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Abstract. Small wind turbines can generate clean energy in diverse locations, from urban
to rural areas, without access to the main grids. This study proposes design optimization
of an Axial Flux Permanent Magnet (AFPM) synchronous machine for small-scale portable
applications. At first, a fast, accurate and pragmatic hybrid analytical model is proposed
for performance prediction of the machine. The proposed model is then used as a basis for
direct search optimization with factual constraints and objective functions to improve the
machine in terms of efficiency, weight, and convenience of the manufacturing process. 3-
Dimensional Time Stepping Finite Element Method (3-DTSFEM) is utilized to validate the
accuracy and effectiveness of the proposed model and optimization methodology. Output
characteristics of the machine from both analytical model and 3-DTSFEM are compared

Method (FEM)

to each other, thus proving the functionality of the proposed study.

(© 2022 Sharif University of Technology. All rights reserved.

1. Introduction

Recently, wind energy has attracted much attention as
a clean energy to replace fossil fuels since it is a readily
and naturally available source. It was anticipated that
by 2021, more than 1000 GW of the power in the world
was produced by wind energy [1]. In future, urban
small wind turbines will play a massive role along with
giant ones in producing a massive amount of power. In
this regard, there is a growing interest to use small-
scale wind turbines in buildings. Thus, it is essential
to research the electric generator, which is a crucial
part of wind energy conversion systems. Commonly,
wind speed in urban areas is low and one good choice
for such applications is Axial Flux Permant Magnet
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(AFPM) generator with a large number of poles. An
AFPM generator enjoys high power density and high
efficiency. Since this type of machine has a small axial
length, it can be used in an axially modular structure
to reach higher output power [2-8]. Numerous studies
have been conducted in this domain [9-11].
Multi-objective design optimization of a yokeless
and segmented armature (YASA machine) for direct
drive wind turbine has been investigated. Pareto front
method is utilized to find the best configuration for the
poles and stator segments in terms of minimizing the
inherent cogging torque of the machine [12]. A double-
stator and three-rotor AFPM synchronous machine
is designed so as to reduce iron loss and weight of
the machine for direct drive applications [13]. Hijazi
et al. [14] evaluated the comparative stator design of
armature copper conductors with eddy current loss
and AFPM generators with stator core losses for wind
turbine application. A new type of Permanent Magnet
(PM) machine having both radial and axial flux, so-
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called hybrid-flux, was presented in [15]. The power
density of the proposed generator was 9.4 times larger
than that of the commercialized one. In case winding
consists of non-overlapping concentrated coils and has
a non-integral coil-pole ratio, with an appropriate
choice of armature coil number to pole number, the
fundamental winding factor of the AFPM synchronous
generator can be made close to that of a full-pitched
integral slot winding structure [16]. A novel tech-
nique was employed for modeling Partitioned Stator
Flux-Switching PM (PS-FSPM) machines by Magnetic
Equivalent Circuit (MEC), which considers saturation
effects by nonlinear reluctances and provides adjustable
accuracy for modeling the machine [17]. Widyan
and Hanitsch [18] presented a new three-slot three-
phase four-pole rare-earth radial-flux PM variable-
speed electrical generator with soft magnetic material.
Some studies have studied synchronous machines with
Halbach array of PMs. An appropriate configuration
of Halbach PMs was extracted and then, a Non-
dominated Sorting Genetic Algorithm-II (NSGA-II)
technique was used to optimize the efficiency, size, and
mass of the generator. The winding of the machine is
Printed Circuit Board (PCB) based [19].

Design optimization of an electrical machine re-
quires a mathematical model for performance predic-
tion and analysis of the machine. Typically, Finite
Element Analysis (FEA) is the most accurate approach
to analyzing an electric machine; however, due to 3-
Dimensional (3-D) structure of AFPM generator, it is
almost impossible to run an optimization loop based
on the Finite Element Method (FEM) because it takes
much time to do the process.

