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Abstract

Increase of energy consumption and air pollution are big crises in recent two decades. Due to these
crises and also increase of energy costs, utilization of hybrid electric vehicles becomes conventional
and vehicle companies are increasing their investment in these kinds of vehicles. The main issue for
these vehicles, besides energy storage system, is efficiency of electric motor and its weight and cost.
Axial Flux Permanent Magnet Synchronous Motors (AFPMSM) have become popular for hybrid ve-
hicles as they have better efficiency and less weight. In this paper an AFPMSM, which would be used
in hybrid electric vehicles, is designed to get less weight and cost and more efficiency. PSO and GA
algorithms have been applied in this design. Inner and outer diameter of axial flux permanent magnet

motor and air gap flux density are taken as variables in the mentioned design.
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1. INTRODUCTION
Increasing of world temperature and air pollutions
beside energy crisis forced industries to find ways
for reducing pollutions, energy consumption and
costs. In vehicle industries development of electric
and hybrid types are given high priorities. Today
as there are technical problems in electrical energy
saving technology like battery; hybrid vehicles are
more interested than pure electric ones.
Electrification of vehicles has grown signifi-
cantly over the past decade. Many EVs and HEVs
are developed with different electric propulsion
systems. In order to be applied as electric drives,
electric machines must match several conditions
such as high torque/power density, wide flux
weakening operation range, high efficiency over a
wide speed range and reasonable cost [1].
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In [2] it is confirmed that for hybrid electric ve-
hicles PMSMs are the best choice. Among
PMSMs, axial flux machine are preferable choice
for traction application. Due to higher aspect ratio
(outer diameter to overall axial length), power
density of axial flux machines is higher than that
of radial flux ones [3]. PM machines efficiency is
also higher than induction machines due to lack of
rotor windings.

The purpose of this paper is optimal design of
an AFPMSM for hybrid electric vehicles by Ge-
netic Algorithm and Particle Swarm Optimization.
The design is implemented to reach optimum
torque density and efficiency. MATLAB software
is applied to perform optimization and Maxwell
software is used for electromagnetic analysis.
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2. SIZING EQUATIONS AND OBJECTIVE
FUNCTION

The sizing equation has the following form in ax-
ial flux machines [4]:
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In other words and as shown in [5]:
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Efficiency equation could be obtained from the
above equations as below:
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This equation is one of objective functions of

this paper. Second objective function is torque

density of the machine. The general equation of

the torque is as equation (4) and thus torque den-
sity could be written as equation (5):
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Thus far, two objective functions of the paper
have been specified. It is intended to maximize ef-
ficiency and torque density. In these functions, B,
is air gap flux density, L., D; and D, are axial
length, inner diameter and outer diameter of ma-
chine respectively, Ke is emf factor, Ki is current
waveform factor, Kp is electrical power waveform
factor, f stands for frequency, n is efficiency of
motor, A is ratio of inner and outer diameters of
machine and A is total electrical loading including
both stator and rotor electrical loadings. The last
two factors are set to be 1 as waveforms are con-
sidered rectangular, as shown in [6]. Other param-
eters are mentioned in Table 2.

3. OPTIMIZATION ALGORITHMS
Optimization methods are divided in two catego-
ries. The first category is classic methods and the
second one is heuristic methods. Due to develop-
ment of computers capabilities, use of heuristic
optimization is increasingly growing. Although
classic methods give global solution instead of lo-
cal solutions obtained by heuristic methods, but
heuristic methods have acceptable performance;
especially when the optimization problem has lots
of variables. In optimization of electrical ma-
chines different types of heuristic optimizations
have been used. Literature reports show that Ge-
netic Algorithm and Particle Swarm Optimization
can achieve acceptable results, even in multi ob-
jective optimization problems.

In this paper optimization of an axial flux
PMSM is a multi objective problem. There are two
methods to solve these problems. The first one is
use of non domination sorting and Pareto line and
second one is combination of objective functions.

