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The objective of this paper is to compare and analyze two types of electric motors, an 

electrically excited synchronous motor (EESM) and an interior permanent magnet (IPM) 

motor for an electric vehicle (EV) application.  In order to achieve the objective, a 

comparative analysis of the EESM and IPM motors is presented via the analytic model 

and finite element method to examine and simulate the torque and power performances as 

well as their efficiency maps of both motors based on  a Volkswagen ID.3 2020 reference 

model. The analysis takes into account the same machine size and power inverter for both 

motors. The examination indicates that the EESM achieved better torque and power but 

lower efficiency, especially at high speeds. The EESM requires flux weakening for a wider 

constant power range. The EESM can be a low-cost alternative given its adjustable 

excitation. The EESM has achieved a wider speed range but lower peak efficiency than 

the IPM. Findings inform optimal propulsion system design for EVs. This research 

provides valuable insights for automakers seeking to optimize drivetrain performance by 

selecting suitable electric motor options. The findings contribute to the advancement of 

next-generation propulsion systems for electric mobility. 
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1. INTRODUCTION

This research presents two types of electric motors, an 

electrically excited synchronous motor (EESM) and an interior 

permanent magnet (IPM) motor, for an electric vehicle (EV) 

application based on a Volkswagen ID.3 2020 reference model. 

The IPM motor is well known for its high efficiency, high 

torque density, and extended speed range due to magnets 

placed inside the rotor, but the performance of this motor was 

affected by the rotor topologies as proposed in the study [1]. 

This paper presented a way to reduce the torque ripple and 

electromagnetic vibration via a change of the new rotor 

configuration for V-shaped rotor of the IPM. In the studies [2, 

3], an enhanced skewing technique and a novel dual-rotor 

axial-gap flux-switching permanent-magnet machine were 

presented to effectively reduce both cogging torque and 

electromagnetic torque ripple. In the study [4], a paper 

introduced a topology utilizing a homopolar machine 

configuration. The design incorporated consequent-pole 

permanent magnet (PM) poles positioned on the stator surface, 

while the DC field winding was wound around the mover yoke. 

The paper [5] presented a novel design for a hybrid excitation 

synchronous machine in which a magnetic shunting rotor to 

enhance torque density and flux regulation capability, 

particularly in the EV traction applications.  

In the study [6], the authors redesigned and improved each 

topology to meet new design requirements based on the same 

constraints, and evaluate the motors for motor performance, 

torque segregation, demagnetization, mechanical stress, and 

radial forces. A new approach for designing permanent magnet 

synchronous motors (PMSMs) by optimizing the PM structure 

to achieve better performance and lower manufacturing costs 

[7]. The studies [8, 9] provided a valuable contribution to the 

fields of IPM machine via the finite element analysis.  The 

results could have significant practical implications for the 

development of high-performance traction systems. The 

authors [10] proposed a new approach based on the detection 

method for sensorless control of the IPMSM to improve initial 

rotor position. The irreversible demagnetization level of the 

line-start PM assistance synchronous reluctance motors 

(PMA-SynRMs) was investigated to evaluate the efficiency, 

torque and output power [11].  

In this paper, a comparative analysis of the EESM and IPM 

motors for an EV application is presented via the analytic 

model and finite element method to examine and simulate the 

torque, power, efficiency map and current with a step-skewed 

magnet rotor. It will be intriguing to observe the impact of the 

hybrid rotor shape and step-skewed magnet segment on the 

motor performance, as well as to determine if the EESM can 

rival the IPM motor in terms of efficiency and torque density. 

The structure of this study can be outlined as follows: In 

Section 2, it provides an overview of the analytical program of 

IPM and EESM designs, focusing on their main context. In 

Section 3, it delves into the theoretical background concerning 

the electromagnetic performance analysis of the proposed 

machine, providing a comprehensive analysis. In Section 4, it 

presents an analysis of various electromagnetic performance 

aspects, including flux density, cogging torque, output power, 

power loss, and efficiency. Finally, the conclusion section 

summarizes the main findings and contributions of the study. 

