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Prof. Dr. İlkay Ulusoy
Head of Department, Electrical and Electronics Engineering

Assist. Prof. Dr. Emine Bostancı Özkan
Supervisor, Electrical and Electronics Engineering

Examining Committee Members:

Assoc. Prof. Dr. Ozan Keysan
Electrical and Electronics Engineering, METU

Assist. Prof. Dr. Emine Bostancı Özkan
Electrical and Electronics Engineering, METU

Prof. Dr. Muammer Ermiş
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ABSTRACT

DESIGN OF SYNCHRONOUS RELUCTANCE MACHINES WITH A WIDE
SPEED RANGE

Yılmaz, Yusuf Basri
M.S., Department of Electrical and Electronics Engineering

Supervisor: Assist. Prof. Dr. Emine Bostancı Özkan

September 2021, 127 pages

Synchronous reluctance machines (SynRMs) are a good alternative for traction and

industrial applications due to their good power density, low cost and high efficiency.

However, they suffer from high torque ripple, low power factor and poor high speed

performance due to their singly excited nature. To overcome these challenges, rotor

geometries are optimized to get a low torque ripple and ferrite magnets are inserted

in the flux barriers to get a higher power factor and a better high speed performance.

This thesis aims to propose a methodology to design synchronous reluctance machine

with a wide speed range with high power output by using parametric sweep and op-

timization methods. It is observed that rotor design has an effect on the high-speed

performance of SynRMs. However, even the maximum power of the optimized ma-

chine decreases sharply as the field weakening region of the machine is extended.

Moreover, when the high speed performance of a SynRM is concerned, mechanical

and electromagnetic designs must be performed concurrently. To assure a mechan-

ically robust rotor structure, radial ribs must be added to the flux barriers but these

connections cause a decrease in the electromagnetic performance of the machine. So,
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the high speed performance of the machine decreases further as the ribs in the flux

barriers must get thicker as the maximum speed is increased. Based on these findings,

it is concluded that PM assistance is required to reach an acceptable high speed perfor-

mance. Therefore, the amount of required PM material to reach a satisfactory output

power at the maximum speed is determined for selected SynRM designs. These anal-

ysis is performed with both ferrite and NdFeB type permanent magnet materials, and

ferrite assisted SynRM design is found to be favorable due to its much lower cost.

Finally, the design and analysis methods are validated with the measurements taken

from a small-scaled prototype SynRM that is designed in this study.

Keywords: Synchronous Reluctance Machines, High-speed Performance, Torque Rip-

ple, Flux Barrier Design, PM Assistance, Parametric Sweep, Optimization
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ÖZ

GENİŞ HIZ BÖLGESİ OLAN SENKRON RELÜKTANS MAKİNALARIN
TASARLANMASI

Yılmaz, Yusuf Basri
Yüksek Lisans, Elektrik ve Elektronik Mühendisliği Bölümü

Tez Yöneticisi: Dr. Öğr. Üyesi. Emine Bostancı Özkan

Eylül 2021 , 127 sayfa

Senkron relüktans makineleri (SenRM’ler), iyi güç yoğunluğu, düşük maliyeti ve

yüksek verimliliği nedeniyle çekiş ve endüstriyel uygulamalar için iyi bir alternatif-

tir. Ancak, tek ikazlı yapıları nedeniyle yüksek tork dalgalanması, düşük güç faktörü

ve düşük yüksek hız performansından muzdariptir. Bu zorlukların üstesinden gelmek

için rotor geometrileri, düşük tork dalgalanması elde etmek için optimize edilmiştir

ve daha yüksek güç faktörü ve daha iyi yüksek hız performansı elde etmek için akı

bariyerlerine ferrit mıknatıslar yerleştirilmiştir.

Bu tez, parametrik tarama ve optimizasyon yöntemini kullanarak geniş hız aralığına

ve yüksek güç çıkışına sahip SenRM tasarlamak için bir metodoloji önermeyi amaç-

lamaktadır. Rotor tasarımının SenRM’lerin yüksek hız performansı üzerinde etkisi

olduğu gözlemlenmiştir. Ancak optimize edilmiş makinenin maksimum gücü bile

makinenin alan zayıflatma bölgesi genişledikçe keskin bir şekilde düşer. Ayrıca, bir

SenRM’nin yüksek hız performansı söz konusu olduğunda, mekanik ve elektroman-

yetik tasarımların aynı anda gerçekleştirilmesi gerekir. Mekanik olarak sağlam bir

rotor yapısı sağlamak için akı bariyerlerine radyal nervürler eklenmelidir ancak bu
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bağlantılar makinenin elektromanyetik performansında düşüşe neden olur. Bu ne-

denle, maksimum hız arttıkça akı bariyerlerindeki nervürlerin kalınlaşması gerekti-

ğinden makinenin yüksek hız performansı daha da düşer. Bu bulgulara dayanarak,

kabul edilebilir bir yüksek hız performansına ulaşmak için PM yardımının gerekli

olduğu sonucuna varılmıştır. Bu nedenle, seçilen SenRM tasarımları için maksimum

hızda tatmin edici bir çıkış gücüne ulaşmak için gereken mıknatıs miktarı belirle-

nir. Bu analizler hem ferrit hem NdFeB tipi sabit mıknatıslı malzemelerle yapılmakta

olup, ferrit destekli SynRM tasarımının maliyetinin çok daha düşük olması nedeniyle

uygun olduğu görülmüştür. Son olarak, bu çalışmada tasarlanan küçük ölçekli bir

SenRM prototipinden alınan ölçümlerle analiz yöntemleri doğrulanmıştır.

Anahtar Kelimeler: Senkron Relüktans Makinalar, Yüksek-hız Performansı, Moment

Salınımı, Akı Bariyeri Tasarımı, SM-desteği, Parametrik Tarama, Optimizasyon
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CHAPTER 1

INTRODUCTION

1.1 Introduction

The use of low ef�ciency electric drives in the industry and fossil fuels in the trac-

tion applications contributes to carbon and greenhouse gases emission. In order to

decrease this effect, minimum ef�ciency standarts for all purpose electric drives that

are used in the industry are being updated and electri�cation of the transport is en-

couraged by new regulations and insentives.

Induction machines (IMs) are the most commonly used electric machine types in

industrial drive systems. However, synchronous reluctance machine (SynRM) drives

are being considered as a good alternative for inductance machine (IM) drives in vari-

able speed drive applications. It has been shown that SynRMs can reach an ef�ciency

standard as an IM in a smaller frame size. Losses of SynRMs concentrate in the sta-

tor, and there are only iron losses in their rotor. That is an important advantage that

simpli�es the cooling system. Moreover, SynRMs can be cost optimized alternatives

to the commonly used interior permanent magnet synchronous machines (IPMSMs)

in the traction applications. However, �eld weakening speed ranges of SynRMs are

limited, and they have a lower power factor compared to IMs and PMSMs. Therefore,

PM-assisted SynRMs is proposed to solve these shortcomings for applications with a

wide speed range requirement and a limited space such as electric vehicle drives [1].

To sum up, use of SynRMs with or without PMS is expected to increase in the indus-

trial applications and in the transportation.

1



1.2 Motivation and Problem De�nition Based on Literature Review

SynRM is not a new concept, and it is �rst developed in 1923 by Kostko [2]. However,

this machine was not seen as a good alternative to an IM due to its relatively low-

ef�ciency at that time [3]. Kotsko thought that this machine would not be a commonly

used machine due to its unexpected behavior. The reason for this idea was the fact that

this machine type was dif�cult to start and control until the microprocessor-controlled

power converters were introduced in the 1970's [4]. Moreover, development in power

electronic devices and �nite element analysis tools ease the design of SynRMs and

also their control.

Figure 1.1: First designed SynRM [2]

Nowadays, synchronous machines with high energy density permanent magnets (PM)

dominate the electric machine market for application requiring high power density

and ef�ciency. However, due to the increase in the rare earth magnet prices as shown

in Fig. 1.2, researchers are in search for alternatives with less PM or without PM. As
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another option, machines with low cost ferrite PMs are studied.

Figure 1.2: Rare-earth magnet materials price over years [5]

Furthermore, synchronous reluctance machines have many other advantages.

� Their torque per ampere is higher than IMs and it does not depend on rotor

temperature unlike PMSM. [6]

� Their ef�ciency is higher than IM due to the lack of rotor losses.

� They are magnet free.

� Their price is low due to the lack of rotor winding, cage or magnets [6].

� They are fault tolerant due to lower braking torque under various winding fault

scenarios [7,8].

� It is easy to manufacture SynRM when it includes a stator identical to that of

the induction machine [9].

� Their control strategy is similar to IPMSM but it requires exact position mea-

surement [10].
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� Available inverters can be used in the SynRM drive systems.

Beside these advantages, synchronous reluctance machine has some disadvantages on

which researchers work. These disadvantages are as follows:

� They have higher �uctuation in output torquecompared to IMs and PMSMs [6].

� They have a lower power factor compared to IMs and PMSMs [11].

� Their high speed performance is poor due to their singly excited nature [11].

Researchers have developed some methods in order to decrease the torque ripple of

SynRMs [7, 12–25]. Some researchers focus on rotor design in order to decrease

torque ripple [7, 12–17, 21–25]. Moreover, some researchers try to decrease torque

ripple by using control methodologies [18–20].

Vagati [12] proposes that there should benr equally distanced points around the rotor

periphery where,nr is the total number of rotor slots, and it is determined by the

total number of �ux barriers. This implies a constant rotor slot pitch. Thus, some

high-order harmonics disappear. In some cases, virtual �ux barriers are added to the

machine to increasenr . When relevant calculations are performed, Vagati �gured

out that there is a relationship between rotor slot numbernr and stator slot number

ns. This relationship is given in (1.1). This methodology strictly depends on this

relationship, and it decreases the number of options for stator slot number.

nr = ns � 4 (1.1)

Moghaddam [13] wants to get rid of the relationship given in (1.1). He de�ned a new

angle� , which is given in Fig. 1.3, and keeps the rest of the rotor slot pitches de�ned

by � m constant. Thus, the relationship which is given in (1.1) is not necessary in

order to get a lower torque ripple. Moreover, there is not a rule between �ux barrier

number and stator slot number. Torque ripple can be minimized for any �ux barrier

and stator slot number pair by adjusting� angle.
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Figure 1.3: Rotor parameters de�ned in [13]

Rouhani et al. [7] proposes another method in order to decrease torque ripple. It is

identi�ed that positions of stator and rotor slots cause a cross-coupling inductance,

which is represented asLdq. This inductance causes torque ripple. Proper design of

stator and rotor decreases the effect ofLdq and torque ripple is decreased as well.

