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Lay Abstract

Electric motors are utilized in our daily life in various applications such as washing
machines, refrigerators, air conditioners, fans, vacuum cleaners, blenders, and many
other devices and tools. Motors are widely used in residential, industrial, commer-
cial, and transportation applications. Due to the environmental impact of burning
fossil fuels, transportation systems are moving into electrified propulsion. Electric
motors with lower cost and higher efficiency are on the path to replacing the tradi-
tional combustion engines in vehicles. Among the different electric motors available,
switched reluctance motor (SRM) is becoming a promising candidate in future electri-
fied transportation systems due to their simple construction. Developing a motor is a
time-consuming and costly task. Therefore, it is essential to determine the character-
istics of an SRM before manufacturing it. A mathematical framework is proposed in
this thesis to address this problem. The proposed framework is capable of determining

the characteristics of an SRM accurately.
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Abstract

Switched Reluctance Machines (SRMs) are gaining more attention due to their simple
and rugged construction, low manufacturing cost, and high-speed operation capabil-
ity. An electromagnetic model of the machine is needed in the design and analysis
processes. The required accuracy level of the model depends mainly on the applica-
tion.

Designing an SRM is an iterative process. Usually, finite element method (FEM)
is employed in all design stages, which might require extensive computation burden.
The magnetic equivalent circuit (MEC) method is an alternative for typical FEM.
MEC models require less computational resources and they can help determine the
electromagnetic performance with a reasonable accuracy. The conventional MEC
method can be challenging when modifying the motor geometry while conducting
dynamic analysis with current control. This thesis proposes a reluctance mesh-based
MEC model for SRMs that can overcome those challenges. Reluctance mesh-based
MEC models are developed for 3-phase 6/4, 6/16, 12/8 SRMs and 4-phase 8/6, 8/10,
and 16/12 SRMs. The implemented MEC-based modeling method is validated using
FEM and experimental results.

Acoustic noise and vibration is one of the shortcomings of an SRM. The radial force

density in the airgap should be calculated before analyzing and mitigating acoustic

v



noise and vibration. This thesis proposes a radial force density calculation method
for SRMs using the proposed MEC model. Fourier series is used to calculate the
harmonics of the radial force density. The results obtained from the MEC model are
verified using FEM models.

SRM is a promising candidate for electric propulsion systems. In the design pro-
cess of an SRM, the motor geometry needs to be determined. This thesis applies the
proposed MEC technique to the design process of a 3-phase 12/16 SRM for a high
lift motor in the NASA Maxwell X-57 electric aircraft. The design is verified using

the results computed from FEM.
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Chapter 1

Introduction

1.1 Background and Motivation

Switched reluctance machine (SRM) is a viable alternative for typical induction and
permanent magnet (PM) machines, which are currently the dominant technologies
in various applications. There are multiple advantages of SRMs such as simple con-
struction, lower cost, wider speed range, and more stable supply chain security [1, 6].
Electromagnetic design of an SRM is an iterative process that involves stages such as
initial sizing, performance optimization, and loss calculation [7,8]. Different types of
electromagnetic models can be utilized in those stages. Electromagnetic models are
essential to determine the geometry parameters of an SRM with fair accuracy. Finite
element method (FEM) is typically used in all design stages, but FEM can be complex
and account for a substantial time when applied at all design stages [9]. The magnetic
equivalent circuit (MEC) technique is a viable alternative to FEM [10-12]. In the
MEC method, the flux flow in the magnetic domain is considered as a magnetic cir-

cuit, which is analogous to current flowing in an electric circuit [13]. MEC technique
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can consider the magnetic saturation and has reasonable accuracy compared to FEM.
There are two approaches for the MEC technique: i) conventional MEC method and
ii) reluctance mesh-based MEC method [1]. Local saturation, mutual coupling, and
leakage flux can be accounted for both in the conventional and reluctance mesh-based
MEC techniques.

The conventional MEC approach has been widely applied to model various types
of SRMs. The main drawback of the conventional MEC technique is that the flux
paths inside the magnetic device should be predefined to develop the magnetic circuit.
The computation time for this technique is lower compared to FEM [1]. In [14-
17], the conventional MEC technique has been applied to model SRMs that have
a conventional geometry. The same technique has also been utilized for modeling
E-core and C-core SRMs in [12] and [18]. Moreover, double-sided linear SRM and
axial flux segmented rotor SRM are modeled in [19] and [20] using the conventional
MEC method. The MEC models developed in [12,14,16] and [17] provided only the
static characteristics. Additionally, the dynamic characteristics are modeled in [15]
and [18-20], and the mutual coupling has been taken into account in [15] and [18].

The reluctance mesh-based MEC method does not require pre-defining the flux
path in the machine. The accuracy and computation time for this technique are
usually higher than the conventional MEC technique [1]. It can be applied to model
motors in both two and three dimensions [21-23]. In [22] and [23], the reluctance
mesh-based MEC method has been applied to model induction machines. The re-
luctance mesh technique has also been applied to model numerous types of PM ma-
chines [21,24-26].

In a typical SRM design process, the pole configuration is identified to satisfy



PhD Thesis — G. Watthewaduge McMaster University — Electrical Engineering

the design requirements and the motor geometry is modified iteratively considering
the performance with dynamic current. An MEC model of the SRM would provide
strong benefits in sizing the motor geometry for different pole configurations. The
conventional MEC method would be challenging to implement as the flux path would
need to be predefined for each pole configuration and different geometrical constraints.
The reluctance mesh-based MEC technique has been rarely applied to model SRMs,
but it can overcome the challenges with the conventional MEC method. Therefore,
this thesis proposes a 2-dimensional (2D) reluctance mesh-based MEC model for
SRMs. The developed model accounts for local saturation, leakage and fringing fluxes,
and multiphase excitation. The models of 3-phase 6/4, 6/10, 12/8 SRMs, and 4-phase
8/6, 8/10, and 16/12 SRMs are implemented using the reluctance mesh-based MEC
technique. The static and dynamic characteristics of those SRMs are computed.
Corresponding 2D FEM models have been utilized to validate the results from the
MEC models. The simulated static and dynamic performances are further validated
using experimental results on a 4-phase 8/6 SRM. The proposed 2D reluctance mesh-
based MEC model is utilized to calculate the radial force density in 6/4, 6/10, 12/8,
8/6, 8/10, and 16/12 SRMs. Finally, the proposed MEC method is applied to design
3-phase 12/16 SRM for the performance requirements of the NASA high lift motor
(HLM) for the Maxwell X-57 aircraft [3]. Both radial force calculation and 12/16

SRM design are validated using FEM results.
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1.2 Thesis Contributions

The author has presented five main contributions in this thesis.

1. The author proposes a comprehensive electromagnetic model for SRMs using the
reluctance mesh-based MEC method. The proposed technique does not require
predefining the flux path inside the machine, which is a major drawback in the

MEC modeling method.

2. Both current and voltage excitation features are included in the developed MEC

model to apply in both static and dynamic analysis.

3. The proposed method has considered local saturation, leakage and fringing
fluxes and multi-phase excitation. The proposed MEC model has the capability
for modeling SRMs with different pole configurations. The proposed model can
determine the magnetic energy, magnetic flux density, magnetic field intensity,

flux linkage, electromagnetic force and torque.

4. A technique for calculating the radial force density of SRMs is proposed using
the developed reluctance mesh-based MEC model. The proposed radial force
density calculation method can determine the radial force density in the airgap

and stator radial force.

5. The proposed reluctance mesh-based MEC method is applied to design 13.7 kW
3-phase 12/16 SRM for electric aircraft propulsion motor. The initial sizing of
the motor geometry is determined using the proposed MEC method. The design

specifications of the SRM are obtained from the permanent magnet synchronous



PhD Thesis — G. Watthewaduge McMaster University — Electrical Engineering

motor (PMSM) designed by NASA for their high lift motor (HLM) in Maxwell-

X57 electric aircraft.

1.3 Thesis Outline

The rest of the chapters in this thesis is organized as follows.

Fundamentals of the SRMs are discussed in Chapter 1. The operational principle
of an SRM is explained, and derivation of the pole configuration is discussed. The
winding configurations of a conventional SRM are also studied. Additionally, SRM
drives and current regulation techniques are discussed.

Chapter 3 presents a survey of electromagnetic modeling techniques of electric
machines. Then, the discussion is narrowed down to review the analytical modeling
techniques, numerical modeling techniques, and MEC modeling techniques of SRMs.

The proposed of the reluctance mesh-based modeling technique is introduced in
chapter 4. The calculation of the electromagnetic quantities of the 3-phase 6/4, 6/10,
12/8 SRMs, and 4-phase 8/6, 8/10, and 16/12 SRMs are also discussed. Then, simu-
lation results for the static and dynamic characteristics are presented and compared
with FEM results. Furthermore, the experimental test results are presented to vali-
date the proposed MEC method.

