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Axial-flux permanent magnet machines are popular and widely used for
many applications due to their attractive features such as light weight, low
noise, high torque, robust and higher efficiency due to lack of field
excitation. The main essence of this paper is to perform slotted and slotless
axial-flux permanent magnet synchronous generator design based on
theoretical sizing equations and then finite element analysis is reinforcement
in order to get a more reliable and accuracy machine design. A comparative
study of machine design and performances over the same rating but different
configurations i.e., slotted and slotless are also discussed. And then, finite-
element method (FEM) software was made for the slotted stator and slotless
stator (AFPMSG) in order to compare their magnetic flux density and
efficiency. The AFPMSG topology considered in this paper is a three-phase
double-rotor single-stator topology with 16 pole-pairs, 2kW rated power and
188 rpm rated speed.
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1. INTRODUCTION

Having the high torque at low speeds, the axial- flux permanent-magnet synchronous machine
AFPMSM is very suitable for wheel motors, direct drive wind energy applications and so on. As the pole
number is chosen sufficiently high, a high torque density combined with a good performance at low speeds is
obtained. The efficient exploitation of the machine, even at very low speeds, permits direct coupling of the
machine to the low speed application without using a gearbox. Compared with a conventional, gearbox-
coupled wind turbine generator, a direct coupled generator system eliminates mechanical reduction gear,
reduces size of the overall system, lower installation and maintenance costs. The use of direct drive wind
energy generator will result less maintenance and increased in reliability significantly. As the magnetic field
is generated by the permanent magnets, no field excitation current is necessary and the corresponding copper
losses are absent. As a consequence, AFPM machines have a good efficiency.

AFPMS machines exist in different topologies and geometries such as single-sided or double-sided,
with or without armature slots, with or without armature core, with internal or external PM rotors, each
having their advantages and disadvantages [1]. The AFPMSM discussed in this paper is a single-stator
double-rotor type with slotted stator and slotless stator.

In the case of double-sided configurations, either external dual-rotor with slotted stator or external
dual rotor with slotless stator arrangement can be adopted. The two constructive types of wind-turbine
generator considered in this work are permanent-magnet synchronous generators, but one has a slotted stator
axial-flux (AFPMSGQG) topology, the other one is of slotless (air-cored) stator axial-flux (AFPMSG) type. In
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the following sections, each of the two PMSG topologies is investigated using finite-element field analysis to
comparatively show their magnetic flux density.

2. AXIAL FLUX PM SYNCHRONOUS GENERATOR

Axial-flux PMSGs have a number of distinct advantages, i.e. they can be designed to have (i) higher
power- to- weight ratio, resulting in less core material, (ii) planar and easily adjustable air-gaps, (iii) reduced
noise and vibration levels. Moreover, the direction of the air gap flux path can be varied, so that additional
topologies can be derived. This paper presents a comparative study between the axial-flux slotted stator and
slotless (air-cored) stator permanent-magnet synchronous generators for a 2 kW wind turbine application.
The magnets are of high-energy NdFeB type, and are glued on both sides of the two solid-iron disc-rotors.

2.1. Double-Sided AFPMSG Slotless (Air-Cored) Stator

In a coreless AFPM machine the stator is located between the two opposing rotor discs. Figure 1
shows the machine has a single stator sandwiched between two PM rotor discs [2]. The air-cored (ironless)
nature of the stator eliminated the lamination stamping during the manufacturing process of the stator
winding.

However, there is no iron in the stator of this machine, instead the windings are placed in the air gap
and epoxy encapsulated. The absence of the iron core for the coils of the stator winding creates a low flux
density in the magnetic circuit of the coil, resulting in a low value of inductance for the coil in the coreless
stator [3]. The stator winding of the AFPM machine in this paper is using the single-layer trapezoidal coil
shape. The advantage of the trapezoidal coil shape is that it allows for the maximum coil flux linkage.

Figure 1. Double-sided AFPM machine with internal air cored stator

Due to the absence of stator iron, the flux travels from the north-pole of one rotor disc through the
air gap to the south-pole of the other disc and returns by travelling circumferentially around the rotor back
iron. Therefore, in the machine with air-cored stator, the north-pole of one rotor directly faces the south-pole
of the other rotor. The machine with air cored stator has the same advantages as the TORUS machine such as
elimination of cogging and easy integration to turbine due to outer rotor configuration. In addition the
absence of iron in the stator eliminates stator iron losses and increases generator efficiency.

