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Abstract

According to international carbon dioxide emission regulations, the demand for eco-friendly
vehicles is rapidly increasing. The core technology of eco-friendly cars is electrification. A
traction motor is a key component for the implementation of electrification. Traction motors
require high power density and wide variable speed operation. Therefore, the inner permanent
magnet synchronous motor (IPMSM) is mainly adopted. High energy density NdFeB sintered
magnet (Nd-PM) is applied to IPMSM for traction motor. The core materials of Nd-PM are
neodymium (Nd), a light rare earth, and dysprosium (Dy), a heavy rare earth. Due to the problem
that these raw materials are exclusively mined in a specific country, the price skyrocketed in 2011,
which became a big problem in the industrial aspect. Therefore, there is a strong demand in the
industry for technologies that do not use or reduce these raw materials.

As an existing research case that can reduce the use of rare earth, there is a hybrid type
permanent magnet motor (HPMM). HPMM is a motor that uses low-cost ferrite magnets (Fe-PM)
to partially replace Nd-PM. However, most of the existing research cases are within SkW and do
not sufficiently reflect the characteristics required for traction motors for automobiles.

Therefore, in this study, compared to traction motors for automobiles that are actually mass-
produced, we propose a novel HPMM that can reduce PM price and minimize the use of rare earth
under the same torque and power density.

In this study, two types of target motors are presented. The first is a traction motor for the
NISSAN LEAF electric vehicle, and the second is a traction motor for the TOYOTA PRIUS 4th
generation hybrid vehicle. Benchmarking is performed for each target motor, and a new HPMM
topology is proposed under the same stator structure as the target motor. The proposed HPMM
meets the durability and efficiency characteristics required in automobiles and achieves the same

power density as the target motor.

Keywords: Permanent magnet synchronous motor, NdFeb PM, Ferrite PM, Hybrid PM motor,

Dy-free PM, Demagnetization durability, Switching ripple current, Enhancing efficiency.
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Chapter 1. Introduction

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.
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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
HEYV 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

4
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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.



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

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.

Annual Vehicle Sales (Millions) Share of new car sales
140 100%
ICE + HEV
90%
i A e
80%
PEV % of new sales
100 70%
80 60%
50%
40 ruilidl 30%
" 1] II||||“
T
0 == 0
2015 2020 2025 2030 2035 2040

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+ "ICE

Power source Electricity

Electricity + Coal fuel

(

( Combustion ,.\

engine
l Electric motor .- _'
Electric motor
1

Drive type Batteries
Batteries D D

\ \ Gas tank |

Features Zero emission No charging required

Need to charge

Exhaust gas present

| Battery |1-)| Inverter |(-)| Motor l—»l TAD I—)l Vehicle |

—> Energy Direction

Dinternal combustion engine

—> Energy Direction m

| Battery |<-)| Inverter |<-)| Motor TAD Vehicle

(a)

(b)

—> Energy Direction

| Generator H Engine |

| Battery |<-)I Inverter I(—)l Motor |—)| TAD I—)I Vehicle |

(©)

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

Traction motor

(a)

TPIM: = to battery
Traction Power .
Inverter Module

High-voltage connection
(b) to power electronics

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

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,
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TISEARING SUPPORT ASSEMBLY

MAGNETS

PAIR INSTALLATION T

T

STEEL PLATE T

ROTOR HUB T

LAMINATED STEEL STATOR COREE T

Fig. 2.4 Exploded view of traction motor (GM Volt Motor B) [86]

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
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(b)

"‘\n a..-='-

(d) (e) ®

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

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

10
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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 —40 to 160 °C, and the HEV is managed from —40 to

180 °C. 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

11
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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

NdFeB P Sinioe

. Magnetic
= Bridgs

Mon-migmetic
Material

Ferrite magnets Rare-earth
magnets

( d) (C) ( f) Rotor core

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

12



Chapter 2. Overview of Hybrid PM Motor for Vehicle Traction

Rsg R,
Yom p 4
Nd-PM Vo s 4
—iH_
Foy Ry Fe-PM Nd-PM
Fe-PM — - I
Fre  Rpe | Fry  Rug

— i}
F, R,

e

(@) (b)

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

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, F,q and F. are the magneto-motive force (MMF) of each PM, R, and R, are the reluctance
of each PM, Ry, is the sum of the reluctance of air-gap and core, and y,, 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

13
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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 B, 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 omag coefficient as the temperature increases. In the
case of the coercive force H,;, it follows the characteristic of the S coefficient, and in Nd-PM
and Fe-PM, the signs of the J 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 amse and S 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+amag(Tmag - 20)}

23.2.1
H=H jo{1+B(Tag — 20)}. ( )

Here, B,y and H are values based on room temperature, and 7. 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 —40 to 160 °C, and the HEV is —40 to 180 °C. In the case of PMSM to which only Nd-PM
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Table 2.2 Temperature coefficient by each PM
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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 g-axis [88].

Fig. 2.9 Rotor configuration of SPMSM
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g-axis

» d-axis

Fig. 2.10 Rotor configuration of IPMSM

» d-axis

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 g-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 g-axis because the d-axis reluctance
where the PM exists is larger than the g-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 g-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 Jqx
determined by the current rating of the inverter and the thermal rating of the motor, and the

maximum output voltage V.. 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:

VastVa<Vi, (2.4.1)

max

R TR (2.4.2)

Here, i4 and i, are the dg-axis currents, and Vs and Vi are the d- and g-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.

Ay
Vﬁ’s:Rsids—'_Tj - wriqs (243)
). o
Vf]s:Rsiqs—i_Tj + a)rldq (244)

where : is the synchronous electrical angular velocity, Vi and Vi are the d- and g-axis terminal
voltages, iz and iy are the d- and g- axis stator currents, R, is the stator phase resistance, and Aqs
and /g are the d- and g-axis stator flux linkages.

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

Ads = Ldsids + /lf > /lqs = quiqs (245)

Here, L4 and Ly, are the d-axis inductances, and At 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.

. diy, .
Vas=RyigstLyg _dtv — @, Lyl (2.4.6)
. dig .
Vis=RsigstLys dr + 0, (Lysigs + /lf) (24.7)
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Here, ignoring the voltage component proportional to the current differential that occurs when

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

Vas=Rgiqs — a)qusiqs (248)

Vqs:Rsiqs—i_wr(Ldsids + /lf) (249)

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 .

The electrical input of IPMSM is as follows.

3
The voltage components of (2.4.10) are expressed as (2.4.3) and (2.4.4) as follows.

3 a4 . : :
Pin: E {Rs(igls—i_lqzs)—i_ E‘ (j*dvldc—’_j*qslqs)—i_wr()*dclqs - }“qslds)} (24 1 1)

Electrical input P;, 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 P, is as follows.

3
szz wr(idsiqs - }“qsids) (24 12)
The generated torque 7 is as follows when (2.4.5) is applied.
Py 3P . . : 3P, .
Te:@ = 55 (j*dvlqs - /lqslds) = Ei{lﬂqc + (Ldv - qu)ldslqs} (24]3)
P2
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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 g-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 g-axes, that is, the saliency. In the case of IPMSM, since the d-axis
inductance is smaller than the g-axis inductance (La<Lgs), 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 A in the voltage equations (2.4.8) and (2.4.9) of IPMSM. Therefore, for the voltage

equation of SynRM, Vg is equal to (2.4.8), and V is equal to:

Vqs:Rs iq.v+erd.vids (24 1 4)

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

3P o
szzzwr(l’ds - qu)ldslqs (2413)

Under voltage limit V.. and current limit Jya, (2.4.1), (2.4.2), (2.4.8), (2.4.9), and (2.4.14) are
plotted on the is-i, plane, Fig. 2.12 can be expressed as.

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

3 P . .
QimeEE wr(Ldsl%s + qul;s + lfids) (2.4.14)
3P 5 )
stnzizwl‘(l’dslds + qulés) (2415)
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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 iz in the negative direction in the
high-speed operation region, thereby reducing the reactive power Qjm, so the power factor is good
even in the high-speed operation region. However, since SynRM has no way to reduce reactive
power QOg, 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 o, increases, the voltage limit ellipse decreases.
Since the center of the voltage limit ellipse is located at the origin on the ig-i; plane, SynRM
operates in the flux weakening control region where iz and i, 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 -ig
axis, the point is determined by -(4;/La) 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.

Power control module

Drive unit

Fig. 3.1 Nissan LEAF powertrain
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Table. 3.1 Specifications of Nissan Leaf EV

Power 110kW
Axle ratio 8.1938
Battery capacity 40kWh
0-100kph 7.9s
Driving range 243km
Top speed 144kph

p Connection structure

» Drive system O PDM + Inverter

Power Delivery Module (PDM)

(Integrated unit with charger,
DC/DC converter, and junction box)

Inverter

E-Motor
(Included Reduction Gear Box)

Fig. 3.2 Drive system of Nissan LEAF
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Fig. 3.3 Exploded view of target motor

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
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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.

p» Winding

P> Stator assembly p Incision in the direction
Lead line of the outer diameter

Tl

VM
Neutral line &

¥

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 03t
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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(Unit : mm)

200

Fig. 3.5 2D model of stator core of target motor

p» PM insertion type

» —
» Rotor assembly P Incision in the direction .
- 2step skew applied of the outer diameter i
o \/

P Rotor core plate

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 03t
PM size (Bar type) T4xW28x1.25
PM size (V type) T2.5xW22xL25
Stacking method Inter-lock
PM weight 1.88kg
Total weight 19 kg
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(Unit : mm)

?130

Fig. 3.7 2D model of rotor core of target motor (Unit : mm)

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.
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\-. Test motor

39.2 Vrms @ 1,000rpm, 20°C

(b)

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 °C 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.

