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Abstract 
 
Nowadays, artificial intelligence techniques have become widely used in electrical machines 
optimization and design.  In this attempt, different methods have been proposed. The present work is 
devoted to the electromagnetic analysis and design of an in-wheel radial flux outer rotor surface 
mounted permanent magnet motor (SMPM) for electric vehicle application. Two based-Swarm 
Particle Optimization (PSO) techniques, namely, the improved PSO multi-Objective optimization and 
the Speed-constrained Multi-objective PSO Optimization, are applied. The main idea of the current 
optimization procedure is to determine the optimal machine sizing parameters providing the 
maximum of efficiency with the minimum of weight. To reach this goal, two objective functions are 
employed the efficiency maximization and the weight minimization. A preliminary analytical model 
describing the magnetic and electrical machine features was presented. In order to find the optimum 
design, the optimization results are discussed and analyzed. In addition, the electromagnetic 
performances of the found optimum design were studied by means of finite element analysis (FEA) 
and compared with those obtained by the optimization procedure. 
 
Keywords: Multi-objective optimization, PSO-based techniques, permanent magnet machine, finite 
element analysis. 
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INTRODUCTION 
 

Recently, permanent magnet machines was become an attractive 
solution in many industrial applications such as electric and hybrid 
vehicle traction [1], [2] and wind power generation [3]. This is mainly 
due to their high efficiency, their compact structure, their small size, 
their low weight and their flexibility of control [1]. In order to achieve 
these features and to keep high airgap flux density, rare earth 
permanent magnets were used in these topologies. In the literature, 
several permanent magnet topologies were proposed. From these 
topologies, the most known are the radial flux machines, which are 
the most classic and the most emerged in industry, the axial flux 
machines and the transverse flux ones.   

Lately, an original new machine design was become a promising 
solution for electric machines motoring. This design is called in-wheel 
motor in which the machine is directly placed interior the wheel hub 
[4], [5] and [6].  This technique enables the elimination of the gear-
box difficulties involving low efficiency and common maintenance 
[7].  Generally, this motor consists of an outer rotor, fixed to the 
wheel and an inner stator.  However, the machine can also be made up 
of inner rotor. In contrast of the inner rotor design, the outer rotor one 
is the most used in in-wheel electric vehicle applications [8] and [9].  
This is due to that the large air gap diameter of the machine, allows a 
large number of poles, and because of the rotor is mounted  on the 
machine outside, this toplogy is more appropriate for direct mounting 
in the wheel of the vehicle; which leads to a more compact system.  

Furthermore, during operation, the permanent magnets will be 
subject of centrifugal forces; which make difficult  their detachment. 

Permanent magnet machines are characterized by a non-linear and 
complex magnetic circuit, making the optimal design a very difficult 
and time consuming task. For these reasons, an optimization tool is 
necessary. In the literature, several electric machines optimization 
techniques have been proposed.   

In [10], the multi-objective genetic algorithm (GA) has been used 
to find the optimum design of a permanent magnet motor according to 
three objective functions. In [11], the optimal geometric parameters of 
an induction motor has been carried out by means of the GA. The 
same algorithm has been also used in [5] to determine the features of a 
permanent magnet machine with an outer rotor. In [12], a GA-based 
technique, for an electric machine design optimisation, has been 
introduced. Morever, a nondominated sorting genetic algorithm II 
(NSGA-II) has been used in [13] to find the optimal design of a 
permanent magnet hub motor drive. The Particle Swarm Optimization 
(PSO) algorithm has been applied in [14] to optimize the dimensions 
and the performance of a permanent magnet motor. In the work 
presented in [15], the parametric estimation of an electric machine has 
carried out  by applying the PSO algorithm. In order to minimize the 
losses in the magnets and to reduce the cogging torque, a PSO multi-
objective optimization method has been introduced in [16]. The 
investigation of the optimum design of a permanent magnet motor 
with surface mounted magnets has been carried out by using also the 
PSO algorithm [17].  
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Based on this brief study, we can conclude that the use of multi-
objective optimization techniques has become an increasing and a 
powerful tool in electrical machines design. 

As mentioned, several problems are encountered when modeling 
the electromagnetic fields in electrical machine. The magnetic 
saturation, the non-linearity of the materials and the anisotropic 
behavior of the laminated parts of the iron core, makes the analytical 
modeling a challenging task. Nowadays, a best way to model 
electrical machines is to use the finite element analysis (FEA) tool. 

