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Abstract

Axial flux permanent magnet generators (AFPMG) are used in many high torque applications, includ-
ing wind generators. There are many design methodologies for AFPMG that are connected to simple
design equations used for preliminary design. Analytical methods offer a fast preview of torque pro-
duction of the designed machine with a certain degree of accuracy. The finite element method (FEM)
is a more accurate numerical method than other methods and requires a great deal of time for simu-
lations in the design procedure. This article presents a method for the design and analysis of an axial
flux permanent magnet generator by using approximation polynomials.
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Povzetek

Sinhronskih generatorji s trajnimi magneti in aksialnim magnetnim pretokom (SGTMAMP) se
uporabljajo v mnogih aplikacijah kjer so zahtevane visoke vrednosti navora, kot npr. za
generatorje vetrnih elektrarn. Obstaja veliko metodologij za nacrtovanje teh strojev, ki so
povezane z analiticnimi enacbami za preliminarno nacrtovanje tega tipa strojev.

Analiticne metode ponujajo hiter predogled proizvodnje navora nacrtovanega stroja z dolo¢eno
stopnjo natancnosti. Numeri¢ne metode, in sicer metoda koncnih elementov (MKE), so
natancnejse od drugih metod in zahtevajo veliko ¢asa za simulacije v postopku nac¢rtovanja. V tem
¢lanku je predstavljena metoda za nacrtovanje in analizo SGTMAMP z uporabo aproksimacijskega
polinoma.

1 INTRODUCTION

Axial flux permanent magnet generators (AFPMG) have simple constructions, are compact, have
a high degree of reliability and high-power density, [1-7]. They are also called “disk-type”
machines and have various topologies, depending on the application: single-sided (one stator and
one rotor) shown in Fig.1; double-sided (single stator-double rotor or single rotor-double stator
[6]) shown in Fig.2-Fig.4, and multi-stage (multiple rotors and stators) shown in Fig. 5 and Fig. 6,
[11,12].
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Figure 1: Single-sided AFPMM: a) components of the machine, b) model of
the machine
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Figure 2: Double-sided AFPMM with two external stators and one internal
rotor: a) components of the machine, b) model of the machine
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Figure 3: Double-sided AFPMM with two external rotors and one internal
stator: a) components of the machine, b) model of the machine
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Figure 4: Double-sided coreless AFPMM with two external rotors and one
internal stator: a) components of the machine, b) model of the machine
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Figure 5: Multistage AFPMM: a) with stator cores, b) coreless

This article deals with the coreless double-sided topology with two outer rotor discs with surface-
mounted permanent magnets and one inner coreless stator.

Since it is a coreless topology, there is no cogging torque present, [16], and also no stator core
losses. Due to the absence of the core losses, these types of generators can operate at higher
efficiencies compared to conventional generators, [2-5].

These types of machines can be used for low-speed applications because they usually have a large
pole number. Electromagnetic force (EMF) and torque production are mainly limited by:

e |imited mass of the machine and its outer dimensions, due to the application of the
machine, and
e |imited electrical current density, due to the heating of the windings.

The outer dimensions of the machine limit the space for windings, and the permanent magnet
(PM) installation and maximum allowed temperature limit the electrical current density in the
windings [7,18].

EMF and torque depend on the magnetic flux density in the air gap, namely the axial component
of the magnetic flux density in the air gap, which passes between PMs on opposite rotor disks,
[22]. This dependency is represented with Faraday’s induction law for time changing magnetic
field, [36].
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Magnetic flux density in the air gap depends on:

e active copper volume, and [19],

e PM volume (determined by PM thickness, pole number and inner and outer radius of
the active part of the machine [20]) and

e electrical current density in the windings.

From the text above, it can be concluded that magnetic flux density in the air gap is one of the
key values for torque and EMF production, since it is connected to all the machine dimensions
and materials, [23,24].

