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Background and Objectives: Due to exclusive advantages of the permanent 
magnet synchronous motors (PMSMs) such as large torque/power density, high 
efficiency and wide speed range in constant power region, special attention has 
been paid to these motors especially for electric vehicle (EV) application. A 
conventional type of PMSMs which is more suitable for EV application is the 
interior permanent magnet synchronous motors (IPMSM). The main objective of 
the present paper is design optimization of this type of PMSM to increase 
efficiency and reduce torque ripple which are important for EV application.  
Methods: Using different shape design optimization methods including rotor 
notch, flux barrier and skewed rotor, design optimization of the delta-shape 
IPMSM is done and an optimized design is suggested first. One of the most 
important factors affecting the performance of the IPMSM is the magnet 
arrangement in the rotor structure. Based on the design of experiments (DOE) 
algorithm, optimal values of some design parameters related to magnet are then 
determined to improve more the motor performance of the suggested structure. 
Results: The simulation results based on finite element method (FEM) are 
provided for a typical high-power IPMSM to evaluate the effectiveness of the 
proposed technique. In comparison to the initial design, 7% increase of average 
torque, 50% reduction of torque ripple and 1.4% increase of efficiency are resulted 
for the optimized motor.  
Conclusion: Using the proposed hybrid design optimization procedure (shape 
design optimization with optimum design parameters), significant improvement 
of some characteristics related to the delta-shape IPMSM including efficiency, 
average torque and torque ripple is resulted and this conclusion is desirable for EV 
application. 
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Introduction 
In order to solve the problems related to the conventional 

vehicles such as environment and noise pollutions, special 

attention has been paid in recent decades to use of the 

EVs. In addition, the cost of charging an EV is less than the 

petrol or diesel cars and this can be considered as energy 

saving due to the limitations of fossil fuels. One of the 

essential requirements of EVs is to select an appropriate 

electric motor. In comparison to other types of electric 

motors, the PMSMs have larger torque/power density 

due to the presence of magnetic in the motor structure. 

In addition, efficiency and saving of battery capacity are 

high in these motors. Therefore, this type of the motor is 

an appropriate candidate for EV applications [1]-[5]. 

Nowadays, these motors are used more effectively than 

the past because of advance permanent magnet (PM) 
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materials and modern control methods. There are 

different rotor topologies for the PMSMs and one of them 

is IPMSM in which the rare-earth PMs are used to achieve 

high performance.  

This type of PMSM produces high power density due 

to its utilization of both reluctance torque and 

electromagnetic torque. In addition, it has a more robust 

structure that is desirable for EV application. In 

comparison to the surface-type PMSM in which PMs are 

located on the surface of rotor, the magnetic flux of the 

air-gap for the IPMSM contains more harmonics and 

consequently it has higher torque ripple. Therefore, 

multi-objective design optimization of the delta-shape 

IPMSM is considered in the present paper with the aim of 

reducing torque ripple and improving average torque and 

efficiency simultaneously which are essential for EV 

application.       

Significant research has been conducted on different 

design aspects of the IPMSM. A design optimization 

method is introduced in [6] to minimize torque ripple of 

the IPMSM. The effect of a rotor skew on performance of 

IPMSM has been studied in [7]. The most important 

factors affecting the performance of IPMSM are the 

arrangement and shape of PMs used in the rotor 

structure. In addition, some design parameters such as 

pole-arc to pole-pitch ratio [8], flux barrier topology [9] 

and number of layers [10] can impact the performance 

significantly. The multi-layer IPMSM is introduced in [11] 

for EV application and it is showed that the three-layered 

motor has lower torque ripple and core loss than two-

layered structure due to reduction of the harmonics of 

air-gap flux density. An IPMSM with ∇+U shape rotor 

topology is introduced in [12] for EV applications and it is 

demonstrated that its efficiency is better than V and ∇ 

shape machines. The impact of PM topology on core loss 

and efficiency has been also evaluated in this reference. 

