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Chapter 1. Introduction 

1.1  Background and Trend 

The history of electric motors began with the discovery of electromagnetic phenomena in the 

first half of the 19th century. DC motors, induction motors (IM), and synchronous motors (SM) 

were developed in the late 19th century and put into practice in the early 20th century. Since then, 

due to the development of magnetic materials, power control semiconductors, and control 

techniques, various electric motors have achieved small size and weight reduction, high output 

and high efficiency, and many developments have been made. 

DC motor are historically the oldest and are easy to control. However, since there is a rectifying 

mechanism in the structure, wear occurs due to mechanical contact during rotation, which is 

disadvantageous for variable speed high-speed driving. In recent years, the variable speed drive 

system is being replaced by an IM or SM. 

The IM is simple in structure and robust. In addition, the degree of completion is high because 

the research on the control system has been long. However, the efficiency is low in the low-speed 

operation region, and copper loss is always generated by the slip phenomenon inside the rotor. 

Recently, due to the development of high-performance permanent magnet (PM), PMSMs with 

improved power density and efficiency compared to conventional SMs have been in the spotlight. 

In PMSM, the field flux is not dependent on an external power source, but is supplied by PMs. 

As a result, the efficiency and power density are higher than other motors. In addition, due to the 

development of rare-earth magnets such as neodymium-PM (Nd-PM), which have high energy 

density, research on replacing existing systems with PMSM in each field has been actively 

conducted. In particular, it is actively applied to the driving field of eco-friendly vehicles such as 

electric vehicles (EV) and hybrid electric vehicles (HEV), and PMSM with Nd-PM has become 

the mainstream of traction motors for vehicles.  

PMSM are classified into surface-mounted PM synchronous motors (SPMSM) and Interior PM 

synchronous motors (IPMSM) by mechanical structure. SPMSM has a magnet attached to the 

rotor surface, so there is a risk of scattering during high-speed rotation. In addition, since the 

magnetically effective air gap is large, the armature reaction is small, which limits high-speed 

operation. 



 

Chapter 1. Introduction  

2 

On the other hand, IPMSM can prevent the scattering of the PM by centrifugal force by 

inserting the PM into the core of the rotor. IPMSM can generate not only PM torque by magnet 

but also reluctance torque that SPM does not have, which has high torque density and is 

advantageous for high-speed operation [1-7]. In addition, since the degree of design freedom is 

high, it is advantageous to improve performance through various optimization techniques, etc. [8-

11]. Due to these advantages, IPMSM is mainly adopted and studied for traction motors for 

vehicles that require high output in a wide range of speed [12-27]. In addition, in recent years, 

eco-friendly vehicles such as EVs and HEVs are rapidly emerging as alternative solutions in the 

transportation sector to reduce dependence on fossil fuels and reduce emissions [28-31]. 

Therefore, it can be expected that the demand for IPMSM will increase explosively due to the 

active dissemination of eco-friendly vehicles. 

Nd-PM is mainly applied to IPMSM for vehicle traction and it is the most widely used rare 

earth magnet [32]. Nd-PM was developed by General Motors and Sumitomo Special Metals in 

1984, respectively, and can be divided into sintered type and bonded type according to the 

manufacturing process [33-35]. Nd-PM has the highest energy density among existing PM [36-

38], and the sintered type is mainly used for traction motors for vehicles. In addition, Nd-PM 

containing some heavy rare earths such as dysprosium (Dy) and terbium (Tb) have been applied 

to maintain sufficient coercive force in high temperature environmental conditions [39]. However, 

there is a problem with stable supply as most of the major raw materials such as Nd, Dy, and Tb 

are mined in a specific country. In 2011, the price of each raw material soared, causing a major 

blow to the industry [40-42]. 

Although Nd-PM occupies a small volume and weight in the entire motor system, it is very 

expensive, so it occupies a high proportion in terms of cost [43, 44]. Due to this risk of Nd-PM, 

non-rare earth traction motors have been actively studied to replace the conventional IPMSM for 

traction. Representative examples include separately excited synchronous motor (SESM) [45, 46], 

switched reluctance motor (SRM) [47-53], synchronous reluctance motor (SynRM) [54, 55], 

ferrite PM (Fe-PM) based motor [56-63], and IM [64-66]. A disadvantage of SESM is the wear 

of the contact brushes. To overcome this, in [46], a non-contact field power supply system using 

a rotary transformer method was constructed. However, the non-contact field power system is 

very expensive, and since each device is attached in the axial direction of the motor, it is 
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disadvantageous compared to the IPMSM in terms of system volume. SRM has a problem of 

acoustic noise due to structural reasons, and SynRM has a high reactive power component and 

low power factor, resulting in low power density. Fe-PM based motor has low torque density 

because the remanence of Fe-PM is 1/3 of that of Nd-PM. In addition, Fe-PM, unlike Nd-PM, has 

a property of easily losing magnetism at low temperatures, and does not provide a solution to this 

problem. IM was applied and commercialized in early models such as Tesla Model S, but it was 

replaced with IPMSM after Model 3, the latest model, to improve mileage and reduce weight. 

Therefore, non-rare earth motors are not a realistic alternative as traction motors for vehicles, and 

there are few commercial cases for traction for vehicles or they are being replaced by IPMSM. 

Recently, there are studies on hybrid-type PM motors (HPMM) that simultaneously apply Fe-

PM to the rotor to realize the same torque density as IPMSM and reduce the Nd-PM usage [67-

74]. Existing research cases of HPMM can be divided into parallel type (P-HPMM) and series 

type (S-HPMM) based on the d-axis magnetic equivalent circuit. However, in the conventional 

HPMM research, most of the motor output range is 5 kW or less, and research on the parallel type 

in which magnetic flux concentration is advantageous is mainly dealt with. Traction motors for 

HEV and EV range in output from 30kW to 200kW. In addition, a review of high torque density, 

demagnetization reliability in consideration of vehicle environmental temperature conditions, and 

mechanical stability according to high-speed rotation is required for vehicle traction motors [75-

77]. Since most of the research results of the conventional HPMM are in the category of small 

motors, these characteristics required for vehicles are not sufficiently reflected. Therefore, it is 

necessary to present an alternative that can prepare for the expansion of the eco-friendly vehicle 

market, minimize the resource risk of Nd-PM and reduce the PM cost through research on the 

topology of HPMM that fully considers the characteristics of the vehicle. 

 

1.2  Purpose and Outline 

The purpose of this study is to propose a novel HPMM that can reduce the use of Nd-PM and 

PM cost compared to a commercialized target motor by considering the characteristics of the 

vehicle. The target car models are BEV and HEV, and finally, two types of HPMM topologies are 

proposed. 
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The structure of this thesis is as follows. 

 

Chapter 1 summarizes the research background, trend, purpose, and outline of the thesis. 

 

Chapter 2 introduces HPMM and examines structural characteristics, classification, and PM 

materials. It also explains the electrification system for eco-friendly vehicles and the 

considerations required for vehicles. In addition, since HPMM belongs to the category of PMSM, 

the main mathematical characteristic equations for PMSM are introduced. 

 

Chapter 3 proposes an HPMM for BEV traction with improved reluctance torque. The target 

motor is a 120kW NISSAN LEAF traction motor. A sample of the target motor was obtained, and 

disassembly and specification analysis were performed. The performance characteristics and 

problems of the conventional parallel-type (P-HPMM) and series-type HPMM (S-HPMM) under 

the same stator structure as the target motor will be described. In addition, to improve the 

problems of the conventional HPMM, a novel HPMM is proposed, and a design concept, process, 

and performance characteristics are presented. Finally, the validity of the proposed topology is 

verified through detailed comparison with the target motor. 

 

Chapter 4 proposes an HPMM for HEV traction to which Dy-free Nd-PM is applied. Dy is one 

of the heavy rare earth elements with high price volatility, and is contained in a small amount to 

improve the coercive force of Nd-PM. Due to the development of manufacturing technologies for 

Nd-PM such as fine powdering and Dy diffusion process, it is possible to realize a coercive force 

of up to 21 kOe without Dy [78, 79]. However, Nd-PM of 25 kOe or more is mostly used for 

traction motors for vehicles due to environmental temperature conditions [80]. Nd-PM tends to 

lose magnetism at high temperatures, whereas Fe-PM, on the other hand, is robust at high 

temperatures. Therefore, this chapter examines whether each PM can create synergy with each 

other in terms of demagnetization durability under the HPMM structure, and proposes an HPMM 

with similar performance to the target motor. The target motor is a 53kW Toyota PRIUS 4th MG2 

traction motor. As in Chapter 3, the sample of the actual target motor was disassembled and the 

specifications were analyzed. Two parallel models and two series models are presented under the 
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same structure as the target motor, and Dy-free HPMM suitable for HEV is proposed through 

comparison of each model. 

 

Chapter 5 describes the efficiency characteristics considering the switching ripple current. The 

comparative models are the target IPMSM and the finally proposed HPMM presented in Chapter 

4. In actual motor driving, it is driven by a current that reflects harmonics of several orders of 

magnitude. Therefore, Chapter 5 presents methods for generating harmonic currents with inverter 

switching frequencies from 5 kHz to 20 kHz. In addition, the efficiency characteristics of the two 

models are analyzed based on the current waveform. The analysis results prove that the proposed 

HPMM is superior in terms of efficiency compared to the target IPMSM. 