Chapter 5 presents the radial force densities calculation using the proposed reluc-
tance mesh-based MEC model by applying the Maxwell Stress Tensor method. The
calculated radial force and radial force density results for the 3-phase and 4-phases
SRMs from the MEC model are validated using the FEM.

Sizing of a 3-phase 12/16 SRM for the HLM in NASA Maxwell-X57 electric aircraft

is presented in Chapter 6. The design specifications provided by NASA for their
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permanent magnet-based HLM are studied. The proposed SRM motor geometry is
presented. The static and dynamic characteristics of the SRM obtained from the
MEC model are validated using the FEM results.

Finally, conclusions and future works are presented in chapter 7.



Chapter 2

Fundamentals of Switched

Reluctance Motors (SRMs)

2.1 Introduction

In this chapter, the operating principle of an SRM is discussed. The pole config-
urations and different winding techniques of an SRM with conventional excitation
are also analyzed. The operation modes of the asymmetric bridge converter and the

hysteresis current regulation method is discussed.

2.2 Operational Principal

Typically, SRMs have a double salient structure. The number of poles in the stator
and rotor determines the pole configuration of the SRM. Fig. 2.1 (a) shows an SRM

having four stator poles and two rotor poles, and it is a 4/2 SRM. As shown in
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@) (b)

Figure 2.1: Operation of 2-phase 4/2 SRM (a) initial rotor position while phases are
not energized, (b) after energizing the phase-A, and (c) after energizing the phase-B.

Fig. 2.1 (a), 4/2 SRM can operate as a two phase machine. After energizing phase-
A, the rotor aligns with the stator poles of phase-A to form a minimum reluctance
path between stator and rotor as shown in Fig. 2.1 (b). Similarly, phase-B can be
energized, and the rotor aligns with the stator poles of phase-B as shown in Fig. 2.1
(c). Continuous rotation can be achieved by energizing and de-energizing phase-A
and phase-B alternatively [27]. The reluctance in the magnetic circuit of an SRM
change when the rotor rotates. Thus, the flux linkage of a phase winding is a function
of rotor position.

The ideal phase flux linkage characteristics of an SRM is shown in Fig. 2.2. The
variables ay and ay are (8, — f5)/2 and [180°/N, — (B, + Bs)/2], respectively. As
shown in Fig. 2.2, three main regions are identified based on the rotor position [6,27].
These positions are aligned, partial-overlap, and unaligned positions, as shown in
Fig. 2.3. At the aligned position, the rotor pole fully overlaps the excited stator pole,
whereas it partially overlaps the stator pole in the partial-overlap position as shown
in Fig. 2.3(b). There is no overlap between the rotor poles and the excited stator

pole at the unaligned region, as shown in Fig. 2.3(c). It should be indicated that
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Figure 2.2: Ideal inductance vs. rotor position characteristics of an SRM [1].

Figure 2.3: Different rotor positions of 3-phase 6/4 SRM with respect to the phase-A
(a) aligned position, (b) mid-aligned position, and (b) unaligned position [1].
the phase inductance profile follows a similar pattern to that of the flux linkage. A
high phase inductance exists at the aligned position since the flux path reluctance

is minimum. The inductance drops as the rotor moves from the aligned position
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to the unaligned position since the reluctance increases. Typically, in an SRM, the
mutual flux between phases is small, and it can be ignored. Hence, the magnetic
characteristics of one phase can be used to analyze the electromagnetic performance
of a conventional SRM [1].

The phase voltage v; of an SRM can be expressed as [6,27]

da.
U :Rjij+%; (j:A,B,C) (221)

It can be considered that the SRM has linear magnetic characteristics while ne-
glecting the magnetic saturation in iron. Thus, v; is expressed in terms of phase

inductance L;(6,) and ¢,

From (2.2.1) and (2.2.2)
di; dL;
V; = Rjij + LJ% + Zjd—t] (223)

Muliplying both sides of (2.2.3) by i; and re-arranging:

d 1 1.,dL;
’U]Z]:ZJQR]—F—[ L’LQ ;2 J

where terms vji;, ’L?Rj, % [%Lj(ér)iﬂ and %i?%wr are the input electrical power,
copper loss, rate of change of stored magnetic energy and airgap power [6]. The

airgap poweris modeled as the torque generating part in an SRM. Hence, the phase

10
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Figure 2.4: Continuous torque production in linear case of a 3-phase SRM.

electromagnetic torque of an ideal SRM can be written as

1,dL;

Tei =35% a6,

(2.2.5)

According to (2.2.5), the phase should be energized at the positive slope region of
the inductance curve in Fig. 2.2 to produce motoring torque. Besides, the torque
production is independent of the direction of the current. The phase excitation for
continuous torque production of a 3-phase 6/4 SRM in Fig. 2.3 for linear case is
shown in Fig. 2.4. Counter-clockwise (CCW) rotation is achieved by exciting the
phases in A-C-B sequence.

Considering the magnetic saturation in iron, the relationship between v; and ¢; is

shown in Fig. 2.5 [6,27]. The magnetic energy Wy and co-energy W, per phase can

11
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Figure 2.5: The phase flux linkage vs current characteristics with magnetic
saturation of an SRM.

be calculated as

From Fig. 2.5:
We = ji; — Wy (2.2.8)

From energy balance, the input electrical energy W, can be written as

W, =W} + Wieen. (2.2.9)

Hence, the change in the input electrical energy can be derived as

AW, = AW} + dWpear = dW; + T, ;d6,. (2.2.10)

12
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From Faraday’s law, the magnitude of the induced voltage e; can be written as

ej = % (2.2.11)
The change in the input electrical energy dW, can be expressed as
dW, = e;i;dt. (2.2.12)
From (2.2.10) and (2.2.12),
e;jijdt = dWy + Tt ;dO, (2.2.13)

From (2.2.13) and (2.2.11), the change in the stored magnetic energy can be expressed

as
. oW, oW,

AWy =i;dy; — T, ;df, = di; do,. 2.2.14

d K ¢j ! 677% 0,=const. wj " aer 1;=const. ( )
Therefore, electromagnetic torque can be calculated by

oWy
T, =— 2.2.15
! 807" 1 j=const. ( )

According to the (2.2.15), the electromagnetic torque can be calculated by differ-
entiation of magnetic energy with respect to the rotor position by keeping the flux
linkage constant. Alternatively, the electromagnetic torque can be calculated using

the co-energy. From (2.2.8), change in the co-energy can be expressed as

AW, = d(¢;i;) — dW. (2.2.16)

13
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From (2.2.14) and (2.2.16)

oW, . OW.
dWc = %dlg + Te,jder = : dlj + = der (2217)
Zj 0,-=const. 897” ij=const.
Hence,
oW,
Tej = —— 221
! 807" i;=const. ( 8)

According to the (2.2.18), electromagnetic torque can be calculated by differentiating

co-energy with respect to the rotor position while keeping the current constant.

2.3 SRM Configurations and Windings

A possible classification of various types of SRMs are shown in Fig. 2.6 [27]. SRMs
can be divided into two categories based on the type of motion of the rotor according
to Fig. 2.6. In Rotary SRMs, the rotor rotates around the axis of the shaft. Linear
SRMs have linear geometry, and the rotor performs translational motion. The rotary

SRMs can be further classified into radial lux SRMs and axial flux SRMs. In radial

SRM

]
Rotary SRM Linear SRM
Radial flux SRM Axial flux SRM

[ ]
Classical SRM ‘ Short flux path SRM

SRM with conventional excitation ‘

Mutually coupled SRM ‘

Figure 2.6: Classification of SRMs.

14
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flux SRM, airgap flux is orthogonal to the shaft. The airgap flux is parallel to the
shaft in axial lux SRMs. There are mainly two types of radial lux SRMs based
on the nature of the geometry. The classical radial flux SRMs have doubly salient
geometry as shown in Fig. 2.1 and Fig. 2.3. Short flux path SRMs have asymmetric
stator geometry, and a shorter flux path is achieved by connecting two adjacent coils
to make a pole pair [27]. The classical SRMs can be further classified as SRMs with
conventional excitation and mutually coupled SRMs. In SRMs with conventional
excitation, the torque is produced mainly by single-phase excitation and rate of change
of self-inductance. The torque in the mutually coupled SRMs is generated by multi-
phase excitation and rate of change of self and mutual inductances. Only SRMs with
conventional excitation are considered in this thesis and they are referred as SRMs

in the rest of the thesis.

