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Abstract: - The axial flux permanent generator Single rotor 

Double stator (1R-2S) was presented in this paper. The aim 

study is find the performance of the generator with and 

without iron pieces. Types of the coreless AFPM generator 

electromagnetic torque was calculated. The stators (S1 &S2) 

can be connected either in parallel to get more current or in 

series to get more voltage. Finite Element Analysis (FEA) was 

used to calculate flux density of the permanent magnet at 

deferent air gap size by using (ANSOFT Maxwell) software. 

Also the output voltage sine wave of the generator and the 

phase angle between each pairs of the phases are verified. This 

type of the generator can be used in low speed (micro wind 
turbine).  

Keywords- AFPM generators, air gap, torque, finite-element 

analysis, magnetic field measurement, attractive force. 

I. INTRODUCTION 

Latterly, axial flux permanent magnet (PM) generators 
are used increasingly in applications with high efficiency, 
weight, and small size. Main parts of axial flux permanent 
magnet generator are rotor and stator. The rotor has 
permanent magnets for produce an axial flux density. The 
stator contains phase windings. By arranging the stator and 
rotor and their numbers, many variations of AFPM 
generators was developed. The simple design is a single 
stator - single rotor .also there are many forms available such 
as Double rotor-single stator ,Double-stator-single rotor, and 
multi stages (multi stator-multi rotor designs) [1,2]-[13]. In 
single stage, single stator single rotor (iron core) of AFPM, 
the axial force between it is very high therefore, it required 
more complex bearing arrangement and more thick rotor 
back-iron [3]. To calculate the behavior of the magnetic flux 
and verify the accuracy of the analytical result, the (Ansoft 
Maxwell) Software can be used. AFPM coreless (without 
iron core) machine, the attractive force between the stator 
and rotor does not exist, at no load [4, 5]. AFPMG single 
rotor – double stator (SR-DS), has two stators and one PM 
rotor disc. The rotor disc with PMs rotates between two 
stators. The advantage of this structure has two-stage output 
voltage, short axial length and more output power. Also 
disadvantages that it needs more coils. In this research, this 
type will be study. The double sided Stator and Single Rotor 
(DS-SR), it consist of back to back rotor place in between the 
stator, therefore the weight of rotor is less as compared to 
double sided rotor . Starting torque of this generator is low, 
therefore it give an output instantly. The double-sided rotor 
simply called twin rotor with PMs is located at two sides of 

the stator, also called a double-sided generator with internal 
stator. The AFPMG with stator between rotors with S-N and 
N-S arrangements, iron losses are absent and just copper 
losses exists [6]. It has the greatest torque production 
capability due to the increased volume of PM material used 
[7, 8]-[13]. As the magnetic losses in rotor PMs and disks are 
very small, thus can be neglected, as there is no change in the 
flux direction in the rotor back iron, the disadvantage of the 
double-rotor AFPM topology is the strong magnetic 
attractive force between the two opposing PM-rotor disks[9]-
[18]. As the magnetic losses in rotor PMs and disks are very 
small, and can be neglected, as there is no change in the flux 
direction in the rotor [10]. Multiple stages axial flux 
generator is the one with iron and ironless stator. This type of 
generator can be built multiple rotors and armature windings. 
In general, the multi stages generator structure has N stator 
and N±1 or N/2 rotor discs where N is the number of the 
stators, the rotors share the same mechanical shaft [11]-[19]. 
The stator windings of the N stator can be connected either in 
parallel or series .In a multi-stage AFPG the flux driven by 
magnets passes axially from a north- pole on one rotor to a 
facing south -pole on the other. Therefore, only the external 
rotor discs must be made of material with good magnetic 
properties (typically mild steel), since they are used to 
provide a path for flux, [12, 13]-[15]. Our study will focus on 
the double stator-single rotor generator as shown in 
Fig.1.Neodymium-iron-boron (NdFeB) magnetic material 
was used for the permanent magnets in the rotor. The rotor 
construction can be made from light materials such as 
Plexiglas, epoxy, aluminum, etc., and they use magnets, the 
shape magnet also may trapezoidal, rectangular, or circular. 
The stators can be made from Non-magnetization as the 
rotor. The shape of the coil must be like magnetic shape. The 
shape, weight, and size of AFPM generators are reasonably 
small when compared to conventional generators. The 
relationship between the number of coils and the number of 
magnets. If the ratio is an integer, then the rotor has zero-
torque positions. In order to avoid a zero-torque position, a 
non-integer ratio is required. For true alternating three-phase 
E.M.F waveform with 120°, 1.33 magnets per coil is 
needed[14, 15] .Our system is a three-phase pr/ps=9/12 
generator. ps is the number of poles of the stator, and pr is the 
number of poles of the rotor. 
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Figure.1: AFPM Generator (double stator single rotor)  