 

Chapter 6 discusses the results of this study and future plans. 
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Chapter 2. Overview of Hybrid PM Motor for Vehicle Traction 

2.1  BEV and HEV Electrification Systems 

The eco-friendly vehicle market, such as battery electric vehicle (BEV) and hybrid electric 

vehicle (HEV), is undergoing rapid growth. As shown in Fig. 2.1, rapid growth is expected to 

continue in the future through response to the strengthening of fuel economy regulations by major 

automakers and policy support from each country. The short mileage, which has been a major 

drawback of BEV, is being improved dramatically due to the development of lithium-ion batteries 

with high energy density. 

 Eco-friendly vehicles can be classified as shown in Table 2.1 according to the driving method, 

and there are representative BEV and HEV. An electric vehicle is a system that uses electric energy 

stored in a battery to generate mechanical power through a power conversion device and an 

electric motor and transmit it to the wheel.  HEV is a system in which an internal combustion 

engine (ICE), an electric motor, and a control module are simultaneously mounted. The main 

power is generated preferentially in the ICE, and the power of the electric device plays a 

secondary role. The main roles of the electric motor and control module in the HEV are to assist 

the power so that the engine can be operated at the optimum efficiency point, regenerative braking, 

and to drive the EV in some speed sections. 

 
 

Fig. 2.1  Projected EDV sales [44]. 
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Table 2.1  Electric vehicle classification according to the driving method 

Classification Battery electric vehicle (BEV) Hybrid electric vehicle (HEV) 

Driving source Electric machine Electric machine+ 1)ICE 

Power source Electricity Electricity + Coal fuel 

Drive type 

  

Features Zero emission 
Need to charge 

No charging required 
Exhaust gas present 

1)internal combustion engine 

 
 

Fig. 2.2  Three typical types of HEV (a) Series (b) Parallel (c) Split [81]. 

(a) (b)

(c)
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In the case of such HEV, as shown in Fig. 2.2, according to the configuration and energy flow 

of ICE, motor, and generator, it can be divided into parallel type, series type, and split type. 

The series HEV obtains regenerative power according to the vehicle's motion state and enables 

the engine to operate in efficient conditions. However, more energy transfer steps lead to more 

power loss. Compared to series hybrids, parallel hybrids have lower energy conversion losses 

because engine power is transmitted directly to the driven wheels. Split hybrids are the 

combination of series hybrids and parallel hybrids. Parallel and split configurations provide better 

fuel economy than series configurations under highway driving conditions. The split 

configuration boasts high fuel efficiency not only in city driving but also in highway driving [82]. 

Therefore, most full-hybrid cars such as Toyota Prius, Toyota Lexus, GM, Chrysler and Ford 

Fusion Hybrid adopt a split configuration [16, 18, 83]. 

Fig. 2.3 is an example of a drive unit of BEV and HEV. As a typical commercialization example, 

 
 

Fig. 2.3  BEV and HEV drive unit (a) GM Bolt EV [84] (b) GM Volt HEV [85] 

(a)

(b)

Traction motor
Reduction gear
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there are GM Bolt EV and GM Volt HEV.  The drive unit for BEV has a structure in which the 

reducer is combined on the same axis as the traction motor. The reduction ratio of the reducer 

varies from 5:1 to 13:1, and technology development is progressing in the direction of increasing 

the reduction ratio in order to reduce the weight of the motor and improve the performance of the 

vehicle. In addition, most of the traction motors for BEV adopt a cylindrical structure. The HEV 

drive unit is mounted near the ICE, and as shown in Fig. 2.2, it is composed of a 1-motor or 2-

motor system depending on the characteristics of the HEV system. Due to the characteristic of 

being mounted in a narrow space near the output shaft of the ICE, the structure of the motor is 

mostly pancake type. That is, the HEV motor has a large outer diameter and a small stack structure.  

Fig. 2.4 is a exploded view of the active part of the traction motor. The main components of the 

active part of the traction motor are the stator and the rotor. The stator consists of a high-

conductivity copper coil, an electrical steel plate, and an insulator. A current is conducted through 

the coil, and a magnetic field is generated due to the conducted current. The generated magnetic 

field exists in the form of magnetic flux density through an electric steel sheet with high magnetic 

permeability. An insulating material such as insulation paper is inserted between the coil and the 

electric steel sheet for insulation. The rotor is composed of an electric steel plate, a PM, and a 

shaft. The magnetic flux of the permanent magnet of the rotor and the magnetic flux generated 

 
 

Fig. 2.4  Exploded view of traction motor (GM Volt Motor B) [86] 
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from the electric energy of the stator are interlinked and stored in the form of magnetic energy in 

the air gap. Magnetic energy is converted into a mechanical output form through the shaft 

according to the phase change with time. When a high energy density PM such as Nd-PM is 

applied to the rotor, field magnetic flux can be continuously generated without external power 

supply. Therefore, it is possible to improve the efficiency of the motor and suppress heat 

generation of the rotor. 

Fig. 2.5 is an example of the rotor structure of the traction motors of BEVs and HEVs released 

so far. Most of them adopt PMSM, and high energy density Nd-PM are applied to the rotor. As 

mentioned in Chapter 1, Nd-PM is a high-risk material in terms of price and supply stability. The 

characteristics of Nd-PM and PMSM will be dealt with in detail in Sections 2.3 and 2.4. 

 

2.2  Considerations as Vehicle Traction Motor 

A traction motor for a vehicle requires a very high torque density to be mounted in a limited 

 
 

Fig. 2.5  Rotor structure of traction motor for BEV and HEV (a) Toyota Prius 3rd HEV (b) 
Toyota Prius 4th HEV (c) GM Volt 2nd HEV (d) Nissan Leaf EV (e) BMW i3 EV (f) Ford 

Focus EV 
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space and to improve mileage or fuel efficiency. This is because the size of the motor is 

proportional to the torque. Therefore, very high coil current density is applied to reduce the size 

of the motor. When the coil current density becomes high, copper loss increases in the stator coil, 

generating heat, and causing a rapid temperature rise of the coil. A sudden rise in temperature may 

cause a reduction in the life of the motor's insulation system, as well as demagnetization of the 

PM. In order to prevent such temperature rise, most of the traction motors are applied with cooling 

technologies such as water cooling or oil direct injection. Under these cooling conditions, the coil 

temperature of the BEV traction motor is ḍ40 to 160 , and the HEV is managed from ḍ40 to 

180 . Within this environmental temperature range, the traction motor must maintain driving 

reliability. The reason HEV is higher than BEV is that the traction motor of HEV is mounted near 

the ICE, so the heat generation characteristics near the ICE must be considered. In addition, the 

traction motor not only has a wide operating speed range, but also needs to consider the 

mechanical impact caused by the motion characteristics of the vehicle. Therefore, a traction motor 

for a vehicle needs sufficient consideration for the following requirements. 

 

1. Compact and Lightweight 

The available space for mounting the vehicle is limited, and since an increase in weight leads 

to a reduction in the driving efficiency of the vehicle, it is necessary to reduce the size and weight 

of the electric motor. 

 

2. Driving Reliability 

It must be strong against vibrations and shocks that may occur during an accident or when 

driving on an irregular road surface. In addition, it is essential to secure the reliability of 

performance even under poor vehicle temperature conditions. In particular, in the case of PMSM, 

it is necessary to sufficiently examine the change in PM performance according to temperature 

conditions. 

 

3. Mechanical Stability 

Traction motors for vehicles have a wide operating speed range. Therefore, high-speed rotation 

is required due to the driving characteristics, and mechanical stability must be secured even during 
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high-speed rotation. This is a very important design requirement, and it is necessary to have a 

sufficient safety factor when designing a traction motor. 

 

The HPMM models to be proposed in this thesis will examine their effectiveness based on the 

above conditions, and at the same time, the PM cost reduction effect will be mentioned. 

 

2.3  Hybrid PM Motor Definition and Characteristics 

HPMM basically belongs to the category of PMSM. That is, the structure for inserting the PM 

inside the rotor is the same. However, the HPMM is a topology that focuses on low cost or higher 

performance compared to the conventional PMSM by inserting two or more types of PM with 

different characteristics into the rotor. That is, by applying Nd-PM and Fe-PM at the same time, 

the same performance as the existing PMSM is derived and the cost is reduced [68, 69]. 

Alternatively, by applying Nd-PM and Alico-PM, there is a research case for the purpose of 

optimizing the efficiency distribution by inducing the change of the magnetic flux of Alico-PM 

according to the phase change of the stator magnetic field [87]. Based on the former case in this 

thesis, it mainly deals with PM cost reduction of vehicle traction motors by applying Nd-PM and 

 
 

Fig. 2.5  HPMM Rotor Topology Study Case (a) [68] (b) [69] (c) [67] (d) [72] (e) [71] (f) [70] 

(a) (b) (c)

(d) (e) (f)
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Fe-PM at the same time. 