Use of empirical data (e.g., sizing equations)
is another way that significantly shortens simulation
time and can be used as a basis for optimization
processes [20]. However, this method is not quite
accurate due to poor estimation of equivalent circuit
parameters.  Different analytical models including
Winding Function (WF) [21,22], MEC [23], and Fourier
series method [24] are developed for designing and
optimization of electrical machines. An analytical
model enjoys shorter simulation time and comparable
accuracy, compared to FEM. An enhanced model of
MEC model for evaluation of air-gap leakage flux
of AFPM generator was presented in [25]. Alipour-
Sarabi et al. [26] applied a general analytical modeling
technique to evaluate the performance of axial flux
machines. The proposed model is based on the actual
three-dimensional MEC. Flux fringing effect, skewed
slots, static and dynamic eccentricity, and core magne-
tization curve are included in the model to make it as
accurate as possible. Multi-objective optimization de-
sign of air-cored AFPM generators based on Taguchi—
Response Surface Method (RSM) was proposed in [27].
The main characteristics of generator efficiency, power

quality, induction electromotive force, and others are
taken as optimization objectives.

In this paper, design and optimization of a core-
less surface mounted double-rotor AFPM generator is
presented for low-speed wind turbine applications. At
first, design considerations and practical limitations
are expressed to determine geometrical parameters
including the shape of PMs and length of back iron.
Furthermore, the relationship between different dimen-
sional parameters was obtained to reduce the design
and optimization variables. Thereafter, a very fast
and accurate analytical model was presented through
direct solving of Maxwell equations and combining with
the classical model of synchronous generators. In the
developed model, 3D effects such as end winding of
stators’ coil and variation of geometrical parameters in
r-component (along with radius) are considered. The
hybrid analytical model is used to design a 500 Watts
generator. Then, the optimization model is applied to
promote the efficiency of the designed generator and
reduce the material cost and weight. Due to the very
short simulation time of the model at each iteration,
the entire optimization process takes less than 15 min.
Finally, all analyses are verified by 3-Dimensional Time
Stepping Finite Element Method (3-DTSFEM). It is
shown that the optimal design reduces the PM weight
and total weight by 22.5% and 11.1%, respectively, and
the efficiency of optimal design increases by 2.5%.

2. Machine structure and design consideration

In Figure 1(a), the stator and rotors of a 3-phase
AFPM generator are shown. As can be seen, the stator
is composed of a 3-phase winding, which is located
between two rotors. Each stator winding consists of
a number of similar coils placed in sequential patterns.
It should be noted that there is no stator core in this
configuration; therefore, the windings are located on a
non-ferromagnetic material.

Each rotor includes a non-laminated ferromag-
netic disk with N, surface-mounted trapezoidal PMs

Permanent magnet giator coils

Rotor

(a) (b)

Figure 1. Structure of the coreless AFPM generator: (a)
Exploded view of one module and (b) illustration of four
module.
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such that their polarization direction varies from one
PM to another. In general, the relationship between
stator coils and rotor PMs is followed by:

Ne . m
Npm_m—l—l’

(1)

where m is number of phases, V. is number of stator
coils, and N, is number of PMs on each rotor or
number of poles.

In this machine, the magnetic field in rotor cores
is not alternative; therefore, rotor core loss is negligible.
As a result, rotor core can be made by non-laminated
materials. Moreover, the stator is air cored and has no
magnetic material; accordingly, the overall core loss in
this generator is negligible.

As mentioned before, axial flux machines have an
inherently more efficient topology in electromagnetic
sense. In addition, due to small axial length and
special structure of axial flux machines, they can be
used in modular structure by putting them together
(Figure 1(b)). Moreover, in such configurations, to
reduce stack length and weight of the machine further
instead of using two rotor cores for each module, it is
possible to mount PMs on both sides of each rotor core.
However, one must keep in mind that the thickness of
the rotor core should be calculated until there is no
saturation.

