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Reduction of Cogging Torque and Improvement of Electrical

Parameters in Axial Flux Permanent Magnet (AFPM) Synchronous
Generator with Experimental Verification

Engin Hüner* and Gökhan Zeka

Abstract—This paper presents an axial flux permanent magnet (AFPM) synchronous generator that
was manufactured for the reduction of cogging torque by considering the different angles of a rectangle-
shaped permanent magnet (RSPM). The placement angle of RSPM was changed from 0 to 28 degrees
to obtain total harmonic distortion, line voltage, and cogging torque. A numerical finite element model
using Maxwell software was created. The model was validated by the experimental results, with and
without a load. The optimum placement angle was obtained at 20 degrees, whose total harmonic
distortion (Thd) and cogging torque (Tc) were improved by 41.6% and 71.4%, respectively.

1. INTRODUCTION

In recent years, global warming is the most important problem for the environment. Studies in the
literature have shown that fossil fuel consumption is the most important reason. The global warming
and energy crisis have caused increased need for renewable energy technologies [1].

One of the renewable energy sources is wind energy. The mechanical energy produced by wind
energy was first used in sails. The first wind turbine was seen in windmills. Nowadays, questions on
the reliability of nuclear energy have led to a shift toward interesting renewable energy sources. A wind
turbine consists of rotor blades, a reduction gear system for changing the speed, a generator supplying
the voltage, and a converter for providing regulating voltage. NdFeB magnets have high magnetic
density. Therefore, NdFeB is used as a permanent magnet (PM) in generators. The generators with PM
are divided into radial and axial flux generators. Both types have high efficiency and high power density.
Recent studies have focused on axial flux permanent magnet (AFPM) generators. AFPM generators are
considerable in terms of their high efficiency, high power density, and compact construction. Besides,
the generators, with their high number of poles, are the most attractive solutions for direct drives
in wind turbines [2, 3]. Despite the advantages of AFPM generators, AFPM generators have some
disadvantages, such as cogging torque, which is a result of the interaction between the pole legs and
slot edges (in the case of an unexcited stator and varying air-gap reluctance) [4].

The most common expression for the cogging torque is given in Equation (1).

Tcog = −1
2
φ2

g

d�
dθ

(1)

where φ represents the air-gap flux, � the air-gap reluctance, and θ the angular position of the rotor.
The air gap reluctance changes periodically in Equation (1). Therefore, the Fourier series as given

in Equation (2) can express the change of reluctance

Tcog =
∞∑

k=1

Tmk sin(mkθ) (2)
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where k is an integer value, m the least common multiple of the number of slots and poles, and Tmk a
Fourier coefficient value. There are m periods for each mechanical revolution [5].

Slot opening is important in axial flux machine and leads to cogging torque so much in comparison
with slot structure [6]. Also, the generated cogging torque in the AFPM synchronous generator with
open-slotted creates harmonics form in the voltage curve [7].

In the literature, there are different types of methods that are given to reduce the cogging torque
on the stator and rotor sides. These methods are more expensive than other methods. One of them is
the change of slot structures on the stator side. In [8], soft magnetic wedges have been proposed as a
low-cost method for reduction of cogging torque, in which soft magnetic wedges are used. The changes of
the rotor side include using a different type of magnet, applying a different skew (conventional, hybrid,
trapezoidal, triangular, dual-layer magnet step) to the magnets, magnet grouping, rotor shifting, and
changing the magnet angle [9–13]. In this study, the magnets are rotated in their axes to decide the
optimum angle for minimum cogging torque and maximum performance. Thus, the optimum harmonic
distortion value for the best performance is investigated.

The generator with double flux morphology is also a well-known method for wind turbines. Besides,
double flux morphology has both radial and axial magnetic fluxes [14]. Axial flux permanent magnet
generators are suitable for direct drive due to their high number of poles. This generator type dose
not require a reduction gear system compared with a traditional system. Thus, the losses due to the
reduction gear system are eliminated, and efficiency increases [15].