 

2.3.1  Classification of Parallel and Series Type 

HPMM using a mixture of Nd-PM and Fe-PM has been reported in the form of various 

topologies. Fig. 2.6 shows examples of HPMM presented for lower cost and higher performance 

compared to conventional PMSM by mixing Nd-PM and Fe-PM. Each research case shows 

various types of PM arrangement, but there are clearly distinguishable features. This is the case 

in which the magnetic flux of each PM is respectively concentrated in the d-axis direction and the 

case in which the magnetic flux of each PM is interconnected. Fig. 2.5 (a) to (d) is the former 

case, and (e) and (f) are the latter case. This means that it can be classified according to the d-axis 

magnetic equivalent circuit.  

Fig. 2.6 is the classification according to the d-axis magnetic equivalent circuit of HPMM. 

Where, Fnd and Ffe are the magneto-motive force (MMF) of each PM, Rnd and Rfe are the reluctance 

of each PM, Rsg is the sum of the reluctance of air-gap and core, and ɣpm is the PM flux linkage. 

Fig. 2.6 In (a), the magnetic flux of each PM is composed of a parallel circuit, and (b) is 

composed of a series circuit. In a parallel circuit, the magnetic flux of each PM is concentrated in 

the d-axis direction, and high flux linkage can be obtained. Being able to obtain high flux linkage 

 
 

Fig. 2.6  Classification of HPMM according to d-axis magnetic equivalent circuit (a) parallel 
type (b) series type 

RίὫ

FὪὩ RὪὩ FὲὨ RὲὨ

Nd-PMFe-PM

ɣὴά_ί

RίὫ

FὲὨ RὲὨ

FὪὩ RὪὩ

Nd-PM

Fe-PM

ɣὴά_ὴ

(a) (b)
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means that the reluctance of the whole system is small. Conversely, a low reluctance may make 

the demagnetization durability weak against the reverse magnetic field of the stator. The series 

circuit has a structure in which the magnetic flux between each PM is interconnected, and has a 

higher reluctance compared to the parallel type. As a result, the d-axis PM flux is lower than that 

of the parallel type based on the use of the same PM. However, high reluctance is advantageous 

in terms of demagnetization durability, and it is possible to lower the d-axis inductance, which 

helps to improve the flux weakening control performance. These characteristics will be dealt with 

in Chapter 4. 

In this thesis, based on the characteristics of parallel-type (P-HPMM) and series-type HPMM 

(S-HPMM) divided as described above, the structure and topology suitable for vehicle traction 

motors are proposed. 

 

2.3.2  Comparison of Properties of Nd sintered PM and Ferrite PM applied to Hybrid 
PM Motor 

 In this thesis, HPMM for vehicle traction is proposed using Nd-PM and low-cost Fe-PM. Fe-

PM is 1/10 the price of Nd-PM, and the residual magnetic flux density Br is 1/3. The lineup of 

Nd-PM and Fe-PM products is shown in Fig. 2.7. In the case of the residual magnetic flux density, 

both PMs tend to decrease according to the Ŭmag coefficient as the temperature increases. In the 

case of the coercive force Hcj, it follows the characteristic of the ᴦ coefficient, and in Nd-PM 

and Fe-PM, the signs of the ᴦ coefficient are opposite to each other. Nd-PM means that the 

coercive force is lowered at high temperature, whereas Fe-PM means that the coercive force is 

lowered at low temperature. That is, the degree of coercive force with respect to the temperature 

of each PM acts oppositely. The BH characteristics and Ŭmag and ᴦ coefficients of each PM are 

shown in Fig. 2.8 and Table 2.2. This amount of change can be calculated as in (2.1). 

 

 
Br=Br0 1+Ŭmag(Tmag 20) . 
Hcj=Hcj0 1+ɓ(Tmag 20) . 

(2.3.2.1) 

 

Here, Br0 and Hcj0 are values based on room temperature, and Tmag is the temperature under 

actual operating conditions. 

In the case of the environmental temperature range of the traction motor for a vehicle, the BEV 

is ḍ40 to 160 , and the HEV is ḍ40 to 180 . In the case of PMSM to which only Nd-PM  
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Fig. 2.7  PM product line up (a) Nd-PM (Shinetsu Co.Ltd) (b) Fe-PM (TDK Co. Ltd) 

(a) (b)

Table 2.2  Temperature coefficient by each PM 

Classification Grade Ŭmag (%/K) ɓ (%/K) 

Nd-PM N37UZ ī0.09 ī0.46 

Fe-PM NMF-15J ī0.2 0.35 

 

 
Fig. 2.8  BH Characteristics (a) Nd-PM (Shinetsu N37UZ ) (b) Fe-PM (Hitachi NMF-15J) 
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is applied, it is necessary to review the demagnetization durability only in the high-temperature 

region, but in the case of HPMM, it is necessary to review the demagnetization durability in both 

the low-temperature and high-temperature regions. 

 

2.4  Main Characteristics Equations of PMSM 

Except for applying a different type of PM to HPMM, its physical properties and structure 

belong to the category of PMSM. Therefore, in this chapter, the structure, characteristics, and 

main characteristic equations of PMSM will be dealt with. Fig. 2.9 and Fig. 2.10 show the rotor 

configuration of SPMSM and IPMSM, respectively. As can be seen in each figure, in SPMSM, a 

PM is attached to the rotor surface, and in IPMSM, a PM is inserted into the rotor. 

Considering the magnetic flux direction by the PM, the central axis of the PM is defined as the 

d-axis, and the center between PMs separated by 90 degrees from the d-axis by an electric angle 

is defined as the q-axis [88]. 

 

 

 
 

Fig. 2.9  Rotor configuration of SPMSM 
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Fig. 2.10  Rotor configuration of IPMSM 
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Fig. 2.11  Rotor configuration of delta type IPMSM 
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Considering the magnetic flux direction by the PM, the central axis of the PM is defined as the 

d-axis, and the center between PMs separated by 90 degrees from the d-axis by an electric angle 

is defined as the q-axis [88]. 

SPMSM has a PM attached to the rotor surface. Thereby, the length of the total air gap is 

constant regardless of the position of the rotor. Therefore, SPMSM only has an interaction 

between the magnetic flux of PM and the magnetic flux generated by the stator current, which 

means that only the PM torque of PMSM can be used. On the other hand, in IPMSM, the 

inductance difference occurs between the d-axis and the q-axis because the d-axis reluctance 

where the PM exists is larger than the q-axis reluctance. Therefore, IPMSM is advantageous for 

high torque density because it can use not only the PM torque but also the reluctance torque due 

to the difference in d- and q-axis inductance [2-4]. In addition, IPMSM does not require a non-

magnetic structure (SUS, etc.) to prevent scattering of PMs at high speed, and has a large degree 

of freedom in the shape and arrangement of PMs [8-11]. It has the advantage that the possibility 

of demagnetization is small because it is not directly exposed to the heat and armature reaction 

generated by the stator windings. 

The delta type IPMSM in Fig. 2.11 has a multi-layer structure of straight PMs on the rotor 

surface and V-shape inside the rotor, and the arrangement of the PMs is similar to the delta shape. 

Since the delta type IPMSM also inserts a PM in multiple layers, it is possible to increase the 

magnitude of the reluctance torque like the conventional IPMSM. This multi-layered structure 

can generate a larger reluctance torque because various design variables such as the position of 

PMs in each layer and the angle between PMs can be considered. That is, it is advantageous to 

improve the reluctance torque compared to the IPMSM inserted as a single layer. Therefore, most 

rotor topologies of traction motors for vehicles require high torque density, and wide variable 

speed operation using reluctance torque is also required, so a multi-layer structure is mostly 

adopted. 

As explained in the previous section, since most of the physical properties of HPMM are 

identical to those of IPMSM except for applying different types of PMs, the mathematical model 

of IPMSM can be applied as it is. The output of the motor is limited by the maximum current Imax 

determined by the current rating of the inverter and the thermal rating of the motor, and the 

maximum output voltage Vmax determined by the PWM method of the inverter and the maximum 
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DC link voltage that the inverter can supply. These voltage and current limits are expressed as: 

 

 Vds
2 +Vqs

2 ÒVmax
2  (2.4.1) 

 ids
2 +Ὥqs

2 ÒὭmax
2  (2.4.2) 

 

Here, ids and iqs are the dq-axis currents, and Vds and Vqs are the d- and q-axis terminal voltages. 

If the voltage equation of IPMSM is converted into a synchronous frame with a rotor rotating 

at synchronous speed as the reference coordinate, it is as follows. 

 

 Vds
2 =Rsids+

dɚds

dt
ɤrɚqs (2.4.3) 

 

 Vqs
2 =Rsiqs+

dɚqs

dt
+ ɤrɚds (2.4.4) 

 

where ɤr is the synchronous electrical angular velocity, Vds and Vqs are the d- and q-axis terminal 

voltages, ids and iqs are the d- and q- axis stator currents, Rs is the stator phase resistance, and ɚds 

and ɚqs are the d- and q-axis stator flux linkages. 

In addition, the d, q-axis stator flux linkage is expressed as follows. 

 

 ɚds = Ldsids + ɚf ,   ɚqs = Lqsiqs (2.4.5) 

 

Here, Lds and Lqs are the d-axis inductances, and ɚf is the flux linkage by the PM. 

Therefore, by (2.2.3), (2.2.4) and (2.2.5), the voltage equation of IPMSM is expressed as 

follows. 