The shapes of the rotor notch and flux barriers could 

significantly change the electromagnetic characteristics 

of the IPMSM. In [13], torque ripple of IPMSM is reduced 

using putting notches on the rotor surface. Optimal 

design of the PMSM for hybrid electric vehicles (HEVs) is 

considered in [14] to maximize the energy efficiency. An 

analytical model is also developed in this reference to 

determine the geometrical parameters and predict 

quickly the efficiency.    

When the analysis of motor is carried out with finite 

element method (FEM), use of the optimization 

algorithms such as the particle swarm optimization (PSO) 

and genetic algorithm (GA) are usually time-consuming 

methods. In this case, the DOE method can be used 

properly for the optimization due to the high 

computational speed [15]-[17]. Using the response 

surface method (RSM) and the Taguchi method, design 

optimization of the IPMSM for electric compressors of air 

conditioners used in EVs is done in [18] to maximize 

efficiency and minimize cogging torque. Based on the 

combination of DOE method and Taguchi’s method, an 

optimization procedure for a submersible PMSM is 

introduced in [19] to have the maximum efficiency and 

minimum cogging torque.  

As indicated above, a multi-objective design 

optimization of the IPMSM is proposed here to reduce 

torque ripple while efficiency and average torque are 

improved. Hence, the main contributions of the paper can 

be summarized as developing a multi-objective 

optimization of an IPMSM by using shape design, type of 

winding and DOE technique for optimum magnet design. 

The rest of the paper is organized as follows: The 

proposed design optimization method is described clearly 

in next section.  

To evaluate the effectiveness of this design 

optimization method, it is applied to a typical IPMSM 

suitable for EV application and related simulation results 

are given in the third section of the paper. Finally, the last 

section highlights the main contributions and conclusions 

of the paper. 

Design Optimization Methods 

Various shape design optimization methods have been 

already introduced in the literatures by which 

performance IPMSM can be improved. Some of them are 

described briefly in the following. Using the Hairpin 

winding and the DOE method, a new design optimization 

procedure is also proposed and it is introduced in this 

section. 

A.  Shape Design Optimization Methods 

This paper focuses on the shape design optimization of 

the delta-shape IPMSM for high-speed traction 

application and comparison of different rotor topologies 

is considered.  

As shown in Fig. 1, four different rotor structures with 

the same stator are designed. Use of notch on rotor is a 

conventional method for reducing torque ripple of 

PMSMs as done in [20]. According to the position of the 

notch on the rotor, different topologies have been chosen 

for the IPMSM in this reference and an average value of 

37% was illustrated for torque ripple reduction. When a 

notch is located on the rotor surface, it leads to stepping 

the air-gap and consequently the cogging torque and 

torque ripple could be reduced.  

This approach can be also suggested for the delta-

shape IPMSM as observed from comparison between Fig. 

1a and Fig. 1b.  

Flux barrier in motor structure is also an effective 

method for average torque improvement and torque 

ripple reduction [9].  

To improve torque waveform of the IPMSM, different 
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symmetric flux barrier shapes are introduced in [21]. The 

Taguchi method is also used to optimize the design 

parameters. Compared to the initial design, torque ripple 

is decreased by 50% and average torque is increased by 

8.2% for the introduced model. 

Also, the shape and number of barriers can affect the 

value of cogging torque and torque ripple [22]. Due to 

reduction of magnetic flux-leakage, flux barrier can also 

improve the produced power.  

Fig. 1c shows how the flux barrier is used for the 

discussed IPMSM. When the barrier is included in the 

structure of the motor, magnetic flux in the air-gap is 

increased and therefore the average torque can be 

improved. Moreover, the cogging torque/torque ripple 

can be also reduced using the skewed stator/rotor as 

done in [23]-[25]. The impact of different rotor skew 

patterns on torque ripple and average torque for an 

IPMSM is evaluated in [7]. Significant reduction of torque 

ripple (about 68%) is resulted in this research while 

average torque is also reduced a little (2%). The manner 

of skewing the rotor for the discussed delta-shape IPMSM 

is shown in Fig. 1d. As illustrated from this figure, 4 layers 

are considered here that there is a specific displacement 

between them. 

