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Background and Objectives: Interior permanent magnet synchronous machines 
(IPMSMs) have gained increasing attention in electric vehicle applications due to their 
high power density, desirable efficiency, and capability of delivering maximum torque 
over a wide speed range. Despite these advantages, challenges such as torque ripple 
and suboptimal efficiency remain. This study aims to propose a design and multi-
objective optimization approach for the Stator-Optimized Delta-Type IPMSM (SO-DT-
IPMSM) motor to enhance efficiency, reduce torque ripple, and improve average 
torque.  
Methods: A multi-objective particle swarm optimization (MOPSO) was employed to 
determine the optimal set of stator parameters. In this study, an existing delta-type 
IPMSM rotor topology was adopted, and all rotor parameters were kept fixed, while 
the optimization was exclusively performed on stator geometry. Electromagnetic 
modeling and performance evaluation of the proposed design were carried out using 
Ansys Electronics. Following the optimization process, a prototype motor was 
manufactured and assembled based on the optimized design parameters, and 
experimental tests were conducted to validate the simulation results.  
Results: Simulation results revealed significant improvements in the SO-DT-IPMSM 
compared with the Nissan Leaf IPMSM motor (Initial IPMSM). The optimized design 
achieved a 21% increase in average torque, 40% reduction in torque ripple, and 5% 
improvement in overall efficiency. Experimental tests performed on the fabricated 
prototype confirmed the accuracy of the simulation findings and demonstrated 
strong agreement between analytical and experimental data. 
Conclusion: The proposed design and optimization approach effectively enhanced 
torque, torque ripple, and efficiency in the IPMSM. Beyond the validated 
experimental performance, the results demonstrate that the presented methodology 
can serve as a practical solution for improving electric vehicle motor performance. 
Moreover, the introduced optimization framework has the potential to be extended 
to other motor topologies and applications. 
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Introduction 

In contemporary electric and hybrid vehicle drivetrains, 

PMSMs account for more than 80% of traction motor 

applications. This dominance is largely due to their 

ability to deliver high power density, maintain excellent 

efficiency across a wide speed range, and satisfy 

stringent vehicle performance requirements, as 

evidenced in vehicles such as the Nissan Leaf, Chevrolet 

Bolt, BYD E6, BMW i3, and Toyota Prius ‎[1]-‎[3]. 

Although these motors possess high performance 

potential, their design faces numerous challenges. The 

stator structure and its geometric parameters directly 

impact average torque, torque ripple, core and copper 

losses, and ultimately, the motor's efficiency ‎[4]. On one 

hand, reliance on rare-earth permanent magnets 

increases production costs and reduces supply chain 

stability ‎[5]. On the other hand, phenomena such as 

torque ripple and acoustic vibrations affect performance 

quality and passenger comfort ‎[6]. Alongside these 

issues, the simultaneous achievement of conflicting 

objectives such as increasing average torque, reducing 

torque ripple, and increasing efficiency turns the motor 

design problem into a complex multi-objective 

challenge ‎[7]. Furthermore, traditional design methods 

based on trial-and-error or single-objective optimization 

lack sufficient capability to explore the large design 

space of the motor and find the precise balance point 

among performance objectives. Therefore, the need for 

an intelligent multi-objective optimization framework 

that can improve the electromagnetic performance, 

manufacturability, and overall efficiency of the motor is 

strongly felt. The design and optimization of IPMSMs 

have become a main research focus in recent years due 

to the growth of the electric vehicle industry. A 

significant portion of this research has focused on 

improving electromagnetic performance, reducing 

losses, and reducing torque ripple; however, many have 

overlooked the role of stator design as a key factor in 

systematic optimization. 

Some research groups have focused on optimizing 

rotor topology, including V-shaped, inverted-V, 

asymmetric structures, and magnetic flux path 

optimization. These studies have managed to increase 

average torque and reduce torque ripple but have 

largely neglected the effect of stator shaping and its 

manufacturing constraints ‎[8]-‎[11]. Additionally, many of 

the proposed methods require heavy finite element 

analysis (FEA) analyses and are not very cost-effective 

for industrial applications. Other studies have used 

multi-objective approaches such as evolutionary 

algorithms, surrogate models based on machine 

learning, and multilevel methods to explore the 

extensive IPMSM design space. These methods have 

often achieved significant accomplishments in reducing 

computational cost and increasing prediction 

accuracy ‎[12]-‎[17]. However, many of these studies face 

challenges such as reduced population diversity, 

premature convergence, or excessive algorithm 

complexity, which limit industrial implementation. 

Studies related to stator shaping have been less frequent 

and often only address components such as tooth shape, 

slot opening, and bridge dimensions. Some of this 

research has shown that stator design directly impacts 

average torque, core losses, and torque ripple, and in 

many cases, its influence is greater than that of rotor 

design ‎[18]-‎[20]. However, most of these works have 

been either single-objective or have ignored 

manufacturing constraints such as minimum tooth 

thickness, producible slot depth, and local core 

saturation. In much of the previous research, although 

significant improvements in the design and optimization 

of IPMSMs have been achieved, a fundamental gap 

remains: None of these studies has provided a simple, 

industrially viable, yet multi-objective design framework 

for optimizing stator parameters; a framework that can 

systematically and simultaneously guarantee three key 

criteria: increasing average torque, reducing torque 

ripple, and improving efficiency. Most existing research 

has focused only on a limited part of the geometry or 

has not considered the real constraints of stator 

manufacturing and producibility. Furthermore, some of 

the optimization methods used face problems such as 

reduced population diversity and insufficient Pareto 

front coverage, which can lead to suboptimal solutions. 