 

 Vds=Rsids+Lds
dὭds

dt
ɤrLqsiqs (2.4.6) 

 Vqs=Rsiqs+Lqs
dὭqs

dt
+ ɤr(Ldsids + ɚf) (2.4.7) 
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Here, ignoring the voltage component proportional to the current differential that occurs when 

the d- and q-axis currents change rapidly, it can be expressed as follows. 

 

 Vds=Rsids ɤrLqsiqs (2.4.8) 

 Vqs=Rsiqs+ɤr(Ldsids + ɚf) (2.4.9) 

 

As shown in the above equation, assuming that the voltage drop due to the stator phase 

resistance is not large, the terminal voltage of the motor is proportional to ɤr. 

The electrical input of IPMSM is as follows. 

 

 Pin=
3
2

(Vdsids + Vqsiqs) (2.4.10) 

 

The voltage components of (2.4.10) are expressed as (2.4.3) and (2.4.4) as follows. 

 

 Pin=
3
2

Rs ids
2 +Ὥqs

2 +
d
dt

(ɚdsids+ɚqsiqs)+ɤr(ɚdsiqs ɚqsids)  (2.4.11) 

 

Electrical input Pin consists of the first term, copper loss, the second term, the rate of change of 

magnetic energy with respect to time, and the last term, mechanical output. Therefore, the 

mechanical output Pm is as follows. 

 

 Pm=
3
2

ɤr(ɚdsiqs ɚqsids) (2.4.12) 

 

The generated torque Te is as follows when (2.4.5) is applied. 

 

 Te=
Pm
ɤr
P/2

=
3
2

P
2

ɚdsiqs ɚqsids =
3
2

P
2

ɚfiqs + Lds Lqs idsiqs  (2.4.13) 
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The first term is the PM torque generated by the interaction between the magnetic flux by the 

PM and the stator q-axis current, which is the same as the principle of torque generation in 

SPMSM. The second term is the magnetoresistance torque generated due to the difference in 

inductance of the d- and q-axes, that is, the saliency. In the case of IPMSM, since the d-axis 

inductance is smaller than the q-axis inductance (Lds<Lqs), the d-axis current must be less than 0 

to act as the sum of the reluctance torque and the PM torque. 

Based on the characteristic equation and physical characteristics of IPMSM, the characteristics 

of non-rare earth motors are compared as follows. A typical non-rare earth motor is a synchronous 

reluctance motor (SynRM). SynRM generates torque by using the change in reluctance as the 

rotor of the salient pole structure rotates. Since SynRM has no PM, there is no magnetic flux 

linkage ɚf in the voltage equations (2.4.8) and (2.4.9) of IPMSM. Therefore, for the voltage 

equation of SynRM, Vds is equal to (2.4.8), and Vqs is equal to: 

 

 Vqs=Rsiqs+ɤrLdsids (2.4.14) 

 

In addition, the mechanical output of SynRM is as follows. 

 

 Pm=
3
2

P
2

ɤr Lds Lqs idsiqs (2.4.13) 

 

Under voltage limit Vmax and current limit Imax, (2.4.1), (2.4.2), (2.4.8), (2.4.9), and (2.4.14) are 

plotted on the id-iq plane, Fig. 2.12 can be expressed as. 

Here, the reactive powers Qipm and Qsyn of IPMSM and SynRM are respectively as follows. 

 

 Qipm=
3
2

P
2

ɤr Ldsids
2 + LqsὭqs

2 + ɚfids  (2.4.14) 

 Qsyn=
3
2

P
2

ɤr Ldsids
2 + LqsὭqs

2  (2.4.15) 
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Fig. 2.12  Voltage and current limit on id-iq plane (a) IPMSM (b) SynRM 
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Compared to IPMSM, SynRM has the advantage of being able to obtain a high saliency ratio 

according to manufacturability. In addition, since it does not use a PM, it is not necessary to 

consider the demagnetization problem, and it is possible to implement a low cost. 

However, as in (2.4.14) and (2.4.15), IPMSM increases the ids in the negative direction in the 

high-speed operation region, thereby reducing the reactive power Qipm, so the power factor is good 

even in the high-speed operation region. However, since SynRM has no way to reduce reactive 

power Qsyn, the power factor characteristic is deteriorated. In other words, to drive a motor of the 

same output, SynRM requires a larger inverter capacity compared to IPMSM. Also, as shown in 

Fig. 2.12, the operating point of the motor operates at the intersection of the voltage limiting 

ellipse and the current limiting circle. As the speed ɤr increases, the voltage limit ellipse decreases. 

Since the center of the voltage limit ellipse is located at the origin on the id-iq plane, SynRM 

operates in the flux weakening control region where ids and iqs decrease simultaneously over a 

certain speed region. That is, the trajectory of the input current tends to decrease as the speed 

increases. If the voltage is constant but the input current decreases, it means that the electrical 

input energy must decrease as the speed increases, and at the same time, the mechanical output 

also decreases. On the other hand, since the voltage limiting source of IPMSM exists on the -id 

axis, the point is determined by -(ɚf /Ld) according to the mathematical derivation of the voltage 

equation. IPMSM can apply maximum input current up to a specific speed range, and it appears 

as a high mechanical output compared to SynRM. That is, as a traction motor for a vehicle having 

a wide driving range, it is superior in IPMSM torque, power density, and flux weakening 

controllability compared to SynRM. 

Comparing other non-rare earth motors and IPMSMs based on this logic is as follows. First, 

like SynRM, IM does not have magnetic flux due to PMs. However, an additional current must 

be applied to the stator side to induce magnetic flux in the rotor. It is called excitation current. 

Since the existing stator current and the excitation current are combined and more current is 

applied to drive the motor, the coil cross-sectional area must be increased for cooling the motor. 

This appears as an increase in the stator size. In addition, IM always causes rotor copper loss due 

to the slip phenomenon in the rotor, which results in reduced efficiency. 

Ferrite motors have magnetic flux due to PMs in the rotor. However, since the residual magnetic 

flux density of Fe-PM is 1/3 of that of Nd-PM, the output lowering characteristic appears 
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compared to the conventional IPMSM. In addition, since Fe-PM has a characteristic of easily 

losing magnetic flux at a low temperature, it is difficult to meet the demagnetization durability 

required in a traction motor for a vehicle. 

The field winding type motor can generate magnetic flux in the rotor through an external power 

source. However, since a mechanical contact device called a brush is required between the 

external power source and the rotor, it is disadvantageous in terms of durability. In addition, it is 

necessary to take measures against damage to the coil wound on the rotor during high-speed 

rotation. 

In summary, IPMSM, which has high starting torque and excellent efficiency and output 

characteristics, is advantageous as a vehicle traction motor compared to other motors. In particular, 

the reluctance torque can be maximized, and it has superior torque output characteristics 

compared to other PM motors in the full operation speed range. Therefore, in order to solve the 

risk of Nd-PM in the future, HPMM based on IPMSM and minimizing Nd-PM usage can be a 

realistic alternative to non-rare earth motors. 
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Chapter 3. BEV Traction Hybrid PM Motor with improved reluctance 
torque 

In this chapter, in order to reduce the amount of Nd-PM used in traction motors for electric 

vehicles, a novel HPMM that simultaneously applies Fe-PM is proposed. Conventional HPMM 

can be divided into P-HPMM and S-HPMM. P-HPMM is advantageous for PM torque 

improvement because it can obtain high PM flux linkage, but there is a problem in that Fe-PM is 

demagnetized due to the strong magnetic flux of Nd-PM. S-HPMM is the way to fundamentally 

solve these problems. However, it is difficult to improve PM flux linkage compared to P-HPMM. 

Therefore, in this chapter, a novel rotor topology that can effectively generate reluctance torque 

by improving S-HPMM is proposed. The target motor is the 2018 NISSAN LEAF traction motor. 

The proposed motor has the same torque density as the target motor, while reducing Nd-PM usage 

by 38%. 

 

3.1  Nissan Leaf EV Traction Motor Benchmark Study as Target Motor 

The target motor is the traction motor of NISSAN LEAFTM EV commercialized in 2018. Our 

research team purchased an actual vehicle, disassembled and analyzed the specifications of the 

powertrain module. Fig. 3.1 shows the 2018 Nissan LEAF vehicle and powertrain module, and 

Table 3.1 is the vehicle specification. 

 

 

Fig. 3.1  Nissan LEAF powertrain 

Power control moduleDrive unit
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Fig. 3.2 shows the drive system of the Nissan LEAF. The drive system has an integrated 

structure in which the inverter, DC/DC converter, charger, and traction motor are vertically 

assembled as shown in Fig. 3.2. Therefore, it is judged that the space and weight are remarkably 

reduced. In addition, it is connected in a cable-less manner between the power delivery module 

(PDM) and the inverter, and the motor and inverter are the same. Power loss can be reduced due 

to cable-less method, and it is possible to reduce cost at the same time. However, it is 

disadvantageous compared to the cable connection method in terms of assembly 

manufacturability and tolerance management. 

 

3.1.1  Motor Disassembly Results and Main Specifications 

 Fig. 3.3 is the exploded view of e-motor. The e-motor can be divided into a passive part and 

an active part. Passive parts include housing and case, cooling channels, bearings and resolvers, 

and active parts include stator assembly and rotor assembly. The main roles of the passive part 

are cooling, connection with the inverter, and position sensing, and the active part is a part that 

 

 

Fig. 3.3  Exploded view of target motor 
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generates mechanical output based on electromagnetic phenomena. In this paper, the main 

benchmarking and analysis target the active part. 