Therefore, to obtain a certain level of output
power, the number of modules may vary. In general,
the output diameter of the axial flux machine is too
large compared to its radial counterpart for the same
power output, especially in coreless types. Therefore,
upon using a modular structure, one can reduce the
power of each module by reducing the outer diameter
and using additional modules to obtain the desirable
output power. In this way, there is a balance between
radial and axial lengths of the whole system, making it
more rigid and robust against radial and axial forces.

2.1. PMs shape

As shown in Figure 1(a), PMs are trapezoidal because
PM volume, or PM energy, has a direct relation with
the output power of the machine. Compared to other
PM shapes, the trapezoidal shape provides maximum
volume at constant thickness of the PM and constant
inner and outer diameters of the rotor. Moreover,
trapezoidal PMs are not cost-efficient and are, also,
not widely accessible in the market. As can be seen
in Figure 2, instead of using one trapezoidal PM, two
rectangular PMs with different widths and lengths can
be used. In this structure, in order to maximize the
volume of the PMs, it is necessary that the width of
the inner PM (W,,,1) be maximum. With the inner
diameter of the rotor and number of the poles at hand,
the width of the inner PM can be calculated by using

Eq. (2):

W2

<+ >

Figure 2. [llustration of using two rectangular PMs
instead of one trapezoidal PMs.

(2)

mel Dl tan Npm 5
where W1 is the width of the inner PM in mm, D,
the inner diameter of the rotor in mm, and N, the
number of poles.

In order to make the design of the PMs compatible
with the availability of PMs in the market, the standard
size of the PM width is changing with 1 mm steps.
Hence, by using the same procedure and taking the
length of the inner PM (L,,,1) into account, the width
of the outer PM (W),,,2) is then calculated.

Likewise, if there are more rectangular PMs, the
width of each PM can be calculated with the same
procedure. Moreover, it can be proved that when using
two rectangular PMs instead of one trapezoidal PM,
the total cross-section of the PMs is maximum when
they have the same length, L2 = L.

2.2. Coils

Figure 3 shows one of the coils of stator winding. Since
core loss for this machine is negligible, the majority
of power loss originates from the copper loss in the
winding, as mentioned before. At constant output
power, the cross-section of the coils is larger, copper

Figure 3. Structure of a stator’s coil.
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loss lower, and the efficiency of the machine higher. As
a result, the cross-section of the coils should be at their
maximum possible value.

In order to increase the cross-sectional area of
the coils, either width (W,.) or height (H..i1) must be
increased. Width of the coils is determined based on
the inner diameter of the machine and number of the
coils. Since these two parameters are already known,
the maximum width of the coils can be calculated
based on Eq. (1). As mentioned before, another way
to increase the cross-sectional area of the coils is to
increase their height. Unlike the width which does not
significantly change the behavior of the machine, when
the height of the coil increases, the air-gap length is
basically increasing, which affects the whole character-
istic of the machine. Thus, to have the freedom of
increasing the height of the coil, this parameter should
be effectively considered in the model so that it can
predict the power, efficiency, etc. for different heights
of the coil.

With the width and height of the coils at hand,
the number of conductors per coils (7.) is roughly
calculated (Figure 3). Moreover, since the diameter of
the conductor has been determined (d., ), filling factor
(few) can be calculated, too [28]:

TeAcu T.rd?,
Aslot B 4WCHCOil .

fcu = (3)
Resistance of the coils (R,) is then calculated as follows
(Figure 3):

LCU

R, = , 4
oA (4)

where o electrical conductivity of coil; A., and L., are
the area and equivalent length of each coil, respectively,
which are calculated as:

T d2 W choil
cu — = cuy 5
A 4 T, T (5)

c

Low=T, ((ﬂ—4.5)Wc+ N(DO+DZ-)+(DO—D1-)) .(6)

Then, the resistance of each phase is calculated as
follows:

RcN.

Rphase = (7)
This will be used to calculate I?R losses and, finally,
the efficiency of the machine.