Therefore, the need for a more accurate, practical, and 

industry-applicable method is still strongly felt; a need 

that the present research seeks to address. 

To this end, this study presents a stator design and 

optimization method for an SO-DT-IPMSM intended for 

electric vehicle applications, based on an MOPSO 

algorithm. An existing delta-type IPMSM rotor topology 

is adopted as the baseline and kept unchanged 

throughout the optimization process, allowing the 

influence of stator design to be isolated and 

systematically evaluated. In the proposed approach, key 

stator design parameters, including tooth width, slot 

depth, air gap length, slot opening width, slot opening 

height, and stator yoke, are selected through an 

importance analysis of design parameters, supported by 

analytical formulations and electromagnetic principles, 

to identify the most influential variables in IPMSM 

optimization. The optimization problem is then 

formulated in a multi-objective manner and solved using 

FEA, where three primary objectives—maximization of 

average torque, reduction of torque ripple, and 

improvement of efficiency are pursued simultaneously. 

By focusing exclusively on stator design while keeping all 

rotor parameters constant, the proposed framework 
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reduces design complexity and enhances industrial 

feasibility, particularly for upgrading existing motor 

platforms. The results demonstrate that the proposed 

method achieves superior electromagnetic performance 

compared to conventional optimization approaches, 

providing an effective and practical pathway for the 

development of next-generation IPMSMs for electric 

vehicle traction systems. 

The article is structured such that Section 2 

elaborates on the analytical model and introduces the 

base IPMSM motor. 

In Section 3, the MOPSO algorithm is first introduced. 

Subsequently, the definitions and importance analysis of 

the variables, the selection of optimization objectives, 

and the execution of the MOPSO algorithm are 

described. 

Section 4 presents the simulation results based on 

Finite Element Analysis and compares the performance 

of the optimized SO-DT-IPMSM with the initial IPMSM. 

Then, in Section 5, the simulation data are first 

experimentally validated with a prototype of the 

optimized SO-DT-IPMSM, and its experimental results 

are then compared with the experimental results of the 

Initial IPMSM. 

Finally, Section 6 summarizes the findings and 

provides suggestions for future research directions. 

IPMSM Motor Topology 

The objective of this study is to improve the 

performance of an 80 kW IPMSM from the Nissan Leaf 

electric vehicle ‎[23] with a rated speed of 2100 rpm. 

Compared to the Surface-mounted Permanent Magnet 

Synchronous Motor (SPMSM) type, in the IPMSM, the 

magnets are embedded inside the rotor. This feature 

eliminates the risk of magnet detachment at high speeds 

due to centrifugal force. Furthermore, the IPMSM can 

increase the motor's power density through the 

reluctance torque generated by the magnetic circuit's 

asymmetry. This research employs a single-layer, 

distributed, full-pitch winding in the stator. By 

distributing the coils of each phase across several 

adjacent slots, this winding enhances the main 

component of the Magneto Motive Force (MMF) and 

reduces mechanical harmonics. This structure results in a 

more sinusoidal flux, reduced cogging torque, lower 

noise, and reduced core losses; although its winding 

factor and slot space utilization are lower compared to 

double-layer or concentrated windings. The IPMSM 

under investigation features a rotor with a delta-shaped 

structure, 8 poles, and a stator with 48 slots. The delta-

shaped rotor structure provides higher output torque 

and better performance in the field-weakening region, 

which is why it is widely used in high-speed electric 

vehicle motors. The topology of the IPMSM studied in 

this paper is shown in Fig. 1. 

 

 

 

                     (b)                                                        (a) 

 

 

 

 

                    (b)          (a) 

Fig. 1: a) Exploded view of the studied IPMSM motor. b) 
Schematic diagram of the studied IPMSM motor 

 

The parameters of the initial design specifications for 

the studied IPMSM are as shown in the Table 1. 
 
Table 1: The parameters of the initial design specifications for 
the studied IPMSM 

 

Type of Motor  SO-DT-IPMSM 

Number of stator 
slot/rotor pole 

48/8 

Output power 
(kw) 

80 

Rated speed 
(r/min) 

2100 

Rated torque 
(N.m) 

280.7 

Efficiency (%) 92.5 

Rated current (A) 340 

 
 

Proposed Optimal Design Procedure for SO-DT-
IPMSM  

A.  Principle of Particle Swarm Optimization  

Particle Swarm Optimization (PSO) is a heuristic 

intelligent optimization algorithm developed by Kennedy 

and Eberhart ‎[24]. Inspired by the foraging behavior of 

birds, PSO searches for optimal solutions through 

information sharing and cooperation among individuals. 

Initially, the algorithm randomly generates a set of initial 

solutions and then iteratively searches for the global 

optimum. In each iteration, the next search direction is 

determined based on the global best solution and the 

individual's best solution from the previous iteration. 

