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A B S T R A C T  

In this paper, an axial flux permanent magnet generator for a 30 kW direct drive wind turbine is 
designed and the design parameters were optimized with the aim of achieving high efficiency. In 
order to reduce the cogging torque and electromagnetic torque ripple components, the air core 
topology has been used, and with the aim of increasing the power capacity of the generator, a 
modular structure has been used. The advantage of the modular design is that each module can 
be considered as a generator unit and depending on the wind speed conditions, the number of 
units corresponding to the wind speed can be placed in the circuit and the generator will always 
work with maximum efficiency. First, by using the governing equations, the dimensions and 
performance characteristics of the generator are determined, and then a generator prototype is 
fabricated based on the electromagnetic design. In order to evaluate the output performance of 
the generator, machine simulation was performed in Maxwell finite element analysis software 
and the characteristic curves of voltage, current and ohmic losses were extracted. In order to 
evaluate the accuracy of the results, the outcomes of the analytical method have been compared 
with the experimental tests results. 
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INTRODUCTION1 
 

Brushless permanent magnet electric machines are 

primary generators for distributed generation systems. 

These self-excitation generators are compact and have 

high reliability and efficiency. Any electric power 

generation technology that is integrated into a distribution 

system is called distributed generation. Dispersed 

production technologies are divided into two categories: 

renewable and non-renewable. Renewable technologies 

include solar, photovoltaic, thermal, wind, geothermal 

and ocean as energy sources . 

Axial Flux Permanent Magnet (AFPM) brushless 

generators can be used both as high-speed generators in 

gas turbines and as low-speed generators in hydro and 

wind turbines. Their advantages are high power density, 

modular structure, high efficiency and easy integration 

with other mechanical components such as turbine rotors . 

A low speed AFPM generator is usually driven by a 

wind turbine. With wind energy rapidly becoming one of 

the most desirable alternative energy sources in the 

worldwide, AFPM generators offer a very low-cost 

solution compared to solar cells.  

 
1*Corresponding Author Email: a-jabbari@araku.ac.ir (A. Jabbari) 

 

Brushless permanent magnet machines without stator 

and rotor cores were first used in the late 1990s in 

industrial electromechanical servo mechanisms and 

drives [1], solar powered electric vehicles [2], as well as 

micro-motors for computer peripherals and vibration 

motors for mobile phones [3], were made commercially . 

Axial permanent magnet generators have different 

types of topologies, according to the user requirements in 

wind turbines without gearboxes, multi-disc topologies 

with non-ferrous stator cores and a combination of air and 

iron cores are used for the rotor. 

With high energy magnets, it is possible to make the 

stators and rotors of AFPM brushless machines without 

ferromagnetic cores [1-5]. A completely coreless design 

reduces mass and increases machine efficiency compared 

to a conventional design. Besides, a coreless AFPM 

brushless machine produces no normal force of attraction 

between the stator and the rotor and produces no torque 

pulses in the zero current condition. 

There is a limitation in increasing the electromagnetic 

torque that is obtained by enlarging the diameter of the 

machine. In the design of an axial permanent magnet 

motor disk, due to some limiting factors, it is not possible 
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to increase the diameter of the motor to achieve a higher 

torque. The factors limiting the design of a disc are: axial 

force applied to the bearings, the integrity of the 

mechanical connection between the disc and the spindle, 

disc stiffness. 

In previous studies, an analytical method based on the 

subdomain technique was proposed to determine the 

performance characteristics of permanent magnet 

machines [6-23]. In this research, design and fabrication 

of a 30 kW axial flux permanent magnet brushless 

generator has been considered for a gearless wind turbine. 

Initial design has been performed based on governing 

equations, assumptions and restrictions. The results of 

analytical method has been compared and validated by 

FEM analysis. A prototype axial flux permanent magnet 

generator has been fabricated based on optimum results 

and its performance has been tested using an experimental 

setup. It is shown that FEM results are in good agreement 

with the experimental results. 

 

 
MATERIAL AND METHODS 
 
Topology and construction 

A logical solution for high torques is two or more disk 

generators. There are several combinations of multi-disc 

motors [24-28]. A schematic of the proposed AFPM 

brushless generator for use in gearless wind turbine with 

a blade length of 8 meters is shown in Figure 1. In this 

design, the rotor consists of 9 permanent magnet plates, 7 

of which have an air core (made of Plexiglas) and 2 of 

which have iron cores, which are connected to each other 

by screws and installed on the generator shaft. Also, 8 

stator plates are installed on the rings of the generator 

shell on the spacers between the rotors. These plates are 

also non-ferrous and made of Plexiglas plates. The three-

phase stator windings are assembled concentrically like 

flower petals. The coils are arranged in overlapping layers 

around the axis of the machine. Then the entire coil is 

placed in a plastic or resin with high mechanical strength. 