Same as PMs, to design coils, the diameter of the
conductors is considered in discrete steps to make it
feasible and compatible with the actual manufacturing
process. For this matter, the diameter of the conductor
is changed from 0.2 to 1 mm with 0.05 steps and the
increasing step is 0.1 mm after 1 mm.

As discussed earlier, the main objective of this
paper is to design a coreless modular AFPM machine
first with the maximum of 500 Watts for each module
and then, to optimize the machine to ensure maximum
efficiency and minimize the weight.

It is quite well known that for designing any
complicated device such as an electric machine, it is
necessary to have a mathematical tool to predict the
behavior of that device. In this regard, FEA is one
of the numerical methods that is very popular and
probably the most accurate way to solve mechanical,
thermal, and electromagnetic problems. FEA is a
perfect tool to design the initial sample. However,
in the case of optimization, FEA may not be quite a
viable option. The reason is that most optimization
algorithms work based on iterations and usually take
thousands of iterations to reach the most optimum
results. All in all, the need for an accurate and fast
model for analyzing and predicting the behavior of
the machine in different conditions and with different
parameters is irrefutable.

3. The analytical model

Different analytical models including MEC [23] and
WF models [21] have been proposed for analyzing
electric machines. Compared with FEA, these models
are not accurate enough because both MEC and WF
consider only the normal component of the field. In
Permanent Magnet Synchronous Motors (PMSMs),
due to the longer air-gap length, the tangential com-
ponent of the field has a significant impact that should
be taken into account [29]. Despite these models, the
methods that are based on solving Maxwell equations
can accurately calculate the 2D field, leading to a
good prediction of leakage and fringing flux of the
PMs. Maxwell equation-based models are subject to
their own deficiencies, too. For instance, for electric
machines with teeth and slots, the matter gets very
complicated and machine designers try to compensate
that effect with particular coefficients like Carter’s
coefficient, decreasing the accuracy of the model.

In this section, a 2D analytical model for the
mentioned Permanent Magnet Synchronous Genera-
tor (PMSG) based on the direct solving of Maxwell
equation is presented. For the sake of simplicity, the
following assumptions have been considered:

o Magnetic permeability of ferromagnetic is infinite
(/J/i'ron = 00)7

e PMs magnetic permeability is equal to air gap
(Hpm = po);

e The r-component of magnetic field is zero (radial
edge effect neglected);

e Curvature effect on the axial flux structure is ne-
glected.
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Figure 4. Analytical model: (a) cross-section of machine
in specified radius and (b) magnetic polarization of PMs.

Figure 4(a) shows the cross-section of the machine at
a specified radius. Based on the machine structure,
it can be concluded that the magnetic field in upper
and lower halves of the machine is symmetric and z-
component of the magnetic field on y = 0 axis is equal
to zero (Figure 4(a)). Therefore, it is not only accurate
but also faster to perform the calculations for only
one half of the machine. Vector potential in different
layers of the machine is calculated by solving Poisson’s
equation [24]:

V?A. = —puo(V x M) — po J>, (8)

where M) is residual magnetization, J, current density,
A, magnetic vector potential, and po the permeability
of free space. In the following, A. created by PM
and coils’ currents are calculated separately. Based on
superposition theorem, it is a valid and straightforward
way of calculating vector potentials.

3.1. Permanent Magnets (PMs)

Figure 4(b) shows the magnetic polarization distribu-
tion of PMs. Fourier series of magnetic Polarization is
calculated as:

My= >

n=13,5,

bprin sin(nwppz), (9)

where n is harmonic order; M, is magnetic polarization
in the y direction; wpys and bpys, are:
Npm

2r

wpy = (10)

4H,
— qin NOPMWing sin anMwPM, (11)
nmw 2 2

where wpys is the width of PM, H. the coercivity of
PMs, and w,,, calculated as follows:

27

Wmg = Nirv (12)
pm

where 7 is the specific radius of the machine.