 

A. AXIAL FLUX PERMANENT MAGNET GENERATOR 

(DOUBLE- STATOR AND SINGLE - ROTOR) DESIGN 

The prototype core less generator used in this study had 

a double- stator and one- rotor configuration with 9 poles. 

The stators was manufactured by using a non-ferromagnetic 

material called Plexiglas in which the stator coils were 

embedded. They are arranged in a 3-phase configuration as 

shown in Fig.2. 

 

 
 

Figure.2: (a) The stator (S1), (b) The stator (S2) is manufactured by using a 

non-ferromagnetic material with the coils (Plexiglas), and (c) The rotor is a 

circular non ferromagnetic material (aluminum) with permanent magnets. 

 

 

The stators are manufactured by using a non-ferromagnetic 

material (Plexiglas) to carry the coils, which arranged in a 3-

phase configuration) as illustrated in Fig.2 (a,c). The rotor is 

a circular- based (aluminum) disc supporting neodymium 

permanent magnets (sintered NdFeB with 0% Co-having 

magnetic strength of 42 MGOe) as shown in Fig.2 (b). The 

sizing equation to calculate diameter of the generator by 

using Eq.1 and Eq.2,[16 ]-[18,19].   
 

 

               

Where Do is the outer diameter, Di is inner diameter of the 

generator, Ps is the output power of one stator, ωr.p.m is the 

speed of the shaft and the Bpeak is the value flux density of 
magnetic flux generated by the permanent magnet and 

which affecting on windings stator. The peak value of flux 

density in the air-gap can be calculated by Eq (3):- 

                            
In Eq.3, hm is axial height of the magnets and Br is the 

remanent magnetic flux density. By using finite Element 

Method magnetic (Ansoft Maxwell) software the peak value 

of the air gap flux density is determined Bpeak=(0.350 , 0.250 

, .200) Tesla, at air gap (2 , 4 ,6 ) mm , respectively , as 

illustrated in Fig.3. 

 

 

 

Figure.3: The peak value of flux density in the air gap with deferent 

sizes :(a) Air gap (2 mm), (b) Air gap (4 mm), (c) Air gap (6 mm), 

 

B. Design parameter of the generator 

 

The system design parameters are given in Table I. The 

system requirements are 3-phase, 200W power, and 120 

rpm. The parameters such as coil resistances, inductances, 

and the physical dimensions are listed in the table. 

 

 
Table I: Design parameter of the generator for a power of 200 watts 

 
Specification / Dimension Value Unit 

Power output 200 W 

Average mechanical speed of rotor  120 r.p.m 

Max. Current  3.2  Amp/Phase 

Number of Phases 3 - 

Winding connection type  Begin- end  

Connection type Star  

Number of stator discs   8  

Number of rotor discs   4  

Number of coils of stator disc 9  

Number of turns of coil  150 winding 

Resistance of stator coil 6 Ω 

Inductance of stator coil 3.85 mH 

Number of Rotor Poles 12 - 

Number of Stator Poles 9 - 

Electromotive force (EMF) constant 0.302 V.sec 

Dimensions of permanent magnets   

Axial height 0.01 m 

Axial width 0.02 m 

Axial length 0.04 m 

Dimensions of Generator   

Outer diameter of stator disc 0.264 m 

Inner diameter of stator disc 0.124 m 

Outer diameter of rotor disc 0.264 m 

Inner diameter of rotor disc 0.148 m 
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II. MATHEMATICAL MODEL OF THE 

GENERATOR 

The electromagnetic system that was developed in this 

paper is a permanent magnet (PM) generator. Neodymium-
iron-boron (NdFeB) permanent magnets are used in the 

rotor. The voltages are generated in the windings of nine 

coils by rotating mechanically the PMs that pass the coils. 