400

360

(98]

[\

S
T

Torque (Nm)
[\
o0
(e}

Average torque 334.1Nm

)

~

o
T

200 | | | | | | | |
0 5 10 15 20 25 30 35 40 45

Mechanical angle(°)

Fig. 3.10 Torque analysis results of target motor (Input current 456Arms, PM
temperature 100°C, Control angle 45°)
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Table. 3.3 Comparisons of Back-EMF and peak torque

Classification Back-EMF @1,000rpm Peak torque

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

Measurement and

Catalog value 38.9 Vrms 320 Nm

Error ratio 0.7 % 4.2 %

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.

X 3%

feh

S

)

¥

Magnetization _ . is -—» g-axis
BNd-PM [Fe-PM = direction !

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 g-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), A, and /. are the starting and ending points where PMs are placed. /.4 and Ay are
the thicknesses of Nd-PM and Fe-PM, respectively, and w,s and wy. 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, 4, and #. are fixed at 32.1 mm and 64.1 mm, respectively, and wy, is also fixed at 24.6

mm. The width ratio &, and thickness ratio &, of each PM is defined as follows.

Whad hnd
kw:_ s klz:_ (3211)
We hye

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

0.49 and kj ranges from 1.67 to 2.56. Also, the total PM cost C; is calculated as:

G “Vnd Pnd and+erpfe afe (3 2.1 2)

Where v,q and vg. are the Nd-PM and Fe-PM volumes, p,s and pr. are the density of each PM
(Nd-PM: 7,620 kg/m?, Fe-PM: 5,100 kg/m*), and a,.« and ay. 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

ana =10ap.

3.2.2 Review of Distribution of Maximum Average Torque and PM cost

Fig. 3.12 shows the maximum average torque distribution for %, and k; of the conventional P-

HPMM. As shown in Fig. 3.12, as k., and k; increase, the maximum average torque also tends to
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Table. 3.3 Range of P-HPMM design variables

Design variables Unit Min. Max.
Waa mm 14 23
W mm 9 17
hna mm 6 12
hre mm 24.6(Constant)
kw - 1.67 2.56
ke - 0.24 0.49

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 £, and 4 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, k1)=(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.
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Fig. 3.12 Maximum average torque distribution for ki, k., of the conventional P-HP
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Fig. 3.13 PM cost distribution for &, and k; 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, Ry, 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
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mmm) Assembly direction =) Process order

Motor assembly

Stator
assembly

Motor
housing | |

Being alone

‘ Rotor assembly

|:;>

‘ Magnetization yjoke ‘

| Non-magnetized state >| Magnetized state >

Fig. 3.16 Mass production process of traction motor

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 g-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), A and /. are 32.1mm and 64.1mm, respectively, which is the same as the
previously reviewed P-HPMM. wy. is fixed at 32mm. Table 3.4 shows the design variable range
for each PM dimension of S-HPMM. The width ratio k., and thickness ratio 4, of each PM is as

defined in (3.2.1.1). where £, ranges from 0.63 to 0.72 and k; ranges from 0.38 to 1.2.
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<-- r
BNd-PM []Fe-PM @g?;gcriieg;zaﬁon —> d-axis --¥ g-axis
Fig. 3.17 Basic structure and design variable of conventional S-HPMM
Table. 3.4 Range of S-HPMM design variables

Design variables Unit Min. Max.
Woa mm 20 23
W mm 32 (Constant)
hna mm 6 12
hye mm 10 16
kw - 0.63 0.72
ke - 0.38 1.2
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Fig. 3.19 PM cost distribution for &, and k, 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 ., and k; 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 &, and k3 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 L, 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.

Fnd Ffe+ 0
Ru R Ry 1 FuaRitFreRna
Yom p=7 1 1 .R_:R'R TRRARR. 3.4.1.1)
—_— b — Sg fellsg Sg nd+ ndl\fe
Rua R R

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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FratFp
Yom s~ p (3.4.1.2)
RurtRieReg
Assuming Wum > Wpm s, it can be expressed as an inequality as follows.
FRw+Fr.R, Fra+Fy
e gernd ¢ (3.4.1.3)

R /%vng+ngRnd_|— Rndee Rnd+ Rjé+ng

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

as follows.

Rfe m=1 Rnd = Rfe
= 0<m<l Ru>Rp (3.4.1.4)
Rua m>1 Rua <Rp

m

In (3.4.1.4), it is defined as R=mR,q4, and substituting it into (3.4.1.3), it is as follows.

mEaRuatFreRna Fuat+Fr

(3.4.1.4)
mRndng+ngRnd+ MRpaRua RyatmR pat ng
If (3.4.1.4) is arranged for R,q, it is as follows.
Ro> 2t L (3.4.1.5)
nd Fnd'f'szfe sg [ 2

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

Rua>Ryg (3.4.1.6)
Rnd> ng Rnd<ng
l//pm me

Rotor core /,\ A

1

/ \ g
PM \

Fig. 3.20 Example of rotor shape according relationship to the inequality of R,; and
R
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That is, if the condition of (3.4.1.6) is satisfied, Wpm » > Wum 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 R,s and Ry In the d-axis flux path, when the magnetic saturation is not high and the rotor
core has a cylindrical structure, R,z > Ryg 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, R.s < Ry, 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 Rug> Rgg.

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).

mFua*F 3417
=T (3.4.1.7)
If (3.4.1.7) is arranged as a term for MMF, it is expressed as (3.4.1.8).
m>—1
Foa>—— 1 Fr (3.4.1.7)

Except for m=1 in (3.4.1.7), it means that F,s > F. 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 y,m ,>W,m s is true. Therefore, the advantages and

disadvantages of each HPMM can be summarized in Table 3.5.
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Table. 3.5 Advantages and disadvantages of each HPMM

Classification P-HPMM S-HPMM

No problem of demagnetization of

Advantages High PM flux linkage Fe-PM by Nd-PM

Demagnetization of Fe-PM by

Disadvantages Nd-PM

Low PM flux linkage

3.4.2 Necessity of increasing L4, 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 L, is also lower than P-HPMM. If the ¢-
axis flux path is structurally secured in the S-HPMM and the L, component is increased, the
reluctance torque can be increased due to the increase of the saliency ratio (Ls—L,). 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 g-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 L, component can be lowered. At the same time, it is possible to increase the L,

component by securing more g-axis flux paths compared to the conventional S-HPMM. Therefore,
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the saliency ratio (Ls—Ly) 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.
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Fig. 3.21 Torque characteristic (a) Vector diagram in d-g reference frame (b) Torqu
e characteristic. 7.: Total torque, 7,,: PM torque, T.: reluctance torque.

Improved reluctance torque due

/ to high saliency ratio (L, ~L,) \
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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 ¢, #, and #; 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 /;, which is the starting point of PM insertion. When /; 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 wy, the width of Fe-PM. wyis 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 w, at the bottom of Fe-PM.
Leakage flux is generated at the upper and lower parts of Fe-PM. When /, is applied, the leakage
flux is reduced and the PM torque is improved. These results are shown in Fig. 3.25. If [, is
increased, the g-axis flux path becomes narrower. This can result in lower reluctance torque.
Based on this tendency, /, was chosen as 1 mm. w, 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. w, was selected to be 8 mm within the allowable range of
safety factors of #., #, and #.

The next values to determine are the thickness #rand #,s of each PM. The thickness of each PM
is related to the demagnetization ratio and L. As the thickness of each PM increases, the
demagnetization ratio and L, become lower. The variable sensitive to demagnetization ratio is the
thickness #,s of Nd-PM. The minimum ¢,; for 0% demagnetization ratio at 160 °C 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 g-axis flux path. The reluctance torque is related to the saliency ratio (Las—L,). At this time, Ly
was selected at a level similar to the target motor. Previously, ¢, was selected as 4.6 mm in
consideration of the demagnetization ratio, and # was selected as 2 mm in consideration of Ls of
the target motor. The analysis results of Ly and L, are shown in Fig. 3.31.

Next, select &y, which is the g-axis flux path, and wuq2, which is the width of Nd-PM. At this
time, waq is temporarily fixed. When 4, is increased under these conditions, wye naturally
decreases. As /i, increases, the g-axis flux path is secured, and the reluctance torque increases, but
the PM torque decreases due to the decrease of wyq>. 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, /4, and w,s> were selected to be 7 mm and 8.5 mm, respectively.