Due to its simple structure and strong search 

capabilities, this algorithm has been widely used in 

parameter identification and maximum power point 

tracking ‎[25]. This algorithm primarily consists of five 

steps: Initialization, Velocity Update, Position 

Calculation, Revision of Individual Best Solutions, and 

Update of the Global Best Solution. 

Stator 

Rotor 

Stator winding 

PM 

Phase A 

Phase B 

Phase C 



A. Shams et al. 

476  J. Electr. Comput. Eng. Innovations, 14(2): 473-486, 2026 

1) Initialization 

A set of N particles is randomly generated with initial 

positions and velocities. The fitness of each particle is 

then evaluated using the fitness function f(x). 

2) Velocity Update 

The velocity of each particle is updated according to: 

1

2

() ( )

() ( ( ) )

i
i i i

i

v v c rand Pb x

c rand Pg k x

     

   
 (1) 

where, ω (0 ≤ ω ≤ 1) denotes the inertia weight, c1 and c2 

are learning coefficients, vi and xi are the velocity and 

position of particle i, rand() is a uniformly distributed 

random number in [0,1], Pbi is the personal best position 

of particle i, and Pg(k) is the global best position of the 

swarm at iteration k. 

3) Position Update 

After updating the velocities, the position of each 

particle is recalculated as: 

i i ix x v   (2) 

This equation ensures that each particle moves 

according to its newly computed velocity. 

4) Update of Individual Best Positions 

Each particle’s personal best position is updated 

according to: 

( 1)

( ) [ ( 1)] [ ( )]

( 1) [ ( 1)] [ ( )]

i

i i i

i i i

Pb k

Pb k f Pb k f Pb k

Pb k f Pb k f Pb k

 

  


  

 (3) 

This step ensures that a particle’s personal best 

position reflects the best fitness it has achieved so far. 

5) Update of the Global Best Position 

The global best position of the swarm is determined 

as: 

( ) argmin [ ( )] 1iPg k f Pb k i N    (4) 

where, N is the total number of particles. The global best 

position corresponds to the personal best position 

yielding the minimum objective function value among all 

particles. 

During each iteration, particles update their velocities 

and positions using (1) and (2). Subsequently, each 

particle updates its personal best according to (3). Once 

all personal bests are revised, the global best is updated 

according to (4).  

This process is repeated until the termination 

criterion is satisfied.  

Finally, the algorithm halts and outputs the optimized 

solution. 

B.  The Flowchart of Optimal Design Procedure for SO-

DT-IPMSM  

Fig. 2 illustrates the flowchart of the proposed multi-

objective optimization method for the initial IPMSM, 

whose main steps are outlined below: 

Step 1: Create Initial Model and Perform Preliminary 

Analysis. 

An initial model of the Initial IPMSM is created in 

Ansys Electronics software. A preliminary 

electromagnetic analysis is performed on the model to 

evaluate the motor's baseline behavior in terms of 

magnetic field, torque, losses, and other key parameters. 

Performance graphs are extracted for result comparison. 

Step 2: Select Design Variables. 

In this step, design variables affecting the motor's 

geometric or electromagnetic parameters are first 

introduced. Then, through an analysis of various 

references, the most critical design variables used for 

optimizing the Initial IPMSM are selected. Subsequently, 

based on the selected design variables, various 

references, and the structure of the studied motor, the 

design constraints are chosen. 

Step 3: Initialize MOPSO Algorithm Parameters. 

In this step, the key parameters of the algorithm, such 

as population size, maximum iterations, inertia weight, 

learning coefficients (c1, c2), and velocity limits, are 

initialized according to the specific requirements of the 

optimization problem. 

Step 4: Evaluate Samples in Ansys Electronics. 

Each design vector is imported into Ansys Electronics 

software, and an electromagnetic simulation is 

performed. The optimization objectives are calculated 

and extracted for each sample. 

Step 5: Check Stopping Criterion. 

It is checked whether the maximum allowed number 

of algorithm iterations has been reached. If not, the 

MOPSO algorithm is updated, and new design vectors 

are generated (return to Step 3). If yes, the optimization 

process ends. 

Step 6: Select Optimal Design. 

Optimal designs are extracted from the generated 

Pareto Front by the MOPSO algorithm. Based on the 

Design Strategy, one or more final designs are selected. 

Step 7: Fabricate the Proposed Optimized SO-DT-

IPMSM. 

The final step of the design method involves 

fabricating a physical prototype of the SO-DT-IPMSM, 

built according to the optimized design parameters, 

provided the simulation results satisfactorily meet the 

pre-defined performance criteria. 
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Fig. 2: Multi-objective optimization flowchart for IPMSM 
motor. 

Selection of Design Variable 

Fig. 3 shows the parametric FEA model of the SO-DT-

IPMSM created in Ansys Maxwell software, which 

includes 22 design parameters.  

 

 

Fig. 3: SO-DT-IPMSM parametric model. 
 

Based on references ‎[26]-‎[36], it is not necessary to 

optimize all 22 design parameters, as some of them can 

be predetermined during the initial design stage. The 

inner stator radius (Rsi) is defined according to the rated 

power, power factor, efficiency, and nominal speed, 

whereas the outer stator radius (Ro) is constrained by 

the installation space available for the IPMSM in electric 

vehicles. Since the optimization process is focused solely 

on the stator, the rotor parameters are kept fixed and 

are adopted from the Initial IPMSM as reported in 

reference ‎[23]. The symbols of the structural parameters 

of the studied IPMSM are labeled in Fig. 3, and their 

corresponding values are listed in Table 2.  
 