Journal Européen des Systèmes Automatisés 
Vol. 56, No. 3, June, 2023, pp. 501-506 

Journal homepage: http://iieta.org/journals/jesa 

501

https://orcid.org/0000-0002-0664-9535
https://orcid.org/0000-0002-6741-4000
https://orcid.org/0000-0002-9180-9862
https://crossmark.crossref.org/dialog/?doi=10.18280/jesa.560318&domain=pdf


 

2. ANALYCTICAL DESIGN OF EESM AND IPM 

MOTOR 

 

In this Section, a program that has been developed to 

combine analytical calculations in MATLAB programming 

with simulation in a finite element method (FEM) 

environment as shown in Figure 1. This program is divided 

into three main parts: analytical calculation, exporting 

drawings, and magnetic FEM stimulation. The analytical 

calculation has been stored and integrated into the MATLAB 

programming. After completing the calculations, the detailed 

rotor and stator laminations to their respective drawings are 

exported in a standard format. Next, the program auto-

integrates 2D stator and rotor designs into the FEM simulation 

environment, which allows to compute the output torque, 

power and air gap flux density by using integral functions. The 

results of the simulation are then stored in a database which 

can be used for further comparison. Finally, a material library 

is associated with the FEM library to do a post processing. 

 

 
 

Figure 1. Analytical program structure 

 

In this study, the practical motor is herein a proposal IPM 

of 150kW, with 8 poles and 48 slots, where the PM arranged 

in the delta shape. The stator core and rotor lamination are 

presented in Figure 2.  

 

 

 
 

Figure 2. Stator core and rotor Lamination of IPM 150kW 

The main parameters of the proposed such as the number of 

slot and poles, stack length, the diameter of the stator and rotor, 

and the air-gap length are already given in Table 1. The power 

inverter for this machine is designed with 396VDC/450 A. The 

continuous rated power is 80 kW and peak power is 150kW, 

and the maximum speed of the machines is 20000 rpm. The 

performance specifications typically include requirements for 

power, torque, efficiency, speed, and other characteristics. In 

order to obtain the performance of this machine, the size and 

shape of the machine must be carefully chosen. The size of the 

machine is determined by the maximum physical size, which 

may be limited by factors such as available space, weight and 

cost. The temperature rise of the machine is also an important 

consideration, as excessive temperature rise can reduce the 

lifespan and efficiency of the machine. The calculation process 

of the IPM motor is performed in Figure 3. 

 

 
 

Figure 3. The calculation process of the IPM motor 

 

Table 1. Main parameters 

 
Parameter Value 

Volkswagen ID.3 2020 

Peak power kW 150 

Winding Type Hairpin 

Stator assy weight 23.6 

Stator LAM weight 17.98 

Copper weight 5.388 

kW/ Stator Assembly 6.36 

kW/kg Copper 27.40 

kW/ kg Stator Iron 8.30 

Cooling system Liquid cooling 

Voltage 394 

48 slots, 8 poles  

Shaft diameter 60mm 

Rotor outer diameter 161 mm 

Stator inner diameter 162.4 mm 

Airgap length 0.7 mm 

Stator stack length 140 mm 

Rotor stack length 141.6 mm 

Average stack 141.6 mm 

 

In this process, selection of materials and geometries for 

different components of the machine, including the stator, 

rotor, and laminations, is essential. The choice of materials and 

geometries directly influences the flux and current densities 
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within the machine, subsequently impacting the power loss 

density and cooling requirements. The power loss density 

plays a critical role in establishing the cooling requirements of 

the machine. It represents the power dissipated per unit 

volume within the machine and is closely linked to the flux 

and current densities. To ensure a manageable temperature rise, 

it is crucial to design an efficient cooling system capable of 

effectively removing this generated heat. However, the same 

principles of balancing performance specifications and 

constraints still apply. By carefully choosing the materials and 

geometries of the various components, it is possible to achieve 

the desired performance while staying within the limits of 

material properties and temperature rise. 