Since multi objective problems have non
unique solution and there are a set of optimal so-
lutions, a question arises that how to choose one
solution among those in the set of solutions [7]. As
an answer to this question and in first method men-
tioned above, the designer defines preferences for
various objectives and accordingly obtains a sin-
gle Pareto optimal point [8].

One of the intuitive ways used to obtain a
unique solution for multi objective optimization
is to constitute weighted sum of functions. In this
approach, the multi objective optimization prob-
lem is converted into a scalar weighted function
using a linear weighted sum [7].

In this paper, the method of weighted sum of ob-
jective functions is applied. In this method six com-
binations of objective functions is considered to ob-
tain best answer, as shown in Table 1. It should be
noted that optimization algorithms are usually stand-
ardized for minimization. To be in accordance with

Table 1. Variable limitations.

Objective func- Objective functions combina-
tion number tion
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Fig. 1. Chromosome structure used in this paper.

this standardization, objective function of maximiza-
tion problem could be multiplied by -1.

3.1 Genetic Algorithm (GA)

The first algorithm which is used to solve the consid-
ered optimization problem is genetic algorithm. Ge-
netic algorithm is one of the most popular methods for
optimization problems. In this paper, initial popula-
tion has 20 chromosomes. After chromosomes in-
volvement in objective function, chromosomes are
sorted by results. Eighty percent of the initial popula-
tion is chosen for mutation. Seventy percent of first
population is chosen for cross over. These chromo-
somes are replaced in objective function and are
sorted by results again. Bad chromosomes are ex-
cluded from process and only top 20 chromosomes
are chosen for next iteration. One hundred iterations
have been performed in this paper. The chromosome
of genetic algorithm of this paper is as shown in
Fig. 1.

3.2 Optimization (PSO)

The other optimization method which is used in
this paper is particle swarm optimization. This
method is also named “fish school” and “birds
flock” method. This method is developed in 1995
by Dr. Eberhart and Dr. Kennedy on the basis of

Table 2. Parameters of the machine.
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Parameter Quantity Value
Pr rated power 50000 W
p number of pole pairs 3
f nominal frequency 60 Hz
A electric loading 60000 A/m
Lg air gap length 0.005 m
Kcu copper filling factor 0.8
J current density 6000000 A/m?
Br residual flux density 15T
Kf waveform factor 111
Ber rotor flux density 17T
Mur permanent rpf'ignet 1
permeability
Ko electric loading ratio zero for PM ma-
of stator to rotor chines
number of machine
m 3
phases
ml number of stator 3

phases

fish school or birds flock behaviors. In this meth-
od, first population is created as particles and after
involving in objective function, particle with the
best result is selected as the best one and other par-
ticles move towards it by a velocity which is de-
termined by the algorithm constants. Different it-
erations may produce different best particles so
other particles move in different ways in the
search space. The best answer after last iteration is
selected as final result. PSO algorithm is generally
faster than GA algorithm. In this paper first popu-
lation of PSO is consists of 20 particles as GA first
chromosomes have 20 members, too. Weight and
acceleration coefficients are set to be 0.0005 and
0.0006, respectively. Selecting proper value for
these constants significantly affects performance
of PSO algorithm.

4. PARAMETERS AND VARIABLES OF
THE OPTIMIZATION PROBLEM

Power and frequency of the machine have been as-
signed by considering Toyota Prius Hybrid 2009
model which needs an electric vehicle with 50 KW
power in 60 Hz frequency. Dimensional con-
straints are based on YASA axial flux motor
which is introduced in [9]. For the considered pa-
rameters of motor, Tables 1 and Table 2 show re-
lated upper and lower margins.