Table 2: Values of structural parameters of the studied IPMSM 
 

Categories Parameters Symbol Unit Value 

Stator 
parameters 

 

Inner radius of 
stator 

Rsi mm 65.5 

Outer radius of 
stator 

Ro mm 100 

Slot opening 
width 

Wso mm 2 

Inner slot width Bs1 mm 2 

Outer slot width Bs2 mm 5 

Slot opening 
height 

Dso mm 0.5 

Slot neck depth Hs1 mm 0 

Slot depth Ds mm 18 

Tooth width Wt mm 5.4 

Stator yoke Wy mm 13.25 

Air gap length Lag mm 1 

 Tooth tip angle Θs deg 30 

 

Rotor 
parameters 

Inner radius of 
rotor 

Rri mm 22.5 

V-shaped PMs 
length 

Lpm1 mm 30 

Straight-shaped 
PMs length 

Lpm2 mm 40 

V-shaped PMs 
clamp angle 

Avs deg 130 

External 
Magnetic Bridge 
Width Straight 

Shape 

Lb1 mm 1.3 

Flux barrier Lb2 mm 1.6 

Internal 
Magnetic Bridge 

Width 

Mag mm 1.27 

Straight-shaped 
PMs width 

Hpm1 mm 4 

V-shaped PMs 
width 

Hpm2 mm 2 

Diameter of 
Rotor hole 

Harc mm 10 
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The materials and design dimensions, including the 

rotor core and permanent magnets, are considered fixed 

in this design. The only difference lies in the distinct 

dimensions and structure of the stator core slots and 

teeth, which are considered in the proposed design. 

Importance Analysis of Design Parameters 
Effective in IPMSM Optimization 

In order to define the motor's performance objectives 

and determine the optimizable variables, the 

electromagnetic relationships related to efficiency, 

torque, and flux behavior were first examined. Recent 

studies on IPMSM design for electric vehicles identify 

high efficiency, stable average torque, low torque ripple, 

and robust dynamic behavior as key performance 

indicators. Studies conducted in recent years show that 

these characteristics are directly influenced by the 

geometry of the flux paths and the field distribution in 

the stator section. 

Motor efficiency, which is one of the main objectives 

of the optimization process in this research, can be 

calculated from the following equation: 

/ ( ) . / ( . )e e loss e e lossP P P T T P       (5) 

where, Te is the electromagnetic torque, ω is the angular 

speed, and Ploss includes the sum of copper, iron, 

mechanical, and stray losses. According to this 

relationship, any change in geometry that affects torque 

generation or the amount of losses will directly impact 

the final efficiency. 

By reviewing 11 reference papers ‎[26]-‎[36] in the field 

of sensitivity analysis and optimization of IPMSM, six 

geometric parameters of the stator that show high 

sensitivity to torque and losses have been selected. 

These parameters include tooth width, slot depth, air 

gap length, slot opening width, slot opening height, and 

stator yoke thickness. 

The selection of this set was based on two criteria: 

1) Direct relevance to the flux behavior in the air gap 

and tooth region, 

2) A determining role in controlling torque ripple and 

preventing core saturation. 

Tooth width is a key factor in determining torque due 

to its effect on the flux passing through the tooth and, 

consequently, the linked flux. The torque in an IPMSM is 

defined by the following equation: 

(3 / 2). .( . ( ). . )e f q d q d qT p i L L i i    (6) 

where, Te is the electromagnetic torque, p is the number 

of pole pairs, and id, iq, Ld, Lq, and ɸf are the d-q axis 

currents, inductances, and PM flux linkage, respectively. 

Slot depth represents the effective volume for 

winding, and its changes directly affect the resistance 

and copper losses. This behavior is described by the 

relations: 

2. / , .slot cuR l A P R I   (7) 

where, R is the winding resistance, ρ denotes the 

electrical resistivity of the conductor material (copper), l 

is the effective length of the conductor, and Aslot 

represents the effective slot cross-sectional area 

available for the winding. In addition, Pcu denotes the 

copper losses, and I is the current flowing through the 

winding. According to (7), increasing the effective slot 

area—resulting from an increase in slot depth leads to a 

reduction in the winding resistance and, consequently, a 

decrease in copper losses. Therefore, slot depth is a key 

geometric parameter that significantly influences the 

loss characteristics and overall efficiency of the electrical 

machine. 

The air-gap flux ϕ is approximately inversely 

proportional to the air-gap length g. This relationship 

can be expressed as 

1/ g   (8) 

The air-gap length simultaneously affects torque, 

torque ripple, and efficiency, since an increase in g 

reduces the air-gap flux, leading to a lower 

electromagnetic torque, whereas a smaller g increases 

flux but may exacerbate torque ripple and core losses.  

The geometric parameters of the stator slot opening, 

namely the slot opening width and slot opening height, 

play an important role in determining the 

electromagnetic performance of the IPMSM. These 

parameters directly affect the magnetic field distribution 

in the air-gap region and the amount of leakage flux, 

thereby influencing torque quality and loss 

characteristics. 