Since this article deals with a coreless machine, a suitable stator thickness must be selected,
because it also represents a large air gap for the magnetic flux density, [26]. Suitable stator
thickness reduces the magnetic flux leakage from the south to north pole on the same PM (Path
2 in Fig.6).
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Figure 6: Sectional view of AFPMM with magnetic flux paths

Magnetic flux leakage between neighbouring PMs (Path 3 in Fig. 6) can be reduced with a suitable
distance between them, [27]. It must be considered that suitable stator thickness also influences
the magnetic flux leakage presented as Path 3, and the angle of PMs influences the magnetic flux
leakage presented with Path 2.

Many design methodologies for AFPMM are connected to simple design equations, [20, 28, 29],
used for preliminary design. Analytical methods offer a fast preview of torque production of the
machine with a certain degree of accuracy, [30]. The finite element method (FEM) is an accurate
numerical method and requires much time for simulations, [16, 20, 31-33, 35]. Recent works deal
with solving this problem by developing different analytical methods, which require certain
simplifications and assumptions, [17], that influence the accuracy of the results but offer a faster
determination of magnetic flux density in an explicit form, [45]. Derivation of equations for
magnetic flux density calculation from Maxwell’s equations is a commonly used approach, [35].

This article presents a methodology for designing coreless AFPMM through using a polynomial
for magnetic flux density calculation, which was determined by using the least square
approximation (LSA) method.

Combining the polynomial and a well-known analytical equation for torque calculation, a new
equation for the torque calculation of an AFPMM is determined for various stator thicknesses.

Torque was calculated for different stator thicknesses using the new equation and compared with
the results of FEM analysis.
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2 METHODOLOGY

2.1 Simplified FEM

The axial component of magnetic flux density in the middle of the stator was determined by a
simplified finite element method (FEM) for different stator thicknesses of a double-sided coreless
AFPMM.

The simplification of the FEM calculations is the use of the air between the rotor disks instead of
the stator with its windings, which is possible due to the similarity of permeability of air and
copper. The tool used was the Ansys Maxwell 3D software. The values of the axial component of
the magnetic flux density in the middle of the stator (air) were obtained on a centreline between
two permanent magnets for various stator thicknesses by using an LSA method, resulting in a
polynomial for calculating the axial component of magnetic flux density in the middle of the stator
for different stator thicknesses.

EMF and torque were calculated for different stator thicknesses and compared with the results
of FEM analysis and measurements of the prototype machine.

A 3D model of the generator was constructed, which is based on an actual prototype, presented
in [36]. Its data are presented in Table 1. These dimensions were chosen for easier verification of
the results with actual laboratory measurements.

Table 1: Geometry and parameters of analysed AFPMM, [36]

Symbol  Quantity Value/Unit
R Rotor disk radius 150 mm
dre Rotor disk thickness 7 mm
dm Permanent magnet thickness (NdFeB) 5mm
Tm Magnetic pitch 25°
Di Inner diameter of PM 80 mm
Do Outer diameter of PM 150 mm
B: Remnant magnetic flux density 1227
T Pole pitch 36°
li Electrical current 2x10 A
Number of windings 6
ds Winding thickness 15 mm
de Coil width 20 mm
Sw Copper wire cross section 1.23 mm?
dag Air gap thickness 1 mm
m Number of phases 3
kw Winding factor 0.966
p Number of pole pairs 5
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For different stator thicknesses, simplified FEM calculations were performed, based on which, the
axial component of magnetic flux density was analysed on a centreline between the PMs on the
opposite rotor disks. The position of the centreline and the dimensions of the PMs are shown in
Fig. 7.

Centerline -

Figure 7: Dimensions of the PMs and the centreline

Fig. 8 shows the meshed model of rotor disks with surface mounted PMs with a 55 mm fictitious
air gap between them, which represents the thickness of the stator and both air gaps.

The middle of the distance between PMs on the opposite rotor disks also represents the middle
of the stator. Values of the axial component of the magnetic flux density were used to determine
the polynomial for the calculation of magnetic flux density in the middle of the stator for different
stator thicknesses.

