Latin Hypercube Sampling (LHS)

for the design variables. The objective functions and con-

straints are approximated by the Kriging method, and

finally a Genetic Algorithm (GA) is used for the optimal

results. 3D-FEA is utilized to analyze the magnetic field

due to the tridimensional electromagnetic problem of the

coreless AFPMSG. The rest of the article is arranged as

follows: Section 2 presents the conventional and proposed

models of coreless AFPMSG, the optimization process for

the proposed model and its results are presented in section

3 and the article is concluded in section 4. 

2. Comparison between the Proposed 
and Conventional Models 

In this section, the design process of the coreless

AFPMSG, proposed magnet shape and a comparative

analysis between the conventional and proposed models

are presented. AFPMSG with a flat trapezoidal magnet is

called the conventional model whereas arc-shaped tra-

pezoidal magnet is called the proposed model. 

2.1. Proposed Magnet Shape

An arc-shaped PM reduces the torque ripple in the

RFPM machine [20], similarly, in the AFPMSG, torque

ripple and cogging torque can be reduced by using the

arc-shaped trapezoidal PM. Figure 1 shows the flat tra-

pezoidal and proposed arc-shaped trapezoidal PMs. The

variables Wo, Wi, Hie, Hoe and Lm represent the PM outer

width, PM inner width, PM inner edge height, PM outer

edge height and PM length, respectively. The impact on

the performance of the AFPMSG having the proposed

PM shape is discussed in Section 2.3. 

2.2. Design Process

The selected topology of the coreless AFPMSG con-

sists of a single coreless stator with a concentrated wind-

ing, sandwiched between two rotors, as shown in Fig. 1.

A 1 kW coreless AFPMSG is designed by using [15]. A

flow chart of the design process is shown in Fig. 2, while

the conventional model is based on [12]. The parameters

of the coreless AFPMSG conventional and proposed

models are shown in Table 1. The variables Br, Nph, Do

and Di represent the PM residual flux density, turns per

phase, rotor outer diameter and rotor inner diameter,

Fig. 1. (Color online) PM shapes: (a) trapezoidal (b) arc-

shaped trapezoidal.

Fig. 2. Flow chart of the design process.
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respectively. Height of the conventional PM is 10 mm

throughout; however, height of the proposed PM is not

constant, as shown in Fig. 1. It is because proposed PM

shape is designed by cutting triangular sections from each

side of the rectangular arc shape magnet. By triangularly

cutting the rectangular arc shaped magnet different

heights are obtained at the inner and outer edges. The

height of the proposed PM is 10 mm in the middle, 8.95

mm at the inner edge and 7 mm at the outer edge. The air

gap length in the proposed model is also varying over one

pole. The air gap length is 2.05 mm at the inner edges and

4.5 mm at the outer edges. Thus, the air gap length in the

proposed model varies between 1.5 mm and 4.5 mm. 

2.3. Performance Comparison between Conventional

and Proposed Models of AFPMSG

In order to achieve an accurate characteristic analysis,

3D-FEA is used. The volume of the magnet is kept con-

stant for the performance comparison between conven-

tional and the proposed models. In order to maintain the

same volume for the conventional trapezoidal and arc-

shaped trapezoidal PMs, the pole arc to pole pitch ratio of

the proposed model is adjusted, as shown in Table 1.

Figure 3 shows exploded views of the conventional and

the proposed models of the coreless AFPMSG. 

The flux density distribution of the conventional model

and its coil region are shown in Fig. 4(a) and Fig. 4(b),

respectively. The flux density distribution of the proposed

model and its coil region are shown in Fig. 5(a) and Fig.

5(b), respectively. The maximum flux density (Bmax) for

both models is almost 1.8 T, which occurs at the rotor

back iron. Maximum flux density is considered in order

to examine the saturation of the rotor back iron. Bmax in

the coil region is 0.6 T for the conventional and proposed

models. The effect of an increase in air gap length can be

seen in the coil region flux density distribution plots. As

evident from the flux density plots of the coil region of

both the models, the overall flux density is lower in the

case of the proposed model. The decrease in the flux

density is due to the increase in the overall effective air

gap length. 