Table 3. Results for GA method
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Objective i Tem Efficien- Name Wcuo Woeui Lss Lpm Lcr
. Di (m Do (m Bg (T
Function (m) (m) (M (NM) cy Dimension cm cm cm cm cm
1 0.19063  0.31033  0.81975  193.07 0.97 Value 1 15 15 3 35
2 0.14526 0.30025 0.80039 193.06 0.96
3 0.14424 0.30014 0.80035 192.92 0.96
4 0.14379 0.30002 0.80072 192.91 0.96 .
5 0.14425 0.30019 0.80015 192.86 0.96 Table 6. Optlmum results.
6 0.1441 0.30016 0.80012 192.87 0.96
m
VA = volt ampere, Hz = Hertz, T = tesla, m = meter, A = ampere § ?%-' Tem § o = P
5 33 Di(m) Do(m) Bg(T) e 2 5 £
g 1% NM) 3 2 5 3
Q I35 < - @
X
Table 4. Results for PSO method. °
GA 1 01906 031033081978 19307 97 . . *
Objective . Tem Effi- A
h Di (m) Do (m) Bg (T) -
Function (NM) ciency  psp 1 01574 03 082535 19307 97 * * *
1 0.15745 0.3 0.82535 193.07 0.97 * o x
2 0.14956 0.3011 0.8 193.06 0.96 *
3 0.17105 0.30549 0.80689 192.96 0.96 PSO 5 0.2053 0.31737 0.80476 19299 97 * * *
4 0.16149 0.3 0.84169 191.45 0.96 *
5 0.20536  0.31737 0.80476 192.99 0.97
6 0.13572 0.3 0.8 190.51 0.95

VA = volt ampere, Hz = Hertz, T = tesla, m = meter, A = ampere

T 1 5 B3inetz

Fig. 2. Torus model of AFPMSM.

Selected variables for optimization are inner di-
ameter of the machine, outer diameter of the ma-
chine and air gap flux density. Axial flux machine
for optimization is considered as Torus, which is
consists of two stators and a permanent magnet ro-
tor. Its 3D simulation in Maxwell software is
shown in Fig. 2.

5. OPTIMIZATION RESULTS
In this paper multi objective optimization for

torque and efficiency functions has been con-

ducted by introducing a new function which is

combination of the two objective functions. In
Table 5. Optimized machine dimensions.

order to obtain preferable combination of the two
functions, different model are simulated as shown
in Table 3 for GA method and Table 4 for PSO
method, and best answer is selected.

As itis observed in Tables 3 and 4, best answers

are the first model in GA and the first and fifth
models of PSO. Putting these solutions in objec-
tive functions, results of Table 5 are obtained.
It should be noted that more difference between
inner diameter and outer diameter means more
material and so it will cause more cost and also
more weight. Also, in hybrid vehicles weight and
efficiency are of direct concerns, because of their
direct impact on fuel consumption. By considering
these limitations the best answer is the first model
solved by GA. Table 6 shows machines dimen-
sions according to the best solution.

Iteration trend of GA and electromagnetic anal-
ysis corresponding to the best result are shown by
figures 3 and 4, respectively. For permanent mag-
nets, NdFe35 is used while coils are steel and
windings are made of copper.

Electromagnetic analysis indicates that optimiza-
tion algorithm results in dimensions which are ac-
ceptable. As shown in Fig. 4 and 5, there is no sat-
uration in back iron, but is in surface of pole teeth
which can be tolerated as volume of the machine
and cost of material is reduced. In
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Fig. 3. GA result graph of best asnwer.
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Fig.4. Electromagnetic analysis of optimized
AFPMSM.
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Fig.5. Another veiew of electromagnetic analysis for
optimized AFPMSM.

this simulation windings are simulated as solid
(not stranded), but the result difference is ignora-
ble.

6. CONCLUSION

In this paper an axial flux permanent magnet syn-
chronous motor is optimally designed by GA and
PSO algorithms for application in a hybrid vehi-
cle. Objective functions of the optimization are
torque density and efficiency. For obtaining best
solution a function composed of the two objec-
tives is considered. With material and cost con-
straints, it is shown that GA method gives the best

0.08 (meter)

result. Optimization algorithms have been exe-
cuted in MATLAB software. Also, electromag-
netic analysis of designed machine has been per-
formed in Maxwell Software.
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