Fig. 3.4 shows the stator assembly and the cut in the outer diameter direction. The specifications 

of the coil and winding are as follows. The number of stranded wires per slot is 108. Since 12 

stranded wires make up 1 turn, the number of turns per slot is 9 turns. The diameter per wire is 

1.2mm including coating, and the winding method is the distributed winding. The end turn height 

is 30mm and 40mm, respectively. The specifications of the stator core are as follows. The outer 

diameter is 200mm and the inner diameter is 131mm. The lamination is 140mm, and the thickness 

of the core sheet is 0.3mm. The total weight of this stator assembly is 19kg, and the overall 

specifications are shown in Table 3.2. In addition, the 2D modeling of the stator core for 

electromagnetic field analysis is shown in Fig 3.5. 

 Fig. 3.6 shows the rotor assembly and the incision in the outer diameter direction. The rotor 

assembly reflects a two-stage linear skew of approximately 3.75 degrees. The lamination of the 

rotor core is 140 mm, the outer diameter is 130 mm, the inner diameter is 45 mm. The thickness 

of the core sheet is 0.3t, the same as the stator. The topology of the rotor is an 8-pole delta type 

structure. A bar-type PM is inserted at the front end and a V-type PM is inserted inside the rotor 

core. The size of the bar type PM is 4mm thick, 28mm wide, and 25mm high. The size of the PM 

inserted in the V-type is 2.5mm thick, 22mm wide, and 25mm high. 

 

Fig. 3.4  Stator assembly of target motor 
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Table. 3.2  Specifications of the stator assembly of the target motor 

Outer diameter 200 mm 

Inner diameter 131 mm 

Stack length 140 mm 

End-turn length (lead side/opposite side) 40 / 30 mm 

Winding type Distributed 

Thickness of core plate 0.3 t 

Diameter of stranded wire 1.2 mm 

No. of slot 48 

No. of turns per slot 9 turns 

Series turns 12 turns 

Weight 19 kg 
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Fig. 3.5  2D model of stator core of target motor 

 

 

Fig. 3.6  Roator assembly of target motor 
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Table. 3.2  Specifications of the rotor assembly of the target motor 

Outer diameter 130 mm 

Inner diameter 45 mm 

Stack length 140 mm 

No. of poles 8 

Skew 2-step, 3.75° 

Thickness of core plate 0.3 t 

PM size (Bar type) T4×W28×L25 

PM size (V type) T2.5×W22×L25 

Stacking method Inter-lock 

PM weight 1.88kg 

Total weight 19 kg 
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The total weight is 19 kg, and the PM weight is 1.88 kg. The overall specifications are shown 

in Table 3.3, and the 2D model of the rotor core is shown in Fig. 3.7. 

 

3.1.2  Comparison between Back-EMF Measurements and 2D model FEA Results to 

improve Analysis Accuracy 

After assembling the stator assembly and rotor assembly of the target motor by manufacturing 

a simple housing for measuring Back-EMF, the test equipment was configured as shown in Fig. 

3.8(a). Fig. 3.8(b) shows the back EMF measurement result at 1,000 rpm. The measured back 

EMF value is 39.2 Vrms. 

 

 

 

Fig. 3.7  2D model of rotor core of target motor (Unit : mm) 
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Fig. 3.8  Back-EMF measurement (a) test facility (b) measurement results 
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Fig. 3.9  No-load analysis results (a) flux density distribution (b) Back-EMF 
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Fig. 3.9 (a) is the flux density distribution at no load of the 2D model of Fig. 3.5 and Fig. 3.7. 

At this time, the grade of PM was N37UZ (Shinetsu Co. Ltd.), and 27PNX1350F (posco Co. Ltd.) 

was applied for the electrical steel sheet. Fig. 3.8 (b) is the back-EMF waveform. In order to be 

similar to the actual measurement result of Fig. 3.8 (b), the stacking factor was partially adjusted 

in the 2D analysis model. The back electromotive force analysis result is 38.9Vrms at 1,000rpm. 

The error rate compared to the measured value of 39.2Vrms is 0.7%. 

Under the same analysis conditions, the maximum torque is 334.1 Nm at PM temperature of 

100  and an input current of 456 Arms. Fig. 3.10 shows the torque waveform at the maximum 

torque point. This result is 4.2 % higher than the official catalog value of 320 Nm [89]. Therefore, 

in this thesis, 334.1 Nm is set as the target torque. Table 3.3 shows the comparison results for 

back-EMF and peak torque. The HPMM models to be presented in the next chapter were also 

reviewed under the same analysis conditions as the target motor. 

 

 

 

 

Fig. 3.10  Torque analysis results of target motor (Input current 456Arms, PM 
temperature 100 , Control angle 45Á) 
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3.2  Conventional Parallel Type Hybrid PM Motor Performance Characteristics and 

Problems 

This chapter explains the design variables, performance characteristics, PM cost, flux density 

distribution and problems of the conventional P-HPMM under the same stator as the target motor, 

and suggests alternatives to improve them. 

Table. 3.3  Comparisons of Back-EMF and peak torque 

Classification Back-EMF @1,000rpm Peak torque 

2D-FEA result 39.2 Vrms 334.1Nm (target torque) 

Measurement and 
Catalog value 38.9 Vrms 320 Nm 

Error ratio 0.7 % 4.2 % 

 

 

Fig. 3.11  Basic structure and design variable of conventional P-HPMM 
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3.2.1  Define Design Variables 

Fig. 3.11 shows the basic structure, design variables of the conventional P-HPMM. As shown 

in Fig. 3.11. the structure of arranging each PM on the q-axis is pro-posed in [71], and although 

there is a difference in the number of divided PM, the magnetic equivalent circuit is the same as 

in Fig. 2.6(a). Since such a parallel configuration concentrate the magnetic flux of each PM in the 

d-axis direction, there is an advantage of improving the PM torque of the IPMSM. 

In Fig. 4(a), hs and he are the starting and ending points where PMs are placed. hnd and hfe are 

the thicknesses of Nd-PM and Fe-PM, respectively, and wnd and wfe are the widths of each PM. 

The structure of the stator is the same as that of the target motor, and NMF-15J (Hitachi metals 

Co., Ltd.) are applied to Fe-PM. The maximum average torque for each design variable was 

reviewed as follows. 

First, hs and he are fixed at 32.1 mm and 64.1 mm, respectively, and wfe is also fixed at 24.6 

mm. The width ratio kw and thickness ratio kh of each PM is defined as follows. 

 

 kw=
wnd

wfe
 ,    kh =

hnd

hfe
 (3.2.1.1) 

 

Table 2 shows the design variable range for each PM dimension. where kw ranges from 0.24 to 

0.49 and kh ranges from 1.67 to 2.56. Also, the total PM cost Ct is calculated as: 

 Ct =vnd ɟnd and+vfe ɟfe afe (3.2.1.2) 

 

Where vnd and vfe are the Nd-PM and Fe-PM volumes, ɟnd and ɟfe are the density of each PM 

(Nd-PM: 7,620 kg/m3, Fe-PM: 5,100 kg/m3), and and and afe are the price per weight of each PM 

($/kg). In this thesis, the price of Nd-PM was selected to be 10 times that of Fe-PM, which means 

and =10afe. 

 

3.2.2  Review of Distribution of Maximum Average Torque and PM cost 

Fig. 3.12 shows the maximum average torque distribution for kw and kh of the conventional P-

HPMM. As shown in Fig. 3.12, as kw and kh increase, the maximum average torque also tends to 
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increase. This means that as the amount of Nd-PM used increases, the maximum average torque 

also increases. In addition, the gray plane means the target torque, and the upper region of the 

corresponding plane is a region that satisfies the target torque, and the lower region is a region 

that does not meet the target torque. 

Here, the intersection line between the target torque plane and the maximum average torque 

plane is indicated by a dashed line on the PM cost distribution for kw and kh in Fig. 3.13. 

In Fig. 3.13, PM cost is normalized based on the total PM cost of the target motor, and the 

minimum PM cost point on the dash line is (kw, kh)=(2.38, 0.41), where PM cost is 1.09 p.u.. In 

other words, compared to the target motor, the PM cost of the conventional P-HPMM structure is 

9 % higher, and the cost reduction effect as an HPMM did not appear. 

Table. 3.3  Range of P-HPMM design variables 

Design variables Unit Min. Max. 

Wnd mm 14 23 

Wfe mm 9 17 

hnd mm 6 12 

hfe mm 24.6(Constant) 

kw - 1.67 2.56 

kh - 0.24 0.49 
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Fig. 3.12  Maximum average torque distribution for kh, kw of the conventional P-HP
MM 
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Fig. 3.13  PM cost distribution for kw and kh of the conventional P-HPMM. 
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Fig. 3.14  Flux density distribution of the conventional P-HPMM. (a) with stator (b)
 without stator 
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Fig. 3.15  Change of Nd-PM flux (a) with stator (b) without stator 
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3.2.2  Problems Considering Motor Manufacturing Process 

Fig. 3.14 shows the no-load magnetic flux density distribution according to the presence or 

absence of a stator in the conventional P-HPMM at minimum cost point. As shown in Fig. 3.14(a), 

in the presence of a stator, the magnetic flux of each PM is concentrated in the d-axis to generate 

PM flux linkage though the stator. However, as shown in Fig. 3.14(b), in the absence of a stator, 

the magnetic flux at the lower end of Nd-PM penetrates Fe-PM, causing demagnetization of Fe-

PM. The reason for this is because of the parallel configuration in Fig. 2.6(a). When the stator 

does not exist, Rsg is changed to air with high reluctance. As a result, the magnetic flux of Nd-PM 

passes through Fe-PM, which has a relatively small reluctance, and converges. On the side of Fe-

PM with low coercive force, the magnetic flux of Nd-PM acts as a strong reverse magnetic field, 

resulting in local demagnetization. 