Bianchi et al. [14, 22, 23] use torque harmonic calculations so that the average and

peak-to-peak value of torque can be calculated. Torque harmonics are calculated

by using electrical loading, magnetic stator potential, and rotor magnetic potential.

Moreover, they perform simpli�ed calculations by assuming that iron ribs are re-

moved, magnetic saturation in the rotor and stator are ignored, and stator effect is ig-

nored. Maharaj et al. [15] uses Bianchi's equations and tries to optimize them. They

optimize positions of �ux barriers with respect to slot positions. Chan et al. [16] focus

on relative positions of �ux barriers with respect to each other. They create a variable

with respect to �ux barrier positions, outer �ux barrier position, and stator slot pitch.

By optimizing this parameter, he tries to minimize torque ripple.

In [17], authors make sensitivity analysis in order to determine how much torque

ripple is affected by different parameters. The parameters that they examine are the

stator inner diameter, slot opening height, slot opening width, air gap, each �ux bar-

rier position, rib thickness, and total air in the q-axis. They observe that all variables
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affect the torque ripple of the machine, but some of them have a major effect on torque

ripple, while others have a minor effect.

In [21], authors calculate the air gap magnetic �eld. Determining the reluctance in

the system by using conformal mapping. Then, he calculates the magnetic �eld in the

air gap is calculated by using the equivalent magnetic circuit approach. AS a result,

average torque and torque ripple values are obtained. Yamomoto et al. [24] propose to

use asymmetric �ux barriers in order to decrease torque ripple by using �ux barriers

that are not symmetric with respect to the q-axis of the machine. Thus, the number of

rotor parameters is doubled. This causes an increase in the computation time of the

design process.

In [18], Hamidreze et al. try to decrease torque ripple when direct torque control

(DTC) is applied. Huynch et al. [19] also try to decrease torque ripple by eliminating

errors in stator �ux calculations. As more accurate calculations are done, and torque

ripple can be decreased. Li et al. [20] use bi-axes high-frequency signals injection in

order to decrease torque ripple. In brief, these three methodologies focus on the con-

trol of the machine in order to lessen the �uctuation in output torque of the machine.

There are many studies that focus on SynRM optimization [26–36]. Most of them try

to maximize average torque and minimize torque ripple of the machine [27–34,36]. .

Moreover, only few of them focus on the high speed performance of the machine.

The performance of SynRMs at high speed is poor that is the power of the machine de-

creases with increasing speed after base speed. Researchers study on the performance

improvement of high speed synchronous reluctance machines [26,37–43]. They gen-

erally focus on mechanical structure of the machine in the high speed region [37–43].

Pellegrino et al. [26] focus on high-speed performance of the machine by maximizing

the average torque of the machine and by minimizing the d-axis �ux when the current

angle is 90. Thus, the optimized machine has good high-speed performance.

SynRMs are a good alternative for low speed and high torque applications or high

speed and low torque applications. The reason for this is that SynRMs are not conve-

nient for high-speed applications without ribs, and ribs decrease the machine perfor-

mance. Moreover, their inductance values are relatively higher, and they reach �ux

limit rapidly when speed increases. These both cause poor high-speed performance.

Our motivation is to design a SynRM with good high-speed performance. Moreover,

many studies have been published on SynRM design, but the high-speed performance
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of the machine was studied only in a couple of these studies. So, the high-speed per-

formance of the SynRM is studied in this thesis.

1.3 Outline of Thesis

The outline of the thesis is as follows:

In Chapter 2, structure and operation of SynRMs are presented and analytical expres-

sions for their torque and voltage calculations are given.

Rotor design and parameterization are performed in Chapter 3. Firstly, �ux barrier

shape is chosen among different �ux barrier topologies. Then, the number of �ux bar-

riers is determined by observing the torque ripple with the selected stator slot num-

bers. Then, rotor parameters are de�ned. Finally, the determination of position and

distribution of rotor �ux barriers are illustrated. As a post-process work, horizontal

and radial ribs are de�ned and categorized.

In Chapter 4, a 100 kW SynRM with a 12000 rpm maximum speed is designed.

Firstly, the rotor radius is determined by observing the required width of the radial

ribs that are required to assure the mechanical robustness of the rotor at the maximum

speed. Then, stator core and winding designs are performed. By using rotor parame-

ters de�ned in Chapter 3, candidate designs are created. These designs are evaluated

based on their torque ripples and high speed performances with a proposed analysis

methodology systematically. Finally, designs are illustrated to form a Pareto front and

candidate designs are selected.

In Chapter 5, permanent magnet assisted versions of the selected SynRMs in Chapter

4 are designed. NdFeB and ferrite magnets are used for machines, and their perfor-

mance and costs are compared.

In Chapter 6, the design process which is presented in Chapter 4 repeated by us-

ing a multi-objective optimization. Firstly, sensitivity analysis is performed for rotor

parameters. Then, the machine is optimized by using a multi-objective genetic al-

gorithm in which the Objectives are de�ned as the torque ripple and the maximum

power at maximum speed. Then, these results are also used to obtain a the Pareto
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front, and a design is selected. Finally, this design is compared with the designs from

Chapter 4 to evaluate the performances of both design methods.

Validation of the design methodoly and analysis results are done in Chapter 7. First,

design and manufacturing of a small-scaled 10 kW SynRM is presented. Then, the

test process is explained, and test results are given. Finally, experimental results are

compared with the simulation results.

Finally, the �ndings and outcomes of the study are summarized and suggested future

works are listed in Chapter 8.
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CHAPTER 2

CONCEPT OF SYNCHRONOUS RELUCTANCE MACHINES

The synchronous reluctance machines (SyRMs) are the multi phase motors which

have reluctance and inductance difference in their rotors and have rotating �eld. Re-

luctance difference is obtained by �ux barriers in the rotor. These �ux barriers are

air cavities and decrease magnetic conductivity. In a SynRM, there are high and low

reluctance axis as many as pole pair number. High reluctance means low magnetic

conductivity and lower inductance. Low reluctance axis is d-axis and high reluctance

axis is q- axis as can be seen in Fig. 2.1 [44].

Figure 2.1: Four pole synchronous reluctance machine
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When the stator is electri�ed, a rotating magnetic �eld is obtained. The rotor of the

machine tries to align itself to low reluctance axis, thus electromagnetic torque is cre-

ated. If the rotor is aligned to one of the lowest or the highest reluctance, machine

can not generate torque.

Stator of a SynRM is same as of a conventional induction machine (IM). Thus, con-

ventional IMs can be replaced with SynRMs by replacing only rotor.

2.1 Rotor Geometries

There are three kinds of rotor greometries. The �rst one is a simple salient pole rotor

as can be seen in Fig. 2.2. In the second type of rotor which is axially laminated

anisotropic (ALA), the laminations are shaped individually and insulated from each

other. Finally, they are connected to each other through pole holders to the central

region. In the �nal rotor type which transversally laminated anisotropic (TLA), lami-

nations are punched with traditional techniques [45].

Figure 2.2: Rotor realization techniques a. simple salient pole (SP) rotor, b. axially

laminated anisotropic (ALA) rotor and c. transversally laminated anisotropic (TLA)

rotor [45]
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2.2 PM Assisted Synchronous Reluctance Machine (PMaSynRM)

SynRMs have low power factor and poor high-speed performance as mentioned be-

fore. In order to increase power factor and correct high-speed performance, PMs are

added to the rotor of the machine. These PMs are inserted into the �ux barrier in the

rotor as can be seen in Fig. 2.3. Moreover, these PMs can be inserted to the sides of

the �ux barriers if needed. Furthermore, �ux barrier shapes should be proper for PM

insertion. In Fig. 2.3, �ux barrier has rectangular shape and it is proper to insert PM.

Magnetization direction of the PMs are shown in Fig. 2.3 and it is -q direction. This

contributes to increase power factor of the machine. Moreover, it decreases q-axis

�ux linkage and increases the reluctance difference between d and q-axis. Thus, ma-

chine performance increases.

Figure 2.3: Four pole PM assisted synchronous reluctance machine (PMaSynRM)
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2.3 Field Results for SynRM and PMaSynRM

Figure 2.4: Flux lines of SynRM a. for current angle=0 degree, b. for current an-

gle=45 degrees and c. for current angle=90 degrees

In Fig. 2.4 and 2.5, �ux density distributions of SynRM and PMaSynRM for different

current angles are given. As can be seen in Fig. 2.4, stator �ux �ows through iron

bridges when the current angle is zero and resultant torque is equal to zero in this case

since �ux �ows in the path whose reluctance is minimum. Zero current angle means

alignment of d-axis �ux. Moreover, when the current angle is90 degrees, �ux �ows
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perpendicular to �ux barriers and reluctance is maximum. As well, resultant torque is

zero in this case. When the current angle is45degrees, reluctance is neither maximum

nor minimum. Thus, the machine tries to align itself to minimum reluctance and it

generates torque.

Figure 2.5: Flux lines of PMaSynRM a. for current angle=0 degree, b. for current

angle=45 degrees and c. for current angle=90 degrees

In Fig. 2.5, �ux lines for PMaSynRM are given. As can be seen, �ux which is

perpendicular to �ux barriers decreases since PM is added in order to decrease this
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�ux. Thus, machine performance can be increased.

2.4 Vector Diagram of SynRM and PMaSynRM

dq-axes of SynRM is presented in Fig. 2.4. As can be seen, the reluctance of the d-

axis is smaller than the q-axis reluctance. It concludes with higher d-axis inductance

Ld than q-axis inductanceLq. Moreover, this reluctance difference causes reluctance

torque. Moreover, vector diagram is given in Fig. 2.6 for SynRM and in Fig. 2.7 for

PMaSynRM. According to Fig. 2.6, voltage equations can be obtained by ignoring

the stator resistance. As can be seen in Fig. 2.7, PM should generate a voltage in

d-axis in order to decrease the angle between phase current and voltage. Thus, the

magnet is added to q-axis and magnetization direction is chosen as -q-direction.

