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Abstract—For an optimal design of a surface-mounted 

permanent magnet synchronous motor (SPMSM), many objective 
functions should be considered. The classical optimization 
methods, which have been habitually designed based on magnetic 
circuit law or finite element analysis (FEA), have inaccuracy or 
calculation time problems when solving the multi-objective 
problems. To address these problems, the multi-independent 
-population genetic algorithm (MGA) combined with subdomain 
(SD) model are proposed to improve the performance of SPMSM 
such as magnetic field distribution, cost and efficiency. In order to 
analyze the flux density harmonics accurately, the accurate SD 
model is first established. Then, the MGA with time-saving SD 
model are employed to search for solutions which belong to the 
Pareto optimal set. Finally, for the purpose of validation, the 
electromagnetic performance of the new design motor are 
investigated by FEA, comparing with the initial design and 
conventional GA optimal design to demonstrate the advantage of 
MGA optimization method. 
 

Index Terms—Improved Genetic Algorithm, reduction of flux 
density spatial distortion, sub-domain model, multi-objective 
optimal design.  
 

I. INTRODUCTION 
IGH performance permanent magnet synchronous motors 
are of high demand in industrial applications like electric 

vehicle due to the requirements of high efficiency, low cost, 
low acoustic noise and smooth torque [1-3]. 

The energy efficiency is strongly associated with electrical 
motors, a higher efficiency motor consumes less energy than a 
standard one [4-9]. And the cost of the materials is a 
nonnegligible part of the PM machines optimal design [10-11]. 
Due to the spatial harmonics can induce mechanical vibration 
and acoustic noise, hence the smooth torque is preferable in 
industrial applications [12-17]. Consequently, efficiency 
maximization, cost minimization and flux density  
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spatial optimization become the important parts of the PM 
machines optimal design.  

In general, for multi objective optimization problems, the 
global optimization techniques are required for electric 
machines. During the past years, particle swarm optimization 
(PSO) have been used, e.g., in [10] and [12], genetic algorithm 
(GA) optimization method in [3] and [9]. There are also some 
new optimization strategies [1] and [2]. In [10], a modified PSO 
is proposed to search the cost value of the global best during in 
the current iteration. In [2], an interactive multiobjective 
optimization method is presented to find the most preferred 
Pareto optimal solution for six objective functions. 
Accordingly, the improved intelligent algorithm is more 
advantageous to solve the multi-objective optimization 
problem. 

Since the simplified model such as equivalent magnetic 
circuit method cannot describe the relationships between the 
amplitude of flux density harmonics and the structural 
parameters of motor [6][14][19]. Numerical methods, such as 
finite element analysis (FEA) can account for the complicated 
structure and material saturation. However, numerical methods 
are combined with optimization will relatively slow and 
time-consuming [2]. The SD model are fast and can provide 
reliable predictions of the magnetic field computation in 
electrical machines as analytical model [16][18]. 

In this paper, an accurate SD model is presented to analyze 
the harmonic order of flux density in SPMSM, and the FEA 
shows excellent accuracy of the analytical solutions. An 
improved genetic algorithm, as multi- independent-population 
genetic algorithm (MGA), which based on SD model can solve 
the multi-objective functions is presented to optimize the 
performance of the investigated SPMSM, including the 
operating efficiency, material cost and electromagnetic 
waveforms. 

II. MODELING 

A. THD of Air-gap Flux Density 
In order to save the computational time of optimal algorithm, 

a SD model without the effect of slot is established in this paper. 
The SD model is based on two-dimensional models in polar 
coordinates and solves the governing Laplacian and 
quasi-Poissonian field equations in the air gap and magnet 
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regions. 
The following assumptions are made to obtain an analytical 

solution for the air-gap field distribution produced by 
permanent magnets. 1) The permanent magnets have a linear 
demagnetization characteristic. 2) End-effects are neglected. 3) 
The stator and rotor back-iron is infinitely permeable. 

 
Fig. 1.  Surface-mounted PM motor topology. 

Fig. 1 shows a simplified view of a SPMSM. The field 

vectors B  and H  in two regions are coupled by 

0air airB H                                  (1a) 

0 0m r mB H M                           (1b) 

where airB  and mB  are the flux density vectors in the air-gap 

and PMs, respectively, airH  and mH  are the flux intensity 

vectors in the air-gap and PMs, respectively, 0  is the air 

permeability, r is the relative recoil permeability. For radial 

magnetization distribution, the magnetization vector M  can 
be given as  

rM M r M                                (2) 

 
Fig. 2. Waveform of magnetization 

Fig. 2 shows the radial magnetization distribution produced 
by PMs. For radial magnetization, the tangential component 
M  is constant to 0. The radial component can be described, 
over one pole pair, by 
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where p is the number of pole-pairs, Br is the remanence, p is 
the magnet pole-arc to pole pitch ratio, and  is the angular 
position. Mr can be expressed as Fourier series, i.e., 
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The scalar magnetic potential  in the air-gap is governed by 

Laplacian equation, in the permanent magnet regions it is 
governed by the quasi-Poissonian equation [18], 
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The boundary conditions are defined by 
( , ) 0

rair r RH r                              (6a) 

( , ) ( , )
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( , ) ( , )
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( , ) 0
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In the air-gap, general solution to the governing (5) can be 
obtained as 
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where Anair and Bnair are constraints determined by applying 
continuity conditions (3). 