The present work aims to the optimum design of an outer rotor 
concentrated windings permanent magnet motor. A preliminary 
analytical machine model is firstly presented and then used in the 
optimization procedure. Two PSO-based multi-objective optimization 
techniques are used. In order to find the optimum machine design, the 
obtained Pareto fronts are analyzed and discussed. Finally, the 
machine performances are investigated by means of FEA. 
 
USED ARTIFICIAL INTELLIGENT TECHNIQUES  

As it was mentioned, two PSO-based techniques are used for 
machine optimization. These techniques are described in the 
following. 

 
OMOPSO algorithm 

An improved Particle Swarm Optimization algorithm has been 
introduced in [18]. This optimization technique is based on the Pareto 
dominance. In order to filter out the list of available leaders, a 
crowding factor is applied. Therefore, the swarm is divided into three 
sub-swarms with the same size. Then, a different mutation technique 
is applied in each sub-swarm. This mutation technique is applied in 
order to enhance the the swarm diversity. From the set of existing 
leaders, the leader is arbitrarily selected with probability Ps. All of 
leaders are stored in an external archive. The update of this archive is 
based on the crowding factor.  

 
Speed-constrained Multi-objective PSO (SMPSO) 

Another PSO-based optimization technique has been proposed in 
[19]. This technique aims to enhance the research capacity and to limit 
the velocity of the particle  in the OMOPSO algorithm. When the 
speed is very high, the SMPSO algorithm allows the generation of 
new efficient particle’s locations. In ordrer to preserve the non-
dominated solutions found during the search process, the SMPSO 
algorithm uses an external archive, and as a turbulence factor this 
algorithm use of polynomial mutation [19]. 
 
STUDIED MACHINE DATA 

In this work, the studied topology is a synchronous, 3-phase, 18-
pole, 26 kW  and 27-slots permanent magnet motor with surface 
mounted magnets. In this machine the rotor is mounted on the outside. 
The stator consists of a laminated iron core and a three phase 
concentrated windings. The rotor is made up of alternating 
magnetized permanent magnets mounted and an iron core. The 
magnets, radially magnetized, produces a magnetic field. The major 
machine features and geometric dimensions are respectively 
illustrated in Fig. 1. 

 

 
 
Fig. 1  Machine features and geometric dimensions   
 
PRELIMINARY ANALYTICAL MODEL 

In all machine design procedures, the use of an appropriate 
analytical model is a crucial task.  Owing to this model,  we can 

estimate and compare the machine features by detrmining the  output 
torque, the machine losses and efficiency.  

This section aims to the presentation of the analytical model 
describing both magnetic and electric properties of the studied 
machine.   

The main sizing dimensions of the considered topology are shown 
in Fig. 1. The relations dealing with these dimensions are presented in 
the following equations. This model was described in a previos work 
[23]. 
 
Machine sizing 

Slot pitch ts: 
 

                                         (1) 

 
Qs is number of stator slots and Dsext is the stator outer diameter. 

Pole pitch tp: 
 

                                          (2) 

 
p is the pole pairs number. 

Width of the inner stator slot bss1: 
 

                         (3) 

 
bts is the width of the stator tooth and hsw is the height of the slot 
wedge. 

Width of the outer stator slot bss2: 
 

                               (4) 

 
hs is the stator slot height. 

Opening factor of the slot kopen: 
 

                                          (5) 

 
bss0 is the opening of the stator slot. 

Height of the stator yoke hsy: 
 

                              (6) 

 
Dsint is the inner diameter of the stator. 

Outer diameter of the stator Dsext: 
 

                              (7) 
 
δ, Drint, hm and are respectively the length of the airgap, the inner 
diameter of the rotor and the height of the magnet. 

Height of the rotor yoke hry: 
 

                                  (8) 

 
Drint is the inner diameter of the rotor. 
 
Magnetic modelling   

The magnetic flux densities in the airgap, in the stator tooth, in the 
stator yoke and in the rotor yoke are outlined. 
 
Airgap flux density 

When optimizing an electrical machine, the fundamental airgap 
flux density amplitude is a crucial parameter. In radially magnetized 
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magnets, the maximum value of the airgap flux density, (Bm), 
produced by the magnets is given by [9]: 
 

                               (9) 

 
Br is the magnet remanence flux density and µr is its relative 
permeability. δe is the length of the effective airgap, defined from the 
cart’s , kc, coefficient by: 
 

                                     (10) 
 
kc is given by the following equation [9]: 
 

                              (11) 

 
The amplitude of the fundamental of flux density in the airgap, Bg, 

is then expressed as [20] and [21]: 
 

                                 (12) 

 
Where 2α (electric angle ) is the pole angle arc,  given by [9]:  
 

                                          (13) 

 
Where wm is the pole width and tp is the pole pitch. 
 