2.3.1 Pole Configurations

In an SRM, one electrical cycle is completed when a rotor pole moves one rotor
pole pitch from the aligned position. Therefore, the relationship between electrical

frequency f... and mechanical frequency f,,.., can be defined as

felec = Nrfmech- (231)

All stator poles in the same phase generate the same electromagnetic torque. The
remaining phases produce the same torque with a phase shift. Torque pulsations

occur during the current transition from one phase to the other phase. The total

15
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number of torque pulsations or number of strokes can be defined by

T

p

ulse — mNr' (232)

The number of rotor poles in an SRM configuration is defined based on the number
of stator poles. The magnetic poles are created by the flux linking to the excited
phase coils. To obtain a balance configuration, the number of stator poles should be
chosen to have an even number of magnetic pole pairs per phase. The relationship

between the number of stator and rotor poles is given by [6]

kiaNs = mN,. (2.3.3)

The variable k;4 is an integer and should not be an integer multiplier of prime factors

of m.

2.3.2 Windings

Concentrated windings are mostly utilized in SRMs due to their inherent advantages,
such as i) high torque density, ii) high slot fill factor, and iii) short-end windings.
Single-layer (SL) or double-layer (DL) windings are possible for a concentrated wind-
ing conventional SRM [28]. DL windings are mostly used since it utilizes the stator
poles effectively. An example for DL concentrated winding for a 3-phase 12/16 SRM
is shown in Fig. 2.7. There are two possible configurations for DL concentrated
winding. First configuration has 120° phase spread and second configuration has
60° phase spread as shown in Fig. 2.8. According to Fig. 2.8 (a) and (b), 120°

phase spread configuration has shorter flux path during the phase commutation and

16
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I Current inflow
. [ Current outflow

Figure 2.7: Flux pattern in the 3-phase 12/16 SRM at the aligned position for
double-layer (DL) concentrated winding.

I Current inflow

I Current outflow gg° :
o A
o B+ ‘II'

@ (b)

Figure 2.8: Flux pattern in the 3-phase DL concentrated winding 6/4 SRM during
the phase commutation from phase-B to phase-A for (a) 120° phase spread and (b)
60° phase spread.

60° phase spread configuration has longer flux path. Therefore, with the 120° phase

spread configuration can expect lower core losses.
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Figure 2.9: Asymmetric bridege converter for a 3-phase SRM.

2.4 SRM Drives

2.4.1 Asymmetric Bridge Converter

The asymmetric bridge converter shown in Fig. 2.9 is widely used to operate conven-
tional SRMs. The converter shown in Fig. 2.9 is for a 3-phase SRM. The phases are
independantly controlled in an SRM. Therefore, the single converter unit in Fig. 2.9
can be repeated to create the asymmetric brdige converter according to the number
of phases available. The phases are energized/de-energized by connecting the Vpe
using the switches Say, Sa., Sy, Sp., Scu, Sc.. Usually, the phase current is uni-
directional in conventional SRMs. As shown in Fig. 2.10, there are three operating
modes for each single converter unit [6]. In phase energizing mode, S;+ and S;. are
turned on, and positive Vp¢ is applied to the phase-j. Negative Vo can be applied to
phase-A by turning off S;; and S;. which results in de-energizing the phase-j. Switch
S;- is turned on, and S;; is turned off during the freewheeling mode that applies zero
voltage to the phase coil. In all three operating modes, the current flows in the same

direction through the coils.
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Figure 2.10: Operating modes of the asymmetric bridge converter (a) phase
energizing mode, (b) phase de-energizing mode, and (c) freewheeling mode.

2.4.2 Current Control

Hysteresis current controllers are primarily used to regulate the phase currents. The
reference current is compared against the measured current and the hysteresis current
controller issues the phase excitation signals to the switches to regulate the phase
current at the given reference. The hard switching or soft switching techniques can
be applied for current chopping for regulating the current [6]. In hard switching, only
the phase energizing mode and phase de-energizing mode are utilized to control the
current, as shown in Fig. 2.11 (a). According to Fig. 2.11 (b), all three operating

modes of the asymmetric bride converter are utilized in soft switching.

2.5 Summary

The construction and operational principle of an SRM were discussed in this chap-
ter. Classifications of SRMs under the type of motion, flux pattern, and geometry
structure were discussed. The pole configurations and windings of conventional SRMs

have been analyzed. The Asymmetric bridge converter was introduced, and its main
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Figure 2.11: Hysteresis current control (a) hard switching and (b) soft switching.

operating modes have been discussed. The hard and soft switching techniques used

in the hysteresis current control have also been explained.
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Chapter 3

Electromagnetic Modeling

Techniques of SRMs

3.1 Introduction

Design and analysis of electric machines require an electromagnetic model. The model
provides various key electromagnetic performance characteristics such as magnetic
flux density, magnetic field intensity, induced electromotive force, and electromagnetic
torque. The model could also estimate the machine losses such as AC copper loss,
hysteresis loss, and eddy-current loss. In addition, it could be utilized within an
optimization process to achieve different objectives such as to minimize the torque
ripple [29], maximize the efficiency, and minimize the motor weight [30]. Moreover,
it helps in the design of the motor drive system [31,32].

This chapter investigates various electromagnetic modeling techniques for SRMs.
Analytical, numerical, and hybrid models are considered. The work investigates ana-

lytical models that are based on Maxwell’s equations in addition to interpolation and
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Figure 3.1: Electromagnetic modeling techniques of electric machines.

curve fitting techniques. Numerical techniques such as FEM and boundary element

method (BEM) are studied. Finally, MEC method is discussed [9,10].

3.2 Modeling Techniques for Electrical Machines

Electromagnetic modeling of electric machines can be divided into two main categories
(i) analytical modeling and (ii) numerical modeling. Each category comprises sub-
categories as shown in Fig. 3.1 [10]. Analytical techniques have major challenges in
approximating a complex geometry, considering core saturation, calculating the hys-
teresis and eddy current losses in the core, modeling the skin and proximity effects in
the winding, and modeling the end-winding inductance [10,33]. However, analytical
models are computationally cheap compared to numerical models [10]. The most

common analytical models are based on Maxwell’'s equations or interpolation and

22



PhD Thesis — G. Watthewaduge McMaster University — Electrical Engineering

curve fitting techniques. In Maxwell’s-equations-based models, the differential equa-
tions are analytically solved by neglecting the local saturation, the effect of mutual
coupling, and leakage flux. This reduces the model accuracy [34,35]. The Maxwell’s
equations based analytical models are preferred in initial design stages to estimate
the main design parameters [36,37]. The interpolation- and curve-fitting-based tech-
niques are another approach to model SRMs. They include experimental or Finite
Element (FE) model data to develop the model. However, new data is required if the
machine geometry changes. Thus, these models are more suitable for designing the
controllers of motor drive systems.

Various numerical techniques are utilized in modeling electric machines such as
FEM, BEM, and Finite Difference Method (FDM). FEM is the most common nu-
merical technique due to its high accuracy [38,39]. It can accurately estimate various
electromagnetic characteristics considering complex geometries and nonlinearity of
the core materials, where the material relative permeability depends on the magnetic
flux density [38]. In [38], the FEM was utilized to solve low frequency saturable
electromagnetic field problems. A 2D FE model was introduced in [38] and [39] to
calculate the electromagnetic fields in electric machines. FEM is currently utilized
to model complex geometries of electric machines considering skin, and proximity
effects, and 3-dimensional (3D) effects. It also helps estimating the machine losses.
However, the FE models have high computational cost and, depending on the com-
plexity of the problem, the simulation time might takes hours to finish. BEM can be
utilized as an alternative to FEM, since it introduces less computational burden. The
problem domain is reduced from 3D to 2D in BEM [9]. However, BEM is difficult to

apply to solve saturable electromagnetic fields since the coefficient matrices are not
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symmetric, not positive definite and completely populated [39,40]. FDM is another
option to model electric machines. However, it has difficulties in modeling complex
geometries; therefore, it is not directly applied to model electric machines [39].

The MEC modeling is a popular method in modeling electric machines [10]. Tt
is a special case since it can be considered as an analytical or a numerical technique
according to how it is applied. It is considered as an analytical technique if it is com-
bined with other analytical modeling techniques such as Maxwell’s equations [41,42].
When the nonlinearity of the magnetic materials is considered, the MEC modeling
has to be combined with numerical techniques [13]. In [13], the MEC method was
applied to calculate the magnetic flux in toroidal-core and C-core magnetic devices.
The method has been applied in [13] to model magnetic devices with moving parts.