B.  The Proposed Design Optimization Method 

The various shape design optimization methods 

described above are applied to a typical delta-shape 

IPMSM and their impacts on the motor performance 

(average torque, torque ripple and efficiency) are 

evaluated. Then, the most effective method is selected. 

For this selection, two other changes are also considered 

in design of motor to improve more its performance. This 

hybrid approach is defined here as the proposed design 

optimization method. The two above-mentioned changes 

are use of the Hairpin winding and determination of the 

optimal values of some important design parameters 

explained in the following. 

I. The Hairpin winding 

Similar to other types of electric motors, thermal issue 

of the IPMSM needs to be considered in design 

optimization of the motor especially for traction 

application due to the high-speed operation. It must be 

noted that energy saving achievement and cooling system 

volume reduction are resulted by improvement of the 

efficiency and reduction of power losses in electrical 

vehicle. The Hairpin winding has been introduced in [26] 

to improve the efficiency through the reduction of copper 

losses. It can also decrease the spatial harmonics because 

variation of the air-gap flux is lower. These variations lead 

to reduction of torque ripple, iron loss and 

vibration/noise [27].  

The Hairpin winding compared with the stranded 

winding can also result in a higher fill factor up to 0.75. 

Using the Hairpin winding is desirable when high 

efficiency/power density is required [28]. Therefore, the 

hairpin winding is considered here to improve the 

performance of the delta-shape IPMSM. Fig. 2 shows 

obviously the difference between the stranded winding 

and the Hairpin winding. 

 

 

(a) 
 

 

(b) 

 

 

(c) 
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(d) 
 

Fig. 1: Different topologies considered for the discussed 

IPMSM: (a) conventional structure, (b) using notch in the rotor, 

(c) using flux barrier in the rotor and (d) skewed rotor. 

 

 

  

(a) (b) 

 

Fig. 2: Different windings: (a) stranded winding, (b) Hairpin 

winding. 

 

II. Optimum design parameters 

Three important design parameters for PM including 

the magnet thickness, the magnet bar width, and the pole 

V angle in two layers depicted in Fig. 3 are selected here 

and their optimal values are determined to have the best 

performance. Based on the DOE method, this 

optimization is done and the Minitab software is used for 

implementation of this method. Since the design 

optimization of the delta-shape IPMSM (Fig. 1a) is 

considered here, it must be noted that the optimum 

values of six design parameters must be determined in 

the process of optimization. In order to find the optimum 

values, the Taguchi method is employed here as one of 

the best DOE methodologies. Since a minimum number of 

experiments are required for the Taguchi method, it is an 

appropriate optimization method when the optimal 

design of the motor is done using FEM. In recent years, 

this method has been applied to the design optimization 

of electric motors such as PMSMs [17]. In this method, the 

design factors are selected first and every factor takes its 

value. The orthogonal table is established and the 

experiments are then designed to obtain influence of 

factors and their different levels on optimal output. 

Finally, the mean value and signal-to-noise ratio (SNR) is 

utilized to obtain the best combination of levels [29]. As 

shown in Table 1, three different levels are considered for 

every parameter. The ranges of variables for each factor 

are shown in this table. It must be noted that these ranges 

are derived using the Nissan Leaf IPM motor described in 

[30].     

According to the number of factors and the levels of 

each factor, the number of required experiments and how 

to combine the levels of factors in each experiment are 

specified using the Taguchi orthogonal arrays. The 

obtained results are summarized in Table 2. For three 

selected levels, the number of possible combinations is 

729 (36). As seen obviously from this table, the Taguchi 

method has significantly reduced the number of tests 

required from 729 to 27 tests. Due to the long time of the 

simulations done with FEM, this reduction saves 

significant time to achieve the optimal point. The Taguchi 

method determines the optimal point according to the 

results of this limited number of experiments and using 

statistical calculations. For the experiments listed in Table 

2, analysis of the motor with FEM should be carried out to 

calculate the average torque, torque ripple and efficiency. 