2.2. Double-Sided AFPMSG Slotted Stator

The double-sided structure with external rotor simplifies the manufacture process due to easier
fixation of the stator rings to the frame; it also favours the cooling process because the main heat source is
located near the surface. Slotted stators increase remarkably the amplitude of the air gap flux density due to
shorter air gap [4]. Due to the slotted nature, the air gap is smaller but the flux distribution may contain
harmonic, transmitted to the load as a torque ripple. Associated with the slotted core are tooth saturation
problems and additional iron loss in the teeth. The efficiencies of this stator design are not the highest
achievable.
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Figure 2. Double-rotor single-slotted stator structure (AFPMSG)

2.3. PM Mounting Type for Slotted Stator

The magnetic flux in these structures are showed in two derivations, the Torus-NN and the Torus-
NS, as shown in the Figure 3(a) and Figure 3(b). The depicted figures show a slotted stator, however the flux
directions are also valid for stators without slots.
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Figure 3. Direction of the flux for axial flux machines with slotted stator type NN and NS

2.4. Comparison of NN Type and NS Type

There are two types of rotor construction for an AFPMSG. They are NN type rotor and NS type
rotor. North-north (NN) structure has main flux to flow circumferentially along the stator core, so a thick
stator yoke is required, hence increase iron losses exists. NN structure thus has less copper losses and smaller
external diameter, but more iron losses and longer axial. North-south (NS) structure has main flux flowing
axially through stator, so in principle, thick stator yoke is unnecessary. Iron losses are thus reduced, but lap
windings lengthen end windings, which again increase copper losses.

By comparison of the NS and NN structure, the shorter stator yoke in the NS topology results in a
increasing power density and lower stator core loss compared to the NN topology[5]. The axial thickness of
the stator can be less than NN type machine. The NS feature results in less weight, less iron loss and higher
efficiency than NN type machine. Here, NS construction has been selected because as stator core loss is less
than NN type.

3. COMPONENT OF THE AFPMSG

This paper is designed for 2 kW axial-flux permanent magnet synchronous generator with coreless
stator and slotted stator. The machine configuration consists of the following components: two rotor discs
and one stator dick. They are external double-rotor and internal stator. The assigned value parameters of the
AFPMSG for slotted stator and slotless stator are shown in Table 1.

Table 1. Specifications of AFPMSG

Parameters Units Desired Value
Number of phases - 3
Number of pole pairs - 16
Frequency Hz 50
Rated voltage \Y% 48
Output power kW 2
Specific electromagnetic loading A/m 12000
Connection of stator winding - star
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3.1. Design Equation for AFPMSG with Slotless Stator

The axial-flux permanent magnet machine configuration consists of external double-rotor and
internal air cored stator. Design calculation of 2kW AFPMSG with air cored stator by using sizing equations
is described in this section.

The effective air gap for the machine can be calculated by the following equation,

21
L = 21, + " +hy, (1

m
The air gap flux density due to magnet for the slotless stator is the following equation,

5 - 2Bmln )

£ p—rmlgeff
The peak value of air-gap flux density,

B,= 2bn, 3)

T

The stator outer diameter for AFPMSG can be calculated by the following equation,

I 8Pout ( 4)

D =3 5
\/n Ak,nB A, ncosg

out

The stator inner diameter for the AFPMSG,

D, =Dy Kp ©)

Kp = ratio of inner and outer diameter of machine

out

The RMS-value of the sinusoidal phase voltage of the non-overlapping winding can be calculated by
the following equation,

_ q2\/§

en
g ap

o.BN r,Lk k, (6)

t'etap

The Stator copper losses,

P, = 3I.R (7

ac i

The Stator eddy current losses,

452 2

P nl,d"B o, QN N/ )
32p,

Output power of the generator can be calculated by,

Py = 3E gen Ly c08 ¢ 9)

Input power of the generator is given by the following equation,

P =Pt Pt Py (10)
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Efficiency of the generator can be calculated by,

P
n=—22x100% (11)

in

The mechanical design parameters of the double-sided axial-flux permanent magnet synchronous
generator for air-cored stator are shown in Table 2.