Figure 8: Meshed AFPMM model with 55 mm fictitious air gap

Fig. 9 shows a single value waveform for a 55 mm distance between PMs on opposite rotor disks
(marked as a fictitious air gap) and the magnetic flux density values near the PM and in the middle
of the stator, respectively marked as B;_max and Bz_min.
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Figure 9: Positions of maximum and minimum axial component magnetic flux density

2.2 Least square approximation method

Values for B; min were used to produce a polynomial using an LSA method, which is a
mathematical procedure that can find a curve that best fits a known set of given points by
minimizing the sum of the squares of the offsets (“the residuals”) of the points from the curve.
The sum of the squares of the offsets is used instead of the absolute offset values because this
allows the residuals to be treated as a continuous differentiable quantity, [37]. Vertical least-
squares fitting proceeds by finding the sum of the squares of the vertical deviations R? of a set of
n data points, [37], which is presented in (2.1).

2

R = i[yi - f(x.a,.a,....a, )] (2.1)
i=1

where R is the residual, yi FEM calculated data point, f fitting function, xi independent variable of
fitting function, a1, a2, and are coefficients of fitting function. In the present case the polynomial
is chosen as a fitting function.

The condition for R? to be a minimum is that for i=1,...,n, the derivative of R? equals 0

2
Ry
oa,

As an example, if we use the linear fit (polynomial of fist order) f(a,b)=a+bx, we obtain the
following set of equations (2.2), [38].
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n 2

R’ (a,b) = Z[yi - (a-i-bxi )]

i=1

8(815:) = —22[% —(atbx, )] =0 (2.2)
o(R*)

o ‘2[2:4[% —(atbx,) Jr, =0

Using the procedure described above and a set of data points for B min, @ polynomial was
determined. The analysis is carried out in the middle of the stator because the magnetic flux
density is the lowest and presents the safe side in the design of the machine.

3 DESIGN OF AN AFPMG WITH LEAST SQUARE APPROXIMATION
METHOD

The process of designing AFPMM machines as well as any other form of machine has steps, the
first of which is defined by different limitations, such as required torque size, rotation speed,
maximum allowed dimensions, etc. Therefore, the starting dimensions of the machine must be
estimated with the highest possible accuracy, especially the inner and outer diameters of the PMs
and axial length of the machine. A standard approach for determining these dimensions is the
use of sizing equations, [39, 40].

Two types of sizing equations for AFPMM can be found in the literature. [41]. Equation (3.1)
includes (besides electrical and magnetic parameters) inner radius, outer radius and axial length
of the machine, [42].

i p~pk” pk

T
P=77%J.e(z)i(z)dt =nmK E I (3.1)
0

where i(t) is phase electrical current, m number of phases, e(t) electromagnetic force (EMF), n
efficiency of the machine, K electrical power waveform, T one period of EMF and Epk and /pk peak
values of EMF and phase current [42].

This article deals with the second type of sizing equations, so the elements of (3.1) are not
described in detail.

The second type of sizing equation (3.2) includes the connection between electromagnetic torque
and basic geometrical, electrical and magnetic parameters.

T, =%BZAmKd/1(1—ﬂ,2)Dj (32)
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where Tem is the electromagnetic torque, A electrical current density and Kq flux leakage factor, A
ratio between the inner and outer diameter of the PMs, Do outer diameter of the PM [44].
Considering the line current density, Equation (3.2) can be written as (3.3)

T, = iaimINkaz (D;-D7) (3.3)

where a; is the angle of PMs divided by the pole angle, m number of phases, / electrical current,
kw winging factor, N number of turns per coil, B; axial component of magnetic flux density and Do
and Di outer and inner PM diameter respectively.

By inserting the polynomial for determining the axial component of magnetic flux density in the
middle of the fictitious air gap into equation (3.3), a new equation emerges for electromagnetic
torque calculation that considers different stator thicknesses.

4 RESULTS

Simplified FEM was used to produce a set of data points for B; min and B; min for the AFPMM
described in Table 1. Fig. 10 and Table 2 show that the maximum and minimum values of B; are
very close up to the 25mm fictitious air gap thickness.

—Bz_min —Bz max

0 10 20 30 40 50 60 70 80 90 100
Distance between opposite PMs (mm)

Figure 10: Bz_max and Bz_min in axial direction between the PMs
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Table 2: Axial component of magnetic flux density in the fictitious air gap (simplified FEM)

Distance between opposite PMs B (T) Bu v (T) Difference

d (mm) (%)
1 0.8448 0.8448 0
5 0.7118 0.7118 0
10 0.5745 0.5745 0
15 0.4628 0.4682 1.15
20 0.3828 0.3895 1.71
25 0.3241 0.3373 3.94

Using the LSA and data from Table 2, a polynomial (4.1) was determined for the axial component
of magnetic flux density in the middle of the stator for different stator thicknesses.