 

 
 

Fig. 3: Design parameters selected for main orthogonal array. 

 

Table 1: Controllable factors and values 

 

 Level 1 Level 2 Level 3 

A = pole v angle 1 [°] 124 150 180 

B = pole v angle 2 [°] 118 124 130 

C = magnet bar width 1 
[mm] 

13.5 13.9 14.3 

D = magnet bar width 2 
[mm] 

20.6 21.3 21.5 

E = magnet thickness 1 
[mm] 

3.4 3.9 4.4 

F = magnet thickness 2 
[mm] 

2.1 2.6 3.1 
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Using the experiments designed by the Taguchi 

method and after analyzing them, the optimal 

combination of levels for factors and values of average 

torque, torque ripple and efficiency at the optimal point 

are obtained. For instance, the mean value of the effect 

of level 2 of the factor B on average torque is calculated 

using (1).  

Table 2: Orthogonal array 

 

 A B C D E F 

1 1 1 1 1 1 1 

2 1 1 1 1 2 2 

3 1 1 1 1 3 3 

4 1 2 2 2 1 1 

5 1 2 2 2 2 2 

6 1 2 2 2 3 3 

7 1 3 3 3 1 1 

8 1 3 3 3 2 2 

9 1 3 3 3 3 3 

10 2 1 2 3 1 2 

11 2 1 2 3 2 3 

12 2 1 2 3 3 1 

13 2 2 3 1 1 2 

14 2 2 3 1 2 3 

15 2 2 3 1 3 1 

16 2 3 1 2 1 2 

17 2 3 1 2 2 3 

18 2 3 1 2 3 1 

19 3 1 3 2 1 3 

20 3 1 3 2 2 1 

21 3 1 3 2 3 2 

22 3 2 1 3 1 3 

23 3 2 1 3 2 1 

24 3 2 1 3 3 2 

25 3 3 2 1 1 3 

26 3 3 2 1 2 1 

27 3 3 2 1 3 2 

 

According to Table 2, the average effect related to level 

2 of the factor B is obtained from nine experiments 

including 4, 5, 6, 13, 14, 15, 22, 23 and 24 where the factor 

B is set on level 2. For the other factors, the mean value 

of the effect of the levels on the mean torque, torque 

ripple and efficiency are obtained in a same way. 

TB2=(Tavg(4)+ Tavg(5)+ Tavg(6)+ Tavg(13)+ Tavg(14)+ 

Tavg(15)+ Tavg(22)+ Tavg(23)+ Tavg(24))/9 
   (1) 

The Taguchi experiments use the SNR to identify 

control factors that reduce variability. In general, the term 

of signal refers to the mean value of output and the term 

of noise indicates the undesirable value. Therefore, 

higher values of the SNR identify setting of the control 

factors that minimize the effects of the noise factors. In 

addition, analysis of variance (ANOVA) can be useful to 

determine the influence of any given input. The ANOVA 

analysis can also be utilized to demonstrate the mean 

response magnitudes of controllable process parameters. 

To perform the ANOVA, the sum of squares must be 

calculated. The goal of variance analysis is to optimize two 

or more factors simultaneously. The sum of squares of 

each of the factors (SSF) should be obtained in the first 

step of the variance analysis to choose the optimum 

levels.  
 

Simulation Results 

The proposed design optimization method is applied to 

a typical delta-shape IPMSM (Fig. 1a) whose specifications 

are given in Table 3 and simulation results are presented 

in this section.  

Based on FEM using Maxwell software, analysis of this 

motor for speed of 4000 rpm and the maximum current 

323.5 A is carried out and average torque, torque ripple 

and efficiency are obtained 175.8 Nm, 17.2% and 96.3 %, 

respectively. 
 

