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 
Abstract—This paper explores some design parameters of an 

interior permanent magnet synchronous motor that contribute to 
enhancing motor performance. Various geometry parameters 
such as magnet dimension, machine diameter, stator teeth height, 
and number of poles are analyzed to compare overall torque, 
power, and torque ripples in order to select the best design 
parameters and their ranges. Pyleecan, an open-source software, 
is used to design and optimize the motor for electric vehicle 
applications. Following optimization with Non-dominated Sorting 
Genetic Algorithm (NSGA-II), two designs A and B were obtained 
for two objective functions and the corresponding torque ripples 
values of the design A and B were later reduced by 32% and 77%. 
Additionally, the impact of different magnet grades on the output 
performances is analyzed. 
 

Index Terms—Electric vehicles, IPM motor, Magnet grade, 
Optimization, Permanent magnet motor, Torque ripple.  

I. INTRODUCTION 

LECTRIC vehicles (EVs) are a key technology in the 
frontier of next-generation mobility for meeting global 

emission reduction targets such as those set out in the Paris 
Agreement [1] and the targets of the European Union (EU) [2]. 
The European Union (EU) established a relationship between 
air quality and automobile emissions in the late 1970s, resulting 
in enforcing new laws to minimize pollution. The Euro 
criterion for passenger vehicles was enacted in 1992, and it 
established a pollution concentration ceiling [3]. With time, 
these standards become stricter [4], forcing industry to adopt 
more efficient vehicle powertrains. This may be seen in the 
growing market share of Hybrid Electric Vehicles (HEVs) and 
the expected increase in sales over the next decade [5]. 
Compared   to   classic   Internal   Combustion   Engines (ICE),  
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electric motors used in EVs are significantly more efficient, 
with peak efficiency of a typical electrical machine for these 
applications oscillating around 95%. Additionally, Battery 
Electric Vehicles (BEVs), in comparison to classic ICE 
vehicles, are fairly simple and easy to operate as they possess 
fewer moving parts and a simpler powertrain architecture than 
a conventional gasoline- powered vehicle. Electric Vehicles 
consist of only a high voltage battery, an electric motor with a 
power electronics controller, and a single speed gearbox. 
Optimization of the powertrain is considered one of the most 
viable solutions in the automotive industry to reduce the 
environmental impacts of urban mobility, improve air quality, 
and achieve emissions targets. The transition towards 
electrification of vehicles plays a crucial role in creating a 
greener and more sustainable future. For fuel economy and 
environment, electric vehicles provide a significant advantage 
over ICEs and are set to replace the latter in the near future. 

Major requirements for electric vehicle motors are high 
torque and power densities, and widespread operating range, as 
well as producing low-cost solutions through materials and 
mass manufacturing capabilities. Permanent Magnet 
Synchronous Motors (PMSM) are a suitable choice for electric 
vehicle applications as they provide good performance in terms 
of high power density and high efficiency [6]. 

One of the undesirable effects in interior permanent magnet 
synchronous motor operation is known as the cogging torque 
[7]. The interaction between the stator teeth and rotor magnets, 
and the permeance variations during the magnet rotation lead to 
the production of cogging torque, which eventually lead to 
audible noise, vibration, fluctuation in speed, and the 
introduction of torque ripples. In terms of motion control 
applications, these torque ripples result in signification 
deterioration of the motor performance and therefore, it is an 
important aspect to be addressed. 

Multiple parameters have been identified in the literature [8] 
- [11] to have an influence on torque ripples including slot pole 
combination [12], stator slot opening, slot width, slot height, 
notch radius [13], airgap length [14], stack length, pole 
numbers, magnet dimensions, magnet shape and position. 

Various studies have explored this issue, and it is understood 
that one of the most common methods of combating this is by 
magnet skewing with surface mounted magnets [7], [15]. 
Magnet skewing involves dividing the magnet into layers and 
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placing them in the rotor in different radial positions that vary 
by a small angle [16]. The major disadvantage of this method is 
that it increases cost and manufacturing complexity. Another 
method of skewing is the stator skewing. However, this 
complicates automatic winding, and it is not widely popular in 
mass manufacturing environments. 

In order to address the issue of torque ripples, an alternative 
solution has been proposed by optimizing parameters such as 
number of poles, magnet dimension, stator teeth height, and 
stator diameter. 