Vd = � ! eLqI q (2.1)

Vq = ! eLdI d (2.2)

Vs = jVd + Vq (2.3)
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Figure 2.6: Vector diagram of SynRM

-

Figure 2.7: Vector diagram of PMaSynRM
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2.5 Operating Characteristics of SynRMs

Torque equation of a SynRM is given in (2.5), wherep is the pole pair number. Ac-

cordingly, d-axis currenti d andq-axis currenti q should be equal to get maximum

torque per ampere so current angle wrt.d-axis (� ) is 45 deg for the unsaturated op-

eration. Once the magnetic core material starts to saturate,d- andq-axis inductances

(Ld andLq) get affected by saturation differently. As can be seen in the Fig. 2.8,

d-axis �ux linkage � d is much larger thanq-axis �ux linkage � q and� q gets affected

from saturation relatively less. So,Ld is more prone to saturation due to a very low

magnetic reluctance on thed-axis �ux path compared toq-axis. This means that the

machine saliency ratio� = Ld=Lq decreases due to saturation. Therefore,i d is de-

creased to keep theLd close to its unsaturated value andi q is increased to be able to

obtain a higher torque. This leads to an increase in the current angle. Therefore, a

higher current angle than 45 deg is applied depending on the saturation level of the

core materials even in the base-speed region. This is done to make sure the machine

generates maximum torque per ampere. Fig. 2.9 shows the effect of the saturation on

the torque characteristics. As stator phase currenti s increases, maximum torque per

ampere angle shifts away from 45 deg.

� d = Ldi d and� q = Lqi q (2.4)

Tem =
3
2

p(� di q � � qi d) =
3
2

p(Ld � Lq)i di q (2.5)
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Figure 2.8: Exemplary� d and� q characteristics as a function ofi d andi q.
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Figure 2.9: Exemplary torque characteristics at various stator currents.

As rotational speed increases, the stator voltage limit that is related to the DC-link

voltage and the used modulation technique is reached. In (2.6), voltage limit is given

for space vector pulse width modulation, whereVdc is the DC-link voltage and! e is

the electrical frequency. SinceLd > L q, stator terminal voltagevs can be reduced

more rapidly asd-axis current reduces. So, reducingd-axis current is bene�cial also

in high-speed operation to restrict the phase voltage as it was applied in magnetic

saturation to increase torque-per-ampere.

vs =
q

(! eLdi d + Rsi q)2 + ( ! eLqi q + Rsi d)2 �
Vdcp

3
(2.6)

SynRMs are known to have a limited �eld weakening range since the current angle

that gives the highest torque-per-ampere and the current angle that must be applied to

stay within the voltage limit are close to each other only for a short extended speed

range. As can be seen in Fig. 2.10, there is a sharp decrease in the torque vs. current

angle characteristics around 4500 rpm and the output power cannot be kept constant

at higher speeds.
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Figure 2.10: Exemplary power and current angle characteristics.

The power factor of a SynRM depends on the saliency ratio� and operating condi-

tions. For an operation with a current angle,� equal to 45 deg, a power factor lower

thancos(�= 4) � 0:7 can be reached with a high saliency ratio. The vector diagram

representing this case is shown in Fig. 2.6, where it is clear thatd-axis voltagevd

must be ideally zero to get the mentioned power factor value. However, in the case

of magnetic saturation and operation at stator voltage limit, the power factor can get

values around 0.8 and slightly higher as� > 45 deg. The change of the current angle

over speed when the machine operates within stator voltage limits can be seen in Fig.

2.10, where it changes between approximately between60� 80deg.

In Fig. 2.11, torque, power, power factor and ef�ciency for PMaSynRM and SynRM

are given. These characteristics are categorized under maximum torque per Am-

pere (MTPA), FW region 1 (constant current, constant voltage) and, FW region 2

(decreasing current, constant voltage). As can be seen, there is only FW 1 region

for PMaSynRM in the considered speed range and it does not reach the FW region

2 [46]. Moreover, PMaSynRM has better torque, power at maximum speed, power

factor, and ef�ciency than SynRM.
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Figure 2.11: Torque, power, power factor and ef�ciency for PMAREL and REL con-

�gurations [46]

In this thesis, the motivation is to increase FW1 region as much as possible without

PM and designing only the rotor of the machine. Thus, it can be seen whether this

machine can reach up to high speed without PM or not. If this can not be accom-

plished, PM amount can be decreased by designing the SynRM to get a wide FW1

region.
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CHAPTER 3

ROTOR PARAMETERIZATION AND DESIGN FOR SYNRM

The rotor design of SynRM includes both electromagnetic and mechanical design as-

pects. The electromagnetic design dictates the machine performance such as average

torque, torque ripple, and high-speed performance. However, electromagnetic design

is restricted by mechanical concerns so that the rotor keep its integrity at high speeds.

Therefore, electromagnetic and mechanical design aspects should be considered con-

currently.

3.1 Rotor Geometry and Parameterization

As the name also implies, SynRM generates only reluctance torque. To achieve this

torque, there should be a reluctance difference between the d and q-axes. Reluctance

difference is achieved thanks to the �ux barriers. Flux barriers are the air cavities that

are introduced through d and q axis as can be seen in Fig. 3.1. There are different

kinds of �ux barrier shapes. In this study, a rectangular or also called U-shaped �ux

barrier shape is chosen to ease the parameterization and placement of PMs in PM

assisted type SynRMs. Moreover, there are alternative �ux barrier shapes such as

Zhukovski barrier and C-type barrier [47–51].

This study aims to create a rotor model with reduced number of parameters. There-

fore, some assumptions are made. A representative rotor model of a 4-pole 3 �ux

barriers design is shown in Fig. 3.1. As can be seen in this drawing, the thickness

of an the magnetic material between two sequential air barriers is constant through

the d and q-axes while thicknesses of �ux barriers vary. This property provides a

homogenous saturation level along with each iron mass. Almost all magnetic �ux
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Figure 3.1: Rotor for 4 pole machine with 4 �ux barriers

�ows through electrical steel, and magnetic material should be kept constant through

the �ux path. Then, it is observed that �ux density on each iron is constant by using

(3.1).

� = BA (3.1)

Rotor design includes geometry aspects and parameters. To achieve good rotor geom-

etry, parameters should be chosen and de�ned well. It makes it easier to create a rotor

and gives a chance to control each parameter individually. Thus, the effect of each

parameter on the machine performance can be observed. Moreover, rotor geometry

optimization can be performed by optimizing these variables. De�ning rotor geome-

try with the fewer variables enables optimization with less computation time as well.

In light of this information, rotor parameterization is critical to make the design easier

and to fasten the analysis. Rotor parameters can be categorized under two subtopics:

�ux barrier position parameters and �ux barrier distribution parameters.

Flux barrier positions affect the torque ripple, so they should be determined carefully.

The parameter for the position is the tangential angle between each �ux barrier and

all �ux barriers should �t in a pole pitch. Some designers determine each �ux barriers
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(a) Analytical calculation results for 36 slots, 4

poles and 3 barriers

(b) Analytical calculation results for 36 slots, 4

poles and 4 barriers

(c) Analytical calculation results for 48 slots, 4

poles and 3 barriers

(d) Analytical calculation results for 48 slots, 4

poles and 4 barriers

Figure 3.2: Effects of slot number and �ux barriers number on torque ripple
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angle individually. This causes that there is an angle parameter as many as �ux bar-

riers. However, Vagati [12] proposes a constant rotor slot pitch which concludes that

each �ux barrier is placed with equal angle intervals which are equal to� m . However,

there should be a relationship between the rotor slot number and stator slot number

which isnr = ns � 4 so that torque ripple can be decreased. However, this situation

restricts the options to choose �ux barrier number and stator slot number. Moghad-

dam [13] proposes to use another angle� that will be added to the outer most �ux

barrier to get rid of the dependency of rotor �ux barrier number on stator slot num-

ber. This method can be applied to any pair of stator slot numbers and �ux barrier

numbers. As can be seen in Fig. 3.2, torque ripple can be minimized for any �ux

barrier and stator slot number pair by changing� . Torque ripple is minimized for a

machine with 36 slots, 4 poles, and 4 barriers by choosing� value between 5 and

10 degrees. For each combination, there is an interval for the� to minimize torque

ripple. By observing these results, the interval of� value to minimize torque ripple

can be chosen. This choice can be performed by considering fabrication and resulting

�ux barriers length. In the case of PM assisted SynRM design, �ux barrier lengths

should be taken into consideration since it affects the possible amount of PMs. The

relationship between� m and� is given in (3.2) where p is pole number and k is the

total number of �ux barriers. If� is set to0, we can ontain Vagati's model and� is

illustrated in Fig. 3.3.

� m =
�
p � �

k + 0:5
(3.2)

On the other hand, �ux barrier distribution parameters affect the average torque and

high-speed performance of the machine. These parameters determine the amount

of air in d and q-axis and its distribution to each �ux barrier and iron bridge. As

dmentioned before, iron between two sequential air barriers are constant in d and q-

axis, and they are represented asSn for nth barrier. Thus, the total amount of iron

in the d and q-axis is the same. However, the thickness of �ux barriers is different

in the d and q-axis, and they are represented asWn1 andWn2 for nth barrier where1

represents q-axis and2 represents d-axis, respectively. The relationship betweenWn1
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Figure 3.3: Parameters for 4-pole rotor with 3 barriers

andWn2 is given in (3.3).

Wn1

Wn2
=

Wk1

Wk2
(3.3)

For each axis, there are different parameters in order to determine the total amount of

air. It is de�nedkwq for q axis and it is given in (3.4) while it is de�ned askwd for d

axis as given in (3.5).

kwq =
P k

n=1 Wn1
P k

n=1 Sn

=
W11 + W21 + W31:: + Wk1

S1 + S2 + S3::Sk
(3.4)

kwd =
P k

n=1 Wn2
P k

n=1 Sn

=
W12 + W22 + W32:: + Wk2

S1 + S2 + S3:: + Sk
(3.5)

By combining (3.3), (3.4) and (3.5), the relationship betweenkwq , kwd, Wn1 andWn2
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is obtained as in (3.6).

Wn1

Wn2
=

kwq

kwd
(3.6)

Knowledge ofkwq and kwd with an inner and outer radius of the rotor which are

represented asRshaf t andRr , respectively, just gives the total amount of iron and air

in d and q-axis. However, thicknesses of each �ux barrier and iron bridge can not

be still found. Thus, there is still a need for extra parameters in order to determine

thicknesses. Thus,ki andkb are de�ned, whereki is the distribution factor for iron

bridges andkb is the distribution factor for �ux barriers. Iron distribution is performed

for iron bridges whenn andk are not equal to 1 in (3.7). When inner iron, which is

represented asS1, is compared to other iron thicknesses, there is a difference. Inner

iron is halved since it is doubled on d-axis. The relationship is given in (3.8).

Sn

Sk
= kn� k

i (3.7)

Sn

S1
= 2kn� 1

i (3.8)

In the same manner, �ux barrier distribution can be performed as in (3.9).

Wn1

Wk1
= kn� k

b (3.9)

Flux barrier is perpendicular to d-axis and parallel to q-axis. This makes it easier

to arrange the constant thickness of iron masses. It concludes with different angle

between �ux barrier side crossing� values for rotors with different pole numbers.

