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Abstract

Permanent Magnet (PM) machines are widely used due to their low cost, lightweight, small size, and better operating efficiency. Axial Flux
Permanent Magnet (AFPM) machines are famous for low-speed applications with good efficiency. These machines are used in elevators,
wind power production, and electric vehicles. In this paper, two single stack AFPM machines with air gap and without air gap are designed
using the Diameter to Length (D?L) method. Various parameters are calculated with this approach. Power, back emf, coil flux, and flux
density are the parameters that are analyzed. Moreover, it was observed that power fluctuates in single stack AFPM machines without air
gap and power quality issue is taken into account. Apart from this, balance voltages are observed in both machines, while magnetic flux
density decreases in machines with air gaps and enhances without air gaps. 'SolidWorks’ is used for designing purposes and then the IMAG
designer tool is also used to perform analysis using the Finite Element Method (FEM).

Index Terms: Power, Back EMF, Coil Flux, Magnetic Flux Density, Air Gap, Permanent Magnet.

I. INTRODUCTION

Electrical Machines are playing a crucial role in this era
and technology has progressed a lot [1] and [2]. For
decades the need for machines with enhanced performance
has been increased [3]. The performance of machines is
mainly associated with the industrial sector and this has
become a major concern for developing countries [4] and
[5]. The design of electrical machines has drawn a lot of
attention from researchers to design more efficient
machines. Different materials are used for designing
electrical machines and one of them is a permanent magnet
[6] and [7]. The numerous advantages of permanent
magnet machines like small size, low weight, high power,
and high efficiency are increasing day to day. Permanent
Magnet machines do not involve any other technique for
the purpose of field excitation [8-13]. Permanent magnets
lie in two categories, i.e., rare earth materials and non-rare
earth materials. As rare earth materials are quite expensive
when compared with non-rare earth materials. Non-rare
materials are preferred for industrial applications [14]. The
emerging Permanent Magnet (PM) machines are widely
utilized currently in wind and direct drive train
applications [15]. Accordingly, the characteristics of PM
machines rely on the number of poles, stator slots, and
magnet shape [16].

As far as wind applications are concerned, the permanent-
magnet machine is least disruptive, highly powerful and
seems to have high durability, and became one of the most
significant items of machinery, however, the efficiency of

this machine is 94% with zero core losses and less amount
of eddy currents [17].

Flux is considered as one of the important parameters used
in machines and with this PM machines are categorized as
axial flux, transverse flux, and radial flux machines.
However, Transverse flux type machines are not suitable
for wind energy applications. Adding further, radial flux
machines are simple in structure and easy to operate and
according to design methodology, these machines are
further classified into the surface mount, buried type, and
inset type [17-19]. According to the literature, many
studies are taken into account for radial flux machines;
with inner and outer rotor types machines having different
power with different air gaps and also a different number
of turns per phase [20] and [21]. But our study is mainly
focused on the analysis of a single stack Axial Flux
Permanent Magnet (AFPM) machine with air gap and
without air gap between magnetic poles with identical
parameters for both machines.

In this paper, two models of single stack AFPM machine
for design is discussed in Section 11, methods and material
used are conferred in Section 111, design of the proposed
models on solid works and JMAG is elaborated in Section
IV, while in Section V results and analysis are expressed
in detail, and Section VI concludes this research work.
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Il. MODELS FOR DESIGNING OF SINGLE STACK
AFPM MACHINE

Figure 1(a) shows the rotor design without an air gap
between the magnetic poles with two outer rotors and one

inner stator, core is not considered. Meanwhile, Figure 1(b)
shows the rotor design with an air gap between the magnetic
poles with two outer rotors and one inner stator, core is not
considered. It is important to mention that coreless
machines are considered in order to avoid core losses.
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Figure 1: (a) Rotor without Air Gap; (b) Rotor with Air Gap

I1l. MODELS FOR DESIGNING OF SINGLE STACK
AFPM MACHINE

The Diameter to Length (D?L) method is used in this study.
It is a mathematical method used in the design of electrical
machines. Figure 2 shows the design methodology required
for the D? L method. In this paper, each model has mainly

three parts rotor core, magnetic poles, and stator coils. The
copper material is assigned to the stator coils, permanent
magnet material named neodymium-iron born NdFeB
permanent magnet grade ‘TDK NEOREC 35SH” is applied
to the magnetic poles of the rotor. Steel ‘50H1000° material
is applied to the core of the rotor.
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Figure 2: Design Process of AFPM Machine [22]
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For design process of AFPM machines as mentioned in
Figure 2, it is grouped into two stages. The first stage for
designing a machine is to determine the initial parameters,
like power, voltage, frequency, and synchronous speed. The
identical parameters for both proposed machines with air
gap and without air gap are mentioned in Table 1.