Torque ripple in IPMSMs originates from periodic 

variations in the magnetic co-energy as a function of 

rotor position. Accordingly, the impact of slot opening 

geometry on torque behavior can be expressed by 

( ) /T dWmag d                                                (9) 

where, Wmag is the magnetic co-energy stored in the 

machine. The slot opening dimensions alter the effective 

air-gap permeance distribution, thereby 

modulating Wmag(θ) and its derivative, which directly 

determines the torque profile. Increased slot width or 

height typically enhances leakage flux and introduces 

higher spatial harmonics in the air-gap field, leading to 

more pronounced torque ripple. Therefore, careful 

optimization of slot width and height is essential for 

minimizing torque ripple while maintaining acceptable 

levels of stator saturation and manufacturing feasibility. 
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Finally, the yoke thickness hyoke plays a critical role in 

providing a low-reluctance return path for the magnetic 

flux. An insufficient yoke thickness leads to increased 

flux density in the yoke region, which in turn raises core 

losses due to saturation effects. This relationship can be 

expressed as: 

/yoke yokeB A                                               (10) 

where, ɸ is the magnetic flux per pole and Ayoke is the 

yoke cross-sectional area. Since Ayoke is directly 

proportional to the yoke thickness hyoke, a reduction in 

hyoke results in an increased yoke flux density Byoke. 

Elevated flux density intensifies core losses and may lead 

to local magnetic saturation, thereby degrading machine 

performance. Therefore, the stator yoke thickness must 

be carefully selected to maintain the flux density below 

the saturation limit while minimizing material usage. 

These key parameters significantly influence the 

optimization objectives and are therefore selected as 

design variables in the multi-objective model. 

Their corresponding variation ranges are provided in 

Table 3. 

 
Table 3: Range of variation of key parameters of the IPMSM 
stator under study 
 

Parameters Symbol Unit Initial Range 

Tooth width Wt mm 5.4 3.5-6.5 

Slot depth Ds mm 18 17-27 

Air gap 
length 

Lag mm 1 0.5-1 

Slot opening 
width 

Wso mm 2 1.5-2.5 

Slot opening 
depth 

Dso mm 0.5 0.5-1 

Stator yoke Wy mm 10 3-15 

 

The range of values for the design variables must 

adhere to the following optimization constraints: 

 (1) The slot fill factor represents the proportion of 

copper occupying the slot area. Since coil insertion is 

usually carried out by automated manufacturing 

processes, this factor should generally not exceed 75%. 

At the same time, an excessively low fill factor is 

undesirable, as insufficient copper packing may cause 

wire movement during operation and increase the risk of 

insulation wear. Considering these aspects, the slot fill 

factor in this study is constrained within the following 

limits: 

60 % 75 %fS                                                (11) 

(2) To prevent excessive saturation of the motor's 

average flux density, which degrades IPMSM 

performance, the constraints for the average flux density 

in the stator tooth section (Bt) and the average flux 

density in the stator yoke section (Bj) must be as follows: 

t sat j satB B and B B                    (12) 

where, Bsat is the saturation flux density of the silicon 

steel sheet. In this paper Bsat is 1.95 T. 

To prevent an excessive temperature rise during 

motor operation, which could lead to the 

demagnetization of the permanent magnets, the current 

density (J) constraints must be defined as  [31]: 

210 .J A mm                    (13) 

Selection of Optimization Objectives 

Electric vehicles encounter a wide range of dynamic 

driving conditions, requiring the IPMSM to deliver 

sufficiently high torque for frequent events such as 

startup, acceleration, braking, and hill climbing. To 

maintain smooth and stable operation, the torque ripple 

of the IPMSM must also be minimized. In addition, 

achieving a long driving range in EVs demands that the 

motor operates with low losses and high efficiency. 

Considering the strong interdependence between losses 

and efficiency, this study focuses on optimizing the 

IPMSM’s average torque (Ta), torque ripple (Tr), and 

efficiency (η) as the primary performance targets. The 

average torque Ta is defined as follows: 

( )a eT avg T                   (14) 

Tr is defined as follows: 

_ max _ min( ) / ( )r em em aT T T T                    (15) 

where, Tem_max and Tem_min are the maximum and 

minimum electromagnetic torques, respectively. As the 

stator winding is already determined based on the 

voltage requirements of the power source, it does not 

need to be modified during the optimization process. 

Consequently, copper losses remain essentially constant. 

Therefore, in calculating the total losses, only the core 

losses and permanent magnet losses are taken into 

account. The total loss Pt is defined as follows: 

t ironcore pmP P P                    (16) 

where, Pironcore and Ppm are the core losses and PM losses, 

respectively. 

Although the efficiency η has been introduced earlier 

in the importance analysis, it is redefined here in the 

context of optimization objectives, linking it directly to 

total losses for clarity in the optimization process. 

Subsequently, the motor efficiency is defined as follows: 

( . ) / ( . )a a tT T P                      (17) 

where, ω is the angular speed of the electric motor, Ta is 

the average torque, and Pt is the total loss.  

This study focuses on optimizing output torque, 

minimizing torque ripple, and increasing motor efficiency 
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as the primary objectives. Given that our goal is to 

improve the performance of the Initial IPMSM, the rated 

values of this motor output torque of 280 N.m, torque 

ripple of 10.65%, and efficiency of 92.5% have been used 

in the objective function below. Therefore, the 

optimization objectives for the SO-DT-IPMSM are 

expressed in the following equation. 