The relationship between� and pole numberp is given in (3.10).

� = �= 2 + �=p (3.10)

� is illustrated in Fig. 3.3 for 4-pole rotor. It decreases with increasing pole number.

For example, it is135degree for 4 poles while it is120degree for 6 poles. How-
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ever, higher pole numbers are not suitable for this barrier shape due to mechanical

concerns.

The number of �ux barriers is commonly chosen as 3, 4 ,or 5. It depends onhr which

is illustrated in Fig. 3.3. Whenhr is small, 3 �ux barriers should be chosen. If

it is chosen higher with smallhr , thicknesses of �ux barriers and irons get smaller.

This may not be suitable for fabrication and it can cause mechanical problems in

high-speed applications. Moreover, number of barriers affects the torque ripple of

the machine as shown in Fig. 3.2 which is calculated analytically and will be given

in Chapter 4 in detail. In this �gure, torque ripple for different combinations of sta-

tor slot number and �ux barrier numbers is given, a signi�cant change in the torque

ripple between the designs with same stator slot number but different �ux barrier

number. This illustrates that the choice of the number of �ux barrier affects torque

ripple results. Thus, designers should decide the number of �ux barriers at the be-

ginning of the design process by inspecting the mechanical restrictions and the stator

slot number.

3.2 Rotor Geometry Creation

In order to create rotor, thicknesses of all iron bridges and �ux barriers should be

calculated by using parameters such askwq, kwd, ki , kb and� . As mentioned before,

the thickness of an iron bridge through the d and q axis is constant. Thus, there is

one thickness parameter for each iron bridge and there are totaln + 1 parameters

for iron bridges wheren is the number of �ux barriers. Moreover, the relationship

betweenWn1 andWk1 is given in the previous part. Ifkwq andkwd are known, then

there is one parameter for each �ux barrier and for example there are a total of 3

parameters for a �ux barrier design. This is concluded that there are 7 independent

parameters for thickness and they should be calculated. When it is generalized, there

are 2n + 1 parameters for a rotor withn �ux barrier. In order to calculate these

thickness parameters, there should be2n + 1 independent equations.

Whenkwq is known for a machine, the total amount of iron through the d and q-axis

is known. This gives an equation which is shown in (3.11) for a rotor with 3 �ux
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barriers.

S1 + S2 + S3 + S4 = hr
1

1 + kwq
(3.11)

The second equation comes with the knowledge ofkwd. When it is known, the total

amount of air in the d-axis is known and the equation is given in (3.12) for a rotor

with 3 �ux barriers.

W12 + W22 + W32 = hr
kwd

1 + kwq
(3.12)

Position parameter� comes with 3 equations for a rotor with 3 �ux barriers. These

equations are given in (3.13), (3.14) and (3.15), respectively. This makesn additional

equations for a rotor withn �ux barriers when� is known.

S1 +
W12

2
= ( Rr + g)sin(

� m

2
) (3.13)

S1 + S2 + W12 +
W22

2
= ( Rr + g)sin(

3� m

2
) (3.14)

S1 + S2 + S3 + W12 + W22 +
W32

2
= ( Rr + g)sin(

5� m

2
) (3.15)

Up to now, there aren + 2 equations by knowingkwq, kwd and� . Other equations

vary with a chosen design methodology and equation number for each parameter can

be observed in Table 3.1. There are three kinds of methodology: rotor design with

respect tokb, rotor design with respect toki , and rotor design by keeping outer iron

thickness constant. These methodologies should be examined individually. If they

are investigated at the same time, the number of equations exceeds2n + 1 which

concludes with no solution case.
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Table 3.1: Equation numbers for peach parameter

Design parameter Number of equations

kwq 1

kwd 1

� n

kb n � 1

ki n

3.2.1 Model 1: Flux barrier distribution with respect to �ux barrier distribu-

tion

In this methodology, barrier distribution is performed by consideringkb. The thick-

nesses of iron bridges depend on these results. For a machine with 3 �ux barriers,

there are 2 equations which are given in (3.16) and (3.17).

W12 �
1
kb

W22 = 0 (3.16)

W12 �
1
k2

b

W32 = 0 (3.17)

In general, there are (n-1) equations for a machine with n �ux barriers. Thus, there are

(2n+1) independent equations whenkwq, kwd, � andkb are known. By using (3.11),

(3.12), (3.13), (3.14), (3.15), (3.16) and (3.17), the solution for this methodology can

be obtained. These equations can be solved by using (3.18).
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2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

S1

S2

S3

S4

W12

W22

W32

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
5

=

2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

1 1 1 1 0 0 0

0 0 0 0 1 1 1

1 0 0 0 0:5 0 0

1 1 0 0 1 0:5 0

1 1 1 0 1 1 0:5

0 0 0 0 1 � 1
kb

0

0 0 0 0 1 0 � 1
k2

b

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
5

� 1 2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

hr
1

1+ kwq

hr
kwd

1+ kwq

(Rr + g)sin( � m
2 )

(Rr + g)sin( 3� m
2 )

(Rr + g)sin( 5� m
2 )

0

0

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
5

(3.18)

If PMs will be implemented to the machine, it is practical to takekb as 1. Thus, the

thickness of each �ux barrier is equal to each other. Implemented PMS also have the

same thickness. The manufacturer can order PMs with standard sizes for each �ux

barrier.

3.2.2 Model 2: Iron mass distribution with respect to iron bridge distribution

The second methodology is based on the distribution of iron by usingki . Thicknesses

of �ux barriers are determined by resultant iron thicknesses. For a machine with 3

�ux barriers, there are 3 independent equations as given in (3.19), (3.20) and (3.21).

S1 �
1

2ki
S2 = 0 (3.19)

S1 �
1

2k2
i
S3 = 0 (3.20)

S1 �
1

2k3
i
S4 = 0 (3.21)

Whenkwq, kwd and� are known and iron distribution is performed by usingkb, there

are2n + 2 equations. This value is larger than parameter number which should be

calculated. Thus, it is concluded with no solution. However, there are 2 different

way in order to overcome this challenge. First one is thatkwd is not determined for

a design. This value will be resultant parameter which is calculated by using other
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values. So, the equation which is given in (3.12) is not used in this methodology

and result is obtained by using (3.11), (3.13), (3.14), (3.15), (3.19), (3.20) and (3.21).

These equations are solved by using (3.22).
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2k i
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2k3
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0 0 0
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7
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7
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(3.22)

This methodology is not practical since the effect ofkwd can not be observed. More-

over, the change of outer iron's thickness does not give any development for a de-

signer as will be shown later. Thus, an another way is to vanish one of equations is

to ignore (3.21). Thus,kwd is still parameter and thickness of last iron is a resultant

parameter. By using by using (3.11), (3.11), (3.13), (3.14), (3.15), (3.19) and (3.20),

design can be performed. The solution is obtained by using (3.23).
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(3.23)

This methodology is more practical than the previous one since the effect ofkwd can

be observed. Moreover, the thickness of the outer iron makes sense.
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3.2.3 Model 3: Fixed outer irons width

The �nal methodology is that thickness of the outer iron is determined and kept con-

stant for all designs. This thickness is minimized by considering mechanical and

electromagnetic restrictions. When it is larger, stator magnetic �ux �ows through this

iron and it does not contribute to generating torque and power. Moreover, it is re-

stricted by mechanical concerns and it can not be very narrow. By considering these,

its thickness is chosen by the designer. As can be seen, the number of parameters

that should be calculated decreases by 1 while the number of equations is constant.

In order to overcome this situation, the shaft radius of the machine is taken as a vari-

able and determined by parameters such askwq, kwd, and� . Moreover, distribution

is performed by usingkb. When this methodology is compared to �rst one, there are

difference on equations (3.11) and (3.12) and these equations are updated as in (3.24)

and (3.25).

S1 + S2 + S3 + Rshaf t
1

1 + kwq
= Rr

1
1 + kwq

� S4 (3.24)

W12 + W22 + W32 + Rshaf t
kwd

1 + kwq
= Rr

kwd

1 + kwq
(3.25)

By using (3.24), (3.25), (3.13), (3.14), (3.15), (3.16) and (3.17), the solution for this

methodology can be obtained. These equations can be solved by using (3.26).
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(3.26)

This is a more practical methodology since minimizing the thickness of outer iron

increases machine performance. Its effects will be considered in further chapters. A

32



Figure 3.4: Rotor for 6 pole machine with 4 �ux barriers

representative 6 pole machine with 4 �ux barriers are given in Fig. 3.4.

3.3 Rib Design

Ribs are constructed in order to provide mechanical strength to the rotor. There are

two kinds of ribs: tangential and radial ribs. Tangential ribs are placed at the endpoints

of �ux barriers as can be seen in Fig. 3.5.

Radial ribs are placed in �ux barriers. There are two kinds of radial ribs according to

their positions in �ux barriers. The �rst one is placed at the center of �ux barriers as

can be seen in Fig. 3.5. It is commonly used for radial ribs since it is easy to design.

When it is designed, all ribs have the same dimensions. However, when PM is placed

into �ux barriers, it should be moved to the cross point of d and q-axis as illustrated

in Fig. 3.6.

Stress analysis is performed by using the simulation toolbox of SOLIDWORKS. Dur-

ing the analysis, the yield strength of the material is critical. Yield strength corre-

sponds to the yield point at which material begins to deform and the maximum stress

of the rotor should not exceed this point. When it exceeds the yield strength of the ma-

terial, this is not a well-designed machine due to mechanical concerns. Stress which

occurs on the rotor is proportional to the traditional centrifugal force which is given in
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Figure 3.5: Ribs at the middle point of �ux barrier

(3.27). Radial magnetic pull is usually much lower than the centrifugal force. Thus,

the radius of the rotor should be taken into consideration when ribs are designed.

Fc = m! 2r (3.27)

The stress on the ribs is not equal since the stress on the inner ribs are higher due to

the mass which they carry. Stress results for a machine with 4 poles can be seen in

Fig. 3.7.
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Figure 3.6: Ribs at the cross point of d and q-axis of �ux barriers

Figure 3.7: Mechanical simulation results for 6 pole machine
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As can be seen in Fig. 3.7, the most stress occurs on the radial inner ribs. From inner

ribs to outer ribs, stress decreases. Moreover, this is not a mechanically well-designed

machine since maximum stress is larger than the yield strength of the material.