The last value to be determined is the width W,4; of Nd-PM and the angle 6, of Fe-PM. If each
variable is gradually increased, PM torque and reluctance torque will increase simultaneously. As
wias increases, the magnetic flux of Nd-PM increases, resulting in an increase in PM torque. In
addition, when #rincreases, the g-axis magnetic flux is smoothly generated, and the L, component
increases and the reluctance torque is improved. This trend is shown in Fig. 3.24 and W,4; and 6,
were selected as 13 mm and 96°, 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
tey th, 1y mm 1.86,0.35,0.3
If mm 35.8
Or deg 96
I, Wf, Wa mm 2,23.5,8
hy mm 7
Wadl, Wnd2, tnhd mm 13,8.5,4.6
Lo mm 1
OReluctance ONd-PM BFe-PM
Target torque line —>1 /7 N\
8.2, 86 151 | 119 [3ole— Oz
(50.3%) (39.7%) (9.9%) | g\
& 94,885 158 | 126 Pg
g (50.9%) (40.6%) (8.4%) !
£ N J
< 10.6,91 le4 | 132 p3. - ~
e (51.5%) (41.5%)(7.0%)5
£ 11.8,93.5 169 | 140 |9 T
(51.5%) (42.7%5.8%) 96°
1 14
13, 96 73 | 7 1&»—| \_ )

(51.5%) (43.8%)(4.7%)

0 50 100 150 200 250 300 350

Torque (Nm)

Fig. 3.24 Torque characteristics for change in design variables wuqa, 6.
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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 wyq;, 6ychange. Other
variables are the same as in Table 3.6. When w4 and 6y are 8.2 mm and 86 °, 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 w,q; and 6, are expanded to 13 mm and 96 °,
respectively, the total torque is 336.2 Nm, which satisfies the target torque. The amount of Nd-
PM used is 62.2 %.

As wyqr and Grincrease, 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 g-axis flux path is more secured and the L, 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 w,qe; and 6rindicates that the reluctance torque

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

Maximum average torque (Nm) : 327.0 20 Maximum average torque (Nm) : 336.2

_| Reduction of flux

Magnetic flux density (T)

Increase in flux
oz | linkage of Fe-PM
e N

Flux linkage
path of Fe-PM

5

I:> Magnetization direction IZ> Magnetization direction

Fig. 3.25 Torque characteristics for change in design variables /,.
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Fig. 3.26 Flux density distribution of the designed motor (a) maximum average torque point
with stator (b) no-load condition without stator.

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 /,. In the proposed
model, Fe-PM is placed in the g-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 /, 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 /,, the total torque is 327 Nm. When /,
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 g-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

55



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

9
—£ Demagnetization ratio
<" ' v
é . Operating temperature range of traction
o motor for electric vehicle (-40°C ~ 160°C)
) Ig
o p— 6 |‘ L
§ I Flux density (T)
1
.S 5 : - = - = = =
= I
|
N4 . 091 T
S| Yan?
23] !
< 1
=) !
D) I
|
A . !
|
O D J E J J J E = J J J J L

60 -40 20 0 20 40 60 80 100 120 140 160 180 200
PM temperature (°C)

Fig. 3.27 Demagnetization ratio 6 by PM temperature after application of demagneti
zing current (456Arms, d-axis current only).

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
=40 to 160 °C. 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
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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 J is defined as follows.

E—FE
s=21 2

X100 (%) (3.4.6.1)
1

Where E; and E> 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 ¢ of
the designed motor is 0 % at the PM temperature of —40 and 160 °C. 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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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 °C, 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 °C, the
target motor is 71.7 mWb, and the designed motor is 67.9 mWb, which is 4.0 % lower. The
difference (Tar-get—designed) in amplitude between each motor in-creases until the PM
temperature is 60 °C, 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 —0.1 %/°C, whereas that of Fe-PM is —0.2 %/°C. 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 °C 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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Fig. 3.30 Comparison of fundamental wave amplitude values of coil flux linkage by
PM temperature under no-load condition.

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 g-axis inductance and saliency ratio (La/L,) for each current
phase angle. As shown in Fig. 31(a), the Ls of the target motor is lower than that of the designed
motor.

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

L, component tends to gradually increase as the current phase angle increases.
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As shown in Fig. 3.31(b), the saliency ratio is that the target motor is large before the current
phase angle of 40 °, and the designed motor is large after that. Therefore, if the maximum average
torque phase angle of each motor is generated at 40 ° 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/m? 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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3.6 Summary for Chapter 3

Conventional HPMM can be divided into P-HPMM and S-HPMM according to the d-axis
magnetic equivalent circuit. The conventional P-HPMM can obtain high PM flux linkage, but
there is a problem in that Fe-PM is demagnetized by the strong magnetic flux of Nd-PM. The way
to solve this problem is to adopt S-HPMM. However, in the conventional S-HPMM, it is difficult
to improve the torque density due to the low PM flux linkage. Therefore, a novel S-HPMM with
improved reluctance torque is proposed in this paper to solve these problems. The proposed motor
realized the same torque density as the target motor, and at the same time reduced Nd-PM usage
by 38% and PM cost by 35%. In addition, through the rotor topology and design procedure
proposed in this paper, it can be expected to reduce the Nd-PM usage and PM cost of other general
IPMSMs. The FEA results for target and designed motor based S-HPMM are summarized in Table
3.8.
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Table. 3.8 Comparison results of target and designed motor

Item Unit Target Designed
Rotor core kg 9.6 8.5
Nd-PM kg 1.88 1.17
Weight

Fe-PM kg - 0.54

Total kg 11.48 10.21

PM Cost p.u. 1 0.65
Coil flux linkage mWb 76.0 72.9
Maximum torque Nm 334.1 336.2
PM torque Nm 202.6 173.0
Reluctance torque Nm 131.5 163.2
Safety factor - 1.32 1.49
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Chapter 4. Dy-free Hybrid PM Motor for HEV traction

Nd-PM can achieve a coercivity of up to 21 kOe without dysprosium due to the development
of manufacturing technology. However, due to the high-temperature operation characteristics of
vehicle traction motors, Nd-PM over 25kOe is mainly applied. In this chapter, 21kOe Nd-PM and
5.5 Fe-PM are simultaneously applied, and a hybrid PM motor (HPMM) suitable for
environmental temperature conditions of HEV traction motors is proposed. As mentioned in
Chapter 1, HPMM is divided into serial configuration and parallel configuration according to the
arrangement of each PM. This chapter compares the pros and cons of each configuration and
presents rotor structures that can improve demagnetization durability and torque characteristics.
After comparing the performance characteristics of each rotor structure through 2D-FEM, finally,
an HPMM suitable for vehicle traction motors is proposed. Also, the proposed HPMM shows the
same torque and power density as the traction motor of TOYOTA PRIUS 4% generation hybrid
electric vehicle (HEV), the target motor. At the same time, the proposed HPMM reduced the usage

of Nd-PM by 47 % and the total PM cost by 10% compared to the target motor.

4.1 Development Trend of Dy-free Nd sintered PM and Necessity of Application to
Traction Motor

Permanent magnet materials have made significant technological advances since the 1970s
with the release of Nd-Fe-B using so-called rare earth materials. As shown in Fig. 4.1, by realizing
high energy density of permanent magnet materials, it is actively applied to traction motors for
automobiles that require mechanical output or high torque density.

PMs are characterized by having a large area hysteresis loop. PMs are commonly known as
HARD ferromagnetic materials, as opposed to SOFT ferromagnetic materials such as steel and
iron, which have a small loop area to minimize hysteresis losses [90]. Fig. 4.2 shows the hysteresis
BH characteristics of each magnetic material. As shown in Fig. 4.2, the core physical concept that
distinguishes the characteristics of each magnetic material is the coercive force. Coercive force
refers to the strength of a magnetic field that can make the magnetization of a magnetic material
to 0 even if the external magnetic field is removed, when a material becomes magnetic under the

influence of an external magnetic field. Since most soft magnetic materials have low coercive
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Fig. 4.1  Development trend of PM materials [36].

force, the orientation of the magnetic domain is easily changed in the same way as the vector
direction of the external magnetic field. Conversely, a magnet, which is a hard magnetic material,
does not easily change the orientation angle of the magnetic domain when the external magnetic
field is low compared to the intrinsic coercive force.

Fig. 2.7 shows the product line for each PM manufacturer. The vertical axis represents the
coercive force Hc, and the horizontal axis represents the residual magnetic flux density Br. As the
coercive force increases, the residual magnetic flux density tends to decrease. This is because the
specific element related to the coercive force is due to the physical property opposite to the
direction of the vector of magnetization. Typically, dysprosium (Dy) and terbium (Tb), which are
heavy rare earth elements, are contained to enhance the coercive force of Nd-PM. The higher the
coercive force of Nd-PM, the larger the element is contained. These heavy rare earths are very
expensive and are mined in large quantities in certain countries. In other words, there is a very
large risk in terms of the supply chain. Fig. 4.3 shows the price trends of Nd, a light rare earth,
and Dy, a heavy rare earth. In particular, the price of Dy, a heavy rare earth metal, rose sharply in

2011. As a result, industrial damage has occurred, and the industry is strongly demanding Dy-free
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that does not use the corresponding raw material.

There are manufacturing process techniques such as fine powdering and grain boundary
diffusion processes to improve coercivity without Dy. Through the improvement of the
manufacturing process, Nd-PM can be Dy-free up to 21 kOe coercivity, but since vehicle traction
motors need to secure demagnetization durability in high-temperature conditions, Nd-PM with a
coercivity of 25 kOe or more is mainly applied [78, 80]. The development trend of such Nd-PM

can be expressed as Fig. 4.4.
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As a traction motor without Dy, there are studies in terms of permanent magnet assisted
synchronous motor (PMa-SynRM) with Fe-PM, induction motor (IM), separately excited
synchronous motor (SESM) and switched reluctance motor (SRM). The shape and topology for
the relevant cross-sectional area are shown in Fig. 4.5. However, IM, Fe-PM motor, and SRM do

not realize the same torque density as the conventional IPMSM in terms of weight and volume[49, 54,
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Fig. 4.5 Examples of Dy-free traction motor (a) PMa-SynRM (b) IM (c) SESM (d) SRM.