In the MEC method, an electric circuit model is developed to analyze the magnetic
characteristics of a system by utilizing the analogy between magnetic and electric cir-
cuits presented in Table 3.1. A simple magnetic device that comprises a toroid with
two air gaps is illustrated in Fig. 3.2 (a). The corresponding MEC is shown in Fig.
3.2 (b). The MEC in Fig. 3.2 (b) has four reluctances: two reluctances for the core
parts (R.1, Re2) and two reluctances for the airgaps (R, Ry2). The flux flow in the
toroid and airgaps can be considered similar neglecting the leakage flux. The magne-
tomotive force (MMF) source is calculated by multiplying the winding turns N and
the excitation current /. The MEC technique can be improved to model the satura-
tion, leakage flux, and various electromagnetic losses with fair accuracy compared to
FEM [10]. The model accuracy increases by adding more reluctance elements. How-
ever, this increases the model complexity [13]. Narrowing the discussion from electric

machines to SRMs, the modeling techniques can still be categorized according to
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Figure 3.2: (a) A toroidal core and (b) the corresponding MEC.

the previous classification [9,43]. The main objective of electromagnetic modeling of
SRMs is to obtain the machine phase flux linkage as a function of the stator current
and rotor position [9]. Then, other electromagnetic characteristics can be predicted

using (2.2.1), (2.2.7) and (2.2.18).

Table 3.1: Analogy between magnetic and electric circuits

Type of the circuit

Quantity Magnetic circuit Electric circuit
Flux/Current density B J
Field intensity H E
Permeability /Conductivity ] o
Reluctivity /Resistivity v p
Reluctance/Resistance Rinag Rejec
Flux/Current 1) I
Magnetomotive/Electromotive force F E
Magnetic/Electric potential U %
Hopkinson’s/Ohm’s law F = ¢R,44 V = IR
Magnetic/Electric energy Fo VI
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Figure 3.3: Various types of analytical methods for SRM modeling.

Modeling of SRMs is challenging due to many reasons. The phase flux linkage
is a nonlinear function of the rotor position and the stator excitation current [9,44],
and the machine commonly works in a saturated condition. Moreover, the airgap
periphery is irregular due to the doubly-salient structure of the machine. Hence,

various modeling techniques can be applied to SRMs.

3.3 Analytical Modeling Techniques For SRMs

Analytical modeling techniques, shown in Fig. 3.1, can be extended further as shown
in Fig. 3.3. The interpolation-and-curve-fitting-based techniques are divided into
four subcategories, where they rely on lookup tables, linear/nonlinear curve fitting,

Fourier series, or artificial intelligence.
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3.3.1 Maxwell’s-Equations-Based Methods

The partial differential equations, formulated using Maxwell’s equations, are solved
using analytical methods. The magnetic vector potential or magnetic scalar potential
inside the SRM boundary is determined by solving these differential equations [38].

Poisson’s equation of magnetic vector potential A is

—

VA = —pl. (3.3.1)

Equation (3.3.1) is derived assuming the material is isotropic and linear. Therefore,
the permeability of the material does not depend on the flux density, and has no
spatial variation. Alternatively, the magnetic field can be solved by using magnetic
scalar potential U under the same assumptions [39,45]. Poisson’s equation of U can
be obtained as

VU=V-T. (3.3.2)

The equations (3.3.1) [46] or (3.3.2) [39,47] can be solved analytically as a Boundary

Value Problem (BVP) to calculate the magnetic vector potential or magnetic scalar
potential. There are several ways to solve this BVP. The most common approaches
are variable separable method [46, 48] and conformal mapping [47,49-51].

As shown in Fig. 3.4, the circular geometry of the SRM can be approximated as
2D unwrapped rectangular shape in the z-y plane. However, this approximation can
introduce errors due to inconsistency in the geometry. These modeling errors in the
calculation of the magnetic field of an SRM can be reduced by solving the Poison or
Laplace equation in the cylindrical domain as shown in Fig. 3.5. A major assumption

in the field calculation is that an infinite permeability is considered for the iron core.
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Figure 3.5: Formulation of a circular-shaped BVP for SRM.
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Thus, H field inside the stator and rotor core becomes zero. The geometry inside the
air region can be divided into three parts as in Fig. 3.4 and Fig. 3.5: Airgap region,
stator slot region, and rotor slot region [52]. The vector T in the rotor slots and airgap
regions is zero due to zero current density in these regions. Hence, (3.3.2) transforms
to a Laplace equation and the variable separable method can be applied within the
boundaries as shown in Fig. 3.4 and Fig. 3.5 to calculate U. The magnetic field
inside the stator slot region can be calculated by solving (3.3.1) using the variable
separable method inside the defined boundaries in Fig. 3.4 and Fig. 3.5 [46].

In conformal mapping technique, the Schwartz-Christoffel (SC) transformation
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is applied to transform a complicated geometry into a simple one, which makes the
magnetic field calculation easier [47,49,50,53]. This technique was applied to calculate
the airgap magnetic field [49] of SRMs. The transformation process is illustrated in
Fig. 3.6 [49,53]. The circular geometry of the SRM is represented in the complex
z-plane. Then, a logarithmic Conformal mapping (CM) is applied to transform the
geometry from the z-plane to the w-plane. This results in a rectangular shape SRM
geometry with trapezoidal shape stator and rotor poles. The SC transformation is
applied again to transform the geometry from the w-plane to the S-plane, which
results in a canonical rectangular shape. Finally, an exponential CM is applied again
to transform the geometry from the S-plane to the T-plane, which results in an
annular shape. The solution of the magnetic field ﬁag’T(:zc, y) in the airgap in the T-
plane is obtained by Hague’s equation [49]. Once ﬁag,T(x, y) is calculated, the inverse
transformations are applied to obtain the electromagnetic field in the airgap in the
z-plane. The SC techniques is highly accurate in the linear regions of the magnetic
materials and useful for analyzing the 2D electromagnetic characteristics of SRMs.
However, this technique cannot be applied for 3D modeling and, with this method,

it is more challenging to take the local saturation into account.

3.3.2 Interpolation- and curve-fitting-based Methods

These methods are popular in the design and development of SRM drives [54]. Phase
flux linkage/inductance and torque characteristics as functions of the rotor position
and the stator current are necessary to develop the models. Numerical simulation
data, mostly based on finite element analysis (FEA) or experimental results are uti-

lized [9]. The phase flux linkage of SRMs can be estimated experimentally at different
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Figure 3.6: Schwarz-Christoffel transformation of SRM domain.

rotor positions and different excitation currents [55-59]. The flux linkage is the in-
tegral of the machine electromotive force (EMF) which is estimated based on the
measured winding resistance, current, and voltage. The torque can be measured
using a torque sensor or estimated by applying (2.2.1), (2.2.7) and (2.2.18) to the
mentioned measurements. FE simulations can also be used to obtain the flux linkage
and torque characteristics. Preparing the experimental or the FE data takes signifi-
cant time, and the developed model will be valid only for the given geometry and the
configuration.

The flux linkage and torque data can be used in the form of look-up tables (LUTSs),
linear /nonlinear curve-fitting formulas, Fourier series, and artificial intelligence (AT)

[54,60].
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Look-up tables

This technique is simple to implement with good accuracy using tools such as MAT-
LAB, OCTAVE, and Compose and Activate by Altair [57,58,61,62]. The machine
phase flux linkage/inductance and torque characteristics at different stator currents
and different rotor positions are saved in 2D lookup tables. The torque and flux
linkage /inductance values in the model are then obtained based on the input rotor
position and excitation. Interpolation is applied between the existing data. Lookup
tables developed by running FEM simulations of an 8/6 SRM model are illustrated
in Fig. 3.7.

Linear/nonlinear curve-fitting formulas

In this technique, the formulas of the machine phase inductance/flux linkage and
torque are utilized as functions of the rotor position and stator current [63]. The

least square technique is applied to fit the simulation or experimental data to these
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Figure 3.7: SRM lookup tables obtained form finite element (FE) simulations (a)
flux linkage versus rotor position and current and (b) torque versus rotor position
and current.
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formulas. The phase inductance profile, as an example, can be simply approximated

as a piecewise linear function [64]

La ) 0 S 67’ < aq
La - Kau(er al) ; S 07" S (6%}

L;(6,) = (3.3.3)
Lu 7052<0r<]2\[_7:_052
La+Kau(9r_]2V_7;+al) aJQ\r_i_O[QSerS]QV_T;

where the constant K,, is given by (L, — L,)/Bs. The L, is the inductance at
the aligned position and L, is the minimum inductance at unaligned position. The
angles a; and as were shown in Fig. 2.2. Fig. 3.8 shows an SRM inductance profile
developed using (3.3.3) and using FEM. Although the approximation is reasonable,
there is some difference between the two profiles. The linear inductance profile in Fig.
3.8 is developed for a 8/6 SRM. The FE model of the 8/6 SRM is developed using
ANSYS Maxwell software.

Similarly, the flux linkage versus current profile can be approximated as linear

L,

0.5
==h 04 1 Linear model
3 FEM model
=]
g; 03 +
R=l 02 +
2
£ o1 ot

0

0 5 10 15 20 25 30 35 40 45 50 55 60
Rotor position [mech. deg.]