Mechanical design is performed iteratively. Firstly, a poor design is analyzed and

its results are collected. Then, the rotor's parts, which carry more stress than yield

strength, are modi�ed and analysis is repeated. If it is necessary, the radius of the rotor

may be updated. Finally, a mechanically well-designed machine can be obtained.
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CHAPTER 4

DESIGN OF A 100 KW MACHINE WITH PARAMETRIC SWEEP

4.1 Introduction

In this chapter, a100kW machine design process is detailed. Design speci�cations

are given in Table 4.1. The machine's power rating is chosen as100 kW, and the

maximum speed is �xed to12000rpm and resultant maximum frequency is600Hz

and it is achievable according to [52]. Moreover, the maximum torque output of the

machine is �xed to250Nm, and it is performed by arranging machine axial length.

Table 4.1: Design speci�cations

Parameters Values

Power rating (kW) 100

Maximum speed (rpm) 12000

Maximum torque (Nm) 250

Pole number 6

Maximum frequency (Hz) 600

Flux barrier number 4

Stacking factor 0:95

Pole pair selection is made by considering the machine size and manufacturing. When

the pole pair is smaller, the thickness of the back-iron is larger, and the total size of

the machine increases. When the pole pair increases, the total size of the machine

decreases. However, manufacturing becomes more dif�cult. Thus, the pole pair is
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chosen as3, and the pole number is6. Moreover, �ux barrier number selection is

performed by considering both mechanical and electromagnetic concerns. Choos-

ing �ux barrier number high makes manufacturing harder since thicknesses of �ux

barriers and iron bridges are smaller. Moreover, iron bridges saturate easily. Thus,

�ux barrier numbers should not be selected higher. Possible candidates for �ux bar-

rier number is3 and4. On the other hand, selecting this number higher increases

machine performance. Thus, it is selected as4.

4.2 Design Flowchart

Figure 4.1: Design speci�cations
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The design steps are shown in the �owchart given in Fig. 4.1. In the design process,

the �rst step is machine sizing which includes stator and rotor sizing, and winding

design. Then, candidate designs are obtained for the machine after the sizing process.

It concludes with so many candidates, so the ones with better performance should

be selected. The �rst elimination is performed according to geometrical restrictions.

Then, torque ripples of the remaining designs are examined and second elimination

is made according to these results. Finally, the high-speed performance of the de-

signs which pass both eliminations are examined. Moreover, other parameters can

be calculated and elimination can be performed by considering these performance

parameters such as ef�ciency, but elimination is not performed by considering the

ef�ciency since ef�ciency values are close to each other. The ef�ciency is not calcu-

lated, as well. Finally, their high-speed performances are compared and three of them

is chosen and analyzed in detail. In this section, the details of these steps are given.

4.3 Machine Sizing

4.3.1 Determination of Rotor Outer Radius

Determination of rotor radius includes iterative mechanical simulations. These simu-

lations begin an initial design which is most probably mechanically not robust, then

these results are improved by modifying the rotor radius and rib widths. In the rotor

model, ribs are placed at the point where d and q-axes intersect as in Fig.3.6. Thus,

there are two identical radial ribs for each �ux barrier. Their widths are represented

asw1, w2, w3 andw4 from inner one to outer one for a four �ux barrier design, re-

spectively. Each parameter represents each radial ribs in a �ux barrier. Tangential ribs

width is taken as1 mm and it is constant for all designs. In order to start mechanical

simulations, a starting point should be chosen. For this purpose, some commercial

machines are examined and they are compared in Table 4.2 [53].

Lower limit for rotor diameter is chosen as136mm. As an initial point, the upper

limit is chosen as150mm and ribs are not added to the �rst analysis. Then, maximum

stress is observed on the rotor when the machine is rotating with12000rpm. This

stress value should be smaller than the yield strength of the material which is265
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MPa. A safety factor around1:2 � 1:3 should be also considered.

Table 4.2: Rotor and power values of BMW i3 and Jaguar I-Pace [53]

Model Machine type Maximum speed (rpm) Rotor Diameter (mm)

BMW i3 IPM 11500 178:6

Jaguar I-Pace IPM 13000 135:2

Table 4.3: Stress values for different rotor geometries

Rr (mm) w1 (mm) w2 (mm) w3 (mm) w4 (mm) Max. stress (kPa)

75 0 0 0 0 1686

75 1 0:75 0:5 0:25 548

72 1 0:75 0:5 0:25 495

72 1:25 1 0:75 0:5 440:3

70 1:25 1 0:75 0:5 407:8

70 1:5 1:25 1 0:75 376:5

68 1:5 1:25 1 0:75 359:6

68 1:75 1:5 1:25 1 317:6

68 2 1:75 1:5 1:25 291:7

68 2:5 2:25 1:75 1:5 254:4

While rotor radius is decreased, radial ribs widths are increased iteratively. As men-

tioned before, the width of the inner radius is the highest and the uppers are the lowest.

As a �nal decision, the rotor radius is chosen as68mm. The rib width selection is a

trade-off between machine magnetic and mechanical performance. When the radial

rib widths are selected as in the last row of Table 4.3, an electrical steel material with

around400MPa yield strength should be used to stay at safe side when safety factor

is chosen as around1:4. In this design, M470 whose mechanical properties are given

in Table 4.4. Moreover, the material whose yield strength is430MPa can be used

as an alternative such as 35JN210 given in [54] in order to stay in safe side. Finally,

mechanical simulation results for the machine which is described by last row of Table

4.3 are given in Fig. 4.2.
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Table 4.4: Mechanical properties of rotor material

Mechanical property Value Unit

Elastic modulus 201000 N=mm2

Poisson's ratio 0:3 –

Shear modulus 75000 N=mm2

Mass density 7700 kg=m3

Tensile strength 4:1 � 108 N=m2

Yield strength 2:65� 108 N=m2

Figure 4.2: Mechanical simulation results for the selected rotor
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4.3.2 Stator Design

This section includes the determination of stator parameters such as inner radius and

outer radius. Moreover, slot selection and design is performed. Thus, a complete

stator is obtained.

The inner radius of the stator can be calculated by using (4.1) whereRr is the outer

radius of the rotor andg is the air gap. In the previous section, the rotor radius was

calculated and determined to be68mm. Thus, it is enough to calculate the length of

the air gap to obtain the inner radius of the stator.

Rs;in = Rr + g (4.1)

Wheng is determined, there are two values to take into consideration. The �rst one

is the mechanical limitation which is provided by the manufacturer and is0:8 mm.

Another one is the value which is obtained by using (4.2) whereP is the power of

the machine andp is the pole pair number [55]. The result for a100kW machine is

calculated as0:78mm. When both results are combined, the air gap is chosen as0:8

mm and the inner radius of the stator is equal to68:8 mm correspondingly.

g =

8
<

:

0:2 + 0:01P0:4; if p = 1,

0:18 + 0:006P0:4; if p 6= 1.
(4.2)

Another part of stator design is slot design which includes the determination of slot

width to slot pitch ratio and slot height. The �rst decision to be made when designing

the slot is whether the slot or teeth will be rectangular. Rectangular teeth are used

in this study to achieve a constant level of saturation throughout the tooth. Thus, the

shape of the slots become trapezoidal which is illustrated in Fig. 4.3. Straight slot

design must be selected if a hair-pin type winding is going to be used.
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Figure 4.3: Trapezoidal slot and rectangular tooth

There are 4 parameters that need to be de�ned and calculated. These are slot opening

width ws0, slot opening heighths0, slot width ws and slot heighths, respectively.

Slot opening width is selected2:5 mm for easier placement of wires and slot opening

height is taken as1 mm. In order to calculate slot width, slot width to slot pitch ratio

ks should be determined. Slot pitch can be calculated as in (4.3) whereQ is the total

number of slots andks is calculated by using (4.4).

� s =
2� (Rr + g + hs0)

Q
(4.3)

ks =
ws

� s
(4.4)

In order to calculateQ, the decision on the selection of integer slot or fractional slot

must be made and an integer slot is chosen in this study. Then, slot number per

pole per phaseq should be selected. Choosingq as high as possible is effective for

reducing the effect of slot harmonics. However, it is restricted by mechanical and

electromagnetic concerns since choosingq higher causes a decrease in the width of

teeth. Thus,q is chosen as 3 andQ is calculated as in (4.5) and found as 54. For
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machines with higher pole numbers, it is more common to chooseq = 2.

Q = npq (4.5)

In this study, ks will be selected as 0.4 and 0.45. Then, the stators that are obtained

by using these two values will be compared and one will be selected. Corresponding

ws values are3:24mm and3:65mm. In order to calculatehs, MMF analysis of the

machine should be performed. For this purpose, a constant and random turn number

is chosen and it is5 for this study. Then, by increasing it by 10 Ampere for each step,

currents from 0 to 500 Amperes are applied respectively and maximum torque output

of the machine obtained. The results are shown in Fig. 4.4.

Figure 4.4: Torque/current vs MMF forks = 0:4 andks = 0:45

The purpose of doing this is to obtain the nonlinear relationship between torque and

current. This relationship is exponential at �rst but later turns linear and eventually

becomes logarithmic. The reason for this is that the machine is saturated. The MMF

selection is chosen a little further than the point where saturation begins since the

machine is required to be saturated. The operating MMF point is chosen 1150 turn

Ampere forks 0.4 and 1200 turn Ampere forks 0.45. These values are also deter-
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mined based on the fact that the torque must be halved if maximum MMF is halved.

So far, only MMF value is determined. In order to calculatehs, the slot area should

be determined. For this purpose, �ll factorkf and current densityJrms should be

determined. Then, the slot area can be calculated by using (4.6).

Aslot =
MMF

p
2Jrms kf

(4.6)

For EV application, current density can be chosen higher than commonly selected

values for fan cooloed all purpose machine such as5A=mm2 [56]. In this application,

it is chosen as15A=mm2 and this current density value is desired in critical operation

for short time interval. Moreover, water cooling system of EV is used and choice of

15 A=mm2 as current density is not extremely high. Fill factor value is chosen as

0:45. Slot areas are found as125:71 mm2 and 120:47 mm2 for ks 0:4 and 0:45,

respectively.

After slot area is calculated,hs can be found. For this, area formula for trapezoid

is used. By doing this, an equation is obtaines as in (4.7). After, it is solved,hs is

obtained and it is26:64mm and24:05mm for ks 0:4 and0:45, respectively.

h2
ssin(

�
Q

) + hsws � Aslot = 0 (4.7)

In order to get high performance from the machine, the saturation level of the back

iron of the stator should be controlled. If it is saturated, machine performance de-

creases. However, if its saturation level is lower, the machine is over-designed and it

could be smaller. For this design, magnetic �ux density in the back iron of statorBbi

is chosen as1:5 T. Then, the fact that all magnetic �ux in the air �ows in the back

iron of the stator is used in order to calculatehbi. Thus, integration of the magnetic

�ux density in the air-gap gives all �ux �owing through the back iron of the stator and

it is given in (4.8) wherelz is the axial length of the machine. Integration of magnetic

�ux density in the air gap is calculated as in (4.9) whereBair;r is the magnetic �ux

density at the distancer which is the middle point of the air gap.