The equation of the magnetization curve is given in Eq. 4. 

 

                       

Where: 

Br is remnant value of B where H=0. 

r is recoil permeability (slope of recoil line). 
H is the magnetic field intensity. 

      is the apparent coercivity associated. 
 
This information is used to determine the air gap 

magnetic motive force (m.m.f) distribution. Our system is a 
three-phase,  ps/pr= 9/12 machine, where ps is the number of 
stator poles (The armature windings) and pr is the number of 
rotor poles. However, the rotor has permanent magnets for 
poles rather than some excitation windings. Since the ps/pr 
ratio is equal to 1.33, which is not an integer, thus there is no 
zero-torque position in this machine. The related differential 
electrical energy may be obtained from Eq. (5). 

  

 

Where dWfld is the differential energy which was 
absorbed by the coupling field and dWmech is the mechanical 
energy. The losses are included in the related terms. The 
block diagram representation of the generator is shown in 
Fig. 3. 

 

Figure 3. Generator system 

In the generator system, the electromotive force (e.m.f) or 

(e) is greater than the load voltage VL, e  VL and the 
electromagnetic torque T is a counter torque opposing 

rotation. The differential equation of electrical energy from 
Fig .3 can be written as 

 

 

For the magnetic field point of view, it can be assumed that, 

if the magnetic flux goes straight across the air gap we can 

design the generator in such a way that the air gap between 
rotor pole and stator pole is small compared with the radius 

of the rotor. In this generator, where πd is the average 

circumference of the air gap, h is the height of the air gap, 

and g is the depth of the air gap. Under these conditions, the 

air-gap magnetic field intensity (ℋ) is confined to a ring 

between rotor poles and stator poles. The line integral of ℋ 

is ℋ.g, and the result of (m.m.f) or (ℱ) of stator windings 

and rotor magnetic field is: 

              

 
 

Where: 

                                                                  

When the rotor turns 60°, it produces a one-cycle of 

sinusoidal electrical signal for one phase, which means that 

one complete turn produces six cycles of electrical 

sinusoidal signals. As result, the relation between the 

mechanical angle m and the electrical angle e is given in 
Eq.(8). 

 

  

Where KP is the pole factor. In our case KP= 6, the electrical 

signal waveforms of the phases are given in Fig. 4. 
 

 

Figure .4:  Electrical signal waveforms of the phases 

When the rotor poles are in the line with the magnetic axis 

of a stator phase, the flux linkage with a stator phase 

winding is k.Nph.p, where p is the air gap flux per pole in 
weber. Under the assumption of that, the air-gap flux 

density is sinusoidal, and its formula is: 

 

                                            
 

p  can be found as a line integral of the flux density over 
the pole area: 

                      

          

Where the angle m is measured from the reference position 
of the rotor, r is the average radius of the air gap, and h  is 

the volume of the air gap (the height of the permanent 

magnet). As the rotor turns with the angular speed of m, the 
flux linkage with any phase i (i is either a, b or c) of the 

stator coil is: 

 

                    
Or in electrical degrees, 
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The voltage induces in any phase i may be found by using 

Faraday’s law as follows, 

                                                                          

The induced voltage can be obtained as 

  

 

The first term in Eq. (14) is called “transfer voltage” and the 

second term is known as “speed voltage”. In Eq. (14), p is 
the net air-gap flux per pole. In steady state, the first term is 

zero, since the amplitude of the air-gap flux wave is 
constant, thus the generated voltage is simply the “speed 

voltage”. In other words, the induced voltage is equal to the 

second term as follows: 

 

 
 

If the minus sign is omitted. The r.m.s value of this voltage 
can be written as 

 

  
                                   

The angular speed, e=2..fe  is used and fe  is the electrical 
frequency of the generated voltage in Hz. As seen in Eq. 

(16), the generated voltage is dependent on the frequency 

and the magnetic field. In this machine, the three voltages 

displaced 120° electrical degrees in space and time. The 

machine is Y-connected as shown in Fig.5. The coils a, a′ 

and a″ are connected in series and constitute the Phase a. 