In general, the conventional models for wind turbines consist of two stators and a rotor [16, 17] or
two rotors and a stator. The dual-rotor system provides a balance for the existing axial forces in the
stator. A double-rotor/single-stator structure in wind turbines (known as Torus-S) has high efficiency,
low weight, and low volume [18]. In the case of using the rhomboidal winding structure, the number
of poles increases. Also, trapezoidal and toroidal windings are used in the morphology of the double
stator and single rotor. A toroidal winding has shorter end-winding rather than trapezoidal winding.
Therefore, it has low winding resistance losses and high efficiency. The generators with a rotor and stator
multi-disc structure are suggested for wind turbines and flow turbines [19, 20]. The magnetic reluctance
does not change across the air-gap in the coreless structure of AFPM machines, which eliminates cogging
torques [21–23]. The construction costs are also cheaper in the coreless axial flux machines [24]. Because
of their simple construction and ease of manufacturing, they are also suggested as generators in wind
turbines [25].

The value of the induced voltage is given in Equation (3) in the unloaded state [26].

Eph,n =
√

2NphKw
f

p
(Ro2 − Ri2)Bn,e (3)

where Eph,n is the nth values of induced voltage, Nph the number of cycles per phase, Kw the winding
factor, f the frequency value of the voltage, p the number of single poles, Bn the nth value of the
effective value of flux density, and Ro and Ri are the outer and inner radii of the stator.

In the case of an unloaded situation, the sinusoidal change of the induced voltage is given in
Equation (4).

eph(wt) =
∑

n

√
2Eph,n sin(2πft) (4)

where w represents the angular velocity, and eph is the change of induced voltage depending on the
angular velocity.

For the designed AFPM synchronous generator, ThdV is the total harmonic distortion of the
voltage, VLn the nth values of the line voltage (n = 5, 7, 9, 11, 13, etc.), and VL1 the first value of the
voltage harmonics in Equation (5).

ThdV =

√∑
n(VLn)2

VL1
(n = 5, 7, 9, 11, 13, . . .) (5)

This paper is regarding the effect of the magnet angle for an AFPM synchronous generator design.
Especially, the effect of the magnet angle on the voltage and total current harmonics of the AFPM
synchronous generator was investigated. Then, data sets were obtained from the experimental setup
and magnetic analysis. In terms of the total harmonic distortion Thd, line voltage Uh, and cogging
torque Tc values, the performance of the AFPM synchronous generator is evaluated.
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2. MATERIAL AND METHODS

In this study, an AFPM synchronous generator was designed as a wind turbine. The magnetic analysis
of AFPM synchronous generator was performed with ANSYS Maxwell Software according to the
parameters given in Table 1. Then, the 3D analysis model of the AFPM synchronous generator was
created based on the values given in Table 1. The magnetostatic analysis of the AFPM synchronous
generator was realized to investigate the magnetic flux changes in the air gap.

Table 1. Physical dimension of design.

Parameter Value
Stator Outer Diameter (Do) 210 [mm]
Stator Inner Diameter (Di) 130 [mm]

Output Power (S) 596 [VA] one rotor- one stator
Electromotor force (EMF) 147,4 [Volt]
Revolution per minute (n) 428 [rpm]

Inner diameter to outer diameter (λ) 0,619
Number of turns per slot (Nph) 80

Phase number 3
Slot number 42
Pole number 14

Winding Type Toroidal
Maximum flux density in the stator core 1,8 Tesla

Magnet type NdFeBr(N35) 40 × 20 × 10 [mm]

Firstly, the air gap analysis was carried out to get minimum saturation at the edges of the slots
and the highest magnetic flux density along the surface. Then, the changes in the RSPM placement
angle were analyzed in terms of the performance of the generator.

The study flow chain is given Figure 1, which shows a general approach for the proposed model. The
flow chain in Figure 1 shows the effect of the rectangle-shaped PM angle on cogging torque according
to the magnetic analysis of the change of air gap. All analysis was realized by using ANSYS optimetric
module. Then, the obtained results from the analysis were compared with the experimental ones. In
this way, the analysis results were validated by experimental data that show the statistical parameters.