64]. SESM requires a non-contact power transfer device to be attached to the rotor shaft to generate
the rotor's field flux, resulting in an overall increase in axial length compared to conventional
IPMSM[46]. Therefore, traction motors without Nd-PM are limited in achieving the same torque
density compared to IPMSM.

Therefore, most of the traction motors of electric or hybrid vehicles currently on the market adopt
PMSM containing Dy. As shown in Fig. 2.1, as the demand for eco-friendly vehicles increases, the
supply risk of eco-friendly vehicle parts including Dy is expected to increase. Therefore, it is required
to devise a way to overcome this.

In this chapter, we propose a Dy-free HPMM by extending the HPMM concept presented in Chapter
2. The target motor is a Toyota Prius 4™ generation traction motor. As Dy-free Nd-PM of the proposed
HPMM, Nd-PM of 21 kOe is applied. The proposed model implements the same torque and power

density as the target motor, and achieves PM cost reduction and Dy-free.

4.2 TOYOTA PRIUS 4" MG2 Benchmark Study as Target Motor

4.2.1 Motor Disassembly Results and Main Specifications
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ICE

Fig. 4.6 TOYOTA PRIUS 4" Gen. powertrain

Table. 4.1 Specifications of TOYOTA PRIUS 4™ Gen. HEV

Classification Specification
Kerb weight 1,375 - 1,400 kg
0-100kph 10.6sec
Vehicle .
specification Maximum speed 185kph
CO2 emissions 70g/km
Fuel efficiency 21.9km/A
Output 72kW@5,200rpm
ICE
Torque 140Nm@~3,600rpm
) Output 42kW (estimated)
Powertrain
MGl
performance
Torque Not known
Output 53kW
MG2
Torque 163Nm
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The target motor is the MG2 of Toyota PRIUS 4™ generation HEV commercialized in 2016.
The target car model is a series-parallel hybrid system and adopts a two-motor structure consisting
of MG1 and MG2. MG1 is mainly driven by generating, and MQG2 is driven mainly by motoring.
Our research team purchased an actual vehicle, disassembled and analyzed the specifications of
the powertrain module. Fig. 4.6 shows the 2016 TOYOTA PRIUS 4" Generation vehicle and
powertrain module, and Table 4.1 is the vehicle specification.

Fig. 4.7 shows exploded view of TOYOTA PRIUS 4" Gen. electrical driven system. The
structure of this system has a case cover at the front end and the end, and consists of a gear set
and housing, MG1 and MG2 from the left. The MG1 mainly acts as a generator. That is, when
brake pedaling, vehicle energy due to deceleration is recovered. And it plays a role in charging
the battery by receiving mechanical rotational energy from the internal combustion engine
according to the battery charge level. The MG2 mainly acts as a motor. When the vehicle is driven,
the power of the engine is supported so that the internal combustion engine can be operated at an
optimum efficiency point. Alternatively, when driving at low speed, pure EV driving is possible.
The target motor in this chapter is MG2. Fig. 4.8 shows the actual stator assembly of the target
motor. It is characterized by having a high fill factor by inserting a rectangular conductor into the
stator core. Such a stator structure is usually called a hairpin stator. Eight conductors are inserted
into the stator slots of the target motor. After 8 conductors are inserted, the jumper wire and lead
wire of a specific shape are connected by welding. Therefore, as shown in Fig. 4.8, the end turn
can be divided into an insertion part into which a rectangular conductor is inserted and a welding
part connecting each conductor by welding. Each conductor in the weld zone loses the insulating
effect as the conductor coating is melted by the high welding temperature. Therefore, an additional
gray epoxy coating is applied as shown in the figure. Table 4.2 shows the stator specifications of
the target motor. The outer and inner diameters of the stator core are 215 mm and 141.9 mm,
respectively. The lamination length is 59.8 mm. The winding connection method is distributed
winding. The number of slots is 48, and 8 conductors are connected in series per slot. The cross-
sectional dimensions of each conductor are 3.56 mm wide and 2.16 mm long. This size includes
the coating. The number of serial turns is 64 turns. The line-to-line resistance is 106 m ohms, and

the total weight is 11.45 kg.
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Fig. 4.7 Exploded view of TOYOTA PRIUS 4" Gen. electrical driven system.
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Table. 4.2 Specifications of the stator assembly of the target motor

Outer diameter 215 mm
Inner diameter 141.9 mm
Stack length 59.8 mm
End-turn length (lead side/opposite side) 36/22.2 mm
Winding type Distributed
Thickness of core plate 025t

Rectangular wire

(with coating) 2.16x3.56 mm
No. of slot 48
No. of layer per slot 8 layer
Series turns 64 turns
Line to line resistance 106 mQ
Weight 11.45 kg
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Fig. 4.9 is a simplified diagram of the wiring for one phase. The wiring pattern shows the
concentric winding. The coil is wound around the pole span, and 8 turns are wound.

Fig. 4.10 shows the three-dimensional shape for the connection and each segment of the
rectangular conductor composing the connection. According to the function of the rectangular
conductor, it can be divided into standard wire, jumper wire, and special wire. The standard wire
means the conductor inserted into the stator slot, and the line connecting these conductors is a
jumper wire. After the standard wire and jumper wire are connected, connect the lead wire to
enable electrical input. Also, connect the neutral wire to form a Y-connection between each phase.

Fig. 4.11 shows the cross-sectional shape of the target motor stator and its 2D shape. The slot
opening is 3.7mm, the slot width is 4.61mm, and the yoke width is 15.75mm. Other detailed

specifications are shown in Table 4.2.

Phase U

> LEAD U

NEUTRAL
Welding side J

Inserting side

Fig. 49 Wiring diagram of stator ASM
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Standard < >- 502.85mm*48
line
[Jumper 1] ¢ : 498.91mm*24
Jumper
linlz C t 512.96mm*21

Jumper 3 N 506.66mm*3
e 70.63mm*3

Srl)ﬁfelal Neutral 1 K///\ 74.13mm*1
Neutral 2 H——" 75.13mm*1

Fig. 4.10 Detailed parts and specifications related to wiring

Cross section view of
stator ASM

Fig. 4.11 2D model of stator core of target motor
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Fig. 4.13 2D model of rotor core of target motor
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Fig. 4.12 is an exploded view of the rotor of the target motor. Among them, the 2D cross-
sectional shape of the rotor core where the electromagnetic phenomenon occurs is shown in Fig.
4.13. Table 4.3 shows the main dimensions and detailed specifications. The number of poles of
the target motor is 8, and the magnet is embedded in two layers to increase the reluctance torque.
Each magnet is inserted two per rotor core slot. That is, 6 pieces of magnets are inserted per pole,
thereby reducing the magnet cost and eddy current loss. Epoxy resin is filled between the magnet
and the rotor core slot. As a result, the magnet is held firmly inside the rotor core slot. The total

usage of the magnet is 0.564 kg.

Table. 4.3 Specifications of the rotor assembly of the target motor

Outer diameter 140.44 mm
Inner diameter 48 mm
Stack length 60 mm
No. of poles 8
Skew N/A
Thickness of core plate 025t
Air-gap 0.73mm
PM size (V type) T3.5xW7.47xL59.1
Stacking method Inter-lock
PM weight 0.564kg
Total weight 6.18 kg
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4.2.2 Results of analysis of Nd-PM constituent elements and magnetic properties

Fig. 4.14 to Fig. 4.17 are data analyzed on the magnetic properties, particle size, and constituent
elements of MG2's magnet commissioned by an external professional company. Fig. 4.14 (a)
shows the actual shape of the specimen. Fig. 4.14 (b) shows the magnetic properties according to
the measurement position of the specimen. The coercive force of MG2 was measured from 1,749
kA/mto 1,753 kA/m depending on the measurement location. When unit conversion is performed,
it is 22kOe to 23kOe, and when the error of measuring equipment is taken into consideration, it
is actually estimated to be 24 to 25kOe. With the same logic, the residual magnetic flux density
is estimated to be about 1.38 to 1.4. Fig. 4.15 shows the results of measuring the BH characteristics

of the specimen.

(a)
) Br Hcb Hcj (BH)max Hk e .
NO. - Hk/Hgj FE s | AR
(T) (kA/m) (kA/m) (kJ/m"3) (kA/m)
MG2-f1.»-20C 1.368 1032.0 1749 3545 1514 0.87 o ik o
MG2-4105-120C 1.217 685.6 738 276.6 672 0.91 .
1w o
MG2-1.0-140°C 1.177 555.8 596 255.8 539 0.90 MPS ’
MG2-f1(»-160C 1.135 4424 472 233.0 421 0.89
MG2-i1#-20°C 1.372 1033.0 1753 355.7 1522 0.87 54 fik o
MG2-i4%-120C 1.211 681.0 762 274.2 666 0.87 -
B
MG2-i41%-140C 1.173 556.9 619 254.8 531 0.86 MPS ’
MG2-i4#%-160C 1.125 443.7 490 228.7 412 0.84
(b)

Fig. 4.14 MG2 magnet (a) The shape of the specimen requested for measurement (b) Mag
netic properties according to the measurement location
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Fig. 4.15 BH Characteristics of MG2 magnet

Fig. 4.16 shows the particle size of the specimen at 1,000 magnifications. The number of
particles on the measurement image is 541, and the average particle size is estimated to be 5.33
micrometers.