The back EMF of the conventional and proposed

models is shown in Fig. 6. 3.7 Vrms is decrease in the

magnitude of the back EMF, as compare to the proposed

Table 1. Parameters of the conventional and proposed models.

Parameters Conventional Model Proposed Model Parameters Conventional Model Proposed Model

Speed 1100 rpm Nph 396

Poles 12 Do/Di 152/84.6 mm

Coils 9 Magnet volume 6988 mm3

Air gap 1.5 mm Coil resistance 0.23 Ohms

Yoke height 5.5 mm Hie 10 mm 8.95 mm

Br 1.2 T Hoe 10 mm 7 mm

Lm 30 mm Wi 16.8 mm 18.3 mm

Coil height 15 mm Wo 28.6 mm 29.2 mm

Fig. 3. (Color online) Exploded AFPMSGs with concentrated windings: (a) conventional model (b) proposed model.



− 580 − Reduction of Torque Ripple in an Axial Flux Generator Using Arc Shaped Trapezoidal Magnets
…

− Junaid Ikram et al.

model. The decrease in the magnitude of the back EMF is

due to the increased effective air gap. The back EMF

fundamental harmonic component of the conventional

model is 92.6 % and that of the proposed model is 94.8

%. The back EMF THD of the conventional model is 1.9

% and that of the proposed model is 1.4 %. A 26.3 %

reduction in THD is achieved with the proposed model.

The increase in the fundamental harmonic component and

reduction in the THD is due to the more sinusoidal flux

density distribution of the proposed model.

A comparison of the cogging torque of the conventional

and proposed models is shown in Fig. 7. The cogging

torque of the proposed model is reduced considerably, as

compare to the conventional model. The decrease in

peak-to-peak cogging torque is 1.0 Nm. The proposed

model has a 71.4 % reduction in cogging torque com-

pared to the conventional model. The decrease in the

cogging torque of the proposed model is due to the

Fig. 4. (Color online) Flux density distribution: (a) conventional model (b) coil region.

Fig. 5. (Color online) Flux density distribution: (a) proposed model (b) coil region.

Fig. 6. (Color online) Back EMF comparison of the conven-

tional and proposed models.
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increased effective air gap and arc-shaped trapezoidal

PM.

In order to obtain an output torque, a load resistor of

6.8 ohms is connected across each phase. The conven-

tional and proposed models are compared with the same

value of the resistive load i.e. 6.8 Ω because the conven-

tional model gives rated current of 7 Arms at this value.

The average torque comparison of the models is shown in

Fig. 8. The decrease in average torque is 1.2 Nm in the

proposed model. The average torque of the proposed

model is reduced due to the increase in effective air gap

length. The proposed model has a 64.52 % reduction in

the torque ripple compared to the conventional model.

This reduction in torque ripple is achieved due to the

decrease in the cogging torque.

The PM surface area is increased due to the proposed

magnet shape. However, the effect of the increased airgap

length on the torque and back EMF is greater than the

increased surface area. The coil region flux density plots

of the conventional and proposed models show that the

flux density distribution is reduced with the proposed

model.

Table 2 shows a performance comparison between the

conventional and proposed models. The proposed model

has reduced THD, cogging torque and torque ripples due

to the arc-shaped trapezoidal PM and increased air gap.

However, the Vrms and the output torque of the proposed

model have decreased compared to that of the conven-

tional model. The decrease in Vrms and output torque is

due to the increased effective air gap. Optimization of the

proposed model will be performed to make the output

torque more competitive compared with the conventional

model. 

3. Optimization of the Proposed Model

In order to obtain an increased value for the output

torque compared to the conventional model, optimization

of the proposed model is performed in this section. The

volume of the PM is kept constant during the optimization.

3.1. Selection of Design Variables

In this section, in order to develop an optimized model,

an asymmetric magnet overhang is used. The length of

the PM along both inner and outer radii is varied. The

asymmetric magnetic overhang is when the length of PM

is unequally extended over the inner and outer radii of the

rotor back iron disc. The length of the PM is varied from

the outer radius of the disc to the outer radius of the coils

and from the inner radius of the disc to the inner radius of

the coils. The PM overhang is used in order to increase

the flux linkages of the coil and hence the output torque.