The main purpose of this paper is to identify the best 
component sizing for a given set of requirements and to attain 
optimum torque, power, and torque ripples for improved overall 
electric vehicle performance. It also examines the validity of a 
new Open-Source software called Pyleecan to analyze the motor 
characteristics, design and optimization. This paper investigates 
the tradeoffs between objectives of maximizing torque and 
minimizing torque ripples, ensuring that the ‘best possible’ 
physical motor parameters are selected through optimization. 
The paper ends with a discussion of the advantages and 
disadvantages of the optimized designs, along with the effect of 
different magnet grades. 

This work adopted the Tesla Model 3 motor [17] as a baseline 
design and employs NSGA-II optimization to investigate the 
trade-offs between two different objective functions of 
maximizing torque and minimizing torque ripples. Sensitivity 
analysis is performed to identify the right parameters to optimize. 
Additionally, the impact of different magnet grades on output 
performances are analyzed. 

II. METHODOLOGY 

In this section, an electromagnetic model of the internal 
permanent magnet motor is analyzed, following which, the 
Pyleecan software is used to verify this model. As discussed 
previously, the goal is to combat the issue of torque ripples and 
improve the overall torque, which is first dealt through 
identification of parameters that influence this by means of a 
sensitivity analysis. This also provides a starting point for the 
optimization which has been detailed below. In addition to 
optimization, a brief overview of the usage of different magnet 
grades has also been carried out. 

A. Electromagnetic Model 

The Interior Permanent Magnet Synchronous Machine 
(IPMSM) motor is modelled analytically in the steady state. 
The magnetic properties of the chosen magnet materials are 
given in [18]. A 54 slot 6 pole internal permanent magnet mo- 
tor based on the Tesla Model 3 motor is designed analytically in 
MATLAB and verified using Pyleecan software. Magnets are 
placed in “V” layout and other initial motor specifications for 
baseline design are given in Table I. 

The voltage equations in steady state for direct and 
quadrature axes of an IPMSM are given by Equations (1) and (2) 
[19]. 
 q s q e m e d dv R i w λ w L i    (1) 

  d s d e q qv R i w L i   (2) 

where vq, vd, iq, id are q and d axis voltages and currents, Lq, Ld 
are q and d axis inductance. Rs is phase resistance, we is 
electrical frequency, and λm is permanent magnet flux linkage. 
The electromagnetic torque developed for an IPMSM motor 
can also be found as [19]. 

TABLE I  
MOTOR SPECIFICATIONS [17] 

Parameters Value 

Slot-Pole 54-6 
Stack Length 135mm 
Stator Outer Diameter 116.05mm 
Stator Inner Diameter 75.75mm 
Rotor Outer Diameter 74mm 
Rotor Inner Diameter 35mm 
Airgap 0.85mm 
Magnet material N40UH 
Rated current 800A 
Rated speed 17900RPM 

 3

2e m q d q d q

p
T λ i  L  L  i i                      (3)  

where, p is the number of pole pairs. 

B. Pyleecan Model 

Analytical model is verified using Pyleecan (Python Library 
for Electrical Engineering Computational Analysis). It is a 
Python-based open-source software that includes object- 
oriented modelling of 2D radial flux machines, multi-objective 
optimization, and output data visualisation [20]. The motor 
used in this paper was handled in this software by means of 
its Graphical User Interface, in which, the motor design 
parameters were defined in their respective sections. This 
motor was then simulated using the magnetic and electrical 
modules in the software to observe the performance in terms of 
electromagnetic torque, torque ripples, and output power. The 
air gap flux density of the Pyleecan model was observed as 
1.5T from the output result of the electromagnetic model and it 
differs by only 3% from the analytical design, which gives good 
validity of the model. The baseline data of analysis and design 
was adopted from the Tesla Model 3 motor [17]. Fig. 1 shows 
the Pyleecan model developed. 

 
Fig. 1.  Tesla Model 3 motor design in Pyleecan. 

The overall torque of the above simulated motor is 402 Nm 
and the power is 167 kW. Fig. 2 shows the output of the above 
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simulated motor. It can be observed that there is a high 
fluctuation in torque of 30.57 Nm, which is the torque ripples 
peak to peak value. 