Flux densities in the machine iron regions 

The machine iron regions are the stator yoke, the stator teeth and  
the rotor yoke. In these regions, the flux densities are repsectively, 
Bsy, Bst, and Bry. These flux densities are expressed as follows [3] and 
[9]: 

 
                                          (14) 

 
                                         (15) 

 
                                         (16) 

 
Electric modelling   

In the following, the electric features of the studied machine are 
presented.  
 
Electromotive force 

Neglegting the flux leakage, the fundamental of the electromotive 
force in phase a (Êa,1), can be determined by [3] and [9]: 

  
                             (17) 

 
Where f is the electrical frequency, Nc is the number of a phase 
winding turns, kw1 is the fill factor and l is the effective machine 
length. 
 
Electromagnetic power   

In a three-phase permanent magnet machine, the root mean square 
(rms) electromagnetic power, Pem, is calculated according to the 
following equation: 

 

                               (18) 

 
Where Îs the  current amplitude the and β is the electrical angle 
between the magnet flux and the current. 
 
Electromagnetic torque   

For electric drives, the electromagnetic torque is provided by 
dividing the electromagnetic power by the speed of the rotor.  

 
                     (19) 

 
For the considred machine in the current survey, the rms torque 

Trms is expressed from the the peak value of the fundamental current 
loading Ŝ1 and it is given by the following equation [22]: 

 
                             (20) 

 
Copper loss 

In an electrical machines, the copper loss, Pcu, is due to current 
flowing through the stator windings. It is determined from the 
winding resistance of a phase, Rph, and the square of the phase 
current, Iph. Copper loss in [W], is calculated as [23]: 

 
                                      (21) 

 
Iron losses 

Three iron losses components named, static hysteresis losses Ph, 
classical eddy currents losses Pc and excess losses Pe, can be 
distinguished [23]. In the frequency domain and supposing that the 
flux density is sinusoidal, the iron losses in the stator teeth Pst, in the 
stator yoke Psy, and in the rotor yoke Pry, are estimated by applying the 
following model [1], [20] and [23]: 

 

            (22) 

 

          (23) 

          (24) 

 
Vst, Vsy, kh, Vry are the volumes of the stator teeth, the stator and the 
rotor yokes. σ, d, kc, kh, and β are respectively the conductivity and 
the  thickness of the iron lamination, the eddy current and the 
hysteresis coefficients and the Steinmetz constant. 
 
OPTIMIZATION RESULTS 
 

In order to determine the geometric parameters of the studied 
machine, a PSO-based multi-objective optimization procedure is 
curried out. The efficiency maximization and the weight minimization 
are used as objective functions. 

 
               (25) 

 
Where η is machine efficiency calculed by: 
 

                       (26) 
 

                (27) 
 
Weight function is the machine weight. 

m
m r

m r e

hB B
h µ δ

=
+

e cδ k δ=

( )
s

c 2
ss0

s
ss0

k
b /
5 b /

= t
d

t d
d

-
+

( )g m
4B B sin
π

= a

m

p

wπα
2 τ

=

p g
sy

sy

B
B

2h
=
t

p g
st

ts s

τ B 2p
B

b Q
=

m m
ry

ry

BB
2h

= t

sext
a,1 c g w1
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Design Variables 

In the present work, the sizing parameters are: the inner diameter 
of the rotor Drint, the height of the magnets hm, the length of the airgap 
δ, the height of the slot wedge  hsw, the height of the stator slot hs,the 
width of the stator teeth bts, the angle of the magnet α, the machine 
active length l  and the inner diameter of the stator Dsint. 

 
Constraints 

In order to avoid the magnetic saturation and to ensure the 
mechanical rigidity of the structure, a set of constraints is added to the 
optimization problem. The used constraints are given Table 1. 
 
Table 1  Optimization problem constraints [23]. 

 
 Variables Constraints 

 
 

Mechanical 
constraints 

hsw  
bts  
bss2 

hsw ≥ 2 
bts ≥ 0.3ts 

0.15hss ≤ bss2  ≤ 0.5hss  

 
 

Magnetic 
constraints 

 
Bst 
Bsy 
Bry 
 Bg   

 

 
Bst ≤ 2  

Bsy ≤ 1.8 
Bry ≤ 1.8 
Bg ≤ 1.05 

 
 

Once the optimization problem is defined, the optimization 
procedure is conducted by the implementation of the OMOPSO and 
the SMPSO algorithms. As results, we are interested to the Pareto 
fonts and the optimization output. The first ones corresponding 
respectively to the OMOPSO and SMPSO algorithms are illustrated in 
Fig. 2 and Fig.3. The final output optimization results are reported in 
Table 2. 
 