B, =0,883941142648657 —0,038685876107852 -d+

(4.1)
0,000823824267761-d*> —0,000006968242777 - d°

where B is the axial component of magnetic flux density in the middle of the fictitious air gap and
d the thickness of the fictitious air gap. By inserting (4.1) into (3.3), a new equation (4.2) emerges
for electromagnetic torque calculation that considers different stator thicknesses.

0,8839 -
1 0,0387 - d+
T, =—amiNk, S . |(DI-DY) (4.2)
4 0,8238-107-d* -

0,6968-107 -d°

We have derived a new polynomial for calculating the axial component of magnetic flux density
in the middle of the stator for different stator thicknesses for the maximum of 25 mm stator
thickness together with air gaps on both sides, because the results in Table 2 show the acceptable
deviation of 3.94% at fictitious air gap 25 mm.

4.1 \Verification of results

Equation (4.2) represents a new equation for AFPMM electromagnetic torque calculation for
optimal stator thicknesses. Verification of the electromagnetic torque calculation is performed
by comparing the calculated results, gained by using equation (4.2), and the results gained by
FEM simulations of the AFPMM described in Table 1.
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Figure 11: Comparison of FEM and analytically calculated electromagnetic torque

Fig. 11 shows the calculated electromechanical (static) torque gained by using equation (4.2) and
FEM. The result gained by equation (7) is 29.82 Nm and 29.78 Nm by FEM, which means that
there is only 0.15% difference.

FEM and analytically calculated results are also compared to the results of measurements of the
actual prototype. Measurement results are reported in [43], and for 600 rpm rotational speed
electromechanical torque of 29.4 Nm was measured. Calculated results are in good agreement
with the measured value: the difference between them is less than 1.5%.

Additional FEM analysis were performed for 3 stator thicknesses (5, 10, and 20 mm). Fig. 12 shows
the comparison of results.

~——ds=5mm FEM ~——ds=10mm FEM
ds=20mm FEM ds=3mm Analytical
= = -=ds=10 mm Analytical oo ds=20mm Analytical

Flectromagnetic torque (Nm)

Rotfion angle(®)

Figure 12: Comparison of FEM and analytically calculated electromagnetic torque for
different stator thicknesses

Matching between the FEM and analytically calculated torque for 5 mm stator thickness is 96.5%,
98.06% for 10 mm stator thickness, and 98.34% for 20 mm stator thickness
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CONCLUSION

This article presents a methodology for designing AFPMM, especially in the preliminary stage.
Once the initial geometrical parameters are determined, a few simplified FEM calculations
combined with LSA can produce a polynomial that offers a fast preview of the EMF and torque
production of the machine for different stator thicknesses. Agreement between the results
obtained via FEM, the analytically calculated results, and measured results for one stator
thickness confirms that the presented methodology offers quite accurate results.
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Nomenclature

(Symbols) (Symbol meaning)
R rotor disk radius
dre rotor disk thickness
dwm permanent magnet thickness
Tm magnetic pitch
Di inner radius of PM
Do outer radius of PM
B: remnant magnetic flux density
T pole pitch
p number of pole pairs

rated phase current

i(t) phase electrical current,
e(t) electromagnetic force

n efficiency of the machine
Ko electrical power waveform
Kq flux leakage factor
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dc
ds

dag
Sw
kw

one period of EMF

peak value of EMF

peak value of phase current

magnetic flux density near the PM

magnetic flux density in the middle of the stator
Residual in LSA

FEM calculated data point

fitting function

independent variable of fitting function

fitting function coefficients

electrical current density

electromagnetic torque

ratio between inner and outer diameter of the PMs
angle of PMs divided with the pole angle

axial component of magnetic flux density
thickness of the fictitious air gap

number of turns per coil

coil width

stator thickness

number of phases
air-gap thickness
Copper wire cross-section

winding factor



