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Abstract—This paper makes available the guidelines in the form of techniques for the design optimization of permanent magnet 

synchronous motor (PMSM). The design of permanent magnet synchronous motor used in propulsion, gearless elevator system, 
hybrid and fuel cell vehicles and high-performance applications required to be robust.  The robust design techniques like genetic 
algorithm, bees algorithm. response surface methodology, taguchi optimization method, equivalent circuit and design of 
experiment are referred to optimize the design for improvement in starting torque, efficiency, reduction in eddy current loss and 
prevention of demagnetization. Stator and rotor copper losses, core losses, starting torque, maximum torque, torque ripple and 
efficiency are parameters that can be optimized. 
Index Terms— Bees algorithm, demagnetization, genetic algorithm, optimum design techniques, PMSM, rotor configuration, 
stator configuration.  
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INTRODUCTION 

HE permanent magnet synchronous motor has the features of 
high torque density, high power density and high efficiency. 
The permanent magnet used in the motor may demagnetize at 
high temperature causing the reduction in reliability of the 
system. The performance of the motor and reliability of the 
drive system can be maintained if the design is robust. The 
robust design can be achieved using different optimization 
techniques.  In multistep optimum seeking technique the 
defined range of rotational speed is used to obtain the constant 
adaption coefficient, conductivity and average electromagnetic 
torque. The composite solid rotor is with the permanent 
magnets sandwiched in the axial slots of solid steel segments 
and surface of the brass cage. The  
composite solid rotor structure improves the starting torque and 
can run the motor under large load conditions [1]. The transient 
and steady state performance of the line start  
permanent magnet synchronous motor is studied by analyzing 
the impact of different parameters on machine performance up  
gradation. The performance gets affected with steady state and 
transient state characteristics as constraints [2]. The exceptional 
active performance for the motor drives makes model 
predictive control technique one of the best control techniques. 
The artificial neural network with genetic algorithm optimizes 
the selection of factors of model predictive control for 
permanent magnet synchronous motor drives [3]. The high 
efficiency and high power density makes the permanent magnet 
synchronous motor to use widely in propelling applications. 
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The model of efficiency mapping can be used to determine the 
vehicles energy consumption [4]. Bees algorithm uses the 
mathematical procedure to decide or find the optimized design 
variables that reflect the machine geometry and machine 
specifications. The Optimization procedure using Bees 
Algorithm is encouraged by usual searching for food behavior 
of honey bees to discover the best possible solution for different 
aspect of design development. The optimized design with 
optimal variables obtained using Bees Algorithm reduces the 
size of the machines and optimizes the efficiency [5]. The 
performance of the IPMSM is improved by optimizing the rotor 
configuration. The optimized shape of the V-type magnets 
reduces the vibrations which are caused by torque ripples. The 
vibrations in motor are minimized by reducing the harmonics 
of the air gap flux density [6]. The control or variable 
parameters are selected based on the aim of the design of 
permanent magnet synchronous motor. In this paper, Taguchi 
optimization method is used for the analysis of cogging torque 
and back emf with five control parameters at five levels [7]. The 
ripple and cogging torques are reduced by using variety of 
shape of magnets and skewing of stator and rotor. Magnet 
shaping reduces the rare earth material used and cost of the 
machine too. The optimum design is achieved using Taguchi 
optimization method and Genetic algorithm [9]. The design of 
the permanent magnet linear synchronous motor is optimized 
using kriging interpolation and genetic algorithm [13]. The 
PMSM servo drive design is optimized using fuzzy techniques 
[14]. The cost effective permanent magnet synchronous motor 
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is designed and optimized using gene handling genetic 
algorithm. The cost of the copper and magnet material is 
reduced and the design variables are also optimized using this 
technique [15]. The parameters inductance, resistance, counter 
emf and linear force constant are estimated from 
electromagnetic analysis. The dynamic equation and modeling 
is used with the switching scheme to estimate the dc link 
voltage [16]. The main design variables and effect on objective 
are determined by design of experiment. The optimum design 
variables are determined by response surface method and the 
losses, efficiency by equivalent circuit method [18]. The direct 
and quadrature axis inductances are determined here and the 
design of machines is optimized by response surface 
methodology [19]. The permanent magnet synchronous motor 
has the limitation of torque ripple which results in noise. The 
torque ripple is minimized by optimizing the rotor geometry 
and magnetic parameters [20]. Response surface methodology 
is used to design the interior permanent magnet synchronous 
motor and minimize the torque ripple and reduces the 
harmonics present in the line to line value of back emf [23]. 
Efficiency and main dimensions of interior Brushless DC motor 
is optimized using Taguchi and Genetic algorithm method [24]. 
The efficiency is optimized and the vibrations are reduced by 
changing the rotor and stator configurations of interior 
permanent magnet synchronous motor. The design parameters 
that are optimized are barrier distance, tooth width and yoke 
thickness, coil diameter, space factor. Flux barrier and V type 
permanent magnets are used for the sinusoidal flux wave. The 
yoke thickness needs to be adjusted as per the teeth width to 
have the same value of winding space factor as that of the 
reference basic model. The main causes which produce the 
vibrations are torque ripple and magnetic force which is 
perpendicular to the air gap flux (radial magnetic force). To 
reduce the vibrations by the motor, the torque ripple and radial 
magnetic force are reduced by the arc of the rotor [25]. The 
electrical machines are designed using three methods as 
analytical, numerical and empirical. Finite element method is 
used to analyze the design of induction motor, interior 
permanent magnet motor and line start permanent magnet 
synchronous motor. The empirical method (sizing equations) is 
also verified by finite element method. The rotor of line start 
permanent magnet synchronous motor is optimized using 
genetic algorithm. The rotor optimization improves the starting 
torque and efficiency of the motor [26]. Eddy current loss and 
irreversible demagnetization affects the optimum design of 
machines. A reduction in eddy current loss prevents the 
irreversible demagnetization. Optimum design for the 
minimum variations in eddy current loss is achieved with 
response surface methodology and design of experiments [27]. 
This paper presents the design optimization of single phase line 
start permanent magnet motor using equivalent circuit based on 
symmetric field theory, Latin hypercube sampling for sample 
selection and radial base function for approximation model. 
Genetic algorithm is used for optimizing the results. The 
optimized parameters are efficiency, stator and rotor copper 
losses, core losses, starting torque, maximum torque, and torque 
ripple. The validation of the proposed design is achieved by FE 
analysis and experimental results [28]. The IPMSM 
optimization is done with Taguchi method and optimization 
results in the reduced torque ripple, increased torque and 