Table 2  Optimization results 
 

Parameter OMOPSO SMPSO 

δ (mm) 
Drint (mm) 
hm (mm) 
hsw (mm) 
bts (mm) 
hs (mm) 
l (mm) 
α (°) 

Dsint (mm) 
Efficiency (%) 

weight (kg) 
CPU (s) 

1.6 
286 
3 
2 
15 
35 
50 
16 

183.2 
0,981 
31,44 
18.256 

1.6 
286 

3 
2 
15 
35 
50 
16 

183.4 
0,985 
32,55 

12.549 
 
Since all of Pareto front values, shown in Fig. 2, are feasible, the 

designer has to choose, from the Pareto fronts, the suitable parameters 
satisfying the specific design requirements.  We can notice in Fig. 2 
that both of SMPSO and OMOPSO techniques provide an optimal 
Pareto front concerning the considred optimization problem. 
Moreover, we can also clearly remark, the contradiction in the 
machine weight and efficiency varaitions. Thus, an increase in the 
machine produces an increase of  the machine weight. One further 
comment that we can mention, is that the SMPSO algorithm is slightly 
faster than the OMOPSO one. 

 
FEA RESULTS 

With the final aim of confirming the performance and efficiency 
of the optimization techniques, the machine model was validated by 
deep finite element simulations. Because of the the symmetry and the 
periodicities in the studied topology, the FEA investigations were 
reduced to the machine ninth. The FEA results are illustrated in Fig. 4, 
Fig. 5 and Table 3. 

 

 

 
 
Fig. 2  OMOPSO Pareto front 

 
 
 

 
Fig. 3  SMPSO Pareto front 
 
 

 
 

 
 
Fig. 4  Plot of 2-D flux lines  
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Fig. 5  Distribution of the magnetic Flux density  
 

Table 3  Comparison between Optimization and FEA results  
 

Parameter Optimization 
results 

FEA 
results 

Error 
(%) 

Bm (T) 
Bg (T) 
Bsy (T) 
Bst (T) 
Bry (T) 

Total Iron losses ( kW) 

0.72 
0.88 
1.79 
1.75 
1.86 
1.057 

0.72 
0.91 
1.77 
1.85 
2.1 

1.064 

0 
3.3 
1.1 
5.4 
7.5 
0.7 

 
Referring to Fig. 4, we can notice the existence of flux lines which 

do not cross the airgap. These flux lines are the leakage flux. 
The flux density distributions of the studied machine, from 2-D 

FEA results, are shown in Fig. 5. It can be clearly noticed that some 
saturations occur in the rotor iron core and some small areas in the 
stator teeth. 
 
DISCUSSION 
 

After several executions, the OMOPSO and SMPSO algorithms 
show that they can overcome the problem of the contradictions of the 
objective functions, since the maximization of the machine efficiency 
causes a maximization of its weight and vice versa. Indeed, these two 
algorithms are capable of generating optimal solutions which satisfy 
all the objective functions and the imposed constraints. Moreover, the 
figures of the Pareto fronts show that the algorithms make it possible 
to generate fronts rich with non-dominated solutions, and that they do 
not quickly lose their diversity. Furthermore, the simulations results of 
the electromagnetic features, which are calculated by means of finite 
element analysis (FEA), show a good agreement with the algorithms 
results. 
 
CONCLUSION 
 

This work is devoted to the  optimal sizing of an in-wheel, outer 
rotor, surface mounted permanent magnet motor. To achieve this, two 
based-Swarm Particle Optimization (PSO) techniques, namely, the 
improved PSO multi-Objective optimization and the Speed-
constrained multi-objective PSO (SMPSO) optimization, were 
implemented.  The target of our optimization procedure is to find the 
optimum machine’s geometric parameters leading to the maximum 
efficiency and the minimum weight. Based on the obtained Pareto 
fronts, from the multi-objective optimization procedure, a topology is 
selected. In order to confirm the analytical optimization, the selected 
topology was analyzed by FEA. Simulation results of FEA illustrated 
that the results obtained by analytical optimization are in good 
agreement with those obtained by FEA. 
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