This characteristic can be expressed as the amount of change in the main magnetic flux of Nd-

PM on the d-axis magnetic equivalent circuit depending on the presence or absence of a stator, as 

shown in Figure 3.15. HPMM with such parallel structure characteristics inevitably causes 

demagnetization by Nd-PM. 

Fig. 16 shows the mass production process of the traction motor. When assembling a rotor, in 

general, a non-magnetized PM is inserted into the rotor core through an automated facility, and 

then the entire magnetization is performed through a magnetizing yoke. As a result, productivity 

can be improved by reducing production time and minimizing manufacturing errors. 

However, before assembly with the stator and housing, the magnetized rotor is in a stand-alone 

state. Considering this manufacturing process, it is difficult to apply P-HPMM to a traction motors 

in practice. 

In order to solve the fundamental problem of the parallel type, a structure in which the magnetic 

fluxes of each PM link with each other, that is, a series circuit structure on a d-axis magnetic 

equivalent circuit is applied. 

 

3.3  Conventional Series Type Hybrid PM Motor Performance Characteristics and 

Problems 

 



 

Chapter 3. BEV Traction Hybrid PM Motor with improved reluctance torque  

42 

This chapter describes the design variables, performance characteristics, PM cost and problems 

of the conventional S-HPMM under the same stator as the target motor, and suggests alternatives 

to improve it. 

 

3.2.1  Define Design Variables 

The structure that fundamentally solves these problems is S-HPMM. The P-HPMM has a 

structure in which the magnetic flux of each PM is concentrated in the d-axis direction, whereas 

the S-HPMM has a structure in which the magnetic flux of each PM is interlinked. 

Fig. 3.15 shows the basic structure, design variables of the conventional S-HPMM. As shown 

in Fig. 3.15, in the conventional S-HPMM, Nd-PM is placed on the d-axis, and Fe-PM is placed 

on the q-axis. Such a structure was proposed in the literature [70], and the d-axis magnetic 

equivalent circuit is shown in Fig. 2.6(b). 

The maximum average torque for each design variable of the S-HPMM was reviewed as 

follows. In Fig. 9(a), hs and he are 32.1mm and 64.1mm, respectively, which is the same as the 

previously reviewed P-HPMM. wfe is fixed at 32mm. Table 3.4 shows the design variable range 

for each PM dimension of S-HPMM. The width ratio kw and thickness ratio kh of each PM is as 

defined in (3.2.1.1). where kw ranges from 0.63 to 0.72 and kh ranges from 0.38 to 1.2. 

 

 

Fig. 3.16  Mass production process of traction motor 
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Fig. 3.17  Basic structure and design variable of conventional S-HPMM 
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Table. 3.4  Range of S-HPMM design variables 

Design variables Unit Min. Max. 

Wnd mm 20 23 

Wfe mm 32 (Constant) 

hnd mm 6 12 

hfe mm 10 16 

kw - 0.63 0.72 

kh - 0.38 1.2 

 



 

Chapter 3. BEV Traction Hybrid PM Motor with improved reluctance torque  

44 

 

 

Fig. 3.18  Maximum average torque distribution for kh, kw of the conventional S-HP
MM 
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Fig. 3.19  PM cost distribution for kw and kh of the conventional S-HPMM. 
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Fig. 3.18 and 3.19 show the maximum average torque and PM cost distribution for kw and kh of 

the conventional S-HPMM. As shown in Fig. 3.19, the conventional S-HPMM was reviewed in a 

PM cost range similar to that of the conventional P-HPMM. However, as shown in Fig. 3.18, the 

target torque is not met. The increase in the maximum average torque according to the increase 

in kw and kh is limited compared to the P-HPMM. However, even if the PM usage is reduced, the 

decrease in the maximum average torque is small compared to the P-HPMM. This means that the 

reluctance torque is smoothly generated compared to the P-HPMM. Considering these 

characteristics of S-HPMM, Section 3.4 presents a novel S-HPMM with improved reluctance 

torque. 

 

3.4  Proposal of improved Series Type Hybrid PM Motor 

In this chapter, an S-HPMM-based model with dramatically improved reluctance is proposed. 

First, a simple mathematical proof is presented for the reason why the PM flux of S-HPMM is 

lower than that of P-HPMM, and therefore the necessity of increasing the Lq component is 

explained. In addition, the design concept and parameters of the proposed model, design 

procedure, torque and demagnetization characteristics will be described. 

 

3.4.1  Comparison of PM Flux Linkage of each Hybrid PM Motor 

The characteristic that the PM flux linkage of P-HPMM is greater than that of S-HPMM can 

be estimated based on d-axis magnetic equivalent circuit. In Fig. 2.6(a) PM flux linkage of P-

HPMM can be expressed as follows using Milman's theorem. 

 

  ɣpm_p =

Fnd
Rnd

+ Ffe
Rfe

+ 0
Rsg

1
Rnd

+ 1
Rfe

+ 1
Rsg

Ͻ
1

Rsg
 = 

FndRfe+FfeRnd

RfeRsg+RsgRnd+RndRfe
 (3.4.1.1) 

 

In Fig. 2.6(b), PM flux linkage of S-HPMM can be expressed as follows using Ohm's law and 

Kirchhoff's law. 
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  ɣpm_s =
Fnd +Ffe

Rnd+Rfe+Rsg
 (3.4.1.2) 

 
Assuming ɣpm_p > ɣpm_s, it can be expressed as an inequality as follows. 

 

  
FndRfe+FfeRnd

RfeRsg+RsgRnd+RndRfe
>

Fnd +Ffe

Rnd+Rfe+Rsg
 (3.4.1.3) 

 
By introducing the ratio m between the reluctance of each PM, the range of m can be expressed 

as follows. 

 

 m = Rfe

Rnd
     

 m =1 Rnd  = Rfe

0< m<1 Rnd  > Rfe

 m>1 Rnd  < Rfe

 (3.4.1.4) 

 
In (3.4.1.4), it is defined as Rfe=mRnd, and substituting it into (3.4.1.3), it is as follows. 

 

 
mFndRnd+FfeRnd

mRndRsg+RsgRnd+mRndRnd
> Fnd +Ffe

Rnd+mRnd+Rsg
  (3.4.1.4) 

 
If (3.4.1.4) is arranged for Rnd, it is as follows. 

 

  Rnd >
mFnd +Ffe

Fnd+m2Ffe
ĀRsg (3.4.1.5) 

 

When m=1 in (3.4.1.5), the following result can be obtained. 

 

  Rnd >Rsg (3.4.1.6) 

 

Fig. 3.20  Example of rotor shape according relationship to the inequality of Rnd and
 Rsg 
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That is, if the condition of (3.4.1.6) is satisfied, ɣpm_p > ɣpm_s holds. The physical meaning of 

(3.4.1.6) is that if the reluctance of each PM is the same, the reluctance of the air-gap and the core 

should be smaller than the reluctance of the PM, regardless of the magnitude of the MMF of each 

PM. 

Fig. 3.20 shows an example of the rotor core shape according to the inequality relationship 

between Rnd and Rsg. In the d-axis flux path, when the magnetic saturation is not high and the rotor 

core has a cylindrical structure, Rnd > Rsg is satisfied. 

However, when the magnetic saturation is high on the d-axis flux path or when the reluctance 

is artificially increased in the d-axis air gap region, Rnd < Rsg may be obtained. Considering that 

most of the IPMSM designs adopt the cylindrical structure of the rotor core on the d-axis magnetic 

path and are studied in the direction of reducing magnetic saturation, it can be generally regarded 

as Rnd > Rsg. 

Based on this logic, even when the coefficient part of Rsg in (3.4.1.5) is also greater than 1, it 

can be considered that it is consistent with the general motor design condition. This can be 

expressed as (3.4.1.7). 

 

  
mFnd +Ffe

Fnd+m2Ffe
>1 (3.4.1.7) 

 

If (3.4.1.7) is arranged as a term for MMF, it is expressed as (3.4.1.8). 

 

  Fnd >
m2 1
m 1

Ffe (3.4.1.7) 

Except for m=1 in (3.4.1.7), it means that Fnd > Ffe always holds for 0<m<1, m>1. The physical 

implication is that when each PM of different reluctance and magneto-motive force is applied on 

a cylindrical rotor structure, the parallel configuration can achieve higher PM flux linkage 

compared to the series configuration, and ɣpm_p>ɣpm_s is true. Therefore, the advantages and 

disadvantages of each HPMM can be summarized in Table 3.5. 
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3.4.2  Necessity of increasing Lq, Design Concept and Variables 

In IPMSM, the electromagnetic torque can be calculated according to the vector diagram 

derived from the d-q rotor frame using the Park transform as shown in Fig. 3.21(a). The 

electromagnetic torque of IPMSM consists of PM torque and reluctance torque and is expressed 

as (2.4.13). For (12), the torque characteristics are plotted, as shown in Fig. 3.21(b). 