3. RESULTS OF ANALYSIS

The air gap from 1 mm to 10 mm was defined to analyze the magnetic flux density for the generator.
In this study, all analysis studies were performed by Ansys Maxwell Finite Element Analysis Software.
Especially, these analyses were realized in the magnetostatic analysis mode.

The full model is given in Figure 2(a). The magnetic flux distribution is shown in Figures 2(b) and
2(c) for 1mm and 10 mm, respectively.

The magnetic flux peaks appeared at the edge of the slot for a 1mm air gap. For a 1mm air gap,
the magnetic flux value in the slot edges is about 2.5 Tesla. In this study on axial flux generators, the
average flux density of the air gap is chosen greater than 0.4 Tesla.

In Figure 2(b), the core is saturated at the slot edges for a 1mm air gap (Bave is higher than 1.8
Tesla). Furthermore, the analysis results show that for the 1mm air gap, the average magnetic flux
densities (Bave) at the air gap and the core are 0.52843 Tesla and 0.78408 Tesla, respectively. For the
10 mm air gap, the average magnetic flux densities (Bave) at the air gap and the core are 0.26764 Tesla
and 0.36364 Tesla, respectively.
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Figure 1. The study flow chain for analysis and experimental tests.

(b)(a) (c)

Figure 2. ANSYS Maxwell. (a) Full model. (b) Magnetic flux distribution 1 mm air gap. (c) Magnetic
flux distribution 10 mm air gap.

With the magnetic flux density for the air gap from 1 mm to 10 mm, the analysis results show
that 3 mm air gap provides minimum saturation at the edges of the slots and the highest magnetic flux
density rate along the surface. The magnetic flux distribution for the 3 mm air gap is shown in Figure 3.

In Figure 3. for the 3 mm air gap, the average magnetic flux densities (Bave) at the air gap and the
core are 0.43402 Tesla and 0,65836 Tesla, respectively. According to these results, it is observed that
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Figure 3. Magnetic flux distribution for 3 mm air gap.

minimum saturation is at the slot edges.
Besides, the design criteria shown in Figure 1 were provided at the 3 mm air gap. So, the minimum

magnetic flux value meets the expectation (Bave > 0.4 Tesla shown in Figure 1). Therefore, these
results meet the desired requirements. Due to these results, a 3 mm air gap is considered for all further
analyses.

The performance of the generator was investigated via a different magnet placement angle (from
0◦ to 28◦). This angle range is considered for physical dimensions of RSPM.

Figure 4 shows magnetic flux distribution for the generator. In Figure 4(a), the magnetic flux
distribution is shown at the PM angle with 0◦, and in Figure 4(b), the magnetic flux distribution is
shown at the RSPM angle with a 28◦ magnet angle.

In Figure 4(a), both of the stator’s legs are affected by a magnet, while Figure 4(b) shows that
the stator also has interaction on the third and fourth legs by a magnet. Hence, the spread of the
interaction to the other legs provides a reduction effect on the cogging torque. The cogging torque is
the sum of the individual torques of each pole [5].

In Figure 4(a), it is observed that a minimum one edge of the teeth and maximum two edges of the
teeth were affected by a pole during the 360-degree movement of the rotor. In Figure 4(b), this effect is
higher, so that minimum two-slot edges and maximum three-slot edges were affected by a pole during
the 360-degree movement of the rotor. The higher effect on the slot edge by the permanent magnet
provides a reduction on the cogging torque.

ANSYS optimetric module was used to realize the incremental change for the RSPM angle shown
in Table 2 to observe the effect of angle change for the permanent magnet. Then, the obtained results
shown in Table 2 for the average magnetic flux point out that the maximum change on the core for Bave

Table 2. Average magnetic flux values for different pole angles.