Table 1: Initial Design Parameters of Machine with Air Gap and

without Air Gap
Parameters Unit Value
Output Power Watt 3000
Phase Back EMF Volt 180
Frequency Hertz 50
Synchronous Speed RPM 375

As the first stage was to determine the initial design
parameter for both machines which are considered in this
research, now in the second stage D?’L method is used to
improve the procedure mentioned in Figure 2. The most
important equations used for the parameters considered in
this research are discussed. Flux form factor (€) can be
computed by Eqg. (1). Voltage form factor (of) is calculated
using Eq. (3). Ef is the back EMF and V signifying the
phase voltages used in Eq. (3) [22].

£ =2sin (’%.g 1)
Gf=% 2

Here in Eq. (1) Bmgand B represent magnetic and residual
flux density. While the number of poles is determined by
Eqg. (3) [23].

p=Y

Ns

@)

In Eq. (2) P, f and Ns show no. of poles, frequency, and
synchronous speed consecutively.

The inner pole pitch 7, outer pole pitch 1o, inner stator coil
pitch (§), outer stator coil pitch () and the total axial
length of the machine (L) are computed by Eq. (4) to Eq.
(8) respectively [22-24].

_ nDi

T= @)

= % (5)

Gi= ”TD‘ (6)
fo="2 W)
L=2;(hm+g+hy) +hc )]

In Eq. (8), j, hm, g, hy, hc, shows the number of stacks, pole
thickness, air gap, rotor yoke thickness, and stator coil
thickness consecutively. Winding factor (Kwa) is given by
Eqg. (9) [25]. The outer diameter of the rotor Dy is calculated
using Eq. (10) [26].

Kua = KKy ©)

DO = i/(o-fg pr)/(nzKDBmgAmlensn) (10)

Where;

p, represents rated power to be measured in kW,

Kbp is the machine size constant,

A, is the electrical loading,

Kw1 is the winding factor, and

n represents the efficiency of the machines.

The machine size constant can be determined by Eq. (11),
in which A represents the ratio of the inner and outer
diameters of the rotor [27]. The inner diameter of rotor D;
can be computed by Eq. (12) [28].

= [+ (-A%)]
8

Di = ADy 12)

Kb (11)

From these equations, the calculated identical parameters
for both the Single Stack AFPM machines with air gap and
without air gap are achieved and these calculated values are
rotor and stator inner and outer diameter are yoke thickness,
air gap, coil thickness, stack length, no. of poles, stator coils
and no. of turns per coil. These parameters along with
values are mentioned in Table 2. Only one parameter is not
considered for single stack AFPM machine from Table 2
and that is the air gap.

Table 2: Calculated Design Parameters of Machine with Air Gap and

without Air Gap

Parameter Value
Rotor Outer Diameter 372mm
Rotor Inner Diameter 249mm
Stator Outer Diameter 413mm
Stator Inner Diameter 272.58mm
Rotor Yoke Thickness 9.2mm
Air Gap 1.5mm
Coil Thickness 22mm
Total Stack Length 57.9mm
No: of Poles per Rotor Disk 16
Stator Coils 12
No: of Turns per Coil 112

IV. JMAG DESIGN OF SINGLE STACK AFPM
MACHINE WITH AND WITHOUT AIR GAP

The designing process of both single-stack machines in
JMAG designer is discussed in detail in the flow chart,
which is mentioned in Figure (3). All of the stated steps in
Figure (3) are used by the IMAG designer for simulation
analysis. It takes time to simulate the whole model because
as much as we discretize the model more will be the
accuracy and fewer will be errors. In the end, once the
simulation is completed the results and graph icons will be
displayed below the mesh tab.

Through the rotor designs, as shown in Figure 1(a) and
Figure 1(b), the axial flux PM machine has been designed
by using 3D SolidWorks. After that these files are imported
into JMAG designer to perform FEM analysis. AFPM
single stack consists of one stator and two outer rotors,
magnetic poles are placed on the rotor core which is facing
towards the stator side. The stator is constructed as coreless
and it has twelve stator coils. The rotor has two cores and
sixteen magnetic poles that are placed on each core of the
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rotor. The design of single-stack AFPM is shown in Figure
5. Whereas, Figure 4(a) and Figure 4(b) show the

construction of rotor without air gap and with air gap
consecutive.