Table 2. Mechanical Design Parameters for Slotless Stator of AFPMSG

Parameters Units Value
Outer diameter of stator, cm 52.8
Inner diameter of stator cm 30.5
Outer radius of stator cm 26.4
Inner radius of stator cm 15.3
The number of turn per coil turns 37
The total number of stator coil 24
Air gap distance mm 2
Air gap flux density T 0.657
The peak value of air gap flux density T 0.724

3.2. Design Equation for AFPMSG with Slotted Stator
In a slotted AFPM machine, the stator outer diameter is assumed to be the same size as the slotless

stator outer diameter and is also applied the same PM rotor discs.
The air gap flux density due to magnet for the slotted stator can be calculated by the following

equation,
21, 4 ( nbp\
B,= | XBmX—XsmL—J (12)
Him geff T Tp
The number of slot per pole per phase can be calculated by the following equation,
Z
Q=5 - (13)
2pm
The average pole pitch can be calculated by,
T = s (14)
p 2p

The RMS value of the induced phase voltage of the winding can be calculated by the following

equation,

g POk X Ny xBy Xy, (15)
ph 2

Based on the calculated phase current and phase resistance, the copper losses in a stator winding are

calculated as,

(16)

Pcy=m Rph (Iph)2

In the analytical approach the axial-flux PM machine is subdivided into yoke and teeth parts [6].
Therefore, the iron losses can be calculated as,
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The stray load losses are often considered to be a fraction of the output power,

Pstr = kstrPout (1 8)
k. = the coefficient for stray load losses

The stray loss coefficient may to vary between 0.03 and 0.05 for machines rated up to 10kW [7].
The output power of the machine can be calculated by the following equation,

P, = mE I cosp (19)

The input power of axial-flux permanent magnet synchronous generator for slotted stator can be
calculated by the following equation,

Pin = Pout + PCu + PFe + Pstr (20)

The machine efficiency is obtained by using the input power and output power as,

. @1

The mechanical design parameters of the AFPMSG for slotted stator are shown in Table 3.

Table 3. Mechanical Design Parameters for Slotted Stator

Parameters Units Value
The number of slot per pole per phase - 1
The number of total slot - 96
The number of coil turns per phase turns 96
The number of coil per phase - 18
The number of turns per coil turns 9
The axial length of the stator cm 3
The yoke of the stator cm 1.7
The depth of slot cm 1.05
The width of tooth cm 1.82
The average slot pitch cm 2.72
The width of slot cm 0.9
The air gap flux density T 1.24
The peak value of air gap flux density T 1.37
The average pole pitch cm 8.2

3.3. Comparison of Design Results for AFPMSG with Slotless Stator and Slotted Stator
The output results of the axial-flux permanent magnet synchronous generator for slotted stator and
slotless stator are shown in Table 4.
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Table 4. Electrical Design Results for AFPMSG

Parameters Slotless Value Slotted Value
The RMS value of the induced phase voltage 48.44V 56V
The phase current 16.13A 14A
The per phase stator resistance 0.11Q 0.109Q
The stator leakage inductance 1.32mH 0.49mH
The eddy current losses 73.74 W -
85.85W 64.09W

The copper losses

The iron losses - 63.7W
The stray load losses - 80W

The input power 2.16kW 2.21kW
The output power 2kW 2 kW
The machine efficiency 93% 90%

According to the comparison results, the copper loss in slotless stator is higher than that of the
slotted design. Moreover, the air cored stator has no iron loss but it also has eddy current loss in the
statorwinding because the magnetic flux is directly exposed to the stator winding.

4. PERFORMANCE ANALYSIS FOR AFPMSG
Finite-element analysis allows modeling of complicated geometries, non linearity of the steel, in 2D

and 3D, and gives accurate results without standing on many restricting assumptions [8]. To analyze a
problem, it should have an appropriate geometry, material properties, and excitation of a device or system of

devices.

4.1. Performance Analysis of Slotted Stator
Evaluation of machine performance with the 2D FEA modelling axial-flux machines is possible in a

similar way as it is with the analytical computation, i.e., by using the average radius of the machine as a
design plane. In this study, the performance of 2kW AFPMSG with slotted stator is calculated with 2D finite
element analysis. To run the FEA software, the first step is to draw the machine geometry with the calculated
design parameters on the working plane. And then, material selection for each and every portion for the
slotted stator design. The next step, mesh presentation is running condition which can be adjusted the mesh

size defined in the properties of each material.
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Figure 4. The magnetic flux density values for AFPMSG

Figure 4 shows the magnetic flux density values for AFPMSG by using FEM software. After
running, these model display FEM result output, flux density which can be plotted as a colour density plot.
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Figure 5. The peak value of air gap flux density plot for AFPMSG