bpym =

29 (2022) 3326-3337

Irrespective of the current density of coils, coil
area (region I) and air gap area (region II) are the same.
Therefore, by solving Eq. (8), the magnetic vector
potential in regions I and I (Af"f; ;) is calculated as
follows:

o
AP, I,z = Z [ClpnMeany + DfMe ey
n=1,3,-
cos (nwpyz) , (13)
and magnetic vector potential in region III (Afj”,) is

obtained by:

o0

Afily = S [ofervr s D
n=1,3,
+ KPM(n)] cos(nwpy), (14)

where constant coefficients, C{M, CcPM pEM - pPM
and particular solution of Eq. (8 ), Kpyy, are calculated
under boundary conditions:

0.5 x KPM(TL)
Clj:;"M = sinh(nwpyhy) (15)
COSh(anMhl) + Tanh (7w pu Hrnt)
i h(nprhl)
OPM _ _ nwpuhs 511 OPM 16
c sinh(nprHpM) In > ( )
Dfn Cln i (17)
D:fry: 2nLUPMhQC3n , (18)
bpun
Kpy(n) = Ho2PMn (19)
nwpnm
where Hpys is the height of PMs and hq, ho are:
Hcoi
2
ho = hy + Hpar, (21)

where H.,; and ¢ are the height of coils and air gap
length, respectively.

3.2. Stator coils

To calculate magnetic vector potential of stator coils,
the Fourier series of coils current must be obtained in
the first step. Figure 5 shows the current density for
phase b. Therefore, we have:

Jwe = Z

n=1,2,3,..-

by sin(nw,, ), (22)

where J,,;, is the current density of phase b and w,, and
b, are:
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Figure 5. Current density distribution of stator coils

(phase b).

N,
w = ) 23
Wi =3 (23)
4:Jm wWe . w e
by = — sin Huleg gy 2wt , (24)
nmw 2 2
TI,
Jom = ——, 25
’ wchoil ( )

where T is the number of turns in each coil of stator,
I, current of phase b, w, the coil width, and w., is as
follows:

27
NC
Since PMs are neglected, regions IT and III are the
same. Therefore, A, in region I is calculated as follows:

Weg = —1 — 1.25w,. (26)

)
E [Clcszlenw,wy + szzle—nwwy
n=1,2,3,-

coil __
AI,Z -

+ wa(n)} sin(nwq, ). (27)

Moreover, in regions II and III, we have:

oo
coil _ cotl nw.,y cotl ,—nw,y
Atz = E [0311 e + D3;e
n=1,2,3,-

sin(nw,z), (28)

where constant coefficients, Cfol, Csoi, D§oil, Dgoil,
and the particular solution of Eq. (8), K, are calcu-
lated by applying boundary conditions:

—0.5 x wa(n)

Clcrolil = ) oo Heg: ’ (29)
h (2w Heoi Smh( 7t

cos ( 2 ) + tanh(nwq, (hpyu+g))

) sinh (nw’w‘chil) )
Ccozl — _efnwwhg 2 C«cml7 30
sn sinh(nw,, (hpyv +g)) " (30)
Dot = o5, (31)
Dg;il — ean,whg ngz’l7 (32)

. Hobnb

Kop(n) = . 33
b(n) (nww)g ( )

To calculate the magnetic vector potential for phase a
and ¢, it is enough to make a 120-degree phase shift in
Egs. (27) and (28).

3.3. Consideration of 3D effect

So far, the 2D magnetic field created by PMs and phase
current has been calculated in a specific diameter. In
this way, one can compute the total magnetic field
based on superposition theorem and by integrating
the 2D magnetic field throughout the radial axis of
the machine. To make the model more accurate and
consistent with 3D structure of the machine, some
effects like the change in PMs’ width and the location
of the coils at different radii should be taken into
account. Since there are two different widths for the
PMs, the machine is divided into two regions, A and
B, as shown in Figure 6. Magnetic fields in each region
are calculated separately; then, they are summed up
together. To ensure even higher accuracy, one can
increase the number of regions.