The flux density components are defined by 
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r
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The developed analysis model has been validated by FEA on 
both slotless and slotted motors as shown in Fig. 3 (a) and (b), 
the result shows that SD model can well predict the amplitude 
of the air-gap flux density harmonics. 

The THD of flux density in air-gap region can be given as 
2
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where B1 and Bi are the harmonic order of air-gap flux density. 
To save the calculation time, the maximum harmonic number is 
set to 15 times. 

 
(a) 
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(b) 

Fig. 3.  A 6-pole 36-slot SPMSM ( p=0.8) model validation. (a) Air-gap field 
components with radial magnetized magnets (b) Spatial Fourier decomposition. 

B. Cost of SPMSM 
For the sake of obtaining the most cost-effective 

surface-mounted PM motor, the proposed criterion includes the 
different material cost 

Act Cu Cu Fe Fe PM PMC c M c M c M              (10) 
where CAct is the active generator material cost, cCu, cFe, cPM are 
the unit costs of the copper, the active iron, and the permanent 
magnets, and MCu, MFe, MPM are the weight of the copper, the 
active iron, and the permanent magnets, respectively. 

C.  Efficiency of SPMSM 
The most common evaluation of iron loss is the Bertotti iron 

loss formula [20], which calculates the iron loss per volume as 
2 2

2 2 2 1.5 1.5
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where kh and ke are the coefficients of hysteresis loss and excess 
loss, respectively.  is the conductivity of the material, and kd is 
the thickness of laminations. These four parameters can be 
referred to the data sheet from steel manufacturer. f is the 
frequency, and Bm is the peak value of the magnetic flux 
density. 

The average flux density in tooth and yoke can be expressed 
as [9] 
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where ks is the stacking factor, Di1 is the inner diameter of stator, 
Q1 is the number of slots, bt is the tooth width, and hy is the yoke 
height. 

The iron loss can be obtained as 

Fe Fet t Fey yP p V p V                            (13) 

whereVt,j are the total volumes of stator tooth and yoke, i.e., 
1
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and L1 is the length of core. 
The winding resistance can be expressed as 

1 1= / ( )Cu av s fR L Q S S                           (15) 

where Cu is the copper electrical resistivity, Lav is the length of 
half winding turn, Ss is the cross-section area of the slot and Sf is 
the slot filling factor. 

The copper losses are given as 
2

13Cu sP I R                                    (16) 

The efficiency  can be calculated as 
/ ( )out Fe Cu mec ad outP P P P P P        (17) 

where Pout is the output power, and the sum of mechanical loss 
pmec and additional loss pad are considered as 2% of the rated 
power. 

III. OPTIMIZATION 
In this section, an optimization based on the analytical model 

is implemented to obtain the optimal geometric structure.   

A. Variables and Constraints 
A 150-kW SPMSM with a constant speed of 3600 r/min has 

been chosen to demonstrate the developed analytical model and 
the optimization method. Table 1 shows the main design details 
of the PM motor. 

The optimization variables have been carefully selected 
based on the influence of those variables on the optimization 
process and the quality of the solution, which are independent 
structural parameters of PM motor. The values of the variables 
are constrained by the upper and the lower limits, which are set 
to avoid unacceptable results, eight variables are chosen to vary 
within a certain range are presented in Table II. The SPMSM 
structure and design variables are shown in Fig. 1.  

The constraints including current density, slot filling factor 
and the flux density in different regions are as follows: 

 Subject to: 
 J1 (Current density)  6 A/mm2 

 Sf (Slot fill factor)  76% 

TABLE I 
SPECIFICATIONS OF THE SPMSM 

Quantity Value 

Rated power 150 kW 
Rated speed 3600 r/min 
Operating temperature 1  
DC bus voltage 900 V 
Pole-pairs number 4 
Slot number 48 

TABLE II 
THE DESIGN VARIABLES 

Symbol Quantity Min. Max. 