Fig. 4.17 shows the main constituent elements of the specimen. The elements related to the
coercive force of Nd-PM are Dy and Tb. The measured specimen contains Dy and 1.24% to 1.44%.
And, Tb is not contained. When Dy is removed, the magnet's coercive force is lowered. As a result,
the demagnetization durability of the magnet deteriorates. As mentioned earlier, Dy is a high-risk
material in the supply chain. Therefore, it is necessary to study a rotor topology that is based on
Dy-free Nd-PM, has excellent demagnetization durability, and can realize the same torque density

and power density.
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Fig. 4.16 Particle size of the specimen at 1000 magnification
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Fig. 4.17 The main constituents of the specimen

4.2.3 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.
4.18(a). Fig. 4.18(b) shows the back EMF measurement result at 743 rpm. The measured back
EMF value is 29.7 Vrms.

82



Chapter 4. Dy-free Hybrid PM Motor for HEV traction

(a)

29.7 Vrms (@ 743rpm, 20°C

Fig. 4.18 Back-EMF measurement (a) test facility (b) measurement results
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Fig. 4.19 No-load analysis results (a) flux density distribution (b) Back-EMF
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Fig. 4.19 (a) is the flux density distribution at no load of the 2D model of Fig. 4.11 and Fig.
4.13. At this time, 27PNX1350F (posco Co. Ltd.) was applied for the electrical steel sheet. Fig.
4.18 (b) is the back-EMF waveform. And for the residual magnetic flux density of the magnet,
1.37 T was applied at room temperature. In order to be similar to the actual measurement result
of Fig. 4.18 (b), the stacking factor was partially adjusted in the 2D analysis model. The back
electromotive force analysis result is 29.6Vrms at 743 rpm. The error rate compared to the
measured value of 29.7Vrms is 0.3%.

Under the same analysis conditions, the maximum torque is 181 Nm at PM temperature of 100 °C
and an input current of 180 Arms. The maximum torque of MG?2 is known to be 163Nm, but the
input current value for generating 163Nm is unknown [91]. Therefore, in this paper, the target
torque value was set to 181Nm based on 180Arms. This means that the torque density per unit
current is 1 Nm/Arms. Fig. 4.20 shows the torque waveform at the maximum torque point. Table
4.4 shows the comparison results for back-EMF and peak torque. The proposed HPMM models
to be presented in the next chapter were also reviewed under the same analysis conditions as the

target motor.

250

200

Z 150
3

2 100
F

50

Average torque 181 Nm ‘
0
0 5 10 15 20 29 30
Mechanical angle(°)

Fig. 420 Torque analysis results of target motor (Input current 456Arms, PM
temperature 100°C, control angle 45°)
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Table. 4.4 Comparisons of Back-EMF and peak torque

Classification Back-EMF @1,000rpm Peak torque

2D-FEA result 29.7 Vrms 181 Nm (target torque)

Measurement and 29 6 Vrms Not known
Catalog value

Error ratio 0.2%

Stator

Stator

Rotor

Rotor

BINa-pm [l Fe-PM

BINd-PM [ Fe-PM
(a) (b)

Fig. 421 Magnetic flux path of basic models (a) P-HPMM (b) S-HPMM.

4.3 Proposal of Dy-free Hybrid PM Motor of Parallel and Series Type

As mentioned earlier, Nd-PM can achieve a coercivity of up to 21 kOe without dysprosium due
to the development of manufacturing technology. However, due to the high-temperature operation
characteristics of vehicle traction motors, Nd-PM over 25kOe is mainly applied. In this chapter,
21kOe Nd-PM and 5.5kOe Fe-PM are simultaneously applied, and a HPMM suitable for
environmental temperature conditions of vehicle traction motors is proposed. HPMM is divided
into serial configuration and parallel configuration according to the arrangement of each PM. This

paper compares the pros and cons of each configuration and presents rotor structures that can
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improve demagnetization durability and torque characteristics. After comparing the performance
characteristics of each rotor structure through 2D-FEM, finally, an HPMM suitable for vehicle
traction motors is proposed. Also, the proposed HPMM shows the same torque and power density
as the traction motor of TOYOTA PRIUS 4th-generation HEV, the target motor. At the same time,
the proposed HPMM reduced the usage of Nd-PM by 47 % and the total PM cost by 10%

compared to the target motor.

4.3.1 Design Concept and Proposed Model of Parallel and Series hybrid PM motor

As shown in Fig. 4.21(a) and (b), the basic model of HPMM can be divided into S-HPMM and
P-HPMM according to the arrangement of each magnet. The magnetic equivalent circuit is shown
in Fig. 2.6. Also, the mathematical model of PM flux linkage of each topology and its comparison

results are mentioned in Section 3.1.4.

As explained in Chapter 3, the P-HPMM can achieve higher PM flux linkage than the S-HPMM,
which is advantageous for improving the PM torque component. However, since the traction
motor operates at high speed through flux-weakening control, the reverse magnetic field of the d-
axis is excited from the stator. The P-HPMM is disadvantageous in terms of demagnetization
durability because a high d-axis reverse magnetic field is applied in a direction in which the
reluctance of PM is small due to the characteristics of the parallel circuit. Also, if the thickness of
Fe-PM is small, demagnetization of Fe-PM is generated by the leakage flux of Nd-PM. By
contrast, the S-HPMM has an advantage over the P-HPMM in terms of demagnetization durability

because each PM flux linkage is interlinked. However, due to the high d-axis reluctance, the PM

Vg
5 [T 5
s AN S
+~ +~
g9 7
= =
o @]
- -
o o
[ (a7
L|
B Na-PM Bina-pM [ Fe-PM
(a) (b)

Fig. 422 Proposed design concepts (a) P-HPMM (b) S-HPMM.
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torque component is lower than that of the P-HPMM, which is disadvantageous in terms of torque
density. Therefore, in this chapter, we propose a new design concept for the P-HPMM and S-
HPMM as shown in Fig. 4.22(a) and (b).

In the proposed P-HPMM, in order to improve demagnetization durability, Nd-PM is placed on
the inner diameter side of the rotor and a flux barrier is applied on the surface of the rotor core in
the d-axis direction. Also, since the 7, decreases due to the increase in d-axis reluctance, it
increases the 7). by expanding the g-axis flux path. In other words, the Ly decreases, but the L,
increases, so the saliency ratio (Ls—L,) increases. The proposed S-HPMM applies trapezoidal Fe-
PM and U shape Nd-PM to improve the 7. by expanding the g-axis flux path and increasing the
d-axis reluctance. In addition, a flux barrier is applied to the lower part of the rotor core to reduce
the leakage flux of Fe-PM.

To verify the effectiveness of the proposed models, 4 models are presented as shown in Fig.
4.23. Fig. 4.23(a) and (b) are the P-HPMM with Nd-PM applied to the inside of the rotor and the
proposed P-HPMM. Fig. 4.23(¢) and (d) are the S-HPMM with the bar type Fe-PM and the
proposed S-HPMM. The stator structure of all 4 models is the same as that of the target motor,
and have the same usage of Fe-PM and Nd-PM. Also, the thickness of Nd-PM is 6.5mm, which
is the same for all. The material of the rotor core is applied high-tensile electrical steel sheet with

a yield strength of 700 MPa to maintain rotational stiffness at the maximum speed.

4.3.2 Comparison of main specifications

The target motor is the traction motor of TOYOTA PRIUS 4th-generation HEV commercialized
in 2015. Table 4.5 is the detailed specifications of the target motor and the proposed HPMM. The
number of stator slots of the target motor is 48, and it is a distributed winding. The rotor has an
8-pole structure. Each model has the same stator structure and overall volume. As each magnet
material for analysis, Nd-PM is N42SH-R (21kOe, ShinEtsu Co., Ltd.), and Fe-PM is NMF-15]
(5.5k0Oe, Hitachi metals Co., Ltd.).

The Nd-PM usage of the proposed HPMMs is 53% of the target motor. Assuming that the cost
of Fe-PM is 1/10 of that of Nd-PM, the total PM cost of the proposed HPMM s is 90% of the target
motor. Under the same operating conditions, the performance of each models was predicted

through FEA tools. IMAG-Designer and Solidworks.
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. Nd-PM . Fe-PM :{> Magnetization direction

(©

Fig. 4.23 Proposed models (a) P-HPMM-Model-A (b) P-HPMM-Model-B (c¢) S-HP
MM-Model-A (d) S-HPMM-Model-B.
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Table. 4.5 Specification of each IPMSMs

Item Unit Target IPMSM Proposed HPMM
DC-link voltage Vdc 600 600
Maximum current Arms 180 180
Stator outer diameter mm 215 215
Stator inner diameter mm 141.82 141.82
Air-gap length mm 0.725 0.725
Rotor outer diameter mm 140.37 140.37
Rotor inner diameter mm 47.3 47.3
Stack length mm 60 60
Number of pole / slot - 8/48 8/48
Series turns per phase - 64 64
Stator - 35A210 35A210
Electrical
steel sheet
Rotor - 35A210 35PNT650Y
Fe-PM - 1.37T N42SH-R
Magnet
grade
Nd-PM - - NMF-15J
Volume of Nd-PM mm? 72,336 (100%) 38,585 (53%)
Volume of Fe-PM mm? - 265,024
Total PM cost! % 100 90
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Fig. 4.24 Flux density distribution under no-load condition (a) P-HPMM-Model-A
(b) P-HPMM-Model-B (c) S-HPMM-Model-A (d) S-HPMM-Model-B.