3.4. Fluzx linkage

To obtain output voltage, self and mutual inductances,
linkage flux due to PMs, and phase currents should be
calculated. Flux linkage for each coil is calculated as
follows:

= /§~d§= I(A; — A,), (34)

where [ is the axial length of the region where flux
linkage is calculated. A; and A, are the average values
of vector potentials of each leg of the coil. To clarify,
Aq and A, created by PMs for the coil related to phase
b (Af’éw and A;Q/I), shown in Figure 4(a), are obtained
as follows:

o0

w
Aﬁw = Z Ci%’n X €os (npr (% + x)) ,
n=1,3,-- (35)
oo w,
AP = Z chh ., x cos (npr (Tg - X)) ,
n=1,3,- (36)
where x is the position of the rotor and CL} | can be
calculated from the equation below:
Region B
Region A

14

Figure 6. Consideration of radial change in the model.
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M Hcoi
g B (1ot
" WeHcou(nwpar)? 2

. NWppMWe
smi{———— ).
2

(37)

Vector potentials for self-linkage flux of each coil (A
and A$Y) are calculated as follows:

o0
NWay W
AF = A4 =S Copinsin (%) .
n=1,2,3, (38)
Moreover, vector potentials for mutual-linkage flux of
the adjacent coils (A7*“tuel and Aputual) can also be
calculated as follows:

= v 27
Amutual — coilm : Wy Weg ="
1 Z Ceoil,n sinn ( 5 3 )
n=1,2,3,--- (39)
S wWeg | 2
A;nutual = Z Ccoil n sinn (W Yeg + ﬂ-) )
’ 2 3
n=1,2,3, (40)
where Ceoi,p is:
4 ; nwchoiI
Ccoi n — vy 20601[ inh | ——
b Wchoil(nww)2 { in S < 2 >
choi I,’w . wWe
+ 2l Cuo(n) } sin (nw d ) . (4D

3.5. Output characteristics

In general, to obtain the full output characteristics of
the machine, in addition to the magnetic field, other
governing machine equations like electrical and me-
chanical equations should be brought into calculations
simultaneously. Since the machine is supposed to work
in the generator mode in this paper, the mechanical
equation can be neglected. However, for electrical
equations, there are two ways to obtain output voltage
and current:

e Calculating the output characteristics by solving
differential equations governing the output circuit
in the time domain using a numerical or analytical
method. In this method, transient response, har-
monic content of current and voltage, asymmetrical
output current, torque ripple, etc. are considered;

e Using a simple classic model of synchronous ma-
chine.

Although the first one is accurate, it is not economical
in terms of processing time. Therefore, the latter is
used as the performance analysis model of the machine
and for optimization process in this work. The proce-
dure initiates by calculating the RMS value of no-load
induced voltage, winding inductances, and winding

resistance. Winding resistance can be calculated from
Eq. (7). From Egs. (38) to (41), inductances are
calculated by assuming a three-phase balanced output
current as follows (e.g., for phase b):

LselfIb + Lmutualla + Lmutual[c
I

Lphase -

Abb — Aab _ TN Ppp—Pab
Iy 3 I

:Lself - Lmutual -

:TNCI Z Ccoizmxsin(w) ,
Iy n=1,2,4,5,7,- 2 (42)
n#3,6,---

where Lo and Lyyytvqr are the self-inductance of each
phase and mutual inductance between two different
phases, respectively. Ay, and A, are the flux linkage
of phase b created by current of phases b and a,
respectively. RMS wvalue of no-load induced voltage
(E¢) due to PM flux and rotor speed is calculated as
follows:

> " max(Apy)  wsTN, max( )

= W;g = X

f \/5 3\/§ PYPM
wsT NI

= max (Aﬁij—Aiéw)