1 1

2 2

3 2

280
( )

92.5
min ( )

( )
10.65

a

r

f x c
T

f x c

T
f x c
















                  (18) 

where, x is the optimization variable (stator parameters), 

and the value range of the optimization variables is 

shown in Table 3. c₁ and c₂ are the weighting coefficients 

for the optimization objectives. Since the IPMSM is used 

in an electric vehicle, the optimization of motor 

efficiency is more critical in this research; therefore, the 

weighting coefficients are chosen as c₁=0.3 and c₂=0.7. 

The Pareto solution set is obtained according to the 
algorithm settings and the methods described above, as 
shown in Fig. 4(a) and Fig. 4(b).

 

(a) 

 
(b) 

Fig. 4: a) 3D Pareto front diagram of the MOPSO optimization 
algorithm a) 3D diagram b) 2D diagram with three optimal 

points. 

It can be observed that the optimization objectives 

f₁(x), f₂(x), and f₃(x) cannot all achieve their optimal 

values simultaneously. To establish a reasonable 

compromise among the three optimization objectives, 

three candidate points—A, B, and C—are selected from 

the chart for comparison based on the order of average 

torque. Next, the FEA method is employed to determine 

the average torque, torque ripple, and efficiency of the 

motor at these three operating points, and the results 

are summarized in Table 4. 
 

Table 4: Comparison of optimization goals at three points A, B, 
and C and the output of the Initial IPMSM 

MOPSO+ FEA results Candidate solutions 

η    Tr(%) Ta(N.m)  

96.3 8.7 281.7 A 

95.8 8.6 291.6 B 

97.22 9.2 293.97 C 

92.5 15.16 280.7 Initial IPMSM 
 

This paper presents a multi-objective optimization 

framework for the design of an electric vehicle traction 

motor, which combines MOPSO with FEA using Ansys 

Electronics. As presented in Table 4, among the three 

evaluated solutions, Candidate C demonstrates the 

highest average torque Ta and efficiency η, while 

exhibiting the lowest torque ripple Tr relative to 

Candidates A and B. 

Accordingly, Candidate C is chosen as the optimal 

configuration for the stator parameters in this study. In 

the context of electric vehicle operation, where high 

efficiency extends driving range, sufficient torque 

ensures strong acceleration, and minimal torque ripple 

improves NVH performance, Candidate C represents the 

most favorable design alternative. Table 5 shows the 

optimization results for the SO-DT-IPMSM. 
 

Table 5: Comparison of SO-DT-IPMSM optimization results 

 Parameters Unit Initial 
Value 

MOPSO+ FEA 
results 

Optimization 
Parameters 
in stator of 
IPMSM 

Wso mm 2 1.88 

 Dso mm 0.5 1 

 Ds mm 18 17.9 

 Lag mm 1 1 

 Wt mm 5.4 5.5 

 Wy mm 10 13.4 

Optimization 

objectives 

Ta N.m 280.7 293.97 

 Tr % 10.65 9.2 

 η % 92.5 97.22 

Optimization Result Discussion 

The optimization results indicate that the stator 

geometric parameters play a critical role in shaping the 
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electromagnetic performance of the SO-DT-IPMSM. 

Among the ways examined, it specifies the length of the 

air gap which indicates that on the electromagnetic 

between the rotor and the stator. Reducing the air gap 

increases the magnetic flux density and thus the average 

torque. However, if it is reduced too much, it will lead to 

local saturation and increase the torque ripple. In 

particular, the slot opening width and height significantly 

influence the air-gap flux distribution and cogging torque 

characteristics.  

By optimizing the slot opening dimensions, the spatial 

harmonics of the air-gap flux density are effectively 

suppressed, leading to a noticeable reduction in torque 

ripple. A narrower and well-proportioned slot opening 

improves flux continuity across the air gap, thereby 

reducing localized flux concentration and 

electromagnetic force fluctuations.  
The stator tooth width directly affects magnetic 

saturation and harmonic content in the stator core. 

Increasing the effective tooth width reduces local 

saturation and improves flux-carrying capability, which 

contributes to smoother flux distribution and lower 

harmonic distortion in the stator magnetic field. This 

improvement is particularly evident in the reduction of 

torque ripple components and enhanced efficiency 

under load. Furthermore, the optimized overall stator 

geometry, including yoke thickness and slot depth, 

increases torque density by enabling higher effective air-

gap flux and improved magnetic utilization of the stator 

core. These combined geometric improvements enhance 

average torque output while maintaining acceptable 

core losses, demonstrating that stator-focused 

optimization is a highly effective approach for improving 

IPMSM performance. 

Electromagnetic Performance Comparison 

 To assess the effectiveness of the proposed 

methodology, a detailed comparison of the 

electromagnetic performance was performed between 

the standard Initial IPMSM ‎[23] and the optimized SO-

DT-IPMSM using FEA.  

The comparison focuses on the three main objectives 

of this study: increasing average torque, reducing torque 

ripple, and improving efficiency. Figures 5 and 6 

summarize the results. 