� bi = Bbihbi lz (4.8)
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� air =
Z �

p

0
Bair;r sin(p� )rl z d� (4.9)

These two equations are equal to each other, the equation which is used in order to

calculatehbi is obtained and it is given in (4.10).

hbi =
1

Bbi

Z �
p

0
Bair;r sin(p� )r d� (4.10)

Bair;r is 1:47 T for ks 0:4 and1:4 T for ks 0:45, respectively. Then,hbi is found

as22:33 mm and21:24 mm, respectively. These values are obtained with an over-

designed back iron. All stator dimension values are presented in Table 4.5. According

to these values,ks are chosen as0:4 due to higher torque per volume.

Table 4.5: Stator dimensions forks = 0:4 andks = 0:45

ks 0:4 0:45

Output torque (Nm) 287:62 257:47

Slot width (mm) 3:24 3:65

Slot area (mm2) 125:71 120:47

Slot height (mm) 26:64 24:05

hbi (mm) 22:33 21:24

Outer stator radius (mm) 118:77 115:09

Total volume (liter ) 8:86 8:32

Torque/total volume (Nm=liter ) 32:46 30:95

4.3.3 Winding design

The winding design includes determining the turn number in the slots and whether

they are connected to each other in series or parallel. As mentioned in the upper sec-

tion, the total slot number is 54 and the slot number per phase per pole is equal to 3.

Turns in under different poles are connected in series, but they can be connected par-

allel as well. This choice is not critical for the overall design process since the same

winding diagram can be obtained by connected either in series or parallel. However,
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when they are connected parallel, there are more options for turn numbers. For ex-

ample, when they are connected in series, the effective turn numbers are all integer

numbers. However, the series connection is enough for this design process.

When determining the number of turns in each slot, the high-speed performance of

the machine should be taken into account. For this purpose, other parameters which

affect the high-speed performance of the machine such as driver properties and PWM

methodology in the driver should be taken into consideration. As a PWM method-

ology, space vector PWM (SVPWM) is chosen due to the higher phase voltage than

sinusoidal PWM (SPWM) with the same DC link voltage.

Table 4.6: Driver parameters

Property Value

DC voltage (Volt) 600

Modulation index 0:96

Phase voltage (Volt) 220:71

Phase current (Ampere) 283:51

Power factor of the machine 0:75

In order to determine the turn number in each slot, some of the turn numbers are

selected. Since this number is discrete, there are not many options. Thus, selected

values are 2, 3, 4, 5, and 6. For each turn number, the current limitation due to the

driver of MMF limitation should be determined. The current limitation due to the

driver is 400 Ampere as can be seen in Table 4.6. MMF limitation is selected as

1200 Ampere.turn in the previous section and corresponding current limitation can

be found by dividing MMF limitation by turn number. For these two methods, the

corresponding current limitation is the peak of phase current.

After current limitations are determined, high-speed performance can be obtained.

High-speed performance analysis will be detailed in the further section, but results

for different turn numbers are given in 4.5.
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Table 4.7: Current limitations for different turn numbers

Turn number Current limitation (Ampere)

2 400

3 400

4 300

5 240

6 200

Figure 4.5: Power-speed characteristic for different turn numbers

When the turn number is equal to 4, 5, or 6, the machine can not reach 100 kW since a

higher turn number concludes with higher inductance values and the machine reaches

the �ux limit rapidly. Because of this, their base speed values are smaller. Their

output torque value is equal to each other because these values are �xed to250Nm

by adjusting the axial machine length. This situation can be observed in Fig. 4.5 by

examining the slopes of graphs before machines reach base speed and it is observed

that they are equal to each other. The reason why250Nm is chosen is that the base

speed of the machine is �xed around 4000 rpm which is sensible when the maximum
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speed of the machine is equal to 12000 rpm.

When the turn number is equal to 2 or 3, the machine can reach 100 kW. Thus, these

turn number values can be chosen. However, when the turn number is equal to 2,

the maximum power of the machine is around 120 kW. This value is larger than 100

kW, so this concludes with the overdesigned machine. It is important to mention that

the compared designs have different axial lengths from whichN = 2 design has the

longest axial length. The closest value to 100 kW is obtained when the turn number

is 3.

When turns of sequential coils are connected in series, there is no choice but to choose

the turn number 3. However, when it is chosen as 3, the machine is still overdesigned

but its degree is acceptable. If a designer wants to decrease its degree, the parallel

connection can be a solution. When the maximum power results are examined, the

design whose maximum power is 100kW should have a turn number between 3 and

4. These values can be reached by choosing turn number 10 or 11 and connecting

poles in parallel. Thus, corresponding turn numbers are equal to 10/3 and 11/3 which

are between 3 and 4. However, for this design, the turn number is selected as 3

and connecting in series. In deed the machine was designed for 3 turns per slot as

400x3 = 1200turns.Ampere value is reached with400A current limit. Design of the

machine is an iterative process. Here mostly end results are reported.

4.4 Creation of Candidate Designs

After the machine sizing is completed, candidate designs are created. For this pur-

pose, Method 3 which is rotor design methodology by �xing outer irons width and

given in Chapter 3, is used. This is performed by sweeping determined rotor parame-

ters which arekwd, kwq, kb and� . Firstly, their limits and steps should be determined.

Before the limits of these variables are determined, it is observed that there is a re-

lationship betweenkwd andkwq. Thus, their limits are determined together. For this

purpose, the maximum torque outputs of some designs are obtained.kwq values of

these machines are kept constant andkwd values are swept. Forkwq is equal to0:8

and0:9, relationship betweenkwd and maximum torque is given in Fig. According to

Fig. 4.6, lower limit ofkwd is chosen as0:4kwq and upper limit is chosen as0:7kwq.
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The lower limit and upper limit forkwq are chosen as0:6 and0:95, respectively.

Figure 4.6: Maximum torque vskwd for kwq = 0:8 andkwq = 0:9

In order to determine limits ofkb and� , mechanical concerns are taken into consider-

ation. All limitation values are shown in Table 4.8. As a result, 19152 candidate de-

signs are obtained. After that, dimensions of all candidate designs should be obtained

by using (3.26). After all, dimensions are obtained, the �rst elimination is performed

by considering the realization of the rotor and its fabrication. Thus, the minimum

iron bridge thicknesses is set to3 mm, and the minimum �ux barriers thicknesses to

1:5 mm. Moreover, shaft radius is restricted between20 mm and40 mm. Finally,

7887 candidate designs are eliminated and design process is continued with11265

candidate designs.

Table 4.8: Limitations and steps for variables

Variable Lower limit Upper limit Step

kwq 0:6 0:95 0:05

kwd 0:4kwq 0:7kwq 0:01

kb 0:8 1 0:04

� (deg.) 2 10 0:4
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4.5 Torque Ripple Analysis

The fundamental problem of SynRMs is higher torque ripple than other conventional

machines such as IMs and PMSMs. Because of this fact, their torque ripple values

should be calculated carefully.kwd, kwq, kb and� values affect the torque ripple, but

the most effective variable on torque ripple is� . This variable is de�ned in order

to decrease �uctuation of instantaneous torque. Nevertheless, all candidate designs

depend on not only� but alsokwd, kwq andkb since high speed performance of these

designs will be compared in the next stage.

Another critical value that affects the torque ripple is the current angle. Torque ripple

varies with current angle, dramatically. Thus, the current angle on which simulations

are performed should be selected carefully and it is not effective to select only one

current angle in order to examine torque ripple. Thus, two current angles are selected.

This selection is performed by observing the current angles that machine operates.

Motor generally requires a current angle between 60-65 degrees. However, in the FW

region, it requires up to 80 degrees for a while. By considering these values, torque

ripple analysis will be performed at current angles of60 and 75 degrees. Firstly,

analysis at75degrees is performed with 60 degrees. Then, an elimination is done and

analysis is performed for remained candidates.

Figure 4.7: Torque for a one electrical period
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Torque ripple analysis is performed by using ANSYS MAXWELL 2D software.

Since there are so many candidate designs, it is important to determine the time inter-

val for simulation. For this purpose, a machine is simulated for one period and results

are illustrated in Fig. 4.7. Torque repeats itself 6 times in one period as can be seen

in Fig. 4.7. Thus, it is enough to simulate one-sixth of one electrical period.

Moreover, the ribs are not included in the machine in this analysis since the pres-

ence of these ribs increases the analysis time due to the local saturation on these ribs.

Moreover, ribs decrease the output torque of the machine. However, in this case, only

torque ripple is considered. A decrease in the torque is compensated by adding PMs

in further chapters. In order to illustrate the effects of ribs on torque and torque ripple,

three arbitrary designs are chosen and their torque results are obtained and presented

in Figs. 4.8 and 4.9 with and without radial ribs. The aim of this step is to choose

the best design in general. The order of torque ripple of these three arbitrary designs

does not change in presence of ribs. Design 3 has the highest torque ripple in two

cases while Design 1 has the lowest torque ripple where torque ripple is a percentage

and calculated as in (4.11). Thus, the order of torque ripples is the same as desired.

Design parameters and torque ripple results are given in Table 4.9.

Figure 4.8: Torque for a one electrical period for three designs without ribs
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Figure 4.9: Torque for a one electrical period for three designs with radial ribs added

Ripple(%) =
Tpp

Tavg
100 (4.11)

Table 4.9: Ripple results of 3 random designs with and without ribs

Design name (kwd,kwq,kb,� ) Ripple without ribs (%) Ripple with ribs (%)

1 (0:55,0:9,1,6) 16:73 20:76

2 (0:55,0:9,0:9,4) 17:09 24:78

3 (0:55,0:9,0:8,2) 32:83 26:03

Due to the high number of candidate designs, the �rst analysis is performed for a

60-degree current angle and11265simulations are performed. It takes1:63 days.

These results are given in Fig. 4.10. In order to decrease the candidate design num-

ber, an elimination is performed with respect to limitations. This limitation can vary

according to the results. If it is chosen as8%, 10%, 12%and15%remained candidate

design numbers are927, 2110, 3215and5172, respectively. Since torque ripple in-

creases after adding ribs, the limitation should be chosen as small as possible. Thus,

the limitation is chosen as10%.
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After torque ripple elimination for60 degree current angle is performed, remained

candidate designs are simulated when the current angle is75degree.2110simulations

are performed and it takes0:31 days. Torque ripple results are given in Fig. 4.11.