Pole Angles Average Magnetic Flux
0◦ 0.6584
4◦ 0.6596
8◦ 0.6585
12◦ 0.6568
16◦ 0.6508
20◦ 0.6459
24◦ 0.6400
28◦ 0.6341
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(b)

(a)

Figure 4. Magnetic flux distribution. (a) PM angle with 0◦. (b) PM angle with 28◦.

is 3.67%. However, the magnetic poles interact on a wider iron core surface depending on the magnet
angle, which shows that the cogging torque decreases.

Therefore, due to the magnetic flux distribution, the decline in power will also be lower.
For the RSPM angle with 20◦, the magnetic flux distribution is shown in Figure 5. According to

the obtained results from the analysis, the average magnetic flux density (Bave) is 0.6459 Tesla.
The analysis results for the cogging torque depending on the permanent magnet angle are shown

in Figure 6. The obtained results show that the permanent magnet angles with 4◦, 8◦, 12◦, 16◦, 20◦,
24◦, and 28◦ provide the reduction on the cogging torque by 8.14%, 23.82%, 42.29%, 63.47%, 81.22%,
94.61%, and 96.26% compared with 0◦ rectangular-shaped permanent magnet angle.

4. EXPERIMENTAL SETUP OF THE AFPM SYNCHRONOUS GENERATOR

One of the most important disadvantages of the AFPM synchronous generators is the open slot structure,
which leads to increasing the cogging torque. High cogging torque causes harmonics in the output voltage
waveform. The effect of the RSPM placement angle for the generator was investigated to overcome high
harmonics and cogging torques. The proposed method is regarding rotating the rectangular magnet on
its axis. As a result of the magnetic analysis, changing the magnet angle has reduced the total power.
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Figure 5. Magnetic flux distribution PM angle with 20◦.

Figure 6. Cogging torque analysis for RSPM angles.

As a result of the magnetic analysis, changing the magnet angle has reduced the total power because
of interaction on a wider surface. Hence, it reduces the cogging torque. The magnet-holder apparatus
is shown in Figure 7(a), which was designed to adjust the magnets to the desired angle value. In
Figure 7(b), the magnets are mounted on the rotor iron with the aid of snap rings, so that the magnets
can move freely on the iron rotor surface.

Plexiform with the rotor is given in Figure 8(a). Plexiform helps to fix the desired magnet rotation
angle. The designed stator with three-phase toroidal windings is given in Figure 8(b).

Figure 9 shows the experimental setup of the AFPM synchronous generator. The experimental
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(b)(a)

Figure 7. Rotor. (a) Magnet-holding apparatus. (b) Rotor with magnet.

(b)(a)

Figure 8. Designed test generator. (a) Plexiforms with rotor. (b) Stator.

Figure 9. Experimental setup of the AFPM synchronous generator.
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setup consists of an asynchronous motor, which contains a drive machine, a torque sensor, an inverter,
a power analyzer, and a computer. A 22 kW asynchronous motor in the experimental setup was used as
a drive machine. The chain system in the experimental setup reduces the speed of the drive machine.
A 8645 model torque sensor is connected to the test generator by coupling to measure the cogging
torque. The speed of the drive machine is adjusted with an ABB ACS850 drive and a USB connection
kit to obtain the desired generator output frequency. In the experiments, the output voltage curves and
harmonic values were taken at the constant frequency with the Fluke 434 Power Analyzer.

4.1. Open Circuit Experiment

The results obtained from the power analyzer in the experimental setup shown in Figure 9 are given in
Figures 10–13. All of the measurements were made by taking the values of the open-circuit voltage at a
frequency of 50 Hz. Figure 10(a) shows the three-phase output voltage curve of the AFPM synchronous
generator. The total harmonic distortion was about 8.9% in Figure 10(b), and the line voltage between
phases was 147.4 volts. The fifth harmonic level was high considering the experimental data.

(b)(a)

Figure 10. AFPM synchronous generator at 0◦ magnet angle. (a) Output voltage curve. (b) Thd
values.