Table 3: Motor specifications 

 

Number of phases 3 

Number of poles 8 

Diameter of stator 198 mm 

Diameter of rotor 130 mm 

Air-gap 1 mm 

Stack length 150 mm 

Maximum speed 10000 RPM 

RMS phase current 323.5 A 

Rated torque 185 N.m 

Permanent magnet material N30UH 

Core material M250 

 

A.  The Results Related to the Shape Design Optimization 
Methods 

Using the different shape design optimization methods 
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described in the second section of the paper, some design 

optimizations are done for the discussed IPMSM and 

simulation results obtained for the considered operating 

point are summarized in Table 4. Compared with the 

initial design (average torque=175.9 Nm, torque 

ripple=17.3% and efficiency=96.3 %), this table shows 

that the models 1 and 2 reduce both average torque and 

torque ripple.  

To have the best performance, it must be explained 

that the number of rotor layers and the mechanical 

degree for the skewed rotor are selected 4 and 1.875°, 

respectively.  

With regard to the values obtained for the initial 

design, it is illustrated from Table 4 that the model 2 has 

better performance (higher average torque, lower torque 

ripple and the same efficiency). Since these 

improvements are desirable for EV application, the model 

2 is considered and its performance is improved more 

using the proposed design optimization method. The 

related simulation results are presented in next 

subsection. 

 
Table 4: Comparison between the shape design optimization 

methods 

 

 Average 
torque [Nm] 

Torque 
ripple [%] 

Efficiency 
[%] 

Initial design 175.9 17.3 96.3 

Model 1 (Initial 
design with 
notch) 

173.5 13.7 96.4 

Model 2 (Initial 
design with flux 
barrier) 

179.9 11.5 96.3 

Model 3 (Model 2 
+ skewed rotor) 

173.5 9.7 96.2 

 

B.  Performance Improvement Using the Proposed Design 
Optimization Method 

As indicated above, the model 2 defined in Table 4 is 

selected as an appropriate candidate and its performance 

is improved more using the design optimization method 

proposed in the second section of the paper. The 

simulation results related to this improvement are 

presented in the following. 

I. Results related to the Hairpin winding 

Using the Hairpin winding, both thermal design and 

efficiency of IPMSM can be improved as discussed at 

above.  

Since these improvements are very important for EV 

application, the model 2 with this type of winding is 

considered here and it is defined as model 4. With analysis 

of the model 4 for the considered operating point, the 

average torque, torque ripple and efficiency are obtained 

and they are 182.3 Nm, 8.5% and 97.5 %, respectively. 

Compared with the values for the model 2 (average 

torque=179.9 Nm, torque ripple=11.5% and 

efficiency=96.3 %), it is seen that all characteristics are 

improved using the model 4. It must be also indicated that 

slot area of the Hairpin winding for the model 4 is similar 

to that for the model 2.  

As indicated above, the arrangement of the 

conductors for the Hairpin winding could increase the fill 

factor significantly. As an example, the fill factor is 0.4 for 

the stranded winding and 0.67 for the Hairpin winding 

when the areas of slots in the discussed IPMSM are 115.3 

mm2 for the two windings.  

The efficiency maps of the two different models are 

shown in Fig. 4. The winding temperature and total losses 

including copper loss, core loss and magnet eddy current 

loss are predicted for the model 2 and the model 4 and 

they are shown in Fig. 5. 

 

 
(a) 

 

 
(b) 

Fig. 4: The efficiency map of model 2: (a) the stranded 

winding, (b) the hairpin winding. 

 
 

 
(a) 
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(b) 

 

Fig. 5: The predicted winding temperature and total losses: 

(a) losses, (b) temperature. 

 

II. Results with consideration of the optimum design 

parameters 

Since the model 4 has showed the best level of 

performance, it is selected and its performance is 

improved more with determining the optimum 

parameters of PMs as indicated above. This optimized 

motor is called the model 5 and the related simulation 

results are presented here.  