 
Fig. 2.  Motor output with observed torque ripples. 

C. Sensitivity Analysis 

Our sensitivity analysis considers some parameters chosen 
from the literature: magnet dimensions, pole number, stator 
teeth height, and stator outer diameter. The effect of these 
parameters on overall torque and torque ripples are described in 
more detail below. 

1) Effect of magnet dimensions: In order to identify 
expected behaviour and choose the right parameters to optimize, 
an individual sensitivity analysis was carried out. It is known 
that the permanent magnets in the motor have an impact on the 
overall motor performance [21]. Therefore, the effect of 
magnet dimensions on torque and torque ripples were studied to 
achieve the desired performance. 

For this analysis, the magnet height was varied from 15 mm 
to 25 mm. The values of torque and torque ripples for these 
magnet heights are shown in Fig. 3. It can be observed that as 
the magnet height increases, the torque increases linearly, and 
the torque ripples vary non-linearly. The highest magnet height 
feasible for this design is 25 mm, which gives a torque 
fluctuation of nearly 30 Nm. At 15 mm height, the torque 
ripples drop to 18 Nm but, it is accompanied by a 26% 
reduction in torque.  

 
Fig. 3. Effect of magnet height on torque and torque ripples. 

Fig. 4 shows the effect of varying the magnet width on 
torque and torque ripples. With an increase in magnet width, 
there is an increase in both torque and torque ripples. These two 
individual sensitivity analyses show that maximum torque is 
achieved at the largest height and width of the magnet. To 
identify the values that improve torque with low ripples, these 
two parameters were chosen for optimization. 

 
Fig. 4.  Effect of magnet width on torque and torque ripples. 

2) Effect of Pole number: Fig. 5 demonstrates the variation 
in torque and torque ripples based on the number of poles in 
the motor while the slots are constant. Increasing the pole 
from 6 to 8 results in a drop in torque ripples value. This 
variation is because of the increase in the value of the least 
common multiple of slot and pole number [22]. Further 
increase in pole number reduces the torque below the desired 
value. Through this analysis, only 6 poles and 8 poles provided 
the desired ranges and were used for the optimization process. 

 
Fig. 5.  Effect of pole number of torque and torque ripples. 

3) Effect of stator teeth height: The stator teeth height was 
varied from 15 mm to 30 mm, and the effect of this variation on 
torque and torque ripples are seen in Fig. 6. In this case, as the 
teeth height increases, the torque is observed to gradually 
decrease from about 410 Nm to 300 Nm, and the torque ripples 
have a sinusoidal variation with the highest value at 30 Nm and 
lowest at 17 Nm. There is also a local minimum of 18 Nm, 
which can be identified through convex optimization. 

 
Fig. 6. Effect of teeth height on torque and torque ripples. 

4) Effect of stator outer diameter: For this analysis, the 
stator outer diameter was varied from 115 mm to 120 mm, and 
the effect of this variation is shown in Fig. 7. It can be observed 
that larger outer diameter of stator results in increased torque as 
well as minimal reduction in torque ripples, which stabilize 
from 119 mm onward. 
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Fig. 7. Effect of stator outer diameter on torque and torque ripples. 

D. Optimization 

The Pyleecan software utilise the NSGA-II algorithm [23] 
for the multi-objective optimization. It is one of the most 
efficient algorithms in the realm of multi-objective 
optimizations and is particularly suitable for this problem due 
to its speed and accuracy. In this method, a random initial 
population is generated, and the goal is to narrow down designs 
that meet the objective of the optimization and rank them. From 
that population, the offspring are generated through selection, 
crossover, and mutation. This process repeats until the 
algorithm terminates [24]. In terms of solutions, the genetic 
algorithm does not converge to a single value and instead 
generates a Pareto solution set of multiple values reflecting 
trade-offs between competing objectives [25], [26]. This 
process is followed by human decision to choose the best 
trade-off among the solution set and, thereby, the optimal 
solution for the problem [27]. 

 

As defined in [28], the optimization problem can be written 
as 

 
1

2

min 

max 
( l ) ( u )
i i i

( X )

( X )

 




  

f

f

X X X

 (4) 

where, f1 is the torque ripples and f2 is the torque average. 
These form a vector of objective function which depend on a 
vector of design variables X = (X1, X2,..., Xn) and i=1,...,D 
where D is the boundary constraints. 