 

 
 

Figure 4. Model of IPM motor with VV shape (left) and 

delta shape (right) 

 

 
 

Figure 5. Model of EESM motor 

 

A comparison between two types of electric motors (IPM 

motor and EESM) is respectively shown in Figures 4 and 5, 

where Figure 4 is pointed the model of IPM with the double V 

(VV) and delta shapes. The FEM will be introduced to 

evaluate the design characteristics of the two these motors, 

with particular attention given to the flux density. 

 

 

3. BACKGROUND THEORY 

 

In order to satisfy the performance specifications given in 

Table 1 and Figure 2 for the electric vehicle (EV), the motors 

used in the design must exhibit exceptional capabilities in flux-

weakening and peak torque output while operating within the 

limits of current and voltage imposed by the inverter. 

Consequently, the primary restriction involves the maximum 

current and voltage for the IPM motor and EESM, which can 

be derived from reference [12, 13]. 

Basic parameters are defined by an analytical model. Indeed, 

if the rotor diameter (D) is equal to rotor length (L), the 

electromagnetic torque (T) of the IPM motor  can be defined 

[12, 13]: 

 

𝑇 =
𝜋

4
. 𝐷2. 𝐿𝑠. 𝑇𝑅𝑉 (1) 

 

where, the torque volume density (TVR) is then defiened as: 

 

𝑇𝑅𝑉 =
𝜋

√2
𝑘𝑊1𝐴. 𝐵 Nm/m3 (2) 

 

At a synchronous speed, the electromagnetic torque and 

power can be computed via the phasor diagram as pointed out 

in Figure 6. 

 

 
 

Figure 6. Phasor diagram of IPM motor 

 

The phasor diagram is divided into two parts: the electrical 

quantities on the left side and the corresponding magnetic flux 

linkages on the right side. The magnetic flux linkages are 

represented by space vectors, which are three-dimensional 

vectors that rotate in space at an angular velocity. These 

vectors are used to describe the physical orientation of the 

magnetic flux in the motor. The space vectors can also be 

projected onto a 2-D to create a phasor diagram that represents 

the magnitude and phase angle of the magnetic flux linkages. 

In general, the phasor diagram is a useful tool for analyzing 

the performance of electric machines, including IPM and 

EESM motors. It allows designers and engineers to visualize 

the relationship between electrical and magnetic quantities, 

and to make informed decisions about the design and operation 

of the motor.   

Based on the diagram in Figure 6, the armature current 

(𝐼𝑎𝑟𝑚) is defined via the d- and q- axis component currents (Id 

and Iq) [12, 13]: 

 

𝐼𝑎𝑟𝑚 = √𝐼𝑑
2 + 𝐼𝑞

2 ≤ 𝐼𝑎𝑟𝑚_𝑚𝑎𝑥 (3) 

 

where, Iarm_max is the maximum current given by the inverter. 

The maximum phase (Varm_max) is thus defined as: 

 

𝑉𝑎𝑟𝑚_𝑚𝑎𝑥 = 𝑝√(𝐿𝑑𝐼𝑑 + 𝜆𝑚)2 + (𝐿𝑞𝐼𝑞)
2

≤
𝑉𝐷𝐶

√3𝑤𝑟

 (4) 

 

where, p is the number of pole pair, Ld is the d-axis inductance, 

Lq is the q-axis ductance, VDC is the battery voltage and wr is 

the speed of rotor. At the maximum speed (wr_max), the back 

electromagnetic force (EMF) (E) is defined as: 
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𝐸 = 𝑝𝜆𝑚𝑤𝑟_𝑚𝑎𝑥 ≤
𝑉𝐷𝐶

√3
 (5) 