Torque ripple limitation is chosen as12%for this case and the number of remained

candidate designs is918.

Figure 4.11: Torque ripple results of 2110 candidate designs when current angle is75

degree

4.6 High Speed Performance Analysis

In Section 2.5, high speed performance of SynRMs is investigated and detailed. In

brief, their high-speed performance is poor due to their singly exciting nature. In this

section, their torque-speed and power-speed characteristics are obtained by using a

proposed method. After they are obtained, the results are compared and a design is

chosen. Moreover, the effect of rotor design on high-speed performance is illustrated.

Flowchart for high-speed performance analysis is given in Fig. 4.12.
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Figure 4.12: Flowchart for high-speed performance analysis

In order to obtain the power-speed characteristic of the machine, dq axes �ux linkage

� d and � q values should be known. However, these values are different for each

operation point due to the nonlinear nature of the machine and their dependency on

current and position. It is a long process to make a simulation for each operation point

for each machine. Thus, curve �tting is used in order to calculate these values. For

curve �tting, � d and� q values should be obtained for some points. An operation point

can be de�ned by using two values: current value and current angle. Instead of the

current value, the current density is chosen and it is chosen as11, 13, and15. Current

angle is chosen as45, 55, 65and75. Finally, it concludes with12simulations for each

candidate. Simulation results are obtained in terms of three-phase components. These

components can be converted into d and q-axis components by using Clark and Park

equations which are given in (4.12) and (4.13), respectively. Moreover, when these

values are calculated, end winding effects are ignored since the stator is same for all

machines and end winding have the same effect on each design.
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Firstly, �ux linkage values should be obtained. For this purpose, ANSYS MAXWELL

is used. For each design, 12 simulations are performed. Thus, the total number of sim-

ulations is high. So, simulation time should be determined clearly. In Fig. 4.13, �ux

values for one period is given and it is observed that �ux values repeat themselves

6 times in a period. Thus, it is enough to simulate for one-sixth of a period. More-

over, since only average �ux linkage values are required, only few simulation steps

are enough. Totally,11016simulations are performed and it takes1:6 days. As a re-

sult, all simulations which are performed to get torque ripple results and �ux linkage

values take3:54days.

Figure 4.13:� d and� q results for an exemplary machine for one electrical period

In order to perform curve �tting to �ux linkage values, their dependency on current
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and current angle should be annihilated. For this purpose, the de�nition of these �ux

linkage values is used as can be seen in (4.14) and (4.15), where� e
i is the current

angle.

Cq1 =
� q

I ssin(� e
i )

(4.14)

Cd =
� d

I scos(� e
i )

(4.15)

Due to the behavior of� q, its constant can be as in (4.16), alternatively. These two

methods gives the same result in the high-speed region, approximately. In this thesis,

Cq1 is chosen and used.

Cq2 =
� q

I s
(4.16)

After Cq1 andCd are obtained, it is observed that they are approximately linear. Thus,

the linear least-squares method which is the least-squares approximation of linear

functions to data is applied by using MATLAB �t function. Options of the func-

tion are set to default and 'poly22' is chosen as a polynomial model. This is called

quadratic surface function and our case is quadratic surface due to the dependency

on current angle and current. Then, surface �t can be performed by using (4.17) and

(4.18) in terms of current and current angle.

Cq(I s; � e
i ) = p00;q + p10;qI s + p01;q� e

i + p20;qI 2
s + p11;qI s� e

i + p02;q� e
i

2 (4.17)

Cd(I s; � e
i ) = p00;d + p10;dI s + p01;d� e

i + p20;dI 2
s + p11;dI s� e

i + p02;d� e
i

2 (4.18)

After these values are calculated, �ux linkage d and q values can be recalculated

easily by using (4.14) and (4.15).

As a result, d and q-axis �ux linkage values are gathered for all desired points. The

current angle is taken between 45 and 90 degrees and current is chosen to vary be-
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(a) FittedCq values (b) FittedCd values

(c) Cq for chosen FEA values (d) Cq for chosen FEA values

Figure 4.14: Fitted FEA value

tween one-fourth of the current limitation and the current limitation. By using �ux

values, the speed-power characteristic of the machine should be obtained. For this

purpose, �ux limit should be considered and it is given in (4.19).

vs =
q

(! eLdi d + Rsi q)2 + ( � ! eLqi q + Rsi d)2 �
Vdcp

3
(4.19)

Firstly, maximum torque is calculated by using curve �t again. For this purpose, the

maximum current value is chosen and torque value is obtained for 3 current angles

which are45, 60, and75. Then, these values are used for curve �t. The curve �t is

performed by using MATLAB �t function, again. In this case, there is one param-

eter which is the current angle. Thus, 'poly2' is chosen as the polynomial model.

Moreover, torque is annihilated from current angle dependency by using (4.20) since

dependency of torque on current angle resemblessin(2� ). Then,Ct is calculated

by using (4.21). Then, torque values for each current angle are calculated by using
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(4.20).

Ct =
Tem

sin(2� e
i )

(4.20)

Ct (� e
i ) = p0;t + p1;t � + p2;t � e

i
2 (4.21)

The result of curve �t operation and FEA are given in Fig. 4.15 for an exemplary

machine and it can be seen that there is a only small discrepancy between the results.

It is observed that torque results are approximately equal to each other when the

current angle is greater than40 degree. When the current angle is smaller than40

degree, there is a huge difference between the results. However, the machine never

operates in these current angle values.

Then, the machine is resized in order to get250Nm as output torque. This is done

by changing the axial length of the machine since the output torque and �ux linkage

change linearly with the axial length of the machine. Resultant axial length can be

calculated by using (4.23) and resultant �ux linkage values are calculated as in (4.24)

and (4.25).

Tem =
3
2

p(� di q � � qi d) (4.22)

l
0

z = lz
250
Tmax

(4.23)

�
0

d = � d
250
Tmax

(4.24)

�
0

q = � q
250
Tmax

(4.25)
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Figure 4.15: Comparison of torque result calculated at each point with FEA and

obtained from 3 FEA results with curve �tting

By using �ux values, torque for each point is calculated by using (4.22). Thus, for

each current and current angle pair, torque values are gathered. After torque values

are obtained, these values should be assigned to speed values. For each speed value,

a function is called once. This function checks the �ux limit by using (4.26) by

ignoringRs for each point. If the �ux limit is exceeded, this current and current angle

pair is eliminated for this speed. Then the maximum torque among the remained

values is chosen. This value is the maximum torque at which the machine can operate

at this speed. This process is repeated for each speed value and the power-speed

characteristic of the machine is obtained eventually.
q

� 0

d
2 + � 0

q
2 �

Vdcp
3! e

(4.26)

For 918 candidate designs, the power speed characteristic is obtained. Thus, their

power at maximum speed is obtained. In Fig. 4.16, Pareto front of power at maximum

speed and the sum of torque ripples when the current angle is 60 and 75 degrees,

is given. Torque ripple values are in a restricted interval due to the eliminations

performed before. However, power at maximum speed varies between 22 kW and 36

kW.
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Figure 4.16: Tork ripple vs power at maximum speed

4.7 Final Design Selection and Results

After all, designs are obtained, some of these designs are selected and their detailed

results are given. For this purpose, three of these designs are selected. These designs

are selected among good, moderate, and bad designs in order to observe the difference

of parameters and performance that is their power output at12000rpm.

For each design, torque-speed, power-speed, current-speed and current angle-speed

characteristics are given in Figs. 4.17, 4.18 and 4.19, respectively. For each design,

maximum torque is �xed to250Nm as can be seen from the torque-speed character-

istic of each machine. However, their base speed values are different. While the good

design has the highest base speed value, the bad design has the lowest base speed as

can be seen in Table 4.10. Moreover, torque at the maximum speed of each machine

is different and it concludes with a difference between power at maximum speed.

As can be seen in Figs. 4.17, 4.18 and 4.19, maximum powers that machines can

achieve are different. There is a correlation between maximum power and power at

maximum speed. Moreover, the maximum power of the machine is higher if the base
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Table 4.10: Parameters and results of good, moderate and bad design

Good Moderate Bad

(kwq,kwd) (0:95,0:62) (0:75,0:44) (0:6,0:24)

(kb,� ) (0:84,7:2) (0:96,7:2) (0:88,7:2)

� T at 60 (%) 6:53 7:51 7:87

� T at 75 (%) 9:53 11:13 11:69

P12000 (kW) 37:05 31:81 22:57

T12000 (Nm) 29:47 25:42 19

nbase 4250 4050 3620

Axial length (mm) 173:31 174 188:84

Total mass (kg) 141:30 143:08 47:61

MaximumkW=kg 2:70 2:46 1:99

kW=kg@12 krpm 0:90 0:74 0:47

Max. losskW 2:89 3:22 3:55

Loss coef.kW=m2 22:25 24:81 25:29

speed of this machine is higher since the maximum torque of the machines are equal

to each other and maximum power is equal to the product of the base speed and the

maximum torque of the machine.

Due to the current limit which is given in Section 4.2, machines draw400A peak

current until they reach the base speed. The current angle is also the same until the

base speed is reached since the methodology is performed by considering maximum

torque per ampere (MTPA) conditions. After the base speed is reached, the machine

goes into the FW region. Then, the current begins to decrease and the current angle

starts to increase due to the �ux limit. The current of good design decreases to about

130A. This value is about110A for moderate design and90 A for bad design. On

the other hand, the current angle for good design rises to about 82 degrees. This value

is about 80 degrees for moderate design and 78 degrees for bad design. Also, loss

coef�cients are presented in Table 4.10 and it is different for three different designs.

According to [57], it can reach to40 kW=kg for water cooling systems. Thus, all

design is suitable for water cooling.
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(a) Torque vs speed (b) Power vs speed

(c) Phase current vs speed (d) Current angle vs speed

Figure 4.17: Results of the good design

4.8 FEA Validation

Results which are presented above are obtained by using curve �tting applied to few

FEA results. Thus, these results should be validated by using Finite Element Analysis

(FEA). For this purpose, �rstly a model is implemented in ANSYS MAXWELL 2D.

Then, �eld results are obtained and given. Finally, four points are selected and results

are obtained by using FEA. For this purpose, current, current angle, and torque values

are obtained in the curve �tting process for1500, 5000, 8000, and12000rpm. Then,

the machine is simulated in these conditions, and results are compared.