efficiency. The Ansys Maxwell is used for analysis of the 
IPMSM with five parameters of the rotor structure. The 
parameters of the delta shaped rotor structure were permanent 
magnet layer position, pole arc angle of the two layers and angle 
of one of the permanent magnet layer [29]. The IPMSM has the 
limitation of demagnetization of permanent magnet at high 
temperature under operating conditions. Here, the 
demagnetization can be optimized by changing the magnet 
arrangement and angle between them. The magnet arrangement 
is changed from flat to spoke type. The variation in magnet 
thickness and magnet width also gives better demagnetization 
resistance. This improves the output torque and reduces the 
torque ripple [31]. The response surface method is used to 
optimize the design of rare earth free concentrated flux 
synchronous motor. The performance of the motor is optimized 
by considering three design factors that are opening width of 
stator slot, opening width of rotor slot and width of permanent 
magnet [32].                                                                                                                                                                                                       
Hybrid magnet is one of the methods used for design 
optimization of PMSM. The same results of rare earth PMSM 
are possible when thick ferrite magnets and thin rare earth 
magnets are used [33].  
II. DESIGN OPTIMIZATION TECHNIQUES 

The performance of any rotating electrical machines is 
dependent on the choice of maximum flux density in the air gap, 
current density and losses. In addition to this the rotor structure, 
winding layout and main dimensions of the motor also affects 
the efficiency or performance of the motor. The parameters that 
need to be focused while enhancing the performance of the 
motor are output torque, flux, efficiency etc. The general 
process stages in any electrical machines are input energy, 
electromagnetic process, energy losses and output energy. The 
performance of the motor can be affected by stator or rotor 
geometrical parameters and trouble causing parameters as 
shown in figure 1.  

 
Fig. 1. Process stages of the motor. 