4.4 Comparison of performance characteristics between each proposed model

4.4.1 Magnetic Flux Density Distribution under No Load and Load Condition

Fig. 4.24 shows the flux density distribution for each model under no-load condition. P-HPMM
has a higher magnetic flux density in the rotor core than S-SHPMM because the flux linkage of
each magnet is concentrated in the d-axis direction. On the other hand, in S-HPMM, the flux
linkage of each magnet is linked to each other. Since the d-axis reluctance is high, the magnetic

flux density in the rotor core is lower than that of the P-HPMM.
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Magnetic flux density [T]

Fig. 4.25 Flux density distribution under load condition (a) P-HPMM-Model-A (b)
P-HPMM-Model-B (c¢) S-HPMM-Model-A (d) S-HPMM-Model-B.

Fig. 4.25 shows the flux density distribution for each model under the maximum torque load
condition. The flux linkage of each HPMM is mainly generated through the g-axis flux path. In
particular, S-HPMM-Model-B has higher magnetic flux density in all areas of the rotor core

compared to other models.

4.4.2 Irreversible Demagnetization

Fig. 426 and 4.27 show the back-EMF waveform before and after applying the
demagnetization current at —40 °C and the flux density distribution of each magnet. The

demagnetization current means applying a maximum current of 180Arms only in the d-axis
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Fig. 426 Back-EMF waveform before and after applying the demagnetization curve
at 180A at the PM temperature —40 °C.

93



Chapter 4. Dy-free Hybrid PM Motor for HEV traction

|:| Demagnetized area

0.9
0.8
= 0.7
=y
g 0.6 (a) (b)
hoj
5
& 0.5
g
O
=)
A ] ome
= B
0.3
0.2
0.1
00 (©) (d)

Fig. 4.27 Flux density distribution after applying demagnetization current 180A at t
he PM temperature —40 °C (a) P-HPMM-Model-A (b) P-HPMM-Model-B (c) S-HPM
M-Model-A (d) S-HPMM-Model-B.

direction. The demagnetization rate ¢ can be expressed as (3.4.6.1).

In Fig. 4.27(a) and (b), the P-HPMM-Model-A mainly has a low-temperature demagnetization
in Fe-PM, and ¢ is 5.9 %. & of P-HPMM-Model-B is 1.0 %, which is 4.9 % improved compared
to the P-HPMM-Model-A. In Fig. 4.27(c) and (d), J of the S-HPMM-Model-A and -B is 0.3 %
respectively.

Fig. 4.28 and 4.29 show the back-EMF waveform before and after applying the
demagnetization current at 180 °C and the flux density distribution of each magnet. In Fig. 4.29(a)
and (b), Nd-PM of P-HPMM-Model-A is mostly demagnetized, and ¢ is 31.0 %. 6 of P-HPMM-
Model-B is 2.2 %, which is 28.8 % improved compared to the P-HPMM-Model-A. In Fig. 4.29(c)
and (d), J of the S-HPMM-Model-A and -B is 2.9 % respectively.

Therefore, P-HPMM has improved demagnetization durability at —40 °C and 180 °C through
the proposed design concept. In addition, it can be seen that S-HPMM is basically advantageous

in terms of demagnetization durability compared to P-HPMM.
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Fig. 4.28 Back-EMF waveform before and after applying the demagnetization curre
nt 180A at the PM temperature 180 °C.
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Fig. 429 Flux density distribution after applying demagnetization current 180A at t
he PM temperature 180 °C (a) P-HPMM-Model-A (b) P-HPMM-Model-B (¢) S-HPM
M-Model-A (d) S-HPMM-Model-B.

4.4.3 Inductance

Fig. 4.30 shows the Ly and L, of each HPMM for each input current and phase angle. As shown
in Fig. 4.30(a), Model-B of each HPMM has lower L, than Model-A. The reason is that the flux
barrier on the d-axis flux path is applied in the P-HPMM-Model-B, and the Nd-PM is inserted in
the U shape in the S-HPMM-Model-B.

As shown in Fig. 4.30(b), Model-B of each HPMM has higher L, than Model-A. P-HPMM-
Model-B is because the g-axis magnetic flux path under the flux barrier is expanded, and S-
HPMM-Model-B is because the g-axis magnetic flux path is expanded by applying trapezoidal
Fe-PM.

Therefore, since each HPMM's Model-B has a large saliency ratio (Ls—L,), it can be expected

that the reluctance torque increases compared to each HPMM's Model-A.
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Fig. 4.30 Inductance by current and phase angle (a) d-axis inductance L, (b) g-axis
inductance L.

4.44 Average Torque by Current Phase Angle

Fig. 4.31 is the average torque by current phase angle. The input current is 180Arms and the
coil and PM temperature are based on 100 °C. In Fig. 4.31(a), the torque at a current phase angle
of 0 degrees related to PM torque is 110 Nm for P-HPMM-Model-A and 76 Nm for P-HPMM-
Model-B. Model-B is 34 Nm lower than Model-A because the flux barrier is applied on the d-axis
flux path to improve demagnetization durability. The maximum torque is 157 Nm for Model-A
and 152 Nm for Model-B, which are similar to each other. The reason is that, as in Fig. 4.30,
Model-B has a higher saliency ratio (Ls—L,) than Model-A, and the reluctance torque is increased.
However, both models of P- HPMM do not meet the maximum torque of 181 Nm of the target
motor.

In Fig. 4.31(b), The torque at a current phase angle of 0 degrees related to PM torque is 92 Nm
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for S-HPMM-Model-A and 81 Nm for S-HPMM-Model-B. In Model-B, since Nd-PM is inserted

in U-shape to improve reluctance torque, d-axis reluctance is increased, which is 11 Nm lower

than Model-A. The maximum torque is 150 Nm for Model-A, 181 Nm for Model-B. The reason

is that Model-B applies trapezoidal Fe-PM, and the g-axis flux path is expanded compared to
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Model-A. As shown in Fig. 30, this is because the saliency ratio (L+—L,) is higher than that of

Model-A, and the reluctance torque is greatly increased. In addition, Model-B satisfies the

maximum torque of 181 Nm of the target motor.
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Fig. 4.32 Torque-Speed curve (Input condition : 600Vdec, 180A) (a) P-HPMM (b) S
-HPMM.
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Fig. 433 Efficiency map (Input condition : 600Vdc, 180A) (a) P-HPMM (b) S-HP
MM.
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4.4.5 Characteristic Curve

Automobile traction motors operate in a wide speed range under limited voltage and current
conditions. Therefore, in order to estimate the torque characteristics by rotational speed under
limited input conditions, the voltage is calculated by (2.4.3) and (2.4.4) and the torque is
calculated by (2.4.13). The input limit is expressed as (2.4.1) and (2.4.2).

Fig. 4.32 shows the torque-speed curve at DC link voltage 600 Vdc and input current 180 Arms.
The coil and PM temperature are based on 100 °C. In Fig. 4.32(a), the P-HPMM-Model-A and B
do not meet the torque characteristics of the target motor in maximum torque per ampere (MTPA)
control region. This is because MTPA is operating method that produces a given torque command
with the smallest current through the optimal current combination of i; and i,, and the maximum
torque of each P-HPMM model does not meet the target torque as shown in Fig. 31(a).

In Fig. 4.32(b), S-HPMM-Model-A does not meet the target torque in the MTPA control region,
but S-HPMM-Model-B meets the performance characteristics of the target motor over the whole

speed range.

4.4.6 Efficiency map

Fig. 4.33 shows the efficiency map for each HPMM model at DC link voltage 600 Vdc. The
coil and PM temperature are based on 100 °C. Efficiency 7 is calculated as (4.4.6.1).

P
- n %100 (% 4.4.6.1
T=pip+pr (%) ( )

m

where P,, is the mechanical output; P. and P; are the copper and iron loss, respectively.

In Fig. 4.33(a), In the case of P-HPMM-Model-B, demagnetization durability and reluctance
torque are improved compared to Model-A, but the high-efficiency region tends to decrease.

In Fig. 4.33(b), In the case of S-HPMM-Model-B, while the torque performance is improved
compared to Model-A, the high-efficiency region also tends to expand.

Therefore, the design concept proposed in Fig. 4.22 has the effect of reducing the efficiency in
the case of P-HPMM, but improving the efficiency in the case of S-HPMM.

4.4.7 Stress Distribution at Maximum Speed Rotation

Table 4.6 shows the material properties of each part for structural analysis, and the yield point
of the core material is 700 MPa at room temperature. A non-magnetic fixture was applied on the

top of the Fe-PM to fix the Fe-PM position and to dissipate the stress on the outer diameter of the
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rotor core. The contour plots of Mises stress for the rotor of P-HPMM-Model-B and S-HPMM-
Model-B at 17,000 rpm are shown in Fig. 4.34. The maximum point is marked with a red box.
The P-HPMM-Model-B has a maximum of 1,045 MPa in center-post of the rotor core, and the
maximum stress exceeds the yield point of the rotor core. S-HPMM-Model-B is up to 581 MPa

at the center-post of rotor core and has a safety factor of 1.2.