Rr Inner radius of rotor 100 mm 150 mm 
 Air-gap height 2 mm 10 mm 

hm PMs height 5 mm 20 mm 
hs Stator slot height 20 mm 50 mm 
hy Stator yoke height 10 mm 40 mm 
bt Stator teeth width 5 mm 20 mm 
L1 Core length 100 mm 300 mm 

 Pole-arc to pole-pitch ratio 0.5 1 

 



GAO et al. : IMPROVED GENETIC OPTIMIZATION ALGORITHM WITH SUBDOMAIN MODEL FOR MULTI-OBJECTIVE OPTIMAL  163 
ESIGN OF SPMSM 

 0.5 T  Bg (Air gap flux density)  0.8 T 
     1.3 T  Bt , By (Teeth and yoke flux density)  1.85 T 

B. Implementation of MGA 
Genetic algorithm (GA) is a stochastic, parallel evolutionary 

computation optimization method, which has been widely used 
for electromagnetic devices [3][9]. The standard GA may have 
some shortcomings such as prematurely, local optimal trap, and 
long time-consuming in solving the optimization of nonlinear 
complex problems, which using weighted coefficient method to 
solve the multi-objective optimization will meet the trouble of 
decision of the weighted coefficients in different objective 
functions, especially the objectives are not the same order of 
magnitude [3]. The proposed MGA can deal with multi 
objective problems in parallel. The MGA optimization 
combining with accurate SD model are shown in Fig. 4.  

 
Fig. 4.  Block diagram of MGA with SD model. 

The conflict of feasible solution between the multi objective 
functions and constraints leads to the existence of Pareto set 
instead of the global optimum set in the process of optimization. 
In MGA, the parallel selection method is applied to solve the 
Pareto solution of multi objective problems. According to the 
significance of different objective functions, the corresponding 
individual number of sub-population will be determined. The 
details of parallel selection method as shown in Fig. 5.  

The advantage of the parallel selection method is that each 
objective function can be independently performed in the 
corresponding sub-population, without considering about 
whether the weight coefficients of each object function are 
difficult to decide. In order to ensure the independence of 
subpopulation, the size of each subpopulation should be large 
enough. 

The feasibility of the design is guaranteed by adding a 
penalty to the objective function due to constraint violations 
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Fig. 5.  Diagram of parallel selection method. 

where gj (X) is the constraint function,  is the penalty 
coefficient and the objective functions fi (X) (i=1,2,3) are 
defined as follows 
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3 (X) Cu Cu Fe Fe PM PMf c M c M c M           (19c) 

IV. RESULTS 

A. Optimal Design Results 
Fig. 6 describe the evaluation of the optimal solution of the 

THD of air-gap flux density, efficiency and cost at the rated 
load during the optimization proceeding. The solutions of 
initial design, GA optimal design and MGA optimal design are 
shown in Table III. 

In the process of optimization, it can be seen that the MGA 
optimization demonstrates better optimization capability and 
preferable convergence effect than the conventional GA 
optimization method. 

TABLE III 
THE SOLUTIONS OF TWO OPTIMIZATION METHODS 

Symbol Initial GA MGA 

Rr 119 mm 100.1 mm 104.5 mm 
 6 mm 6 mm 8.9 mm 

hm 6 mm 7.1 mm 9.5 mm 
hs 39 mm 36.4 mm 35.9 mm 
hy 15 mm 14.4 mm 12.2 mm 
bt 7.5 mm 6.3 mm 6.7 mm 
L1 160 mm 125.6 mm 115.8 mm 

 0.8 0.7065 0.6915 

 

 
(a) 
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(b) 

 
(c) 

Fig. 6.  The optimal solution variations of GA and MGA optimization method. 
(a) THD of air gap flux density (b) Efficiency under rated power (c) Total 
materials cost. 

B. Verification by FEA 
In order to verify the effectiveness of the improved GA 

optimization method, three types of simulation scheme of the 
150kW-3600 r/min SPMSM are established. From the 
comparative results, the material cost is effectively decreased 
from 305.04 Euro to 235.6 Euro and down to 224.06. The load 
torque ripple validated by FEA is decreased from 1.41% to 
0.67% and down to 0.65%, and the cogging torque is decreased 
from 2.96Nm to 0.41Nm and down to 0.26Nm. 

Fig. 7 shows the  comparative results of cogging torque by 
three types of design method. 

Fig. 8 show the induced voltage waveforms and its fast 
Fourier transform (FFT) results of three design method.  

The comparative results in Fig. 7 and Fig.8 verify the 
effectiveness of the spatial waveform optimization. 

 
Fig. 7. Comparison of cogging torque 

 
(a) 

 
(b) 

Fig. 8.  Comparison of induced voltage (a) Waveforms. (b) Amplitude of the 
harmonics. 

V. CONCLUSION 
In this study, an improved genetic algorithm, as 

multi-independent-population genetic algorithm (MGA), is 
proposed, and combined with the accurate SD model to 
improve the multiple performance of SPMSM including the 
THD of flux density, efficiency and cost. Compared with the 
initial design and traditional GA optimal design, the application 
of MGA method to a 150-kw SPMSM brings the THD 
reduction of 5.68% and 1.08%, respectively; brings the cost 
reduction of 36.16% and 5.15% respectively; brings the 
efficiency enhancement of 0.02% and only reduction of 0.06%, 
respectively. Additionally, the effect of core saturation and heat 
load will be considered in further research. 
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