Figure 3.8: Inductance profile of an 8/6 SRM developed using piecewise linear
function and finite element method (FEM).
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piecewise functions [64,65]. Different piecewise functions can be developed at different
rotor position ranges. Piecewise nonlinear functions [66-68] such as parabolic function
[68] can also be applied. The flux linkage versus current characteristic at the aligned

and unaligned rotor positions can be approximated as [68]

Lyiph ; unaligned
$i(i5) = § Laoip - aligned (i; < i) (3.3.4)

1/)0 + v/4as(i; —ip) ; aligned (i; > i)

where ag, 19, and 7y are constants that are determined using simulation or exper-
imental data. The flux linkage profile is linear at the unaligned position. However,
for the aligned position, a linear flux linkage can be considered only up to a certain
excitation current i [68]. Therefore, L, is the inductance at the aligned position
when (i; < is). The flux linkage is nonlinear when (¢ > i,), as shown in Fig. 3.9.
The representation matched the FEM profile well at the unaligned position, whereas
there are some discrepancies at the aligned position. The same 8/6 SRM is utilized
in here to obtain the flux linkage profiles in Fig. 3.9. Alternatively, various 2D poly-
nomials such as bivariate polynomials and bi-cubic spline polynomials can be utilized
to model the flux linkage and torque characteristics of an SRM [69,70]. Curve fitting
techniques based on off-line and online least square method can be used to deter-
mine the coefficients of the polynomials [69]. A 2D orthogonal polynomial of the flux
linkage as a function of the rotor position and the stator current is expressed as [69]
k=1 r—1

(4,0, A (0 — O)™ (15 — )" (3.3.5)

m=0 n=0
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where a,,, is a constant. k and r are positive integers such that k x r equals the
number of available data points. The parameters § and ¢ are the mean values of the
rotor position data and current data, respectively [71]. Additionally, other nonlinear
functions such as Gaussian functions [72], piecewise Frohlich functions [73], and expo-

nential functions [71,74,75] could be utilized to approximate the flux linkage profiles.

0.7 +
o6+ ==
= 05 +
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s\ === FEM aligned
g 03+ Eqn. (3.3.4) unaligned
g - eecaa- FEM unaligned
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Figure 3.9: Comparison of the flux linkage profile of an 8/6 SRM developed using
the nonlinear function in (3.3.4) against FEM.
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Figure 3.10: Comparison of different curve fitting techniques for modeling flux
linkage characteristics of an 8/6 SRM.
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Fig. 3.10 shows the developed flux linkage profiles using 2D orthonormal polyno-
mial [69], Gaussian function [72], and exponential function [71]. The profiles are
compared with that obtained using the FEM model of the same 8/6 SRM. Table 3.2
shows the root-mean-squared-error (RMSE) of the flux linkage profiles obtained from
nonlinear curve-fitting formulas with respect to FEM results at the aligned position.

The orthonormal-polynomial representation has the lowest RMSE.

Fourier Series

Fourier decomposition method can be utilized to represent the machine phase flux
linkage /inductance and torque profiles as functions of the stator current and rotor
position. It has been extensively applied to SRM modeling [76-84]. Considering that
an infinite series is not practical, the number of terms is mostly limited between two
and four. The accuracy increases as the number of terms increases. The models
developed based on Fourier series method can be adaptable to parameter variations
due to various losses in SRM, aging, and manufacturing defects [76]. Therefore, these
models can be more suitable for controller design in SRM. The inductance profile
L;(i;,6,) as a function of the rotor position and stator current can be expanded using

Table 3.2: Root-mean-squared-error (RMSE) comparison between interpolation-
and curve-fitting techniques with respect to FEM results

Modeling technique | RMSE
Eqn. (3.3.4) 3.34%
Polynomial 1.67%

Gaussian 5.84%
Exponential 7.33%
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Fourier series as follows [79]
kt
Li(ij,0,) = > Ljn(ij)cos(n(N,0, + 6,)) (3.3.6)
n=0

where L;,(i;), 0,, and k, are the n'" Fourier coefficient, phase angle of each Fourier
component, and the series truncation level, respectively. The flux linkage profile
versus rotor position developed using (3.3.6) is compared with the FE model of the
8/6 SRM in Fig. 3.11. There is significant difference between the profiles if only two
terms are considered in the Fourier series. The representation is significantly improved
when a third term is added. 2D Fourier series can also be utilized to represent the
flux linkage characteristics. The phase flux linkage can be expanded as a 2D Fourier
series in exponential form [78].

The Fourier coefficients in (3.3.6) can be determined using FEA [78,84], experi-
mental [77] or analytical [76,79-81,83] techniques. As an example, various analytical

techniques such as assuming ideal inductance profile with weighting functions [76,82],

0.6 T
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g FEM
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Figure 3.11: Flux linkage profile versus rotor position developed using Fourier series,
eqn. (3.3.6), and FEM for the 8/6 SRM.
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on-line parameter identification techniques [79,81], polynomial approximations [79,80]
and field reconstruction technique [83] can be applied to determine the Fourier coef-

ficients.

Artificial Intelligence

A learning algorithm can be developed to obtain the flux linkage and torque charac-
teristics of an SRM as functions of rotor position and stator current. The artificial
neural network (ANN) [85-91] and machine learning (ML) [92,93] techniques can be
applied to develop this learning algorithm. The key advantage of these techniques is
the capability of adapting to parameter variations of the machine due to losses, aging
and manufacturing tolerances [85].

ANN has basically three types of layers: input layers, output layers, and hidden
layers. Each layer comprises different tiers, which can be considered as a piece of
intelligence. The learning rules and algorithms are defined in these tiers. They need
to be trained properly to process the given raw data. In case of SRM modeling, there
are two main inputs which are the stator current and the rotor position. These inputs
pass through the hidden layers. This data is then processed as flux linkage and torque
outputs. The concept is illustrated in Fig. 3.12. The four-layer network consists of
one input layer, two hidden layers and one output layer. The input layer has two
tiers to take the stator current and rotor position. Each hidden layer consists of four
tiers whereas the output layer has two tiers. Various neural networks can be identi-
fied based on the way of processing the data in each tier. Recurrent neural networks
(RNN) [85] and radial basis function (RBF) neural networks [90] are more popular

in SRM modeling. The learning techniques are applied to train the neural networks.
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This is necessary such that the network functions properly. There are various learn-
ing techniques that have been applied in SRM modeling such as back-propagation
algorithm [86], B-spline neural network [87], cascade-forward-backpropagation neural
network (CFNN) [88], general regression neural network (GRNN) [89], Fuzzy cluster-
ing [90], and hybrid adaptive neural fuzzy inference system (ANFIS) [91]. Artificial
intelligence provides models with high accuracy but it requires large number of data
points to train the network. The large data set requirement causes over-fitting [92];
i.e. the accuracy of the fitted model is high within the given data set and low out-
side. ML techniques address this issue [92,93]. They are developed based on the
statistics theory [92]. The most popular ML technique in SRM modeling is the least
square support vector machine (LSSVM) technique [92,93]. Grid-diamond search
(GDS) algorithm is applied to optimize the machine model developed using LSSVM
technique [93].

As a summary, the polynomial functions, exponential functions and Fourier series

technique can provide higher accuracy for the flux linkage/inductance profiles of the
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Figure 3.12: Four-layer Artificial Neural Network for modeling SRMs.
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SRM compared to FEM. In addition to that, ANN and ML techniques can also
provide high accuracy in comparison with FEM. However, those techniques consume

large amount of time to develop the learning mechanism.

3.4 Numerical Modeling Techniques of SRMs

3.4.1 Finite Element Method

Among all numerical modeling techniques, FEM is considered as the most popular
technique for modeling SRMs [44]. Tt is utilized in the design, analysis, and opti-
mization of SRMs. The FEM is applied to design and analyze SRMs with various
stator /rotor topologies [8,94-97], stator/rotor segmented designs [95], double sta-
tor/rotor designs [97], and designs with multi-level airgaps [98]. It is also used in
optimizing SRM designs to achieve different objectives such as to maximize the de-
veloped torque [30,94,95], minimize the torque ripple [8,29,30], minimize the Back
EMF (BEMF) harmonics [96], minimize the machine weight and volume [96,97,99],
and minimize the winding AC copper losses (DC copper loss and eddy current loss)
[100,101]. Despite the irregular flux pattern inside the machine slots, the FEM gives
a relatively accurate calculation of the winding eddy-current density distribution [9].
The FE analysis procedure is shown in Fig. 3.13. The machine domain is dis-
cretized into a finite number of elements. A possible discretization of a quarter model
of a 6/14 SRM is shown in Fig. 3.14 (a). The accuracy of the FE model depends on
the number of mesh elements [38]. SRMs operate in saturation conditions, so it is nec-
essary to increase the number of elements in the highly saturated regions to improve

the model accuracy. Moreover, the machine airgap is changing with the rotation of
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Create the geometry

N

Divide the domain into elements
(meshing)

\

Select the approximation function for each mesh
element (usually linear approximation)

\

Formulate the system of equations (Galerkin’s or
Rayleigh-Ritz’s method)

N

Apply the boundary conditions

\

Solve for the unknown variables

\

Apply postprocessing

Figure 3.13: Procedure of the FE analysis.

the rotor, so it requires a large number of elements. This can be seen in Fig. 3.14
(b). Generally, magnetic vector potential or magnetic scalar potential are utilized to
formulate the 2D FE system of equations [39]. The magnetic-vector-potential-based
formulation is less suitable for 3D FE problems since it makes the system more com-
plex and increases the computation burden significantly [9]. The 2D FE problem can
be formulated using magnetic vector potential. A system of equations is developed for
each element in terms of the magnetic vector potentials at the element nodes. These
local systems are assembled together to formulate one global system of equations.
Dirichlet, Neumann, and periodic boundary conditions are applied to the formulated
system [38].