Table. 4.6 Material properties for structural analysis

Item Unit Core Fe-PM Nd-PM
Density kg/m? 7,650 5,100 7,620
Young’s Modulus GPa 183 190 160
Possion’s Ratio - 0.30 0.35 0.24
Yield Point MPa 700 - -
Maximum point
1,045MPa
wvon Mises [Memm™2 [MPa])
531
[
- 4%
_ 5
¥ (a)
2439
166 Maximum point
83 58 1MPa
)

(b)

Fig. 4.34 Mises stress for the rotor core at maximum rotation speed 17,000rpm (a)
P-HPMM-Model-B (b) S-HPMM-Model-B.
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In order to alleviate the maximum stress locally generated in the rotor core, it is required to
increase the radius value of the curve at the stress generating area. In P-HPMM, Nd-PM is inserted
on the inner diameter side of the rotor core to improve demagnetization durability. However, this
structure is disadvantageous compared to the S-HPMM in terms of complementing the rotational

stiffness because it is difficult to improve the curvature radius of the center-post.

4.4.8 Final Proposal Model Suitable as Dy-Free Hybrid PM Motor
Therefore, this chapter proposes S-HPMM-Model-B as a Dy-free HPMM suitable for

automobile traction motors, taking into account electromagnetic motor performance and

rotational rigidity characteristics.

4.5 Summary for Chapter 4

In this chapter, new P-HPMM and S-HPMM models suitable for automotive environmental
temperature conditions were proposed. As a result of comparing each of the proposed models in
terms of performance characteristics, the S-HPMM-Model-B was finally proposed. The proposed
model shows the reliability of demagnetization durability even when 21 kOe Nd-PM and 5.5 kOe
Fe-PM are applied, and under the same torque and power density as the target motor, the usage

of Nd-PM and the total PM cost were reduced by 47 % and 10 %, respectively.
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Chapter 5. Evaluation of Switching Ripple Effect on Efficiency of
Proposed HPMM

In general, IPMSMs for traction applications employ Nd-PM, but there is concern about cost
and stable supply because Nd-PM includes Dy. Thus, a novel spoke-type HPMM employing Dy-
free PM and ferrite PM is proposed to Chapter 4. The proposed HPMM can achieve same torque
density as target IPMSM mounted in TOYOTA Prius 4th generation. As a results, the proposed
HPMM realizes 10% lower PM cost than that of the target IPMSM. However, the proposed
IPMSM has lower efficiency because high tensile steel sheet, which has high iron loss density, is
needed for improving mechanical strength. On the other hand, in the previous research,
comparison between the proposed HPMM and target IPMSMs have been carried out by FEA with
sinusoidal current wave. In the actual operation, input current includes switching ripple caused
by the inverter. The switching ripple dramatically increases the eddy current in magnet and
winding due to Nd-PM and the rectangular copper wire. However, the proposed HPMM can
restrain the increase in the eddy current loss caused by the switching ripple because the ferrite
PM is dominant. In addition, the proposed HPMM has larger magnetic resistance than that of the
target IPMSM due to large ferrite PMs. Hence, the variation of magnetic flux in the winding, and
this means that the proposed HPMM can restrain the eddy current loss in the rectangular copper
wire. In this research, two models are compared by FEA considering the eddy current loss in the
winding and the effect on the switching ripple in various switching frequency of an inverter, and
finally, effectiveness of the proposed model is shown.

5.1 Comparison of Electromagnetic Properties between the Target Motor and the
Proposed HPMM

Fig. 4.12 and Fig. 4.22(d) show the cross-sectional shapes of the proposed HPMM and the
target IPMSM, respectively. Table 4.5 shows the main specifications of each IPMSM. The rotor
shape of the proposed HPMM is a structure in which a diamond-shaped ferrite PM on the g-axis
and a U- shaped Nd-PM on the d-axis are inserted. Accordingly, each PM constitutes a series
circuit on the d-axis magnetic equivalent circuit, and high d-axis reluctance can be obtained. That
is, a low Ld can be expected. In addition, a high Lq can be expected as a g-axis flux path is secured
between each PM. Therefore, since it is a structure in which a high saliency ratio can be generated,

an improvement in reluctance torque can be expected.
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Fig. 5.1 Inductance comparison (a) Ls (b) L, (c) saliency ratio (L,/La).
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Fig. 5.1 shows the comparison of the distribution of inductance in the entire input current region.
As shown in Fig. 5.1(a), the proposed HPMM has a lower L, distribution than the target [PMSM.
Also, as shown in Fig. 5.1(b), L, is generally high. Therefore, as shown in Fig. 5.1(c), the saliency
ratio is high in the entire current region.

Ferrite PM's residual magnetic flux density is 1/3 of that of general Nd-PM. In addition, the
proposed HPMM uses 47 % less Nd-PM than the target IPMSM. Therefore, it can be expected
that the proposed HPMM will have low PM torque. Fig. 5.2 shows the comparison of the back-
EMF according to the PM temperature at a rotation speed of 1,000 rpm. As shown in Fig. 5.2,
since the proposed HPMM has a lower back EMF compared to the target IPMSM, it can be
expected that the PM torque is also low. What is interesting is that the difference in back-EMF
gradually increases as the PM temperature increases, and then decreases after the PM
temperature is 120 °C. The reason the difference increases is because of the difference in the f
coefficient of each PM. The f coefficient of Nd-PM is 0.1 %/°C, whereas that of ferrite PM is

0.25 %/°C. That is, as the PM temperature increases, the decrease in the residual magnetic flux of
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the ferrite PM is greater. However, the reason the difference decreases after the PM temperature
is 120 °C is due to the effect of leakage flux. As the temperature of the PM increases, the amount
of leaked flux around the PM is gradually increased compared to the amount of flux linked to the
stator coil. That is, the proposed HPMM has a structure in which the amount of leakage flux due
to the increase of the PM temperature is smaller than that of the target IPMSM. Considering that
the operating temperature range of the vehicle traction motor is mostly between 80 and 120 °C, it
can be expected that the proposed HPMM will exhibit lower PM torque compared to the target

IPMSM. However, since the saliency ratio of the proposed HPMM in Fig. 5.1(¢c) is high in the
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Fig. 5.4  Torque-speed curve in input current 180Arms and DC link voltage 600Vdc.

entire operating range, the reluctance torque is improved, so that the same torque density can be
expected in terms of the total torque.

Fig. 5.3 shows the average torque for each current phase angle. The input current is 180 Arms,
and the PM temperature is based on 100 °C. Fig. 5.3(a) is for the target IPMSM. At the maximum
torque point, the PM torque is 84 Nm and the reluctance torque is 96 Nm. Fig. 5.3(b) is for the
proposed HPMM. At the maximum torque point, the PM torque is 63 Nm and the reluctance
torque is 119 Nm. As shown in Fig. 5.3, although the PM torque of the proposed HPMM is 25 %
lower than that of the target IPMSM, the reluctance torque is 24% higher, so the same torque
density is realized in terms of the total torque.

Fig. 5.4 shows the torque-speed curve under the input current of 180Arms and the DC link
voltage of 600Vdc. As shown in Fig. 5.4, the proposed HPMM shows higher output
characteristics than the target IPMSM. The flux-weakening control performance is determined by
the ratio of PM flux linkage 4,» and d-axis inductance L,. Although the proposed HPMM has low
Apm, 1t has a relatively low Lg, so it tends to show high performance of weak flux control. In a
traction motor with a wide variable speed operating range, this tendency is a good performance
characteristic. Also, for the efficiency evaluation considering the switching ripple characteristics,

Fig. 5.4 shows the main operating area from point-A to point-D.
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5.2 Efficiency considering Switching Ripple Effect
5.2.1 Analysis of Input Current including Switching Ripple

In Fig. 5.4, Points-A to D are indicated for efficiency analysis considering the switching ripple
current. Point-A is the maximum torque point, and Points-B to D are the main operating points.
In addition, among the main operating points, the key point is the Point-C. Fig. 5.5 shows the
circuit configuration for generating the switching ripple current. The circuit configuration was
implemented in PSIM, a commercial tool.

Fig. 5.6 and 5.7 show the switching ripple currents at Points-4 and C, respectively. Fig. 5.6(a)
and 5.7(a) have a switching frequency of 5 kHz (f;,~=5kHz), and Fig. 5.6(b) and 5.7(b) have a
switching frequency of 20 kHz (f;,=20kHz). Also, in Fig. 5.6, the input current is 180 Arms and
the rotation speed is 3,000 rpm, and in Fig. 5.7, the input current is 30 Arms and the rotation speed
is 6,000 rpm.

The tendency of each current waveform is shown as the lower the rotational speed and the
greater the switching frequency, the less harmonic the effect is. Conversely, the higher the rotation
speed and the lower the switching frequency, the greater the influence of harmonics. Based on
these current waveforms, the analysis results for the loss and efficiency characteristics of each
IPMSM are as follows.

Fig. 5.8 shows the joule loss of the coil at Point-A4 of the proposed HPMM. Joule loss is divided
into copper loss and eddy current loss. Eddy current loss is a loss caused by the skin effect and
proximity effect, and is also called AC copper loss.

At f5,w=5kHz, the copper loss is 6,937W, and the eddy current loss is 330.7W. When f;,~20kHz,
the copper loss is the same, but the eddy current loss is 277.1W, which is reduced by 53.6W. This
shows that as the switching frequency increases, the eddy current loss decreases.

Fig. 9 shows the joule loss of the coil at Point-C of the proposed HPMM. At f;,=5 kHz, the
copper loss is 193 W, and the eddy current loss is 71.9 W. When f;,~20 kHz, the copper loss is
the same, but the eddy current loss is 32.2W, which is reduced by 29.7W. Similarly, as the result

at Point-A, this shows that as the switching frequency increases, the eddy current loss decreases.
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Fig. 5.5 Circuit configuration to analyze current waveform in PSIM.
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Fig. 5.10 Eddy current distributions of the proposed HPMM at Point-C when f;,, is 5 kHz
(@6,000 rpm, 30 Arms).