Figure 5 is running result that is the peak value of air gap flux density plot for AFPMSG by using
the finite-element analysis. In this figure, the peak value of air gap flux density is 1.238 T.
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Figure 6. The magnitude of magnetic flux density plot for one pole pairs

Figure 6 shows the magnitude of magnetic flux density plot for one pole pairs of AFPMSG by using
FEA software. In this figure, the flux density in the magnet will be higher than the air gap flux density and
flux density in the stator section.
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Figure 7. The magnitude of magnetic flux density plot for teeth and yoke

Figure 7 illustrates the magnetic flux density plot for stator teeth and stator yoke by using the finite-
element analysis. In this figure, the flux density in the teeth (which appears at 0.75 cm and the value is 1.55T)
is slightly higher than the flux density in the stator yoke section (which appears at 0.4 cm and the value is
1.5T).

4.2. Performance Analysis of Slotless Stator
Moreover, the performance of 2kW AFPMSG with slotless stator is analyzed with 2D finite-element
analysis (method).
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Figure 8. The magnetic flux density values for AFPMSG

Figure 8 shows the magnetic flux density values for AFPMSG by using finite-element analysis
software. After running, these model with 2D FEA software display the magnetic flux density which can be

plotted as a colour density plot.
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Figure 9. The peak value of air gap flux density plot for AFPMSG

Figure 9 is running results that are the air gap flux density plot for AFPMSG by using the finite-
element analysis. In this figure, the peak value of air gap flux density value is 0.698 T.
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Figure 10. The magnitude of magnetic flux density plot for one pole pairs
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Figure 10 shows the magnitude of magnetic flux density plot for one pole pairs of AFPMSG by
using FEA software. In this figure, the flux density in the magnet will be higher than the air gap flux density
and flux density in the stator section.

5. COMPARISON OF LOSSES AND EFFICIENCY BETWEEN SIZING EQUATION AND FEA
SOFTWARE

Table 5 shows the comparison of losses and efficiency between theoretical sizing equation values
and finite element analysis results for slotted stator and slotless stator of double-sided AFPMSG. By applying
the FEA method, the exact data of air-gap flux density is obtained and machine efficiency is recalculated by
means of corrected data. Here, the efficiency of machine is higher than the theoretical sizing equation values.
Finite element analysis leads to much more accurate magnetic fields solutions. Compare to the results i.e., the
analytical result of copper losses, eddy current losses, iron losses and the machine efficiency which is based
on the initial assumed flux density data to the result getting from the FEA software.

Table 5. Comparison of Losses and Efficiency between Sizing Equation and FEA Software

Sizing Equation 2D FEA
. . . AFPMSG AFPMSG
Specifications Units slotte(d al)ir cored slotte((i a)ir cored
stator stator stator stator
Peak value of air gap flux density T 1.37 0.724 1.238 0.698
Inductance mH 0.49 1.32 0.0074 0.06
Resistance Q 0.109 0.11 0.088 0.094
Copper losses w 64.09 85.85 51.744 73.37
Eddy current losses w - 73.74 - 68.54
Iron losses W 63.7 - 60.21 -
Efficiency % 90 93 91.3 93.41

6. CONCLUSION

This paper had described the design and performance of axial-flux double-sided permanent magnet
synchronous generator with slotted stator and slotless stator. The copper losses, iron losses, eddy current
losses and the machine efficiency between analytical sizing equation and FEA software are considered in the
performance comparison of double-sided AFPMSG design. And then, the finite element method was used to
compute the flux density in the generator components.

According to the FEA software the peak value of air gap flux density and the resistance are lower
than the analytical sizing data for slotted stator and slotless stator. Because of the reducing flux density, the
eddy current losses also reduced for air cored stator. Moreover, the air cored stator of AFPMSG machine
copper loss is lower than that of the analytical sizing equation. According to the comparison results, the
machine efficiency is slightly higher than that of the analytical sizing equation.

And then, the slotted stator teeth flux density value is lower than that of the initial sizing equation
value. By reducing the teeth flux density, the iron losses is also reduced. When the slotted stator phase
resistance is decreased than the theoretical equation value, it causes the copper losses in decrease. Because of
the comparison results, the machine efficiency is higher than that of the analytical sizing equation. Therefore,
it can be concluded that application of FEA can perform a great effort to get a more accurate machine
designing process than using sizing equations only. Moreover, the performance of the slotless stator machine
efficiency is greater than that of the slotted stator type.
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