Due to the nonlinearity of the magnetic materials, the formulated system of equa-
tions is nonlinear. Numerical techniques, such as Newton-Raphson method, are used

to solve for the magnetic vector potentials [102]. Post-processing is then applied to
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Figure 3.14: A mesh of a quarter model of a 6/14 SRM (a) whole mesh (b) mesh
near the airgap.

the converged magnetic vector potentials to calculate various electromagnetic quan-
tities such as flux linkage, flux density, and electromagnetic torque. The flux density
distribution and flux lines in the stator and rotor of a FE model of a 6/14 SRM is

shown in Fig. 3.15.
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Figure 3.15: FE simulation model of a 6/14 SRM (a) Flux density distribution in
the stator and rotor (b) Flux lines inside the machine at aligned position.
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3.4.2 Boundary Element Method

BEM is another technique to model SRMs. Boundary integral equations are used in
BEM to solve the electromagnetic fields on the problem domain boundary. BEM has
been applied in the design and optimization of SRMs [103]. The accuracy of the BEM
is as high as the FEM, and it requires lower computational burden [104]. However,
its major drawback is the difficulty of considering the magnetic saturation [39] due to
non-symmetric and fully populated coefficient matrices. Therefore, BEM and FEM
[104,105] or BEM and MEC [106] are commonly combined together to model SRMs.
The FEM or MEC estimates the magnetic fields in the nonlinear regions whereas the
BEM solves the magnetic field in the linear regions. Solving the electromagnetic field
in the nonlinear region using MEC instead of using FEM reduces the computational
burden and increases the simulation speed.

Meshing in BEM is performed at the machine boundary. The boundary mesh
elements are one-dimensional for 2D domain and two-dimensional for 3D domain [9].
That is why it is less complex compared to FEM. A possible boundary mesh of a 2D
half model of an 8/6 SRM is shown in Fig. 3.16. The mesh can be further refined to

increase the accuracy. As in the FEM, a global coefficient matrix can be developed

Figure 3.16: A boundary element mesh of a half model of an 8/6 SRM.

42



PhD Thesis — G. Watthewaduge McMaster University — Electrical Engineering

for BEM by assembling each local coefficient matrices. Hence the magnetic vector or

scalar potential can be calculated inside the region of the boundary mesh region.

3.5 Magnetic Equivalent Circuit (MEC) Modeling
Techniques of SRMs

The MEC method became popular in modeling SRMs in the past decade [9,107]. In
this method, the SRM geometry is represented as a magnetic circuit, that is analogues
to an electric circuit. Then, the flux distribution inside the machine is calculated by
solving the magnetic circuit. After that, the flux density, magnetic field intensity,
phase flux linkage, and electromagnetic torque can be determined. The MEC tech-
nique is usually utilized to provide preliminary designs [11,12,108,109] and to analyze
the electromagnetic characteristics [14,15,107] of SRMs. This technique is divided into
two approaches: conventional MEC approach [110-112] and reluctance-mesh /finite-

reluctance approach (FRA) [21,25,113,114].

3.5.1 Conventional MEC Approach

This approach is simpler and faster compared to FEM. However, it is necessary to
define the flux paths inside the machine before the modeling. The approach is based

on Hopkinson’s law [113] which can be stated as
F = ¢ Rinag. (3.5.1)

The magnetic scalar potential difference or MMF, F' across a reluctance element
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Figure 3.17: An arbitrary flux tube representation of flux path.

in Fig. 3.17 is obtained from [22]

F= [ Hdl. (3.5.2)
It

The magnetic flux, ¢ can be defined as [113]

<;5://S B.dS. (3.5.3)

The magnetic reluctance is a function of the magnetic circuit geometry and material
permeability. The concept of flux tube can be applied to evaluate the reluctance of
different geometries. A flux tube is an arbitrary 3D tube-shaped volume where flux
enters from one side, and leaves from the other side as shown in Fig. 3.17 [22,115,116].

A general expression of the reluctance R,,q, of this arbitrary geometry is [115]

R —/lt”dz (3.5.4)
mag — 0 St . RN

Three common flux tube shapes could be utilized in an SRM as illustrated in Fig.
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3.18 [13]. Applying (3.5.4), the corresponding reluctances in Fig. 3.18 (a), (b) and

(c) can be evaluated as

R, _/ 2l = ah (3.5.5)

_

~alog(ry/m) (3:5.6)
. V(lg — ll)

~ ahlog(ly/ly) (3:57)

It is necessary to identify the flow paths of the flux inside the machine to develop the
conventional MEC model. The identified flux paths can be divided into different flux
tubes [12,14,15,19,20]. Each flux tube can be represented as a reluctance in the MEC
model. A section of a developed conventional MEC model of the stator, rotor, and
airgap of an SRM is shown in Fig. 3.19 [110]. The rotor is at the aligned position.

The leakage fluxes between stator poles, and between stator poles and stator yoke

Re=vél[a log(ra/r1)]

R.=W/(ah)

Figure 3.18: Common flux tube shapes for SRMs (a) rectangular shape, (b)
curvilinear rectangular shape, and (c) trapezoidal shape elements.
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Figure 3.19: A conventional MEC of an SRM at the aligned position.

are neglected. Three main reluctance types are considered in an SRM [117]. Linear
reluctance for materials with constant permeability, nonlinear reluctance for materials
with nonlinear B-H characteristics, and position-dependent reluctance that depends
on the rotor position. The third type is used in the airgap and has a constant relative
permeability of 1. As shown in Fig. 3.19, both stator and rotor poles are divided
into two sections, designated as section-1 and section-2 for each pole. This division
helps estimating the local saturation accurately. The top section of the stator pole,
section-1, has a single reluctance element R, ; whereas the bottom section, section-
2, has three reluctance elements, Rgp21, Rsp22, and Rgp 3. The flux flow inside the
rotor pole becomes nonuniform if the rotor pole moves away from the excited stator
pole. Thus, more discretization is necessary in the rotor pole region to improve the

model accuracy. In Fig. 3.19, the rotor pole is divided into two sections, and each
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section has three reluctance elements. Hence, the rotor pole has six reluctances which
are Ryp11-Ryp1 3 and Rypo 1-Ryp2 3. Both stator and rotor yokes are divided into two
sections. Each stator and rotor yoke section has the same reluctances Ry, and R,,
since flux tubes in those sections have the same mean length and cross-section area.
The airgap contains three reluctance elements. Two R,4 reluctances corresponding
to the fringing flux flowing through the non-overlap region between the stator and
rotor poles. R,z corresponds to the flux passing through the overlap region. These
airgap reluctances depend on the rotor position. The MMF source in the model
represents the winding current times the number of turns.

The conventional MEC approach can be further extended to model the mutual
coupling, multi-phase excitation [15,111], and asymmetric airgap [19] in SRMs. The
MEC models can be coupled with numerical or analytical models to develop hybrid
models. In [16,118], the airgap reluctances are obtained by FE simulations whereas
the stator and rotor reluctances were modeled based on the conventional MEC ap-
proach. Instead of using FE simulations, analytical techniques may also be used
to calculate the airgap reluctances, as in [17]. In [41,42] and [119-121], analytical
methods based on the MEC approach were proposed to estimate the phase flux link-
age/phase inductance of an SRM. These methods are easy to implement and faster
than solving the MEC numerically. However, leakage fluxes and local saturation in

the stator and rotor poles were neglected in these analyses.