Similarly, Phase b and c are arranged in the same way. Eq. 

(16) gives the r.m.s value of the line-to-neutral voltage, 

where Nph is the total number of series turns per phase. 
 

 
 

Figure 5: (a) Machine windings and (b) Y-connected 

configuration 

 
The M.M.F of the stator and the rotor are existed only when 
the generator is loaded, thus the electromagnetic torque (Te) 
can be given by Eq. (17) as: 

 

Or 

        

III. MATLAB/SIMULINK SIMULATION 

 The generator was simulated by using MATLAB 
/SIMULINK as illustrated in Fig.6, and for simulating wind 
speed, the Simulink was used to create mechanical rotational 

speed at variable speed with time as shown in Fig.7 and Fig 
8. The simulation results of the generator output voltage and 
current have been recorded as shown in Fig. 9 and Fig. 10. It 
could be noted that, the output voltage increased and 
decreased depending on the speed of the generator. 

 

 

Figure 6: The simulation block diagram for the system 

 

Figure7: Mechanical rotational speed for variable speed 

 

Figure 8: Mechanical rotation speed Vs time 

 

 
Figure 9: Three phase output voltage vs time 
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Figure 10: One phase output current vs time 

IV. EXPERIMENTS AND RESULTS 

 

The experiments was done on the generator to check and 

verify the phase angle, air gap effect, and electromagnetic 
torque. Moreover, we put small iron pieces at the centre of 

the stator windings to check the effect of the performance of 

the output generator. 

A. The Phase Angle 

The output voltage waveforms of the generator increased 
when the speed of the generator increased as shown in Fig. 
10. A phase difference of 120 degrees is obtained between 
each pairs of the phases. No change in phase angle when the 
speed of the shaft was changed. 

 

 

Figure 10: (a) The output voltage at 100 R.P.M. (b) The output 

voltage 200 R.P.M. (c) The output voltage at 300 R.P.M 

B. Effect of The air Gap 

Stators (s1,s2) and they can be connected to each other either 
in parallel or in series depending on the speed of the rotor. 
The impact of the air gap size on the output voltage 
appeared, when the air gap increased and the magnetic flux 
density decreased. Thus the output voltage decreased as 
illustrated. Fig.11, and. The effect of the air gap distance on 
the output voltage of the generator at fixed speed 300 R.P.M 
was noted. When the air gap size was changed, the output 

voltage was also changed, so it means that we could control 
the output by controlling the air gap size. 

 

 

Figure 11: The air gap effect on the output voltage  

of the generator at fixed speed (300 R.P.M) 

 

C. The Electromagnetic Torque 

 The electromagnetic torque has been calculated by using 
Eq.18 at load resistor of 50 Ω. When the air gap size is small 
as possible the air gap flux density would increase, which in 
turn improves the electromagnetic torque, as illustrated in 
Fig.12. 

 

 

Figure 12: The electromagnetic torque at load of 50 Ω  

 

D. Placement Small Iron Pieces at The Center of The Stator 

Windings 

This experiment was done with small iron pieces at the 

centre of the stator windings. This helped to focus the flux 

through the centre of each coil for improving the 
performance, and results in different speeds the output 

voltages of the generator. Fig.13 shows the relationship 

between the shaft speed and output DC voltage of the 

generator. It was noted that the output voltage increased 

from 28% to 32% when small pieces of iron was inserted in 

the coils as compared with the situation without iron pieces. 
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Figure 13: Relationship between the shaft speed and output DC 

voltage of the generator with and without small piece of irons. 

 

 

ACKNOWLEDGMENT  

 

The experiments were done on the generator (double stator-

single rotor) to check and verify the phase angle, air gap 

effect, and electromagnetic torque. As well as, to check the 

performance of the output generator when putting a small 

iron piece at the center of the stator windings. The size of 
iron piece should be taken into account since losses in the 

generator would increase if the size of the piece is increased. 

Thus, the attractive force between the stator and rotor at no 

load would appear. This has several advantages such as it 

provides energy at low wind speeds results in decrease in 

the system size, and the weight is also reduced. 
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