For the model 5, the mean of SNR related to average 

torque, torque ripple and efficiency are shown in Fig. 6. 

According to this figure, combination of A3-B3-C3-D3-E3-

F1 leads to the highest average torque. In addition, this 

figure shows that combination of A1-B1-C3-D2-E3-F3 is 

related to the lowest torque ripple and combination of 

A3-B3-C3-D3-E3-F2 is for the highest efficiency. In the first 

stage, only the third level of the factor C and E can be 

selected. 

Table 5 is used to find the best level for other factors. 

The sum of squares of the factors is calculated and it is 

also given in this table. To obtain the effect of factors, the 

value of each factor must be divided by the total. As 

illustrated from Table 5, the effect of factor A on average 

torque is 87.61%, on ripple torque is 48.82% and on 

efficiency is 86.1%. Therefore, level 3 is selected between 

the two levels 1 and 3 of factor A. Finally, it can be seen 

that the best optimization combination is A3-B1-C3-D2-

E3-F3. 
 

 
(a) 

 
(b) 

 
(c) 

 

Fig. 6: The Taguchi SNR plot for: (a) average torque, (b) torque 

ripple, (c) efficiency. 

Table 5: Impact of the selected design parameters on 

motor performance 

 

 Average torque Torque ripple Efficiency 

 SSF 
Effect 

[%] 
SSF 

Effect 
[%] 

SSF 
Effect 

[%] 

A 198.5 86.1 55.1 49.2 0.047 86.1 

B 0.3 0.1 13.4 11.9 0.0001 0.2 

C 12.1 5.2 31 27.7 0.002 3.9 

D 3.2 1.4 5.8 5.2 0.002 3.7 

E 15 6.5 1.4 1.3 0.003 5.8 

F 1.5 0.7 5.3 4.7 0.0002 0.3 

 

Regarding the optimized IPMSM (the model 5), the 

average torque, torque ripple and efficiency for the 

considered operating point are 187.7 Nm, 6.7% and 97.6 

%, respectively. Compared with the values related to the 

model 4 (average torque=182.3 Nm, torque ripple=8.5% 

and efficiency=97.5 %), it is illustrated that motor 

performance has been improved more using the model 5. 

This improvement is more evident when the optimized 

IPMSM (the model 5) is compared with the initial design 

(average torque=175.9 Nm, torque ripple=17.3% and 
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efficiency=96.3 %).  

It must be noted that these improvements are very 

valuable for EV applications. The instantaneous torque 

waveforms predicted for two different designs (initial and 

the optimized motor) are also compared in Fig. 7. This 

figure shows obviously increase of average torque and 

reduction of torque ripple for the model 5 (optimal 

design). 

 

 
 

Fig. 7: The predicted instantaneous torque. 

 

Conclusion 

 Using the MAXWELL, a simulation model based on FEM 

was developed for the delta-shape IPMSM to predict the 

important electromagnetic characteristics. Three 

different design optimization methods including 

consideration of notch on rotor, inserting flux barrier on 

rotor and having a skewed rotor were applied to a typical 

delta-shape IPMSM and their impacts on average torque, 

torque ripple and efficiency were evaluated first using 

FEM. Compared with initial design, it was seen that the 

design with flux-barrier had better performance. This 

design was then selected for more optimization and the 

optimum values of some design parameters were 

determined using the DOE method. In addition, the 

Hairpin winding was used for it instead of the 

conventional stranded winding. Using these two changes, 

significant improvement of motor performance was 

resulted when it was compared to the initial design (7% 

increase of average torque, 50% reduction of torque 

ripple and 1.4% increase of efficiency for the considered 

operating point).  

Since these improvements are so valuable for an EV, the 

proposed design optimization method can be considered 

appropriately when the delta-shape IPMSM is used for 

this application. 
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