3.5.2 Reluctance Mesh/Finite Reluctance Approach

This approach can be derived as an extension of the finite fifference method (FDM). In

FDM, the problem domain is divided into discrete grid points as shown in Fig. 3.20.
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Figure 3.20: A general 2D section of a grid.
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Then, the partial derivatives of magnetic scalar potential in (3.3.2) are approximated
using finite difference (FD) and the potential values on the grid points [21,22,25,122].
In the reluctance mesh approach, the reluctances are defined between adjacent grid
points as illustrated in Fig. 3.20 [9]. A reluctance mesh element, as depicted in
Fig. 3.20, is defined around each grid point. The shape of the element is mainly
rectangular, curvilinear rectangular, or trapezoidal as in Fig. 3.18. However, other
shapes such as diamond [25] and hexagon [123] have also been utilized. Fig. 3.21
shows the 2D section of an open-profile SRM that is divided into a rectangular-shaped
grid. Unlike the conventional MEC approach, the flux path inside the machine is not
required to be known in advance to develop the reluctance mesh-based MEC model.
The accuracy of the reluctance mesh-based model can be improved by refining the
grid. However, this increases the number of elements and, hence, the computational

burden and the simulation time.
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Figure 3.21: A reluctance mesh developed for an SRM.

3.5.3 Discussion

In this chapter, various modeling techniques have been investigated for SRMs. Table
3.3 summarizes the advantages, disadvantages, and applications of these techniques.
These models are compared in terms of the accuracy, computational time, and the ca-
pability of modeling local saturation, electromagnetic losses, complex geometries, and
3D effects. It can be concluded that proper selection of the modeling technique de-
pends on the application, required accuracy, suitable simulation speed, and available

computational power.
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3.5.4 Summary

Various modeling techniques for SRMs were presented in this chapter. Both analyt-
ical, numerical, and MEC modeling techniques were discussed. Maxwell’s equation-
based methods and interpolation, and curve fitting methods were discussed under the
analytical methods. Modeling of SRMs using the FEM and BEM methods were dis-
cussed as the numerical methods. The conventional and reluctance mesh-based MEC
methods were analyzed under the MEC modeling techniques. Finally, the advantages,

disadvantages, and applications of each modeling technique were summarized.
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Chapter 4

Modeling SRMs Using Reluctance
Mesh-Based MEC Method

4.1 Introduction

This chapter proposes a 2D reluctance mesh-based MEC model for SRMs. The devel-
oped model accounts for local saturation, leakage and fringing fluxes, and multiphase
excitation. The models of 3-phase 6/4, 6/10, 12/8 SRMs, and 4-phase 8/6, 8/10, and
16/12 SRMs are implemented using the reluctance mesh-based MEC technique. The
static and dynamic characteristics of those SRMs are computed. Corresponding 2D
FEM models have been utilized to validate the results from the MEC models. The
simulated static and dynamic performances are further validated using experimental

results on a 4-phase 8/6 SRM.
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4.2 Proposed Reluctance Mesh-Based MEC

4.2.1 Derivation of the Proposed MEC Method

The magnetic scalar potential-based approach can be applied to solve the magnetic
field inside a magnetic circuit. The magnetic scalar potential distribution U inside

the magnetic device is expressed using [25,39]

V-(%VU) = v-(lf). (4.2.1)

v
The magnetic domain can be discretized as shown in Fig. 4.1 (a). The partial

derivatives in (4.2.1) are approximated using Finite Difference (FD) by

14

% <U1}:2U0 n Ugf;Uo) N % <U2 l—2 Uy N Uy l—2 UO) _ 1 (T12—hT2) (422
Electric vector potential, T in (4.2.1) is not a physical vector field. It is defined to
follow the Ampere’s law around any arbitrary closed loop inside the magnetic domain
[45]. In 2D analysis, the direction of T can be assumed either along the z- or y-axis.
That assumption satisfies the Ampere’s law and simplifies the analysis. In Fig. 4.1 (a),
the direction of T is chosen along the y-axis. Additionally, T is distributed uniformly
in the magnetic domain since uniform current density distribution is assumed in the
stator slots.
The reluctivity of each mesh element is considered constant. The length and
height of a mesh element in Fig. 4.1 (a) are 2] and 2h, respectively. Multiplying both

sides of (4.2.2) by the product of the length [, height h, and axial length a of a mesh

23



PhD Thesis — G. Watthewaduge McMaster University — Electrical Engineering

element (lha) and rearranging the expression, we get

1 /U, -Uy Us—1U 1 (U,-Uy Uy—0p
14 ( Rl + Rl > + 14 ( RQ + R2 >
1 ((T1 + To)h (T2+T0)h) 1

2 2

o 423

14

Ry and R, are the reluctance elements along z- and y-axis directions and they are
expressed as (vh/la) and (vl/ha), respectively. The relationship between the MMF
and T is given by

F_ffdf (4.2.4)
lc

where [, is any closed line in the magnetic domain. The electric vector potentials in

@ FD grid point
------ Grid lines

(b)

Figure 4.1: (a) Discretization of the magnetic domain and (b) the general
representation of a mesh element [2].
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(4.2.3) is replaced using MMF's Fy; and Fy, by evaluating (4.2.4) along closed lines

le1 and I shown in Fig. 4.1 (a). Hence, (4.2.3) is further simplified as

U —Uy—Fy Us—Uy+F, Uy—Up Uy —=U
<1 0 L 0+ 2)+( 2— Yo 4 0):()_ (4.2.5)

Rl Rl RQ R2
Fig. 4.1 (b) shows the arrangement of reluctance elements in a mesh element ac-

cording to (4.2.5) [23]. ¢1, ¢9, ¢3 and ¢4 in Fig. 4.1 (b) are branch fluxes across the

reluctances in the mesh element.

4.2.2 Proposed Method for Meshing the Geometry

It is necessary to mesh the SRM geometry before obtaining field solutions. In the
proposed model, the SRM geometry is divided into five regions: stator pole region,
stator back-iron region, rotor pole region, rotor back-iron region, and airgap region.
Each region is independently meshed along the radial and circumferential directions,
as shown in Fig. 4.2.

The size of the airgap mesh elements needs to be chosen at the beginning of
meshing. For a higher number of rotor poles, a smaller circumferential width should
be selected for airgap mesh elements to increase the accuracy of the field solution.
The circumferential width of the mesh elements in the airgap region is the same as
the rotation step angle. The widths of the mesh elements in other regions are integer
multiples of the step angle. The accuracy of the model increases with a lower rotation
step angle. That also increases the computation time. In Fig. 4.2, the airgap region
elements have circumferential arc length of 1.5°. For simplicity, the circumferential
width of the rotor pole region elements are chosen the same as the airgap region.

The elements in the stator pole region have a circumferential arc length of 3°. The
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Figure 4.2: An example reluctance mesh for half model of 6/4 SRM [2].

stator back-iron and rotor back-iron region elements have a circumferential length of
6° since these regions do not experience high local saturation.

The number of radial divisions in each region can also be chosen based on the
required level of accuracy and computation time. The stator and rotor pole regions
have four radial layers as depicted in Fig. 4.2. There are only two radial layers in
the stator back-iron region due to lower saturation. There are four radial layers in
the rotor back-iron region even though this region has lower saturation because it is
thicker than the stator back-iron. The airgap consists of two layers along the radial
direction. The first layer is stationary and near the stator. The second layer is closer
to the rotor, and the elements in that layer rotate with the rotor. The mesh elements
in the stator slots, the gaps between the rotor poles and airgap contain only air.
These elements are called linear elements and they have unity relative reluctivity.

The mesh elements that belong to the stator and rotor poles and back-iron contain

o6



PhD Thesis — G. Watthewaduge McMaster University — Electrical Engineering

reluctivity characteristics of the magnetic steel. Thus, these elements are nonlinear
elements. The relative reluctivity of the utilized magnetic steel material is calculated
using the B-H characteristics of the material.

The mesh elements near the stator and rotor pole teeth edges include both mag-
netic steel and air. Thus, these elements are called complex elements. The relative
reluctivities of the complex elements are computed by averaging the reluctivity of

steel portion and the reluctivity of the air portion [113]

Vr,st Vr,gAc,tot

Vr,stAc,g + VT,gAc,st

(4.2.6)

V. comp =

The length and height of these complex elements are needed to be sufficiently small to
minimize the geometry approximation errors even though this raises the computation

time.

4.2.3 Proposed Method for Calculating MMF

The flux is produced in an SRM only by the excitation currents in the windings.
Hence, the value of T is not zero in the mesh elements that belong to the stator slots.
A non-zero value is defined in the stator poles for T to follow the Ampere’s law.
Thus, MMF sources are applied to the mesh elements that belong to the slots and
stator poles, as shown in Fig. 4.3 (a). However, stator back-iron, the entire rotor,
and airgap have no MMF sources due to zero T distribution.

The winding function theory is applied to calculate the values of the MMF sources

of the mesh elements in the slots and stator poles [124]. As shown in Fig. 4.3 (a),
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Figure 4.3: Magnetomotive force (MMF') calculation (a) The locations of MMF
sources and (b) a half period of the n(d;) for one stator pole pitch of an SRM [2].