Figure 11 shows the results for a 20◦ magnet angle. The output voltage of 143.5 volts and total
harmonic distortion (Thd) at 5.2% of voltage were obtained and shown in Figure 11(a) and Figure 11(b).
Compared with the 0◦ magnet angle, output voltage and Thd decreased by 2.6% and 41.6%, respectively.
The output voltage curve changed slightly at 20◦, but the total harmonic distortion was significantly
reduced.

(b)(a)

Figure 11. AFPM synchronous generator at 20◦ magnet angle (a) Output voltage curve (b) Thd
values.
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(b)(a)

Figure 12. AFPM synchronous generator at 28◦ magnet angle. (a) Output voltage curve. (b) Thd
values.

Figure 12 shows the results for a 28◦ magnet angle, which was the maximum physical limit in
our design. In the unloaded state, the output voltage and Thd values were 139.8 volts and 2.7%,
respectively. Compared to the 0◦ magnet angle, the output voltage and Thd decreased by 4.96% and
69.7%, respectively.

The obtained results from the experimental setup are shown in Table 3. Compared to the 0◦
magnet angle, the percentage change in the cogging torque values at 20◦ and 28◦ were 71.4% and
85.7%, respectively. Therefore, when being evaluated together with the other parameters, a 20◦ magnet
angle meets the desired requirement (minimizing) in terms of cogging torque.

Table 3. Experimental data by magnet angle.

Magnet Angle
(Mag◦)

Uh (Voltage) Thd (%) TC (Nm)

0◦ 147.1 8,9 7
4◦ 147.8 9,1 6
8◦ 146.5 8,4 5
12◦ 146.7 7,7 4
16◦ 144.8 6,3 3
20◦ 143.3 5,2 2
24◦ 142.7 4,4 1,5
28◦ 139.8 2,7 1

The change of the harmonic distortion by the magnet angle of the AFPM synchronous generator is
shown in Figure 13(a), and Figure 13(b) shows the change of cogging torque. The usage of the AFPM
synchronous generators shows that the proposed method seems useful for Thd and cogging torque.

4.2. Loaded Operation

Six-step winding resistance was used for the loaded operation. The measurements were obtained without
changing the reference points. The resistance level was 60.5 ohm.

4.2.1. Harmonic Values

The generated current and voltage harmonics at different magnet angles were observed. The generated
harmonic values were recorded by increasing the magnet angles from 0◦ to 28◦.
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(b)(a)

Figure 13. AFPM synchronous generator due to magnet angle. (a) Percentage change in voltage
harmonics. (b) Cogging torque.

Figure 14 shows that in the results for the 0◦ magnet angle, the generator produced 7.4% Thd
voltage (ThdV), and 7.6% Thd current (ThdI) when the 60.5 ohm load resistance was loaded. When
the magnets were at angles 12◦, 20◦, and 28◦, the voltage harmonics were reduced by 27%, 53%, and
76%, respectively, compared to at 0◦. Compared to the harmonic distortion generated at 0◦, the total
harmonic distortion of the current was similarly reduced by 26%, 52%, and 74% at 12◦, 20◦, and 28◦,
respectively.

Figure 14. ThdV and ThdI curves at the first-stage load (at different magnet angles).

4.2.2. Voltage Values

The voltage waveforms were obtained from the experimental setup to investigate the performance of
the generator for the RSPM placement angles. The generator output voltage decreases as the current
of the generator is increased. In this experiment, the magnet angles were increased under 60.5 ohm load
resistance, and the obtained line voltages are given in Table 4.
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Table 4. Experimental result in the loaded state.

M. Deg 0◦ 4◦ 8◦ 12◦ 16◦ 20◦ 24◦ 28◦

Load resistance 60.5 ohm
ThdV 7,4 6,9 6,3 5,4 4,5 3,5 2,5 1,8
ThdA 7,6 7,1 6,4 5,6 4,6 3,7 2,7 2
Iout 1,3 1,3 1,3 1,28 1,26 1,25 1,2 1,2

S (VA) 300.2 298.6 297.5 273.2 271.5 269.6 267.8 263.2
R 133.5 132.8 132.3 131.6 130.8 129.9 129.0 126.8
S 133.4 132.8 132.3 131.6 130.8 129.9 129.0 126.8
T 133.3 132.7 132.3 131.5 130.7 129.8 129.0 126.7

Experimental results in Table 4 include the total harmonic distortion for voltage (ThdV), total
harmonic distortion for current (ThdI), output current (Iout), apparent power (S), and phase voltage
(R, S, T ) according to a mechanical degree.