Since no grooved ferromagnetic core is used in the 

topology shown in Figure 1 in the stator structure, the 

cogging torque phenomenon and core losses do not exist. 

The only loss components are eddy current and losses in 

the stator winding conductors. 

This modular design helps to easily increase the shaft 

power output to the desired level by adding more units. In 

this design, the turbine hub is directly connected to the 

generator shaft without the need for a gearbox. 

 

Electromagnetic design 

A three-phase Y-connected low-speed brushless AFPM 

generator, with a rated power of 30 kW and a rated speed 

of 150 rpm, is designed. The 7 air core rotor plates 

(without ferromagnetic core) and 2 rotor plates have a 

steel backing plate. The 8 stator plates include round coils 

embedded in Plexiglas plates. Medium quality sintered 

NdFeB permanent magnets with Br=1.2 and Hc=950 

kA/m have been used. Design data and calculated 

parameters are given in Table 1. 

In this section, the governing equations for calculating 

the magnetic flux density of the air gap, the 

electromagnetic moment, and the electric driving force of 

the generator are stated . 

 

Airgap flux density distribution 

Two-dimensional FEM modeling of the magnetic field in 

the air gap of the coreless AFPM brushless machine has 

 

 

 
Figure  1. A schematic representation of the proposed 

modular axial flux generator for 30kW gearless wind turbine  

 

 
Table 1. The axial flux generator characteristics 

Value Unit Parameter 

500 rpm Rated speed 

30000 W Rated power 

3  Phase No. 

16  Pole No. 

12  No. of coils 

66.67 Hz Rated frequency 

NdFeB  Magnet type 

65 mm Magnet Diameter 

8 mm Magnet thickness 

70 mm Magnet pitch at mean diameter 

22.5 deg Pole pitch 

10 mm Rotor thickness 

495 mm Overall diameter 

67 mm Axial length 

20 mm Stator thickness 

30 deg Coil pitch 

75 mm Coil outer diameter 

30 mm Coil inner diameter 

14 mm Coil height 

1 mm Wire diameter 

276  Number of coils wire 
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been carried out. NdFeB magnets with residual flux 

density Br=1.2T and hysteresis Hc=950kA/m are 

considered. The thickness of each permanent magnet is 

assumed to be 10 mm, the thickness of the coreless stator 

winding is 19 mm, and the thickness of the air gap of one 

side is 2 mm . 

The peak value of the normal component of the high 

magnetic flux density (above 0.6 T) has been stimulated. 

This value is enough to obtain a high electromagnetic 

torque. The peak flux density value for the optimal 

magnetic circuit of an AFPM machine can be even higher . 

 

Electromagnetic torque 

The electromagnetic torque of an AFPM brushless 

machine can be calculated based on Equations 1-5. Also, 

EMF can be calculated according to Equations 6-9. 

The average torque is equal to: 

𝑇𝑑 = 2
𝑝

𝜋
𝑚1𝑁1𝑘𝜔1Φ𝑓𝐼𝑎 [1] 

From the product of Equation 1 at the value of π 

√2/2≈2.22, the rms torque for current and sinusoidal 

magnetic flux density is obtained: 

𝑇𝑑 =
𝑚1

√2
𝑝𝑁1𝑘𝜔1𝛷𝑓𝐼𝑎 = 𝑘𝑇𝐼𝑎  [2] 

where is the torque constant is 

𝑘𝑇 =
𝑚1

√2
𝑝𝑁1𝑘𝜔1Φ𝑓 [3] 

The electromagnetic torque of the generator is 

Td =
𝑝𝑒𝑙𝑚
2𝜋𝑛

=
𝐸𝑓𝐿−𝐿𝐼𝑎

(𝑠𝑞)

2𝜋𝑛
=
4

𝜋
𝑝𝑁1𝑘𝜔1Φ𝑓

(𝑠𝑞)𝐼𝑎
(𝑠𝑞)

= 𝑘𝑇𝑑𝑐𝐼𝑎
(𝑠𝑞) 

[4] 

where the torque constant of a square wave machine is 

𝑘𝑇𝑑𝑐 =
𝑘𝐸𝑑𝑐
2𝜋

=
4

𝜋
𝑝𝑁1𝑘𝜔1Φ𝑓

(𝑠𝑞) [5] 

Also, EMF can be calculated according to Equations 6-9. 