In this case, design variables such as magnet height, magnet 
width, stator teeth height, pole number, and stator diameter 
were considered, while the design constraints such as air-gap 
clearance, limiting maximum flux density to avoid saturation in 
stator and rotor yoke, and limiting maximum rotor speed were 
applied. The population size was set as 52 and the generation 
number as 8 for reasonable convergence time. The 
optimization range of the values shown in Table II were 
decided based on the feasibility of the design and the sensitivity 
analysis. 

E. Different Magnet Grades 

The impact of different magnet grades on the output 
performances were analyzed by replacing baseline magnet 
grade N40UH with different magnet grade of same temperature 
range. Table III shows different Neodymium magnet grades 
that were used for this analysis. 

TABLE II 
OPTIMIZATION RESULTS 

 

Input Parameters Output Parameters 

Magnet Width 
(mm) 

Magnet Length 
(mm) 

Stator Outer 
Diameter (mm) 

Stator Teeth 
Height (mm) Pole Number 

Torque 
(Nm) 

Torque 
Ripples 
(Nm) 

Power 
(kW) 

Initial 7 25 116.05 18.8 6 402 30.57 167 
Range 4 to 8.5 15 to 25 115 to 120 15 to 30 6 or 8  

Optimal A 8 24 117 19.2 6 417 20.74 173 
Optimal B 7 22 120 22 8 380 6.88 148 

 

TABLE III 
DIFFERENT MAGNET GRADES 

Magnet grade Remanent flux density(T) 

N30UH 1.13 

N35UH 1.21 

N40UH 1.29 

N42UH 1.31 

III. RESULTS 

A. Optimization 
Table II consists of the design parameters and results of the 

optimization process. The initial design produced a torque of 402 
Nm with 30 Nm torque ripples and 167 kW output power. 
Following optimization, there were two designs for the desired 
objectives. With design A, it can be seen that it is possible for a 
small reduction in torque ripples and an increase in torque and 
power by increasing magnet width, stator diameter, teeth height 
and reducing magnet length while maintaining the number of 

poles. Whereas, design B has increased pole number, stator 
diameter, teeth height and reduced magnet length while magnet 
width is maintained. This results in a significantly reduced torque 
ripples, but it is accompanied by a small reduction in torque and 
power. 

Following optimization, the algorithm converges to a set of 
solutions in the lower left section as shown in the pareto front in 
Fig. 8. Here, the arrow points to the chosen design A which has 
the best trade-off between torque and torque ripple values. The 
torque and torque ripples of design A is shown in Fig. 9. It can be 
seen that the torque is 417 Nm which is a 3.5% increase from the 
initial design and the maximum torque ripple is 20.74 Nm which 
is a 32% decrease from the initial design.  

Fig. 10 shows the torque and torque ripples of the design B. 
In this design, the torque is 380 Nm, which is a 5.5% decrease 
from the initial design. However, the torque ripples can be 
observed to be reduced by 77% to 6.88 Nm. Fig. 11 shows the 
pareto front obtained from this optimization in which, the arrow 
points to the chosen design B. 
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Fig. 8. Pareto front from which design A is selected. 

 

Fig. 9. Torque and torque ripples of design A.. 

 

Fig. 10.  Torque and torque ripples of design B. 

 
Fig. 11.  Pareto front from which design B is selected. 

In Fig. 12(a) and 12(b), the machine designs of optimized 
designs A and B, respectively, are shown to provide an 
understanding of changes in the design parameters. Compared 
to the initial design, a 0.13% increase in efficiency was 
observed with design A and a 4% decrease with design B. 

To compare the performances, the torque speed 
characteristics of the initial design, optimized designs A and B, 

along with the Tesla baseline design are shown in Fig. 13. In 
this figure, it can be observed that with design A, there is a 
higher constant torque value as well as a slightly extended 
speed range. With design B, the constant torque region in 
reduced and at a lower value with a reduction in speed range 
compared to that of the initial design. 

 
(a) Design A 

 
(b)Design B 

Fig. 12.  Optimized machine designs. 
 

 
Fig. 13.  Torque Speed characteristics. 