 

In order to obtain a maximum flux weakening capability 

and constant power speed range, it is required by the traction 

motor. For the IPM motor, the condition need to be satisfied 

[12]: 

 

𝜆𝑚 = 𝐿𝑑𝐼𝑎𝑟𝑚 (6) 

 

and for the EESM motor [13]: 

 

𝜆𝑚 = 𝐿𝑞𝐼𝑎𝑟𝑚 (7) 

 

It should be noted that the conditions in (8) and (9) are the 

ideal conditions. The linkage flux in stator is actually limited, 

thus the PM will not be demagnetized.  

In order to obtain the high efficiency for a wide speed range, 

the maximum torque per ampere control at the low speed is 

maintained for the peak torque and the flux weakening control 

at the high speed.  For the two types of motors, the 

electromgantic torque are then expressed as [14-16]: 

 

𝑇 =
3

2
𝑝[𝜆𝑑(𝐼𝑑 , 𝐼𝑞)𝐼𝑞 − 𝜆𝑞(𝐼𝑑 , 𝐼𝑞)𝐼𝑑] 

=
3

2
𝑝 [𝜆𝑑(𝐼𝑑 = 0, 𝐼𝑞)𝐼𝑞

+
𝜆𝑑(𝐼𝑑 , 𝐼𝑞) − 𝜆𝑑(𝐼𝑑 = 0, 𝐼𝑞)

𝐼𝑑

𝐼𝑑𝐼𝑞

−
𝜆𝑞(𝐼𝑑 , 𝐼𝑞)

𝐼𝑞

𝐼𝑑𝐼𝑞]

=
3

2
𝑝{𝜆𝑚(𝐼𝑞)𝐼𝑞

+ [𝐿𝑑(𝐼𝑑 , 𝐼𝑞) − 𝐿𝑞(𝐼𝑑 , 𝐼𝑞)]𝐼𝑑𝐼𝑞} 

(8) 

 

where, λd and λq are d- and q-axis flux linkage, respectively. 

The flux linkages of PM are then expressed [17, 18]: 

 

𝜆𝑚(𝐼𝑞) = 𝜆𝑑(𝐼𝑑 = 0, 𝐼𝑞) (9) 

 

𝜆𝑑(𝐼𝑑 , 𝐼𝑞) = 𝐿𝑑(𝐼𝑑 , 𝐼𝑞)𝐼𝑑 + 𝜆𝑚(𝐼𝑞) (10) 

 

𝜆𝑞(𝐼𝑑 , 𝐼𝑞) = 𝐿𝑞(𝐼𝑑 , 𝐼𝑞)𝐼𝑞  (11) 

 

It should be noted that from Eqs. (3)-(11), the value of pλm 

in Eqs. (10)-(11) is small for a low back EMF at a high speed. 

On the other hand, it is large for the high torque and a high 

efficiency. 

 

 

4. ELECTROMAGNETIC PERFORMANCE 

ANALYSIS 

 

In order to validate the theory developed in Section 3, in this 

section, the results of two types of IPM motor and EESM are 

analysed by the FEM. The flux density distribution in the air 

gap of the IPM motor and EESM is presented in Figure 7. It 

can be seen that due to the flux-concentration effect of its 

excited coil configuration, the EESM has a higher air-gap flux 

density than that of the IPM motor, despite having a lower 

magnet strength.  

The comparison of average torques between the IPM motor 

with different type of rotor shapes (VV and Delta) and EESM 

motors is pointed out in Figure 8. It shows that the average 

torque of the EESM with a field coil current of 5A is higher 

than the that of the IPM motor with VV and Delta shapes. The 

cogging torque distribution of the EESM is indicated in Figure 

9. It is found that the peak value of the cogging torque 

decreases with an increase in the step skewing rotor, as well as 

with a skewing stator or rotor. 