Under the same PM usage, the PM flux linkage of S-HPMM is lower than that of P-HPMM. 

Low PM flux linkage means high d-axis reluctance, and Ld is also lower than P-HPMM. If the q-

axis flux path is structurally secured in the S-HPMM and the Lq component is increased, the 

reluctance torque can be increased due to the increase of the saliency ratio (LdīLq). That is, the S- 

HPMM has a lower PM flux linkage compared to the P-HPMM, but has a high d-axis reluctance, 

so it is advantageous in terms of generating reluctance torque. 

Fig. 3.22 shows the S-HPMM-based model and main design variables proposed in this thesis. 

Nd-PM is divided into three and is placed similarly to U-shape on the d-axis. In addition, Fe-PM 

is divided into two and is placed similarly to the A-shape on the q-axis. As a result, the magnetic 

fluxes of each PM on the d-axis magnetic equivalent circuit are in series configuration with each 

other, and the Ld component can be lowered. At the same time, it is possible to increase the Lq 

component by securing more q-axis flux paths compared to the conventional S-HPMM. Therefore, 

Table. 3.5  Advantages and disadvantages of each HPMM 

Classification P-HPMM S-HPMM 

Advantages High PM flux linkage No problem of demagnetization of 
Fe-PM by Nd-PM 

Disadvantages Demagnetization of Fe-PM by 
Nd-PM Low PM flux linkage 
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the saliency ratio (LdīLq) is increased, and the proposed model can improve the reluctance torque. 

In addition, since the proposed model is a series configuration, it is possible to solve the problem 

of demagnetization of Fe-PM by Nd-PM of conventional P-HPMM. 

 

 

 

 

Fig. 3.21  Torque characteristic (a) Vector diagram in d-q reference frame (b) Torqu
e characteristic. Te: Total torque, Tpm: PM torque, Tre: reluctance torque. 
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Fig. 3.22  Proposed model and design variables. 
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3.4.3  Design Process 

Traction motors for electric vehicles operate at variable speeds over a wide speed range. It is 

necessary to secure an appropriate safety factor to maintain the stiffness of the rotor core in the 

high-speed operation range. Therefore, the related design variables tc, tb and tl are considered first. 

The target value is to meet the safety factor of 1.32 or higher, and it is the same as the target motor. 

The selected values are 1.86, 0.35, and 0.3 mm, respectively, and the mechanical stress analysis 

results are presented in Fig. 3.33 and Fig. 3.34. 

The next value to set is lf, which is the starting point of PM insertion. When lf is large, the 

amount of PM that can be used is small, so the torque is small. Therefore, if the target torque is 

not met, the value is reduced and reviewed. Currently, the value suggested is 35.8mm, which is 

similar to the 32.1mm of the conventional P-HPMM and S-HPMM presented in this paper. The 

next value to set is wf, the width of Fe-PM. wf is structurally chosen with the largest value. This 

is because, if the PM torque is improved by generating as much Fe-PM magnetic flux as possible, 

the amount of Nd-PM used can be relatively reduced. Therefore, the structurally largest value of 

23.5 mm was selected. 

The next values to set are Fe-PM slot opening lo and the air layer wa at the bottom of Fe-PM. 

Leakage flux is generated at the upper and lower parts of Fe-PM. When lo is applied, the leakage 

flux is reduced and the PM torque is improved. These results are shown in Fig. 3.25. If lo is 

increased, the q-axis flux path becomes narrower. This can result in lower reluctance torque. 

Based on this tendency, lo was chosen as 1 mm. wa is related to the reduction of the leakage flux 

at the lower part of Fe-PM and the weight reduction of the rotor. When this value is increased, the 

mechanical stress tends to increase. wa was selected to be 8 mm within the allowable range of 

safety factors of tc, tb, and tl. 

The next values to determine are the thickness tf and tnd of each PM. The thickness of each PM 

is related to the demagnetization ratio and Ld. As the thickness of each PM increases, the 

demagnetization ratio and Ld become lower. The variable sensitive to demagnetization ratio is the 

thickness tnd of Nd-PM. The minimum tnd for 0% demagnetization ratio at 160  was selected as 

4.6mm. Fig. 3.27 shows the results of demagnetization analysis by PM temperature. In addition, 

the advantage of the model proposed in this paper is to improve the reluctance torque by enlarging 
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the q-axis flux path. The reluctance torque is related to the saliency ratio (LdīLq). At this time, Ld 

was selected at a level similar to the target motor. Previously, tnd was selected as 4.6 mm in 

consideration of the demagnetization ratio, and tf was selected as 2 mm in consideration of Ld of 

the target motor. The analysis results of Ld and Lq are shown in Fig. 3.31. 

Next, select hq, which is the q-axis flux path, and wnd2, which is the width of Nd-PM. At this 

time, wnd1 is temporarily fixed. When hq is increased under these conditions, wnd2 naturally 

decreases. As hq increases, the q-axis flux path is secured, and the reluctance torque increases, but 

the PM torque decreases due to the decrease of wnd2. Through the adjustment between these two 

variables, the optimum point of the total torque including the reluctance torque and PM torque 

can be found. At this time, hq and wnd2 were selected to be 7 mm and 8.5 mm, respectively. 

The last value to be determined is the width Wnd1 of Nd-PM and the angle ɗf of Fe-PM. If each 

variable is gradually increased, PM torque and reluctance torque will increase simultaneously. As 

wnd1 increases, the magnetic flux of Nd-PM increases, resulting in an increase in PM torque. In 

addition, when ɗf increases, the q-axis magnetic flux is smoothly generated, and the Lq component 

increases and the reluctance torque is improved. This trend is shown in Fig. 3.24 and Wnd1 and ɗf 

were selected as 13 mm and 96Á, respectively. 

13 variables were selected through the design process as shown in Fig. 3.23, and the dimensions 

for each design variable are shown in Table 3.6. 
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Fig. 3.23  Design process of the proposed model. 
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Table. 3.6  Main dimension of the designed motor 

Design variables Unit Dimension 

tc, tb, tl mm 1.86, 0.35, 0.3 

lf mm 35.8 

ɗf deg 96 

tf, wf, wa mm 2, 23.5, 8 

hq mm 7 

wnd1, wnd2, tnd mm 13, 8.5, 4.6 

lo mm 1 

 

 

Fig. 3.24  Torque characteristics for change in design variables wnd1, ɗf. 
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3.4.4  Torque Characteristics according to Changes in Design Variables 

Fig. 3.24 shows the torque characteristics according to the design variable wnd1, ɗf change. Other 

variables are the same as in Table 3.6. When wnd1 and ɗf are 8.2 mm and 86 Á, respectively, the 

total torque is 300 Nm, which is 90 % of the target torque. In addition, the amount of Nd-PM used 

is 52.4 % of that of the target motor. When wnd1 and ɗf are expanded to 13 mm and 96 Á, 

respectively, the total torque is 336.2 Nm, which satisfies the target torque. The amount of Nd-

PM used is 62.2 %. 

As wnd1 and ɗf increase, the reluctance torque and the PM torque by Nd-PM increase, while PM 

torque by Fe-PM tends to decrease. The increase in the reluctance torque is due to the effect that 

the q-axis flux path is more secured and the Lq component is increased as the corresponding 

variable increases. The PM torque by Nd-PM is du e to the effect of the increase of the 

corresponding magnetic flux as the surface area of Nd-PM on the d-axis flux path increases. On 

the other hand, Fe-PM is placed more inward from the rotor core surface. Accordingly, as the 

magnetic path of the flux generated in Fe-PM becomes longer from the rotor core surface, the 

related generated torque is reduced. 

The tendency of torque according to changes in wnd1 and ɗf indicates that the reluctance torque 

improves as the q-axis magnetic flux path is secured in S-HPMM. It also shows that the magnetic 

 

Fig. 3.25  Torque characteristics for change in design variables lo. 
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flux generated by Fe-PM contributes to improving the overall torque and reducing the Nd-PM 

usage. 

Fig. 3.25 shows the torque characteristics according to the design variable lo. In the proposed 

model, Fe-PM is placed in the q-axis in a shape similar to the spoke type. As a result, a large 

amount of leakage magnetic flux may be generated at the upper and lower ends of the Fe-PM. 

Therefore, when lo is applied as in Fig. 3.25, it is possible to reduce the leakage flux at the upper 

end of Fe-PM. In the proposed model, in the absence of lo, the total torque is 327 Nm. When lo 

was applied by 1 mm, the total torque was 336.2 Nm, which improved the total torque by 2.7 %. 

This result also indicates that the magnetic flux of Fe-PM contributes to the total torque. 