B. Comparison 

The choice of material, particularly that of the permanent 
magnets, plays an important role in the performance of the 
motor. Various neodymium magnet grades were explored and 
their effectt on the initial design and the optimized designs A 
and B are shown in Table IV. In addition to this, the cost per 
kilogram of these magnet grades were calculated based on the 
formula in [29] and thereby, the approximate magnet cost for 
the total magnet mass in these designs were also identified as 
shown in Table IV. The initial design has a total magnet mass 
of 2.08 kg and utilises the N40UH magnet grade, which costs  
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TABLE IV 
EFFECT OF DIFFERENT MAGNET MATERIALS 

Material 

Initial  
 

Magnet 
Cost 

Optimised 
  

Torque  
(Nm) 

Torque 
Ripples  
(Nm) 

Power  
(kW) Design 

Torque  
(Nm) 

Torque 
Ripples 
(Nm) 

Power 
(kW) 

Magnet 
Mass(kg) 

Magnet 
Cost 

N30UH 371 23.56 148 $156 A 381 18.05 152 2.28 $171 
B 341 6.6 126 2.45 $183 

N35UH 384 24.89 155 $183 A 390 19.54 158 2.28 $200 
B 354 6.65 134 2.45 $215 

N40UH 402 30.57 167 $197 A 417 20.74 173 2.28 $216 
B 380 6.88 148 2.45 $232 

N42UH 410 32.12 171 $214 A 425 20.85 175 2.28 $234 
B 389 7.17 154 2.45 $252 

approximately $95/kg [30]. Out of these magnet grades, 
N42UH can be seen to increase the overall torque and power 
without a significant change in torque ripples for designs A and 
B. 

To understand the performance of the optimal designs, their 
torque speed characteristics were obtained by varying the 
magnet grades, and this comparison has been shown in Fig. 14. 
It can be observed that design A with the N42UH magnet has 
the highest constant torque value and, as mentioned previously, an 
extended speed range. Design B on the other hand has a reduced 
speed range and constant torque region, and thus N30UH has the 
least constant torque value. Magnetic flux density distributions of 
designs A and B produced using Finite Element Magnetic 
Modelling (FEMM) software are shown in Fig. 15. 

 
Fig. 14.  Torque Speed characteristics of different magnet grades. 

 
(a) Initial 

 

(b) Design A 

 
(c) Design B 

Fig. 15.  Magnetic field distribution of the initial and optimized designs. 

IV. DISCUSSION 

Following optimization, two designs A and B were identified 
as suitable solutions. Although torque and power are important 
objectives, the focus of this paper was on minimizing the torque 
ripples, as it could deteriorate the performance of the motor. On 
comparing their results, design A produced 20.74 Nm of torque 
ripples, which is less than the initial design but large enough 
to still pose unwanted threats to the motor performance. As 
discussed in the sensitivity analysis section, the torque ripples 
can be reduced with increase in pole number. Similarly, the 
decrease in magnet height and increase in stator teeth height 
aided this. Therefore, with design B, the reduction in torque 
ripples is significant which satisfied the main objective of this 
paper, although it was accompanied by a marginal decrease in 
the overall torque. 

V. CONCLUSION 

This paper presented the issue of cogging torque and its 
effect on the performance of interior permanent magnet motors. 
The influence of various design parameters on the overall 
torque and torque ripples of the designed motor were analyzed, 
and this enabled the identification of an appropriate starting 
point for the optimization process with the NSGA-II genetic 
algorithm. The optimization yielded two designs whose 
performances were compared in terms of the overall torque, 
torque ripples, and power. This demonstrated that the design B 
with increased pole number, stator diameter, teeth height, and 
reduced magnet length had a superior performance in terms of 
torque ripples, which was reduced by 77% compared to that of 
the initial design. While the initial design of the motor has an 
overall weight of approximately 35.75 kg, the two designs A 



208 CES TRANSACTIONS ON ELECTRICAL MACHINES AND SYSTEMS, VOL. 7, NO. 2, JUNE 2023 

and B weigh 37 and 38 kg respectively. Therefore, it should be 
noted that the design B with the lowest torque ripples is also a 
heavier solution. Furthermore, analysis was extended to the 
performance of designs based on different magnet grades and 
their respective results were compared along with their material 
cost. 
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