3V2

TN . c
= ﬂwi Z CcPM  sin (npr (w g)) ;
3 ’ 2

n=1,3, (43)
where w; is the angular frequency and Apjs is the
flux linkage of a phase created by PM calculated in
Eqs. (34)—(37). Finally, having required parameters at
hand, output voltage (V;) and load current (I,) for a
particular load can be obtained as follows:

_ Ey
jwsthase + (Rph,ase + Rload)7

(44)

I,

Vvt = Ef - (stLphase + Rphase) Ig7 (45)

where Rjoqq is the equivalent load resistance and Rppqse
is calculated in Eq. (7). Input power (P;,), output
power (P,.), losses (Pyss), and efficiency (n) of the
machine can then be obtained as follows:

P,, = Re (3E;1,), (46)

P, = Re (3ViT,) (47)

Ploss = 3Rphase|]g|27 (48)
Pout

= . 49

=7 (49)

Using the developed analytical model and the design
considered in Section 2, a 500 Watts machine with
approximately 48 Volts output voltage is designed.
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Speed of the rotor based on the average speed of the
wind in a specific region is chosen to be 200 RPM.
According to what was mentioned in Section 2 about
the width of the PMs and coils, independent variables
include PM pole pairs, PM thickness, length ratio
of two different PMs, air-gap length, outer diameter,
ratio of outer to inner diameters, conductor diameter,
coil height, and rotor core thickness. One constraint
is the outer diameter of the machine, which should
be less than 300 mm. As mentioned before, the
total cross-section of the PMs is maximum when they
have the same length; therefore, L,,1/Lpm1 = L
The constraint of the discrete conductor diameter and
PM dimension is also considered. The initial design
dimensional parameters and output characteristics are
shown in Tables 1 and 2, respectively.

As mentioned before, the final purpose of this
paper is to have a machine with 500 Watts (for each
module) with maximum efficiency, minimum volume of
PMs, and minimum weight for the sake of portability.
Accordingly, in the next section, the design optimiza-
tion of the generator is presented.

3333

4. Design optimization

Because the simulation time of the developed model is
very short, in this section, direct search method is used
to optimize the initial design and find the global solu-
tion of optimization problem. All the considerations
and constraints in the initial design are incorporated
in the optimization problem. Among the independent
variables, the rotor core thickness has insignificant
effect on the output characteristics until the saturation
occurs. Moreover, the thickness of rotor core directly
affects the iron weight. Therefore, the thickness of
the rotor core is considered equal to the initial design.
Furthermore, the air gap length is also chosen the same
as the initial design due to mechanical considerations.
Therefore, among the independent variables, the outer
diameter of the machine, number of PMs, height of
the PMs, ratio of outer diameter to inner diameter,
conductor diameter, and coil thickness are chosen as
the optimization variables. The range of variables in
the optimization problem is shown in Table 3.

To maximize the efficiency and minimize the

Table 1. Geometrical parameter of initial and optimal designs.

Independent Initial Final Dependent Initial Final

parameters design design parameters design design
Npm 20 24 Ne 15 18
Hpp, (mm) 8 6 Wpm1 (mm) 23 26
Lpm2/Lpm1 1 1 Wpma (mm) 33 32
g (mm) 0.5 0.5 Lypm1 30 25
D, (mm) 270 300 Lpm2 30 25
D,/ D; 1.8 1.5 D; (mm) 150 200
dew (mm) 0.9 0.9 T. 90 66
Heoi (mm) 10.4 6.9 feu 0.48 0.48
H, (mm) 10 10 We (mm) 11.5 12.7

Table 2. The performance characteristic of the machine.

Initial design

Final design

Characteristics
3D FEM  Analytical model 3D FEM Analytical model

Output power (Watt) 500 500.0 500 500.0
Rotor speed (rpm) 200.0 200.0 200.0 200.0
Efficiency (%) 86.1 86.1 88.4 88.1
Phase voltage (rms) 49.5 49.1 48.4 474
Line current (rms) 3.4 3.4 3.4 3.5
Simulation time > 120 min < 0.2 ms > 90 min < 0.2 ms
Weight of copper (kg) 1.5 1.1
Weight of iron (kg) 6.2 6.2
Weight of PMs (kg) 4.0 3.1
Total weight (kg) 11.7 10.4
O.F. 1.00 0.95
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Figure 7. Numerical simulation: (a) The designed generator, (b) schematic of mesh and flux density distribution in rotor

core for (c) initial design, and (d) optimal design.