 

3.4.5  Flux Density Distribution 

Fig. 3.26(a) shows the magnetic flux density distribution at the maximum torque point. It shows 

that most of the total flux linkage is generated through the q-axis flux path of the rotor. Fig. 3.26(b) 

shows the magnetic flux density distribution when there is no stator. As mentioned above, in the 

conventional P-HPMM, the strong magnetic flux of Nd-PM acts as a reverse magnetic field on 

the Fe-PM side, causing local demagnetization of Fe-PM. However, as shown in Fig. 3.26(b), in 

S-HPMM, the magnetic flux of each PM is interlinked, so the demagnetization of Fe-PM by the 

 

Fig. 3.26  Flux density distribution of the designed motor (a) maximum average torque point
 with stator (b) no-load condition without stator. 
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magnetic flux of Nd-PM does not occur. Therefore, when considering the mass production process 

of the traction motor as shown in Fig. 3.16, it can be said that S-HPMM is suitable for industrial 

use compared to P-HPMM. 

 

3.4.6  Review of Irreversible Demagnetization Properties 

The operating temperature range of traction motors for electric vehicles is known to be from 

ī40 to 160 . It should be reflected in the design so that there is no performance degradation due 

to demagnetization of PM as well as maintenance of the insulation performance of the motor 

within this operating temperature. In the traction motor, flux weakening control is applied for 

high-speed driving. In order to increase the motor speed within the limited input voltage range, 

the d-axis current is gradually increased to reduce the air-gap magnetic flux density. 

This control means physically applying a high reverse magnetic field from the stator to the PM 

 

Fig. 3.27  Demagnetization ratio ŭ by PM temperature after application of demagneti
zing current (456Arms, d-axis current only). 
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of the rotor. Therefore, in this paper, assuming the worst condition, the maximum current of 456 

Arms is applied only to the d-axis, and the demagnetization ratio ŭ is defined as follows. 

 

  ŭ =
E1 E2

E1
×100 (%) (3.4.6.1) 

 

Where E1 and E2 are the RMS values of the back-EMF before and after the demagnetization 

current is applied, respectively. 

Fig. 3.27 shows the demagnetization ratio by PM temperature. In Nd-PM, the coercive force 

decreases as the temperature increases, and the coercive force increases as the tem-perature 

decreases. However, in Fe-PM, the change of coercive force according to PM temperature change 

acts opposite to that of Nd-PM. That is, Nd-PM tends to be demagnetized in a high-temperature 

region, whereas Fe-PM is easily demagnetized in a low-temperature region. Therefore, when both 

PM are applied to the traction motor, it is required to analyze the demagnetization characteristics 

in both low and high temperature regions. As shown in Fig. 3.27, the demagnetization ratio ŭ of 

the designed motor is 0 % at the PM temperature of ī40 and 160 . The figure in the graph 

shows the magnetic flux density distribution of each PM after the application of demagnetizing 

current. 

It does not exceed the knee point of each PM in most areas, and local demagnetization 

characteristics do not appear either. 

 

3.5  Comparison with Target Motor 

3.5.1  Shape, Weight and PM Cost 

Fig. 3.28 shows a comparison between the target motor and the designed motor for rotor core 

shape. In the target motor, Nd-PM is placed in a delta type, and one hole per pole is applied inside 

the rotor core to reduce weight. In the designed motor, Nd-PM is placed as U-type and Fe-PM as 

A-type, and a lot of empty space is applied to the lower part of Fe-PM compared to the target 

motor to reduce the leakage flux of Fe-PM. 
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Fig. 3.28  Comparison of rotor core shape. 
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Fig. 3.29  Comparison of (a) Weight (b) PM cost. 
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Therefore, as shown in Fig. 3.29(a), the weight of the rotor core of the target motor is 9.6 kg, 

while the designed motor is 8.5 kg, which is 1.1 kg lower. In the case of Nd-PM usage, the target 

motor is 1.88kg, and the designed motor is 1.17 kg, which is 62.2 % of the target motor. In the 

case of Fe-PM usage, 0.54 kg was applied to the designed motor. When the rotor core and PM 

weights are combined, the target motor is 11.48 kg, and the designed motor is 10.21 kg, which is 

1.27kg reduced. In addition, the PM cost of the designed motor was re-duced by 35 % compared 

to the target motor as shown in Fig. 3.29(b). 

 

3.5.2  Coil Flux Linkage 

Fig. 3.30 shows the fundamental wave amplitude val-ue of the coil flux linkage for each PM 

temperature under no-load condition. Overall, the target motor appears higher than the designed 

motor. This result means that the PM torque of the target motor becomes higher than that of the 

designed motor. At room tem-perature of 20 , the target motor is 76.0 mWb, and the designed 

motor is 72.9 mWb, which is 4.2 % lower. Based on the operating temperature of 100 , the 

target motor is 71.7 mWb, and the designed motor is 67.9 mWb, which is 4.0 % lower. The 

difference (Tar-getīdesigned) in amplitude between each motor in-creases until the PM 

temperature is 60 , and then decreases thereafter. The reason the difference in amplitude value 

increases is that the temperature coefficient of the remanence Br of each PM is different. The 

temperature coefficient of Nd-PM is ī0.1 %/ , whereas that of Fe-PM is ī0.2 %/ . As the 

temperature increases, the decrease in the remanence becomes larger for Fe-PM than for Nd-PM. 

Accordingly, the difference in amplitude between the target motor and the designed motor 

increases as the temperature increases. 

However, the reason the difference in amplitude value decreases after the PM temperature of 

60  is the effect of the leakage flux. As the temperature of PM increases, the amount of flux 

linkage reaching the stator coil due to the lowered remanence decreases, and the amount of 

leakage flux converging through bridges and ribs near the PM increases relatively. This means 

that the change in the leakage flux due to the PM temperature rise is larger in the target motor 

than in the design motor, and the relevant dimensions that generate the leakage flux in the target 

motor are thicker. 
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Relevant dimensions to reduce PM’s leakage flux have a trade-off relationship with maintaining 

rotor core stiffness when the rotor rotates at high speed. Therefore, as suggested in the design 

process in Fig. 3.23, not only the electromagnetic field analysis but also the structural analysis 

and the review are required. The relevant structural analysis results are presented in Section 3.5.5. 

 

3.5.3  Inductance 

Fig. 3.31(a) and (b) show the d- and q-axis inductance and saliency ratio (Ld/Lq) for each current 

phase angle. As shown in Fig. 31(a), the Ld of the target motor is lower than that of the designed 

motor.  

However, since the q-axis flux path of the designed motor is more secured, the difference in the 

Lq component tends to gradually increase as the current phase angle increases.  

 

Fig. 3.30  Comparison of fundamental wave amplitude values of coil flux linkage by
 PM temperature under no-load condition. 
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Fig. 3.31  Comparison of inductance (a) Ld and Lq (b) Saliency ratio (Ld/Lq). 
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Fig. 3.32  Comparison of torque characteristics (a) target torque (b) designed motor. 

0

80

160

240

320

400

0 15 30 45 60 75 90

Av
er

ag
e 

to
rq

ue
 (N

m
)

Current phase angle (degree)

Total
PM
Reluctance

334.1 Nm

202.6 Nm

131.5 Nm

0

80

160

240

320

400

0 15 30 45 60 75 90

Av
er

ag
e 

to
rq

ue
 (N

m
)

Current phase angle (degree)

Total
PM
Reluctance

336.2 Nm

173.0 Nm

163.2 Nm

(a)

(b)



 

Chapter 3. BEV Traction Hybrid PM Motor with improved reluctance torque  

63 

As shown in Fig. 3.31(b), the saliency ratio is that the target motor is large before the current 

phase angle of 40 Á, and the designed motor is large after that. Therefore, if the maximum average 

torque phase angle of each motor is generated at 40 Á or more, it can be expected that the 

reluctance torque of the designed motor is larger than that of the target motor. 

 

3.5.4  Average Torque by Current Phase Angle 

Fig. 3.32 shows total average torque, PM torque, and reluctance torque for each current phase 

angle. The total torque of the target motor is 334.1 Nm, and the designed motor is 336.2 Nm, 

which is similar to each other. At the maximum average torque point, the target motor's PM torque 

is 202.6 Nm and the reluctance torque is 131.5 Nm. The designed motor has a PM torque of 163.2 

Nm and a reluctance torque of 173.0 Nm. For the target motor, the ratio of PM torque and 

reluctance torque is 6.1 versus 3.9 at the maximum average torque. On the other hand, the 

designed motor is 4.9 versus 5.1, and has a high proportion of relu-tance torque. 

 

3.5.5  Stress Distribution at Maximum Speed Rotation 

Table 3.7 shows the material properties of each part for structural analysis. The contour plots 

of Mises stress for the rotor of target motor and designed motor at 10,500 rpm are shown in Fig. 

3.33 and Fig. 3.34 The maximum stress of the target motor is 319 MPa, and the safety factor is 

1.32. The designed motor is 286 MPa, and the safety factor of 1.49. Therefore, compared to the 

target motor, the designed motor shows superior characteristics in terms of rigidity during high-

speed rotation of the rotor. In addition, the maximum stress by speed of each model is shown in 

Fig. 3.35. 

Table. 3.7  Material properties for structural analysis 

Item Unit Core Nd-PM Fe-PM 

Density kg/m3 7,650 7,620 5,100 

Young’s modulus GPa 180 160 190 

Poisson’s ratio - 0.3 0.24 0.35 

Yield point MPa 420 - - 
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Fig. 3.33  Mises stress for target motor at maximum rotation speed 10,500rpm . 
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Fig. 3.34  Mises stress for designed motor at maximum rotation speed 10,500rpm . 
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