The design which is given in Fig. 4.20 is simulated in ANSYS MAXWELL. One-

sixth of the machine is simulated since the machine has six poles and it repeats itself

6 times. Thus, slave/master boundaries are used and results for the full machine are

obtained. Moreover, d-axis of the machine and phase A should be aligned.
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(a) Torque vs speed (b) Power vs speed

(c) Phase current vs speed (d) Current angle vs speed

Figure 4.18: Results of the moderate moderate design

Figure 4.20: FEA simulation model of the good design65



(a) Torque vs speed (b) Power vs speed

(c) Phase current vs speed (d) Current angle vs speed

Figure 4.19: Results of the bad design

Figure 4.21: Field results of the good design when phase current is 400 A
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In Fig. 4.21, �eld result of the machine is given when time is zero. As expected,

magnetic �eld density is around1:5 T in stator yoke. Moreover, initial position of the

rotor can be observed. Torque, phase current and current angle values from method

with curve �tting are presented in Table 4.11 along with FEA results obtained at

each particular point. Results are close to each other. Thus, curve �tting results are

validated. In Fig. 4.22, torque results for1500, 5000, 8000, and12000rpm.

Table 4.11: Results for good design at 4 different speed values

Speed (rpm) 1500 5000 8000 12000

Average torque (Nm) 252:31 203:73 71:36 29:42

Phase current (A) 400 400 216:67 134:17

Current angle 64 76:6 79:8 80:9

Average torque in FEA (Nm) 249:17 202 66:24 26:66

Torque ripple in FEA(%) 6:22 10:45 16:87 17:59

4.9 Discussion

As discussed before, SynRMs have poor high-speed performance. As can be seen in

Figs. 4.17a, 7.12a and 4.19a, torque of the machine decreases suddenly after base

speed. However, this is different for each design. Correspondingly, the rotor design

affects the speed-power characteristic of the machines. This concludes that rotor

geometry affects the high-speed performance of the machine. The important thing

is how it affects high-speed performance. When rotor parameters of three designs

are examined in Table 4.10, it is observed thatkwq values of designs are completely

different. It is higher for good design and lowers for bad design. The reason is

that the average torque of the machine increases withkwq. Thus, the torque density

of the machine increases as well. When the average torque is �xed to250 Nm,

the axial length of the machine with higher torque density is smaller. Thus, this

machine reaches to �ux limit with a higher base speed and its high-speed performance

is better. Moreover, when results are examined, the machine with better high-speed

performance has higher maximum power. This is also about higher base speed. When

torque is �xed to a constant value, the maximum speed of the machine is proportional
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(a) Average torque for 1500 rpm (b) Average torque for 5000 rpm

(c) Average torque for 8000 rpm (d) Average torque for 12000 rpm

Figure 4.22: FEA torque results of the good design

to base speed directly. Moreover,kwd values also affect average torque and it affects

the machine performance withkwq. However, it is limited by values which are given

in Table 4.8. As shown before, it depends onkwq.

When other parameters are examined, there are some valuable results. The candidate

designs which are simulated for high-speed performance have� values in a narrow

interval. These candidates pass ripple eliminations, so it veri�es that� values affect

torque ripple results. When the effect ofkb is examined, it is observed that there is

not any algorithm. This concludes thatkb value has an impact on designs when other

parameters are meaningful. For a good design, it can not be said thatkb value is either

low neither high. It can be low or high according to other parameters.

As mentioned before, the maximum torque of the machine is �xed to250Nm for

each design. However, changing this value affects the results. If it is chosen lower

than250Nm, the axial length of the machine gets smaller and �ux values decrease.
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Thus, the machine reaches to �ux limit with a higher base speed. Since maximum

torque decreases and base speed increases, the change of the maximum speed of

the machine is very small. On the other hand, power at the maximum speed has

improved by decreasing the maximum torque of the machine. In order to improve

design, maximum torque can be decreased but the base speed of the machine should

be limited. The ideal value for base speed is around 4500-5000 rpm. These values

are targetted.

In summary, high-speed performance and torque ripple results can be corrected with

a well-designed rotor. However, the high-speed performance of the machine is still

poor. It can be corrected fully by adding PM to �ux barriers. A well-designed rotor

for high-speed performance can decrease the amount of PM. This topic is further

examined in the next chapter.
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CHAPTER 5

PM ASSISTED SYNCHRONOUS RELUCTANCE MACHINE DESIGN

PMs are insertede into the �ux barriers of SynRMs in order to increase machine

performance. The aim is to increase the power factor and to correct the high-speed

performance of the machine. Especially, it is critical for applications that require a

wide extended speed range, such as EV applications.

Until this section, a100kW SynRM is designed, and machine performance is tried to

be increased in the absence of PMs. It is found that SynRms can not deliver constant

power for a wide extended speed range. However, a SynRM with a better power-

speed characteristics is a good basis for the PMaSynRM design since the quantity or

quality of PM can be decreased. Consequently, the cost of the machine decreases as

well.

In�uence of adding PMs on the high-speed performance of different SynRMs is pre-

sented in this chapter. There are mainly two types of comparisons. Firstly, PM assites

versions of the good and moderate designs obtained in Chapter 4 are compared. Sec-

ondly, the use of the ferrite and NdFeB types of magnet materials is investigated.

Thus, the required PM material and cost with different PM types can be compared.

5.1 PM Material Selection

Rare earth magnets are generally used in high-performance machines due to their re-

manent �ux and high coercivity. However, besides their high costs, they face supply-

chain issue so their price is very unstable. As an alternative, ferrite PMs are used.

They are cheaper, but they have a lower energy density. In order to compare the de-

signs with rare-earth PM and ferrite PM, one of the PM material is selected as ferrite,
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and another one is selected as NdFeB. There is a great variety of PM properties of the

selected PMs are presented in Table 5.1.

Table 5.1: Selected PM properties

Ferrite NdFeB30

Relative permeability 1.06 1.04

Remenant �ux (T) 0.395 1.10

5.2 PMaSynRM Design

The design process of PMaSynRM is performed by determining the quantity, prop-

erty, and the placement of the PMS. Firstly, PMs are placed in �ux barriers through

the q-axis. The property of the PMs is determined by the magnezitai�n direction and

the PM material. As explained in Chapter 2, its magnetization direction is chosen as

the -q direction. Thus, the performance of the machine can be increased. Moreover,

two PM materials are used: Feerite and NdFeB. NdFeB has better quality, but its

prices are higher. Thus, the optimum choice should be made.

Another parameter is the quantity of PM in the machine. Machine performance in-

creases with the quantity of PM. However, after some point, machine performance is

saturated, and adding more PM does not necessarily cause a signi�cant improvement

in machine performance. This point is different for designs with NdFeB and ferrite

PMs. In order to observe the relationship between the required quantity and type of

PM, some results are gathered. To achieve this, four designs, that are presented in Fig.

5.1, are created. The �rst one includes PMs, whose lengths are a quarter length of the

each �ux barrier widths in the q-axis. The second one includes twice as many PM

as the machine in the �rst case, and the third one includes twice as many PM as the

machine in the second case. In other words, PM material �lls half of the �ux barriers

through the q-axis in the second case, and it �lls the whole �ux barriers through the

q-axis in the third case. The �nal case is that PM is added to the sides of �ux barriers.

Moreover, as can be seen in Fig. 5.1, radial ribs are included in simulations. The

radial rib widths calculated in Table 4.3 are used. Adding PM increases the average

torque of the machine, and adding radial ribs decreases it. They compensate each
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other, and new average torque is obtained.

(a)25%PM �lled design (b) 50%PM �lled design

(c) 100%PM �lled design (d) 100%PM �lled design with additional PM at

sides of �ux barriers

Figure 5.1: FEA views of PM assisted Synchronous Reluctance Machine

5.2.1 Design with25%�lled PM

In this section, the �rst case is examined for good and moderate designs both with

ferrite and rare earth PMs. In this case, the maximum torque of the machine is �xed

to 250N:m by adjusting axial length again. Results for good and moderate designs

with ferrite PM and NdFeB PM are given in Figs. 5.2 and 5.3, respectively. Also,

numerical values are given in Table 5.2.
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(a) Power vs speed (b) Torque vs speed

Figure 5.2: Results for good design with25%�lled PM

(a) Power vs speed (b) Torque vs speed

Figure 5.3: Results for moderate design with25%�lled PM

As can be seen in Figs. 5.2 and 5.3, performance of the machine is better with NdFeB.

In these Tables, maximum torque of the machine is given when axial length is200

mm. However, it is not still good for high-speed applications. Also, the good design

still has better performance than the moderate design. Thus, it can be said that the

initial design process without radial ribs and PMs is a valid approach.

Designs with ferrite PM have a worse torque and power than designs without PM

and ribs, as can be seen in Table 4.10 and 5.2. The reason for this situation is that

ribs decrease the performance of the machine. Since the quality of ferrite magnets

is lower, they can not compensate for the decrease with this amount of PM. Power

at a maximum speed of good design decreases20:8%, and it decreases13:75%. On

the other hand, machines with NdFeB can compensate for the decrease on machine
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Table 5.2: Results for25%�lled PM machines

Good/ferrite Good/NdFeB Mod./ferrite Mod./NdFeB

Axial length (mm) 192:79 184:44 189:24 176:55

Max Torque (Nm) 250 250 250 2501

Max. power (kW) 99:55 112:42 96:09 109:44

P12000 (kW) 29:32 42:63 27:44 39:42

Base speed (rpm) 3734 4160 3616 4070

performance due to the existence of the ribs. It increases power at maximum speed

15:06%for good design and27:95%for moderate design.

5.2.2 Design with50%�lled PM

Since machine performance does not reach the desired levels, the widths of magnets

are doubled in the machine. Results for good and moderate designs are given in Figs.

5.4 and 5.5, respectively. Important operating points are given in Table 5.3. Although

the widths of magnets are doubled, the amount of magnets is not doubled. As can be

seen in Tables 5.2 and 5.3, length of the machines decreases. Thus, the volume of PM

is less than double of the previous case's volume. Moreover, the base speed of the

machines with NdFeB closes to 6000 rpm. As a design choice, it can stay like this, or

it can be decreased by changing the maximum torque of the machine. Increasing the

maximum torque of the machine decreases the base speed. Since the output torque of

NdFeB machines is higher, the results can still be good when the maximum speed is

increased.

As can be seen in Table 5.2 and 5.3, power at high speed of good design increases

0:69% with ferrite PM. It can be said that ferrite can compensate for the decrease

of power at maximum due to the ribs in this case. Moreover, there is a125:37%

improvement when NdFeB is used for good design. On the other hand, there is a

16:72% improvement with ferrite for moderate design. However, a good design's

power is higher than the moderate design's power at high speed. Finally, adding

NdFeB improves power at a maximum speed136:87%.
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