 

 

 
 

Figure 7. Flux density distribution in the air gap of the IPM 

motor (top) and EESM (bottom) 

 

 
 

Figure 8. Comparison of average torques between the IPM 

motor with different type of rotor shapes (VV and Delta) and 

EESM motors 

 

 
 

Figure 9. Cogging torque distribution of the EESM 

 

Additionally, the cogging torque is a phenomenon that 

causes a periodic variation in the torque output of motor due 

to the interaction of the rotor magnets with the stator teeth. 

This variation can lead to vibration and noise, which can be 

undesirable in some applications. Overall, it seems that the 
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EESM has some advantages over the IPM motor in terms of 

torque performance and cogging torque reduction. 

Figures 10, 11 and 12 provide a comparative analysis of the 

output power, power loss and efficiency maps between the 

IPM motor and EESM. In Figure 10, at the speed of 20000 rpm, 

the output power is equal to 160 N.m for the EESM and 157 

N.m for the IPM motor with delta shape. In Figure 11, at the 

speed of 6000 rpm, the power loss of EESM is lower than that 

of the IPM motor. 

 

 
 

Figure 10. Comparison of output powers for two types of 

motors (IPM motor and EESM) 

 

 
 

Figure 11. Comparison of power loss for two types of motors 

(IPM motor and EESM) 

 

 
 

Figure 12. Comparison of efficiency for two types of motors 

(IPM motor and EESM) 

In Figure 12, it shows that there is a difference in efficiency 

between the EESM and IPM motor. It can be seen that in the 

higher-speed region, the efficiency curve of the EESM is 

improved in comparison with the IPM motor (VV and delta 

shapes). This suggests that the EESM may be more suitable 

for high-speed applications where efficiency is a critical factor. 

Figure 13 indicates the efficiency maps of two types of motors, 

where the efficiency map of IPM motor is on the top and on 

the bottom for the EESM. It is shown that the maximum 

efficiency map of torque and speed of the EESM is larger than 

that of the IPM. 

 

 

 
 

Figure 13. The efficiency map of IPM motor (top) and 

EESM (bottom) 

 

Table 2. Comparison of electromagnetic parameters between 

IPM motor and EESM 

 
Parameters IPM EESM Unit 

Maximum torque possible 192.19 232.31 Nm 

Average torque 167.49 233.46 Nm 

Torque ripple 3.3047 33.715 Nm 

Torque ripple [%] 1.9608 14.365 % 

Cogging torque ripple (Vw) 0.63751 16.405 Nm 

Speed limit for constant torque 6558.7 5152.4 rpm 

No load speed 8661.5 4921.7 rpm 

Electromagnetic Power 1.15E+05 98310 Watts 

Input power 1.16E+05 1.02E+05 Watts 

Total losses (on load) 2138.6 4652.4 Watts 

Output power 1.14E+05 97673 Watts 

System efficiency 98.158 95.453 % 

Shaft torque 167.42 233.18 Nm 

 

The comparison of electromagnetic parameters between 

IPM motor and EESM is given in Table 2. It is found that the 

EESM has a maximum efficiency of 95.5%, with a maximum 

torque of 232 N.m, at a speed of 5152 rpm, whereas the IPM 

motor has a maximum torque of 192.2 N.m, at a speed of 6558 

rpm. These results suggest that the EESM machine has some 

advantages over the IPM in terms of maximum torque and 

average torque at high speeds. 

 

 

5. CONCLUSIONS 

 

The analysis and comparison of flux density torque, power 

and efficiency of the EESM and IPM motor for EV 

applications have been successfully obtained. The obtained 

results have shown that the EESM has some advantages over 
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the IPM motor in terms of efficiency and output power, 

particularly in the lower-torque and higher-speed regions. This 

information could be valuable for researchers and engineers 

working in the field of electric vehicle motor design and 

development. Also, the development of the proposed method  

suggests that the EESM can be a promising solution for 

improving the performance of electromagnetic parameters in 

various applications. 
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