Ef = π√2𝑓𝑁1𝑘𝜔1Φ𝑓 = 𝜋√2𝑝𝑁1𝑘𝜔1Φ𝑓𝑛𝑠 = 𝑘𝐸𝑛𝑠 [6] 

where is the constant EMF (armature constant) is 

𝑘𝐸 = 𝜋√2𝑝𝑁1𝑘𝜔1Φ𝑓 [7] 

For the Y-connection of the armature windings, as shown 

in Figure 2, two phases carry current at the same time. 

The line-to-line emf of a Y-connected square wave motor 

is 

𝐸𝑓𝐿−𝐿 = 2𝑒𝑓 = 8𝑝𝑁1𝑘𝜔1𝛼𝑖
(𝑠𝑞)

𝐵𝑚𝑔 (
𝜋

2𝑝
) (𝑅𝑜𝑢𝑡

2 − 𝑅𝑖𝑛
2 )𝑛

= 8𝑝𝑁1𝑘𝜔1Φ𝑓
(𝑠𝑞)

𝑛 = 𝑘𝐸𝑑𝑐𝑛 
[8] 

 

 
(a) 

 
(b)  

Figure 2. Inverter currents at stator windings of a brushless 

machine. (a) Currents in A and B phases, (b) rectangular 

waveform 

 

 

Generator fabrication 

Based on the design shown in Figure 1 as well as the 

geometric dimensions obtained from the analysis of the 

generator performance according to the requirements of 

the desired wind turbine, this section describes the 

manufacturing process of the various components of the 

generator. 
In Figure 3, the software model of the rotor plate is 

shown. 16 NdFeB permanent magnets with grade N35 are 

installed in the rotor plate. In 7-Plexiglas plates, 

permanent magnets are installed inside the plate, and in 

two ferromagnetic plates, permanent magnets are 

installed on the plate at the beginning and end of the rotor 

according to Figure 4. This figure shows the 

ferromagnetic plate of the rotor backing . 

Spacers are used to ensure the uniform spacing of the 

rotor plates and to bear the weight of these plates. Figure 

5 shows the three-dimensional model of the rangefinder. 

To make the mass of the rotor light and reduce its inertia, 

cast aluminum has been used to make the spacers. 

Each stator block is made of two Plexiglas plates, 12 

coils of wire and an aluminum ring. These components 

are shown in Figure 6. 

The stepped aluminum rings shown in Figure 7 are 

used to precisely position the stator plates. The stepped 

feature allow the assembly of other rings and thus 

increase the number of stator blocks. 

Each stator block is placed between two rotor discs 

and has 12 round armature coils. The stator windings has 

12 non-overlapping concentric coils, that is, 4 coils 

 

º180 

º120 

º036 
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Figure 3. The stator plate model 

 

 

 
Figure 4. The back-iron of the rotor 

 

 

 
Figure 5. A CAD model of spacers 

 
 

 
Figure 6. The fabricated stator plates 

per phase. The thickness of each coil is 19 mm and the 

diameter of the wire is 1 mm. The current of each coil is 

rectified separately to DC to reduce the ripple effect of 

the commutation torque and to perform a better control on 

the voltage . 

The advantages of this type of generator include round 

coils have the shortest circumference and the least 

resistance; easy manufacturing and low production costs; 

easy assembly, because there are no magnetic forces 

between the rotor and the stator; Absence of cog torque 

and as a result low mechanical resistance in starting the 

turbine . 

Figure 8 shows the model of the generator cover and 

the built cover. The cover material is selected from 

aluminum and after the casting process, machining 

operations have been performed on it. As can be seen in 

this figure, 4 holes have been installed on the cover of the 

generator to install external fans for better cooling of the 

generator . 

During the assembly of different components of the 

generator, it is important to pay attention to some 

principles. When assembling the rotor plates, it is 

necessary to pay attention to the magnetic direction of the 

plates. This is also true for the assembly of the stator 

plates. So that according to the direction of the coils and 

the starting point of the phases, all the plates are installed 

similarly on the stator rings. From each stator block, 6 

wires come out, which correspond to the 

 

 

 
Figure 7. The stator rings after machining process 

 

 

 
Figure 8. The generator endcap model 
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three phases of each block. If the ends of the wires are 

available, it is possible to connect the generator coils in a 

star, triangle or series and parallel combination. 