A. Composite Solid Rotor 
The starting torque of the line start permanent magnet 

synchronous motor can be improved by composite solid steel 
rotor. The solid steel of the rotor develops high starting torque. 
The starting capability of the motor can also be improved by 
providing slots axially and cage bars on the rotor surface. The 
slotted rotor with short circuited cage bars and smooth rotor 
with solid steel are shown in figure 2. The flux path for both 
slotted and smooth rotor is shown in figure 2 (a). The flux 
penetrates deeply in slotted rotor as compared with smooth 
rotor. The slotted rotor with squirrel cage bars shows higher 
flux which results in high current density of the rotor. The 
current density of the composite solid rotor is higher and more 
than twice to that of the solid rotor. The distribution of current 
in slotted rotor and solid steel rotor is shown in figure 2 (b). The 
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construction view of proposed composite solid rotor is shown 
in figure 3. 

 
Fig. 2. Distribution of a) flux and b) eddy current [1]. 

 
Fig. 3. Constructional view of composite solid rotor [1]. 

B. Bees Algorithm 
The factor which affects the design optimization of rotating 
electrical machines is the particular application.  The designer 
then needs to decide certain parameters. In case of propulsion 
or traction application the high torque density, high power 
density and high efficiency are the major considerations to 
evolve an optimum design. 

 
Fig. 4. Bees Algorithm optimal parameters selection criteria 
[5]. 
The Bees algorithm is the technique to search the parameters 
for design optimization. The flow chart of Bees Algorithm is 
described in figure 4. The first step is to initiate the number of 
design variables. The design variables are the geometrical 
parameters, electrical and magnetic specifications. For example 
the design variables like stator inside diameter, stator core 

length, rotor magnet width, length and thickness, power 
density, torque density, current density etc. The second step is 
to verify/estimate the design variables as per the 
application/requirement and then confirm the best selected 
variables in third step. The forth step is to decide the remaining 
variables for other analysis. The fifth step explains about the 
effect of each variable on other variables and parameters. After 
the analysis, the best parameters are confirmed and the results 
of the analysis are concluded in step 6. The step 7 and step 8 is 
to assign the suitable design variables for future analysis based 
on particular application [5].   
C. Response Surface Methodology 
The design of experiment theory and analytical model are the 
strategies for identification of electrical machines performance. 
The relationship between the response (Q) and input variables 
(P) along with the error (𝜖) to optimize the machine 
performance is  
		𝑄 = 𝑓(𝑃!) + 	𝜖									(𝑘 = 1, 2, 3, …… . . 𝑛)																				(1)				 

In Response Surface Methodology, the experimentation 
(simulation) at the time of motor operation provides data as 
design variables. The design variables decided after analysis 
can be used as functions. The variation in results owing to a 
range of functions is the response. The simulation or actual 
carrying out tests provides the responses.  

 
Fig. 5. Central Composite Design of experiment points [6]. 
The response surfaces are created by following the procedure 
of Central Composite Design.  The experimental points for the 
response surfaces are shown in figure 5. The simulation or 
conducting tests provides the interaction between design 
variables as functions and response surfaces. The design 
variables can be selected based upon the particular response. 
The stator, rotor geometrical configuration and magnet 
dimensions make available the design variables. The 
confirmation of the design variables and response surfaces 
optimizes the design [6]. 
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Fig. 6. Flow chart of Response Surface Methodology [23]. 
D. Taguchi Optimization Method 
The lengthy electrical machine design optimization methods for 
100 to 1000 numbers of tests may have the conflict in the choice 
of best possible combination of design variables. The design 
optimization with Taguchi Optimization method for a specified 
number of tests is the quick and                                                                                                                                                           
result oriented technique.  
In this technique, the design variables as per the 
application/objective are to be selected with their levels. The 
best possible combination of parameters is then confirmed after 
simulating the motor. The table I shows the design parameters 
which are also control parameters with their levels. The four 
parameters: Temperature, magnet thickness, magnet duct and 
type of magnet are considered and 256 tests have to be 
performed during full experimentation/simulation. This will be 
time-consuming process but using Taguchi optimization 
method only 16 tests are performed [7]. 