 

 

 

 

 

 

 

 
 

(a) 

 

 

 

 

 

 

 

 

 

(b) 

Fig. 5: Comparison of electromagnetic performance a) 

Electromagnetic torque of Initial IPMSM and SO-DT-IPMSM. b) 

Their cogging torque. 

 

 
(a) 

 

 
(b) 

Fig. 6: Comparison of efficiency distribution of a) Initial IPMSM 
reference ‎[23]. b) SO-DT-IPMSM. 

 

Average Torque Improvement  

As shown in Fig. 5, the optimized SO-DT-IPMSM 

produces 21% higher average torque compared to the 

initial design. This improvement is primarily attributed to 

the systematic optimization of key stator parameters, 

including tooth width and stator geometry, which 

enhance torque density. The stepwise analysis confirms 

that each selected stator parameter contributes directly 

to the overall torque improvement. These results 

demonstrate that the proposed optimization method 

effectively increases the motor’s torque output without 

altering rotor parameters, thereby maintaining design 

simplicity and industrial viability.  

Torque Ripple Reduction  

In addition to average torque, torque ripple is 

significantly reduced by 40% in the optimized motor. The 

reduction in torque ripple is mainly due to the careful 
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optimization of slot opening width, which smooths the 

magnetic flux distribution and minimizes harmonic 

distortions. This improvement ensures better motor 

stability, reduced acoustic vibration, and improved 

passenger comfort, particularly under variable load 

conditions. Furthermore, as can be observed from Fig. 

4(b), the maximum cogging torque is reduced from 1.4 

N·m to 1.12 N·m, indicating a 20% reduction. These 

three factors have significantly improved the motor 

stability. The reported values were calculated according 

(6), (9), and (14). 

Efficiency Enhancement  

Fig. 6 presents the efficiency distribution of both the 

initial and optimized motors. The SO-DT-IPMSM exhibits 

a wider operating range with efficiency exceeding 92.5%, 

compared to the initial design. At rated speed, efficiency 

rises from 92.5% to approximately 97%, while above 

rated speed, it reaches nearly 98%. This improvement is 

directly attributed to reduced core and copper losses, 

resulting from the optimized stator geometry and 

minimized torque ripple. These results demonstrate that 

the proposed stator optimization method effectively 

enhances both electromagnetic performance and overall 

energy conversion efficiency.  

Overall, the sequential analysis confirms that the 

proposed multi-objective optimization effectively 

achieves the study's objectives: enhancing average 

torque, reducing torque ripple, and improving efficiency. 

The stepwise evaluation also clarifies how specific stator 

parameters contribute to each performance metric, 

making the methodology transparent and reproducible. 

Results and Discussion  

This section presents the experimental validation of 

the proposed SO-DT-IPMSM. A prototype was fabricated 

and tested under various load conditions to evaluate 

average torque, torque ripple, current harmonics, and 

efficiency, to verify the accuracy of the FEA simulations 

and confirm the practical effectiveness of the optimized 

design. 

Fabrication of the Proposed SO-DT-IPMSM and 
Experimental Validation of Results 

To validate the simulation results, the SO-DT-IPMSM 

with a 48-slot/8-pole configuration was fabricated and 

tested, as shown in Fig. 7.  

The drive system uses an FPGA-based Kintex 7 

controller implementing Field-Oriented Control (FOC). 

The rotor position is measured using an Autonics 

EP50S8-1024-2F-P-24 absolute encoder, which ensures 

accurate rotor angle measurement even after power 

loss. Phase currents were measured using an LA 200-P 

current sensor (range 0–±300 A, bandwidth 0–100 kHz), 

and the DC-link voltage was set at 400 V with a rated 

current of 340 A and a switching frequency of 10 kHz. 

Measurement accuracy and sensor resolution were 

carefully considered to ensure reliable results. 
 

(a) 

 

 

 

 

 

 

 

 

 

 

 
(b) 

 

Fig. 7: Testing on SO-DT-IPMSM a) Rotor and stator 

configuration, b) Laboratory test setup. 

 

During testing, the motor was evaluated under both 

no-load and variable-load conditions. Variable-load 

operation was achieved by mechanically coupling a 

three-phase synchronous generator to the motor shaft 

and applying an adjustable resistive load at the 

generator output. This setup allowed precise control of 

load torque, enabling both constant and variable load 

profiles representative of electric vehicle traction 

applications. All measurements were conducted under 

steady-state and constant-speed conditions, with torque 

characteristics evaluated at predefined load levels. 

Average Torque and BEMF Analysis 

Fig. 8 compares the phase BEMF of the initial IPMSM 

and the SO-DT-IPMSM. The optimized stator design 

(tooth shape, slot width, and stator yoke) reduces 

higher-order harmonics, resulting in a waveform closer 

to a sinusoid. This reduction in BEMF harmonics directly 

improves torque output and reduces ripple. 
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(a) 

 
(b) 

 
Fig. 8: a) BEMF and harmonic analysis of the initial IPMSM 

motor b) SO-DT-IPMSM. 
 

Fig. 9 shows that the optimized SO-DT-IPMSM 

generates 21% higher average torque than the initial 

IPMSM.  

This improvement is primarily due to the systematic 

optimization of key stator parameters, including tooth 

width and stator shape, which enhance torque density. 