Table 3. Optimization variable and limits.

Limits Limits
Parameters Parameters ——
Min Max Min Max
D, (mm) 200 300 D,/D; 1.5 3
Npm 16 24 dg, (mm) 0.6 1.2
Hpp (mm) 5 20 Heos (mm) 5 15

volume of PMs and total weight of the machine, the
objective function is considered as in the following by
normalizing the efficiency, PMs, and copper and iron
weights by using initial design value and appropriate
coefficients:

86.1 PMs werght

O.F. =0.85 x —+0.08 x +0.04
n 4.0

o Copper weight
1.5

Iron weight
+0.03 X ——

. (50)
By searching throughout approximately 2.0 million
cases using the developed analytical model, the one
with minimum objective function is selected as the
optimum design. Geometrical parameters and output
characteristics of optimal design are shown in Tables 1
and 2, respectively.

As demonstrated earlier, after optimization, the
following outcome is expected: PM volume is reduced
by 22.5%; efficiency is increased by 2.3%; copper
volume is decreased by 26.7%; and total iron weight
does not change. Finally, the whole weight of the
machine is reduced by 11.1%.

It is worth mentioning that the whole optimiza-
tion process takes less than 15 minutes due to a
very short simulation time at each iteration (less than
0.2 ms).

5. Time stepping finite element validation

To evaluate the accuracy of the developed model
and optimization process, their results are compared
with those of 3D TSFEM. Figure 7(a) shows the
3D structure of the designed generator in ANSYS
Maxwell software. To shorten the FEA simulation
time, periodic and symmetry boundary conditions are
used. Figure 7(b) shows the schematic of the mesh on
the studied generator. Flux density distribution on the
rotor core for initial and optimal designs is shown in
Figure 7(c) and (d), respectively. Figure 8(a) and (b)
show the magnetic flux lines in the cross-section of the
machine at a specific radius for both designs. The back
EMF of the three-phase winding is obtained from 3D
TSFEM for the initial and final designs, as shown in
Figure 9. Furthermore, the output characteristics of
designed machines are shown in Table 2. It can be
seen that the calculation error of the analytical model
with respect to the FEM simulation is less than 3%.
Whereas the required time for FEM analysis is longer
than 90 min, this time for the analytical model is less
than 0.2 milliseconds with the same system to run
the process. Fast calculation time for the proposed
hybrid model with a minimum amount of compromise
in accuracy of the model makes it a perfect basis to run
the optimization process.

6. Conclusion

In this paper, design optimization of a coreless Ax-
ial Flux Permanent Magnet (AFPM) generator was
presented. In this regard, a fast and accurate hybrid
analytical model by combining the solution of Maxwell
equations in different regions with the classical model of
the synchronous generator was developed first. Then,
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Figure 8. Magnetic flux lines at a specific radius of AFPM generator obtained using 2D FEA for (a) initially designed

generator and (b) optimally designed generator.
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Figure 9. Back EMF of initial and final designs obtained
from 3D TSFEA.

the developed model was used to design a 500 Watts
generator. Afterwards, the initial design was optimized
using a direct search optimization method. The
optimization process resulted in reducing the weight
of the machine by 11.1% (from 11.7 kg to 10.4 kg)
and increasing the efficiency from 86.1 to 88.4. By
comparing the results of the proposed analytical model
and 3D TSFEA, the calculation error was seen to be
less than 3%. Furthermore, the simulation time of the
model was shorter than 0.2 ms, while the simulation
time of the FEA was longer than 90 min.
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