Fig. 5.10 shows the eddy current distribution of the proposed HPMM at Point-C, and the
switching frequency is SkHz. First, the eddy current distribution in the coil shows a non-uniform
distribution in the vertical and horizontal directions. This is due to the effect of the skin effect and
the proximity effect. The stator structure of the proposed HPMM is the same as that of the Prius
4th generation traction motor, which is the target [IPMSM. The stator has a structure in which a
rectangular copper wire is inserted into the stator core as a coil. When the stator coil is inserted
as a conductor with a large cross-sectional area, the fill factor increases and the phase resistance
decreases. This has the effect of reducing the copper loss of the coil. However, if the cross-
sectional area of the coil is increased, the skin effect may be prominent. As a result, due to a local
increase in current density, high eddy current loss may be caused. In the case of the current
analysis model, the eddy current loss does not appear to be dramatically high as shown in Figs.
5.8and 5.9

Fig. 5.10 shows the eddy current distribution of the proposed HPMM at Point-C, and the

switching frequency is 5 kHz. First, the eddy current distribution in the coil shows a non-uniform
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distribution in the vertical and horizontal directions. This is due to the effect of the eddy current.
The stator structure of the proposed HPMM is the same as that of the Prius 4th generation traction
motor, which is the target IPMSM. The stator has a structure in which a rectangular copper wire
is inserted into the stator core as a coil. When the stator coil is inserted as a conductor with a large
cross-sectional area, the fill factor increases and the phase resistance decreases. This has the effect
of reducing the copper loss of the coil. However, if the cross-sectional area of the coil is increased,
the eddy current loss becomes large. As a result, a local increase in current density occurs in some
conductors. Moreover, at Point-C, ratio of the eddy current in the joule loss is higher than Point-
A since harmonic component is dominant as shown in Figs. 5.6 and 5.7.

In the case of the rotor, the eddy current appears non-uniformly only in the Dy-free magnet,
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Fig. 5.11 Loss in both IPMSMs at Point-A (@3,000 rpm, 180 Arms).
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and hardly appears in the ferrite-magnet. This difference is due to electrical conductivity. Dy-free
magnet is Nd-PM, and its electrical conductivity is almost similar to that of iron. On the other
hand, the ferrite-magnet has almost zero electrical conductivity. As a result, eddy currents hardly
appear in the ferrite-magnet. The proposed HPMM uses a smaller volume of Nd-PM compared
to the target IPMSM. Therefore, the proposed HPMM can be expected to improve the eddy
current loss in the magnet compared to the target IPMSM.

The above-mentioned analysis method is equally applied to the target IPMSM, and the results
of comparison with the proposed HPMM are as follows.

Fig. 5.11 shows the loss characteristics at Point-A for the both models. In both models, the

copper loss appears to be dominant. In the case of the target IPMSM, the eddy current loss of the
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Fig. 5.12 Loss in both IPMSMs at Point-C (@6,000 rpm, 30 Arms).
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magnet is higher than that of the proposed HPMM. As a result, the total loss tends to be slightly
higher, and as the switching frequency increases, the total loss tends to decrease little by little. On
the other hand, since the proposed HPMM has very low eddy current loss in the magnet, there is
little change in total loss with increasing switching frequency. However, at Point-A, total loss in
each IPMSM is not strongly affected by the switching frequency because the copper loss, which
1s constant, is dominant.

Fig. 5.12 shows the loss characteristics at Point-C for the both models. At this operating point,
total loss of each model markedly varies with the switching frequency because the copper loss is
small. Especially, the proposed HPMM shows significantly lower eddy current loss in magnets
compared to the target IPMSM. This is because, as illustrated in Fig. 5.10, the amount of Nd-PM

used is small and the eddy current of ferrite-PM is close to zero.
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However, the proposed HPMM shows a higher overall iron loss in the rotor core compared to
the target IPMSM. The reason is that a high-tensile electrical steel sheet is applied to the proposed
HPMM.

The proposed HPMM basically assumes that the ferrite PM is inserted as a spoke type. The
spoke type has an advantageous structure for concentrating magnetic flux, but is disadvantageous
in terms of maintaining rotational rigidity at high rotation. To compensate for this, in the previous
study, a high-tensile electrical steel sheet was applied to the rotor core. The yield point of the high
tensile steel sheet applied to the proposed HPMM is 700 MPa, and the yield point of the target
IPMSM is 420 MPa, which is about 1.67 times higher.

As shown in Fig. 5.13, although the saturated magnetic flux density of the high-tensile steel
sheet is slightly lower than that of the conventional electrical steel sheet, the iron loss is very large.
This means that the iron loss of the rotor core is increased during high-speed operation.

Fig. 5.14 shows the efficiency according to the switching frequency for both models. In Point-
A, the proposed HPMM shows high efficiency in the entire frequency domain. In Point-B, the
proposed HPMM shows lower efficiency than that of the target IPMSM if the switching frequency
is over of 10 kHz. On the other hand, in realistic 5 kHz to 10 kHz region, the actual efficiency can
be said to be superior to that of the target motor. This characteristic of the proposed HPMM is
suitable for traction applications. Point-C shows a similar tendency to Point-B. In Point-D, the
proposed HPMM shows lower efficiency compared with the target IPMSM in high switching
frequency region. However, at 5 kHz, the proposed HPMM can show almost same efficiency as

the target IPMSM although the high tensile steel sheet is used.

5.3 Summary for Chapter 5

In this chapter, due to the application of ferrite-magnet and the use of a small volume of Nd-
PM, the proposed HPMM shows advantageous properties in terms of heat generation of the
magnet. Also, in frequently used operating range, it exhibits equivalent or higher efficiency
characteristics in the region under 10 kHz which is the main switching frequency range. In other
words, the proposed HPMM achieves low cost and high efficiency at the same time. These

advantages mean advantageous characteristics as a traction motor for automobiles.
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Chapter 6. Conclusions of this Thesis and Future Work
6.1 Conclusions

In this study, a rotor topology for a new HPMM suitable for a vehicle traction motor was
proposed. The proposed HPMM realizes the same power density and torque density as the target
motor, and at the same time can reduce Nd-PM usage and cost.

This HPMM was aimed to be applied to a vehicle traction motor system. In addition, different
types of magnets such as Nd-PM and Fe-PM are applied to HPMM, and the basic mathematical
modeling is the same as that of [IPMSM. Therefore, in Chapter 2, the structure and requirements
of the vehicle traction motor system, the properties of magnets, and the governing equations of
the IPMSM were discussed.

Based on this theoretical background, Chapter 3 proposed a novel HPMM suitable as a traction
motor for BEV. HPMM is divided into parallel type and series type according to the d-axis
magnetic equivalent circuit. When considering the manufacturing process of a traction motor for
a vehicle, it is suggested that the serial type is suitable. In addition, the disadvantage of the series
type is low PM flux. In order to overcome this, it is theoretically suggested that the reluctance
torque improvement is necessary through securing the g-axis magnetic path. In conclusion, the
proposed HPMM realizes the same torque density and reduces Nd-PM cost by 35%.

As mentioned in Chapter 3, the series type HPMM has low PM flux, but this means that the d-
axis magnetic resistance is high. Based on these characteristics, Chapter 4 proposes a Dy-free Nd-
PM-based HPMM suitable for HEV traction motors. The proposed HPMM realizes Dy-free and
at the same time reduces the magnet cost by 10%.

The HPMM proposed in Chapter 4 has high magnetic resistance. This is an advantageous
characteristic for reducing eddy current loss due to harmonic current. Based on the advantages of
the series type HPMM, Chapter 5 analyzed the efficiency characteristics considering the
switching ripple of the input current. Efficiency characteristics from 5 to 20 kHz of switching
frequency at the main operating point were analyzed. As a result of the analysis, the proposed
HPMM was advantageous in terms of efficiency compared to the target motor in the range of 5
to 10 kHz, which is the main driving frequency.

In conclusion, the structure of the new HPMM proposed in this study satisfies the durability
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required for vehicles, reduces magnet cost, and proves advantageous in terms of efficiency.

6.2 Future Work

The proposed HPMM has high reluctance torque. High reluctance torque causes increased
torque ripple, which is an unfavorable characteristic in terms of NVH. A way to improve this is
to reduce torque ripple through harmonic current injection. Therefore, as the first future task, we
propose a study on harmonic injection current for torque ripple reduction.

The second is the optimal design of HPMM through stator redesign. In this study, HPMM was
proposed based on the same stator structure as the target motor. However, if the stator is
redesigned, it is expected that the magnet cost can be reduced more dramatically.

The third is the optimal design of the rotor structure using an optimization algorithm. In the
CAE-based motor design process, research cases in which various optimization algorithms are
grafted to improve performance have been reported. Similarly, we propose a study on
implementing a more improved rotor topology by grafting various optimization algorithms based
on HPMM.

The fourth is the study of HPMM using various Dy-free magnets. In this study, 21 kOe of Nd-
PM was applied as a Dy-free magnet. As a Dy-free magnet, there are various magnets such as
MQ magnet series of hot press forming method and Nd bonded magnet series of injection method.

By grafting these magnets, we propose to conduct research on a new topology of HPMM.
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