Figure 15 shows that the generator produced a line voltage (Uline) at each phase of 133 volts at
60.5 ohm load resistance and a constant frequency of 50 Hz with a 0◦ magnet angle. Under the same
load, compared to the 0◦ phase-to-phase voltage, the voltage losses were 2.6% and 5.7% at magnet
angles of 20◦ and 28◦, respectively.

Figure 15. Uline voltage curves produced at different magnet angles (Load resistance is 60.5 ohm).

4.2.3. Apparent Power Values

The apparent power (Sline) for each phase was obtained from the experimental setup for the RSPM
placement angles from 0◦ to 28◦.

Regarding the output of the generator, in the case of 60.5 ohm, the generator produced 1.5 A current
per phase under constant 50 Hz frequency.

The magnet angles were increased at 60.5 ohm load resistance, then the line voltage and current
values were obtained, and Sline values were calculated.

Figure 16 shows that the generator produced an average of 301 VA in 60.5 ohm load resistance and
at the constant frequency for 0◦ magnet. Under the same load, compared to Sline at 0◦, 10.2% and
13.1% of power were lost at magnet angles of 20◦ and 28◦, respectively.
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Figure 16. S-line apparent power produced at different magnet angles (Load resistance is 60.5 ohm).

4.2.4. Statistical Analysis of Results

In this study, the experimental results and analysis results were compared in Table 5. The cogging
torques of simulated and experimental results are S Tc and E Tc respectively, which are shown in
Table 5. Also, % S Tc and % E Tc represent the percentage of S Tc and E Tc. As the placement
angle of RSPM was changed from 0 to 28 degrees, the cogging torque decreases. The results shown in
Table 5 show the higher convergence between analysis and experimental results, which (S Tc, E Tc)
are correlated by 0.997432189.

Table 5. Comparisons results from test and analysis studies.

Simulation Results Experimental Results

S Tc % S Tc E Tc % E Tc

0 8,3538 0 7 0

4 7,6736 0,081424023 6 0,142857143

8 6,3633 0,238274797 5 0,285714286

12 4,8202 0,422993129 4 0,428571429

16 3,0513 0,634741076 3 0,571428571

20 1,5685 0,812241136 2 0,714285714

24 0,4499 0,94614427 1,5 0,785714286

28 0,3117 0,962687639 1 0,857142857

S Tc average 0,585500867 E Tc average 0,540816286

S Tc std 0,348146867 E Tc std 0,247014787

S Tc, E Tc Correlation 0,997432189
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5. CONCLUSION

In this study, the power quality of an AFPM synchronous generator used in wind turbines was
experimentally analyzed. As a result, the magnetic analysis for AFPM synchronous generator under
different RSPM angles was realized at ANSYS Maxwell. Besides, the experimental studies were
performed to validate and compare with the analysis results. In the case of a 20◦ permanent angle, the
obtained results show that Thd and Tc are improved by 41.6% and 71.4%, respectively. Furthermore,
Uh and Sline were decreased by 2,6% and 10.2%, respectively. Therefore, for minimum Thd-Tc and
maximum power, the optimum angle is found by 20◦ compared with other angles. Thus, the maximum
performance was obtained from AFPM synchronous generator with an optimum angle by using a
rectangular type NdFeB magnet in this study. Also, a cheaper and easier method has been proposed
according to cogging torque reducing techniques compared with skew methods that need special magnet
shapes for the rotor side, and it has been proven both in magnetic analysis and experimental results.

ACKNOWLEDGMENT

This work was supported by Kırklareli University on Scientific Research Commission, Project Number:
KLUBAP-039.

REFERENCES
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