Fig. 7. (Color online) Cogging torque comparison of the con-

ventional and proposed models.

Fig. 8. (Color online) Torque comparison of the conventional

and proposed models.

Table 2. Performance comparison between the conventional

and proposed models of coreless AFPMSGs.

Parameter Unit
Conventional 

model

Proposed 

model

back EMF Vrms 51.1 47.4

Current Arms 7 6.497

Fundamental harmonics 

of back EMF
% 92.6 94.8

THD % 1.9 1.4

Cogging Torque Tpk2pk Nm 1.40 0.4

Torque Tavg Nm 9.1 7.9

Torque Ripples % 15.5 5.5
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The design variables X1 and X2 are the inner and outer

overhang lengths of the magnets to alter the generator's

performance as shown in Fig. 9(a). The pole arc to pole

pitch ratio X3 (as given in Fig. 9(b)) and the height of the

PM arc X4 (as given in Fig. 9(c)) are also taken as design

variables. The asymmetric PM overhang is shown in Fig.

9(a). Various combinations of these design variables are

obtained via LHS. The volume of the arc-shaped tra-

pezoidal magnet is kept fixed for each of the combination

by adjusting the trapezoid height (Ht). 

Figure 10, shows the arc-shaped trapezoidal PM for the

calculation of magnet volume. The variables R, θoa, θia,

Hoa, and Hir represent the radius of the arc, angle of the

outer arc, angle of the inner arc, outer arc height and

inner rectangle height, respectively. The volume of the arc

segment (Vas) is given by the following equation:

, (1)

Where Ro and Ri, are the outer and inner radii of the PMs

circular array, and Aia and Aoa denote the area of inner and

outer arc segment, respectively. The area of the inner arc

segment is equal to the sum of the areas of inner rectangle

and inner arc. The Aia is computed as follows: 

. (2)

Outer arc segment does not contain any rectangular

segment and its area is computed using the following

equation. 

(3)

The total volume of the magnet is equal to the sum of

the volume of segments and the volume of the trapezoids.

The volume of a trapezoid-shaped PM (Vt) is given by the

following equation: 

. (4)

3.2. Optimization Process

An optimal design process is shown in Fig. 11. First,

the objective function and design variables are selected.

The LHS method is used to design the experiments.

Taking into account the number of design variables, the
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Fig. 9. (Color online) Design variables: (a) asymmetric PM overhang, (b) top view (c) cross-sectional view.

Fig. 10. (Color online) Arc-shaped trapezoidal PM parame-

ters.
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total number of the designed experiments is 15. The

volume of the magnet is kept fixed in all design experi-

ments to ensure constant machine weight and hence

optimal performance. Then, 3D-FEA is used for the

performance analysis. After that, the Kriging method is

used to approximate the objective function. Then, a

genetic algorithm (GA) is utilized to find the optimized

values of the selected design variables and objective

functions. Finally, a 3D-FEA is performed to verify the

optimal results obtained using the design process. 

3.3. Optimal Design Results

Figure 12(a) and 12(b), shows the flux density distri-

bution of the optimized model and its coil region,

respectively. The overhang of the PMs and the optimized

model structure are also clear from this figure. The

maximum flux density is around 1.78 T in the rotor back

iron and 0.52 T in the coil region of the optimized model.

The maximum flux density in the rotor back iron of the

optimized model is smaller than the proposed and conv-

entional models. The maximum flux density in the coil

region of the optimized model is lower than the proposed

and conventional models. However, the average flux

density is increased in its coil region due to PM overhang,

as it is shown in the flux density distribution plots of the

coil region. This increase in the average flux density of

the coil increases back EMF and hence output torque.

The back EMF waveform of the optimized model is

shown in Fig. 13. Increase in the back EMF of the

optimized model is 3.8 Vrms, as compare to the proposed

model. 8 % increase in the Vrms is achieved, as the result

Fig. 11. Optimal design process.