JMAG Simulation Step

\

Import CAD Model

V
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Material
Assign torque
to the rotor
Assign speed Set
and frequency conditions
to the rotor
N—"
Place winding
on the stator
N— Meshing

PM material to
rotor poles

Copper
material to
stator winding
M—

Steel to the
rotor core

S—

V

Run Study

Figure 3: JMAG Designing Process
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Figure 4: (a) Rotor without Air Gap; (b

) Rotor with Air Gap
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Figure 5: Single Stack AFPM Machine Designed Model

V. ANALYSIS AND RESULTS

In this paper, first, the machines are designed with the help
of SolidWorks software and after that, the files of
SolidWorks are imported into JMAG for analysis. So, FEM
is adopted to perform and analyze the single stack AFPM
machine with and without air gap at a synchronous speed
of 375 RPM. Results obtained include output power, back
EMF, coil flux linkage, and magnetic flux density. Figure
(6) and Figure (7) show the output power of a single stack
AFPM machine with gap and without gap respectively. The
output power is 1469.64W which is almost equal to 1.5 kKW.
In addition to this, input power is 3 kW, so the efficiency of

a single stack AFPM machine according to project-
designed parameters is about 50%. The output power is in
steady-state condition with minute fluctuations which are
tolerable. The running time of the simulation is 0.02
seconds which is equivalent to one power cycle as shown
in Figure (6). Meanwhile, the output power of the machine
without an air gap is almost the same as it is in the case of
the rotor with an air gap but there are certain fluctuations
observed at the output which are not tolerable and the issue
of power quality is notified in this scenario. This is shown
in Figure (7).
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Figure 6: Output Power of Single Stack AFPM Machine with Air Gap
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Figure 7: Output Power of Single Stack AFPM Machine without Air Gap

Figure 8 and Figure 9 show the back EMF of single stack
AFPM machine with air gap and without air gap
respectively. Back EMF is also known as no-load voltage.
It is clear from the figure that phases are 120 degrees apart
from each other. Black, green and red colors show the
Phase-A(U), Phase-B(V), and Phase-C(W) respectively. It
is obvious from Figure 8, there is no fluctuation observed

at the output voltage hence the machine is generating the
three-phase balanced voltages. The peak value is about
140V hence RMS Value will be 172V. The running time of
the simulation is 0.02 seconds which is equivalent to one
power cycle. The output voltage of machines in both cases
will remain the same.
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Figure 8: Back EMF of Single Stack AFPM Machine with Air Gap

Figure 10 and Figure 11 shows coil flux linkage of single
stack AFPM machine with and without air gap. The peak
value of the flux linkage is almost 0.01 Weber. The Flux

linkage value is important while selecting magnetic
material and should not saturate at peak values. Since three
phases of sinusoidal voltage are applied to the stator
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winding the flux developed is also sinusoidal. As three-
phase balanced voltages are applied the flux developed is
also balanced which is producing a smooth rotating field
and this is clearly shown in Figure 10. However, due to no
air gap between the rotor and magnetic poles, the peak

values of the machine start saturating and unbalanced
output voltages are analyzed. In addition to this value of
magnetic flux also enhances which is about 0.02 weber as
shown in Figurell.
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Figure 9: Back EMF of Single Stack AFPM Machine without Air Gap
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Figure 10: Coil flux Linkage of Single Stack AFPM Machine with Air Gap

Figure 12(a) and Figure 12(b) show the flux density of a
single stack AFPM machine with air gap and without air
gap in the contour plot. It represents the spectrum of the
magnetic flux density at different points. Flux density is
maximum at the centre, and it is almost 1.4956 Tesla
whereas, flux density decreases and the minimum value
analysed is 0.0009 Tesla as shown in Figure 11. Besides, it
is inversely proportional to the length so when there is no
gap between the rotor and magnetic poles its value
enhances and it is about 1.9647 Tesla as shown in Figure
12(b). The step size is kept 19 and 1 for machines with air
gap and without air gap in order to observe accuracy
correspondingly. So, more accuracy is analysed with

respect to spectrum in Figure 12(a) rather than Figure 12(b).
The comparative analysis of both machines with distinct

parameters has been mentioned in Table 3.

Table 3: Comparative Analysis of Single Stack AFPM Machine with Air

Gap and without Air Gap
Machine with an Machine without

Parameters Air Gap Air Gap
Output Power 1469.64W 1469.4W
Back EMF 140V 140V
Coil Flux Linkage 0.01 weber 0.02 weber
Flux Density 1495 T 19647 T
Step Size 19 1
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Figure 12: (a) Flux Density of Single Stack AFPM Machine with Air Gap; (b) Flux Density of Single Stack AFPM Machine without Air Gap

VI. CONCLUSION

In this paper, a study on two machines is carried out which
includes single stack machines with two outer rotors and
one inner stator with air gap and without air gap. Moreover,
the initial parameters considered for the machine with air
gap and without air gap are the same and these are electric
power, back EMF, coil flux, and magnetic flux density.
Apart from this, the first machine is designed into
SolidWorks and then files are imported into JMAG
designer. From results, first, it was observed that the power
of single stack machines with air gap and without air gap is
the same, but ripples are analysed in the machine without
air gap. Second, the back EMF of both machines is the
same, third, the flux was increasing in the machine without
air gap, and it was also analysed that power quality is
affected due to unbalancing of phases at the output. Finally,
the magnetic flux density is more in the machine in which
there is no air gap.
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