 

 

RESULTS AND DISCUSSION 
 

Analytical modeling 

In Figure 9, the analytical modeling done in Maxwell 

software is shown. As can be seen, the number of poles is 

16 and the number of rotor module is 8. The parameters 

of the generator are listed in Table 1. In this analysis, the 

generator performance characteristics such as magnetic 

flux density distribution, output phase voltage and phase 

current are determined in different speed and load 

conditions. Figure 10 shows the output voltage diagram 

and Figure 11 shows the current diagram in different 

phases of the generator at a speed of 390 rpm. Ohmic 

losses of the generator is also shown in Figure 12. A 

comparison of analytical and numerical results is listed in 

Table 2. 
 

Experimental tests 

Figure 13 shows the generator during testing on the lathe. 

To check the performance of the generator, due to its low 

rated speed, a lathe machine is used. Figures 14 and 15 

show the output voltage and speed-voltage comparison at 

390 rpm for analytical and experimental test results. The 

fabricated gearless wind turbine at Arak University is 

shown in Figure 16. 

 

 

 
Figure 9. Simulation of the generator in Maxwell software 

 

 
Figure 10. Output voltage waveform at 390 rpm 

 
Figure 11. Output current waveform at 390 rpm 

 

 
Figure 12. The generator ohmic losses 

 
Table 2. A comparison of analytical and numerical results 

Error (%) Numerical Analytical Unit Parameter 

2.11 44.48 45.42 Amper 
Current  

(Phase-A) 

2.78 44.19 45.42 Amper Current ( 

Phase-B) 

1.86 44.59 45.42 Amper Current  

(Phase-C) 

2.86 226.20 220 Volt Voltage 

(Phase-A) 

3.05 226.73 220 Volt 
Voltage 

(Phase-B) 

3.06 226.74 220 Volt 
Voltage 

(Phase-C) 

5.24 9075 8623 Watt Ohmic loss 

2 79.65 81.25 % Efficiency 
 
 

 

Figure 13. The fabricated generator test rigs 
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Figure 14. The generator output voltage at 390 rpm 
 

 

 
Figure 15. Speed-Voltage diagram. A comparison between 

experimental and analytical results 

 

 

 
Figure 16. The fabricated wind turbine at arak university 

 
 
CONCLUSION 
 
Design, Optimization and fabrication of a prototype axial 

flux permanent magnet brushless generator for a 30 kW 

direct drive gearless wind turbine was described in this 

research paper. Initial geometrical design was carried out 

based on wind turbine requirements by using analytical 

equations and verified using FEA method and then 

validated by experimental tests on the fabricated 

generator using a dynamometer. In order to evaluate the 

output performance of the generator, machine simulation 

was performed in Maxwell finite element analysis 

software and the characteristic curves of voltage, current 

and ohmic losses were extracted. In order to evaluate the 

accuracy of the results, the results of the analytical 

method have been compared with the experimental tests 

results. It is shown that maximum error percentage 

between analytical, numerical and experimental results is 

about 3 percent.  
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Persian Abstract 

 چکیده 

با هدف    یطراح  یو پارامترها  یطراح  یممستق  یودرا  یباد  ینتورب  یکدر    یکاربر  یبرا  یلوواتک  30شار محور با توان    یمدا  یس نمونه ژنراتور مغناط  یکمقاله،    یندر ا

استفاده شده است و با هدف   ییهسته هوا اتورطرح ژنر یس، گشتاور الکترومغناط یپل و ر ی اشده است. به منظور کاهش گشتاور دندانه سازی ینهبه بازده بالا به یابی دست

واحد ژنراتور در نظر گرفت   یکتوان هر ماژول را به عنوان    یطرح مدولار آن است که م  یتتوان ژنراتور، از ساختار مدولار استفاده شده است. مز  یتظرف  یش امکان افزا

از معادلات حاکم،  یریگبازده کار کند.  نخست با بهره  یشینهقرار داد و همواره ژنراتور با ب مدارمتناسب با سرعت باد را در  یسرعت باد، تعداد واحدها یطو بسته به شرا

  یعملکرد خروج  یابیارز  ینمونه ژنراتور ساخته شده است. برا  یک  یکی، و مکان  یس الکترومغناط  یشده و سپس بر اساس طراح  یینابعاد و مشخصات عملکرد ژنراتورتع

آن استخراج شده است. به منظور   یو تلفات اهم  یانمشخصه ولتاژ، جر  هاییاجزاء محدود ماکسول انجام شده و منحن  یلدر نرم افزار تحل  ینماش  یساز  یهژنراتور، شب

 شده است. یسهمقا یشگاهیآزما یجبا نتا یلی حاصل از روش تحل یجنتا یج،دقت نتا یابیارز
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