Fig. 12. (Color online) Flux density distribution of the optimized model.

Fig. 13. (Color online) Back EMF of the optimized model.
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of the optimization. 

Cogging torque comparison of the proposed and optimized

models is shown in Fig. 14. 

The cogging torque of the optimized model is also

reduced, as compare to that of the proposed model. The

percentage decrease in the peak-to-peak cogging torque is

10 %. A comparison of the output torque of both models

is shown in Fig. 15. Sufficient improvement in output

torque is achieved, as a result of the optimization. The

torque ripple of the optimized model is also decreased,

and the average torque of the optimized model is

increased by 18.35 %. The reduction in torque ripples is

26.34 %, as compare to the proposed model. The output

power of the optimized model is 18.23 % greater than

that of the proposed model, as shown in Fig. 16.

A comparison of the design parameters is presented in

Table 3. The volume of the magnet is same in both the

proposed and optimized models. The total axial height of

the optimized model is 45.5 mm as compared to 49 mm

for the proposed model. The optimized model is more

compact than the proposed model. For the optimized

Fig. 14. (Color online) Cogging torque comparison of the pro-

posed and optimized models. 

Fig. 15. (Color online) Torque comparison of the proposed and

optimized models.

Fig. 16. (Color online) Output power comparison of the pro-

posed and optimized models.

Table 3. Parameter comparison.

Parameter Units
Proposed 

model

Optimized 

model

X1 mm N/A 4.13

X2 mm N/A 0.9

X3 mm 0.8 0.75

X4 mm 3 1.21

Hie mm 8.95 8

Hia mm 1.05 0.26

Hoe mm 7 7.05

Total machine height mm 49 45.5

PM volume mm3 6988 6988

Table 4. Performance comparison.

Parameter Units
Proposed 

model

Optimized 

model

back EMF Vrms 47.4 51.2

Output Power W 854.5 1010.3

Current Arms 6.497 7.06

Copper Losses W 87.37 103.2

Iron Losses W 17 7

Efficiency % 89.1 90.2

Torque Ripples % 5.512 4.06

Average Torque Nm 7.9 9.35

Cogging Torque Tpk2pk Nm 0.4 0.36
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model, the values for the magnet’s inner and outer radii

are 37.1 mm and 81.4 mm, as compare to 43.5 mm and

74.2 mm of the proposed model, respectively. Although

the outer diameter of the PM array is increased, it is still

lower than the coil's outer diameter and hence the frame

size of the machine remains same. 

Improvement in the output torque of the optimized

model is obtained, as compare to the conventional model.

The output torque of the conventional model is 9.1 Nm

and that of the optimized model is 9.35 Nm. A reduction

in the torque ripple of the optimized model is achieved.

The torque ripple of the conventional model is 15.5 %

and that of the optimized model it is 4.06 %. Furthermore

the volume of the conventional model and optimized

model is kept same. Hence, the optimized model shows

better performance than the conventional model. 

A performance comparison of the various parameters is

presented in Table 4. The decrease in the iron loss of the

optimized model is 10 W, as compare to the proposed

model. The increase in the copper loss of the optimized

model is 15.83 W. The copper loss of the optimized model

is increased due to the increase in current caused by the

increase in the terminal voltage. However, the percentage

increase in the efficiency of the optimized proposed model

is 1.23 %, as compare to the proposed model. 

4. Conclusion

A model of the coreless AFPMSG, using an arc-shaped

trapezoidal PM is proposed and investigated in this paper.

As compare to the conventional model, the proposed model

has a reduced cogging torque and torque ripple, but at the

cost of a decrease in the average output torque due to

increase in the effective air gap length. Then, proposed

model is optimized to increase the average torque and

also further to reduce the cogging torque. The optimal

design exhibits reduced torque ripple with higher average

output torque, as compare to the conventional and proposed

models. Furthermore, the efficiency of the optimized model

is also competitive with the proposed model. The optimal

design shows improved performance characteristics, as

compare to the conventional and proposed models. 
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