Stepwise analysis confirms that each selected stator 

parameter contributes directly to the overall torque 

increase. These results demonstrate that the proposed 

optimization method effectively enhances torque output 

without altering rotor parameters, maintaining simplicity 

and industrial viability. 

 

 
 

Fig. 9: Experimental BEMF waveform of the SO-DT-IPMSM. 
 

Torque Ripple and Current Harmonics 

Fig. 10 shows the phase current waveforms under 

rated load. The SO-DT-IPMSM exhibits nearly sinusoidal 

currents with significantly reduced harmonic distortion. 

 The phase current Total Harmonic Distortion 

(THD) decreased from 11.2% (initial IPMSM) to 

3.1% after optimization. 

 The current ripple decreased from 4.5% to 2.8% 

of RMS value. 

 The reduction in torque ripple is approximately 

40%, as a result of improved air-gap flux 

distribution and reduced BEMF harmonics. 

 

 
(a) 

 

 
(b) 

Fig. 10: a) Phase current and harmonic analysis of the initial 

IPMSM motor b) SO-DT-IPMSM. 
 

These improvements are directly related to the 

optimized stator slot geometry and flux path, which 

minimize harmonics and smooth torque production, 

resulting in lower acoustic noise, smoother motor 

operation, and higher efficiency. 

Efficiency Improvement 

The experimental results also confirm the enhanced 

efficiency of the optimized SO-DT-IPMSM. Reduction in 

current harmonics and torque ripple decreases both 

copper and core losses, aligning with simulation 

predictions. Table 6 summarizes the comparison 

between the initial IPMSM and the optimized motor, 

showing significant improvements in torque, torque 

ripple, and efficiency across all tested load conditions. 

 
Table 6: Comparison results optimization of SO-DT-IPMSM and 
Initial IPMSM 

 

Overall, the experimental validation demonstrates 

that the proposed multi-objective stator optimization: 

Experimental results of  
Initial IPMSM 

Experimental results of SO-
DT-IPMSM 

𝑇ₐ (N.m) 𝑇ᵣ (%)      𝑇ₐ (N.m) 𝑇ᵣ (%)      

280.70 15.16 92.50 293 9 97 
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1. Increases average torque through improved 

stator design. 

2. Reduces torque ripple and current harmonics, 

enhancing motor stability and reducing noise. 

Improves efficiency by minimizing losses in the stator 

and rotor. The results confirm the accuracy of the FEA 

simulations and validate the effectiveness of the SO-DT-

IPMSM design methodology under practical operating 

conditions. The sequential presentation ensures that 

each objective is clearly linked to specific design changes 

and measurable improvements. Fig. 11 shows the 

measured phase current waveform of the actual SO-DT-

IPMSM under rated load conditions. 

As can be observed, after optimization, the current 

waveform has become nearly sinusoidal and its 

harmonic distortion has been significantly reduced. The 

phase current THD decreased from approximately 11.2% 

in the initial model to about 3.1% after optimization. 

Furthermore, the current ripple was reduced from 4.5% 

of the RMS value to approximately 2.8%. This 

improvement is due to the modification of the stator slot 

geometry and the optimization of the flux distribution in 

the air gap, which led to a reduction in the harmonic 

components of the BEMF. Consequently, the output 

torque ripple has also been reduced by approximately 

40%, resulting in smoother motor operation, lower 

noise, and higher efficiency. 

 

 

Fig. 11: Experimental phase current waveform of the SO-DT-
IPMSM under rated load conditions. 

Conclusion 

This paper presented a novel SO-DT-IPMSM structure 

and benchmarked its performance against the Initial 

IPMSM of the Nissan Leaf EV due to their structural 

similarities. By employing an optimized stator design 

including slot and tooth shape refinement and key 

parameter optimization, the proposed method 

effectively reduced flux leakage and established a more 

favorable magnetic field distribution, resulting in 

increased torque density and improved overall motor 

efficiency. Comparative analysis demonstrated that the 

SO-DT-IPMSM delivers superior performance, achieving 

a torque of 293.7 Nm, a reduced torque ripple of 9.07%, 

and an efficiency of 97.22%, significantly outperforming 

the 92.5% efficiency of the Initial IPMSM motor. A 

prototype of the SO-DT-IPMSM was also manufactured 

and tested, validating the simulation results. 

Furthermore, a multi-objective optimization algorithm 

based on MOPSO was introduced to obtain a high-

performance IPMSM characterized by high torque, high 

efficiency, and low torque ripple for EV applications. The 

results confirm that the proposed optimization 

framework can effectively enhance the overall 

performance of the reference IPMSM while reducing 

computational time compared to traditional FEA-based 

optimization procedures, without compromising 

accuracy.  

Future work will focus on extending the optimization 

framework to include both stator and rotor parameters 

as well as broader performance objectives. Moreover, 

motor control investigations for the developed 

prototype will be conducted to further validate and 

demonstrate the effectiveness of the proposed 

optimization approach. 
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FEA Finite Element Analysis 

FOC Field-Oriented Control  

IPMSM Interior Permanent Magnet 
Synchronous Motor 

MMF Magneto Motive Force 

MOPSO Multi Objective Particle Swarm 
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PSO Particle Swarm Optimization 
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Surface-mounted Permanent 
Magnet Synchronous Motor 
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