TABLE I 
DESIGN VARIABLE PARAMETERS AND THEIR LEVEL [7]  
Variable 

parameters 
Unit Level of Variable Parameters 

1 2 3 4 
Temperature °C 20 40 70 80 
Magnet 
Thickness 

mm 4 4.5 5.5 6 

Magnet 
Duct 
dimension 

mm 1.5 2.4 3 5 

Type of 
Magnet 

-- Ferrite  Alnico SmCo  NdFe35 

E. Genetic Algorithm 
The design optimization of machines is not an easy task. To 
make the optimization process quick and reliable, one of the 
techniques is genetic algorithm. The researcher or designer as 
per experience and knowledge of constraints in machine design 
can search for the optimum design variables/parameters. In 
genetic algorithm the following steps are helpful for searching 
the design parameters [9]. 

a) Decide the objective/application of machine design   
b) Choose the design parameters with values and levels  
c) Decide the limiting parameters 
d) Estimation of the parameters satisfying the particular 

objective/condition 
e) Check the fulfillment of the conditions (Balance) 
f) Confirmation of the design parameters  

 
    Fig. 7. Optimum Design Algorithm [28] 
Design optimization of rotating machines is presented in figure 
7. The Latin Hypercube Sampling (LHS) and Radial Basis 
Function as mentioned in optimum design algorithm are used 
for selection of sampling & creation of approximate model 
respectively. Finally the genetic algorithm is used to achieve the 
optimum design results [28]. 
III. DESIGN OPTIMIZATION OF IPMSM 
The Interior Permanent Magnet Synchronous Motor (IPMSM) 
is analyzed using RMxprt tool of Ansys. The analysis is initially 
done for a variety of factors. It was very time consuming 
process to simulate the IPMSM for number of tests with 
different design variables. The design optimization techniques: 
Bees Algorithm, Taguchi Method and Genetic Algorithm help 
to decide the number and type of design variable. The 6 to 10 
geometrical and electrical design variables have been initiated 
and the verified/estimated design variables are temperature, 
magnet thickness, magnet duct dimensions and magnet type. 
The effect of these variables on efficiency, armature current and 
torque angle is studied and estimated the value of these as 
objective variables. The best design variables are then 
confirmed. These are the common steps to be followed while 
referring the design optimization techniques. The Taguchi 
optimization method is used to decide the number of tests. The 
table I give details about the level of design variables. The 
optimum results of the design variables temperature, magnet 
thickness, magnet duct dimensions and type of magnet are used 
to check the optimum performance of the motor. Figure 8 shows 
the effect of type of magnet on the efficiency and rated torque. 
The performance of the motor is optimized with the magnetic 
material SmCo24 and NdFe30. It would be interesting to check 
the performance of the motor with combined magnetic material. 
The combination of rare earth and non rare earth magnetic 
material would be better as said by the literature reviewed.    
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Fig.  8. Effect of magnetic material on Efficiency and rated 
torque 
The performance of the motor is also analyzed with different 
stator and rotor configurations. The design variable stator 
outside diameter is varied within the range of 300 mm to 500 
mm, stator inside diameter is varied within the range of 217 mm 
to 410 mm and rotor inside diameter is also varied within the 
range of 145 mm to 350 mm. These variations cause the 
changes in the dimensions of stator and rotor tooth and results 
in the increment of flux. The inductance at the direct and 
quadrature axis increases with the increment in flux. This effect 
is shown in figure 9.  

 
Fig.  9.  Effect of variations in stator & rotor diameter on direct 
and quadrature axis inductance  
Taguchi optimization technique and Surface response 
methodology are used to decide the design variables and their 
level, confirmation of the best suitable combination of design 
variables, to decide objective functions as per requirements. 
The optimization techniques are also used to decide the number 
and type of variable for future work.  
IV. CONCLUSION 
The design optimization techniques studied in this paper are 
used to identify the design variables, objective functions and the 
level of the variables. The taguchi optimization technique, 
response surface methodology and genetic algorithms are used 
for design optimization of IPMSM.  This study is the base to 
analyze the same IPMSM with different rare earth and non rare 
earth magnetic materials with modifications in geometrical 
parameters. The efficiency obtained with the NdFe30 is 81 % 

and the rated torque is 5 N-m. The performance of the IPMSM 
is enhanced with the rare earth magnetic materials as compared 
with the non rare earth magnetic materials. This study can be 
extended to analyze the motor with the combination of rare and 
non rare earth magnetic materials. 
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