Ampere’s law is applied along the closed-loop, 5,

]{ H -dl' = n(0,)I, (4.2.7)
lsp

where [ is the excitation current. The turns function, n(f;) indicates the total
number of turns enclosed in the loop [y, at the spatial position 6. n(fs) has a
magnitude and sign. The magnitude depends on the number of turns, and the sign
is positive or negative according to the direction of the current flow in the stator
slots. A half period of n(6;) is shown in Fig. 4.3 (b) and the remaining half period

has similar and opposite magnitude. The winding turns are assumed to be uniformly
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distributed in the stator slots. Then, the winding function N(0,) can be defined by

N(es) - n(HS) - navg(es) (428)

where 14,,(0s) is the average of the n(fs) over 360° mechanical period. n,.4(0s) for
an SRM with a double layer concentrated winding is zero based on the distribution
of n(fs) around the stator. Thus, N(6;) is the same as n(f;) shown in Fig. 4.3 (b).

Hence, the MMF distribution, Fj in the airgap can be determined as a function of 6;

F, = N(0,)L,. (4.2.9)

4.2.4 Assembling the Mesh Elements in the MEC

After meshing the SRM geometry and calculating the MMF, neighboring reluctance
elements can be connected to build the MEC model. Fig. 4.4 shows an example for
assembling the reluctance elements and imposing the boundary conditions. As shown
in Fig. 4.4, the 1°* and 2"¢ rows of the reluctance mesh belong to the stator back-iron
region and stator pole region, respectively. The mesh elements in the 3'¢ row are
for the airgap. The 4" row and 5 row mesh elements are for the rotor pole region
and rotor back-iron region, respectively. As shown in Fig. 4.4, any particular mesh
element has four branches. A branch is the part between two nodes in the MEC.
Each single mesh element contains maximum of four branches. The top and bottom
branches in the 2" row mesh elements (i.e. stator pole region) can have MMF sources
depending on n(fs). The MMF sources are connected in series with the reluctance
elements. Branches can be connected with other neighboring branches, and these

connections create flux loops in the MEC, as shown in Fig. 4.4. In this example, 15
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row mesh elements and 5*" row mesh elements have only three branches in each mesh
element that impose the Dirichlet boundary condition. Thus, the magnetic field is
tangential at the top and bottom boundaries. Also, periodic boundary condition is
applied according to the symmetry of the MEC. The rotating elements are shown in
the middle in Fig. 4.4. The rotation is achieved by interchanging the nodes n,, 1,2
and n,3. Counter-clockwise rotation is considered here and one step angle rotation is

achieved by moving n,; to n,s, n.o to n,3, and n,3 to n,;.

4.2.5 Field Solution Technique

After assembling the MEC, the loop analysis method is applied to solve the loop

fluxes in the MEC model. The following equation system is solved iteratively [24]

r=Rep, — F,. (4.2.10)

The reluctance network matrix R is derived by

R = L"diag(R,)L. (4.2.11)

The reluctance elements in every branch of the MEC model is included as a column

vector in Ry. The element [;; in the ith row and the j'™ column of L is defined as

follows [24]
.
1, loop j & branch ¢ are in same direction
lij =4 -1, loop j & branch i are in opposite direction (4.2.12)
\ 0, otherwise.
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The elements in F; in (4.2.10) contain total MMF enclosed in each loop flux. F is

defined as
F,=NI,. (4.2.13)
Periodic Periodic
boundary boundary
condition condition @ Circuit nodes
. Diricllllet boundary con.dition . o Regll%tsahnce
TTRowl T .i ----------------- P E-" [ Reluctance
: : : : element
Stator : : ;
back-iron—i; ; . i—+—Flux loop
region  §eebecceoo- i
Stator
pole—7; ¢" mesh element
region
MMF Source
Airgap

L" """ 0 Dirichlet boundary condition "

Figure 4.4: An example of assembling the mesh elements and imposing the
boundary conditions [2].

Rotor
back-iron
region

bLecccccaa
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N is the winding function matrix which contains sum of N(6y) values of each loop

corresponding to each phase in the MEC model. IN is deduced by

N = L"diag(N,) M (4.2.14)

where N}, contains the N(6,) value corresponding to each branch in mesh elements.
The phase split matrix M that splits the N(6;) values in N, into corresponding
phases of the SRM. The matrix M is defined as

Lnox1) Ompax1) “ 0 Opmax1)
Onox1) L(neex1) = O@meox1)

M = (4.2.15)
Onox1) O(ax1) ° Lnnox1)

where n,., represents the ratio of the total number of reluctance elements in the MEC
and the total number of stator poles of the SRM. Here, n,, determines the size of
ones and zero vectors in M.

The equation system in (4.2.10) is formulated as an unconstrained nonlinear least-
square optimization problem. Then Gauss-Newton method is applied to minimize the
Objective Function (OF)

1

OF = §rTr. (4.2.16)

The iterative algorithm to solve (4.2.16) is shown in Fig. 4.5. At the beginning,
the rotor position 6, is set to zero. Also, ¢ and B are defined as zero vectors.

Additionally, the v, is defined as a unit vector and its derivative v/ is defined as a
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Initial conditions (¢, = 0, B = 0,v, =1,v, =0,
and 6, = 0)
N2
Set new rotor Displace the nodes of the airgap
position 6, K elements and build L matrix
N

N2

Evaluate the linear, nonlinear and
complex reluctances and build R,
NZ
Formulate R and F;
N
Calculate the J And H
matrices & Calculate v, [
v
Calculate ¢,k+l :¢1,k - Hk-leTl‘k

N2

Calculate the vector B

Update v, using
V.5 VS. BZS, curve

N T

Figure 4.5: The procedure for solving the reluctance mesh-based MEC [2].

zero vector. Then L is assembled according to 6,.. After that Ry is built by calculating
the reluctances of all the branches in the MEC model. Hence, vector R and vector F
are determined from (4.2.11) and (4.2.13). Then the Jacobian matrix J is computed

from
J=R+L" - diag (Rb o(v,0 A tor o qbb) ((L -diag(¢,)C) o L). (4.2.17)

The symbols - and o denote matrix multiplication and element-wise multiplication,
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respectively. The diag operator creates a diagonal matrix from a given vector. ¢,

can be determined by

é» = L. (4.2.18)

C in (4.2.17) describes the connection between branch and loop fluxes. The element

cij in the i row and the j™ column of C is defined as [24]

1, ifi=j

G =1, it — ¢y = dui (4.2.19)

0, otherwise

where ¢;; and ¢ ; are i™™ and j*™ loop fluxes, respectively. ¢y, is the k™ branch flux
that can be calculated by ¢;; — ¢;.

The vector v, in (4.2.17) consists of the relative reluctivities of linear, nonlinear
and complex mesh elements. The relative reluctivities of linear elements are one. The

relative reluctivity of nonlinear elements is calculated by

Vp st = Vr,st(B§t> (4220)

where v, (B%) is the relative reluctivity as a function of B%. The function, v,y
is obtained using the B-H characteristics of the steel material. v, 4 corresponding
to each pair of flux density, By and magnetic field intensity, H, values in the B-H

characteristics is calculated by

Vpgg = —2 (4.2.21)
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Using (4.2.21), v, 4 corresponding to each By value in B-H characteristics is deter-
mined. B2 is then obtained by squaring each By value in the B-H characteristics.
Hence, function v, (B%) is developed with the calculated values of v, ¢ and corre-
sponding B2 values using linear piece-wise interpolation. Developing v, 4 as a func-
tion of B2 enables using only the first quadrant of the B-H curve. After calculating
the flux densities of the nonlinear mesh elements, (4.2.20) is applied to calculate v, &
of the nonlinear elements. The relative reluctivities of the complex elements are then
calculated using (4.2.6).

v in (4.2.17) contains the derivatives of the elements in v, with respect to the cor-
responding B2 of mesh elements. The derivatives of the linear elements are zero. The
FD approximation is applied to determine the derivatives of the nonlinear elements

Vr,st<B§t + AB;) — Vr,st(Bgt — ABszt)
2(AB3)

V’I/”,St(B?t) = : (4.2.22)

Equation (4.2.6) is differentiated with respect to B2 to calculate the derivatives of
the complex elements. Once J is obtained by (4.2.17), the Hessian matrix H is
calculated by

H=J"J. (4.2.23)

Then, the solution of ¢, at (k + 1) iteration is obtained by
Griir = bup — Hy ' Jims. (4.2.24)

After that, a new B is determined and the convergence criteria are checked. If the
field solution is converged, the same procedure is repeated for the next 6,. Else, v, is

updated from v, vs. B2 relationship based on the new B and v/, is re-calculated.
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Hence, new R, is obtained, and the iterative process repeats until the convergence is

achieved.

4.3 Calculating the Electromagnetic Quantities

After obtaining ¢, different results can be post-processed. This section explains the
calculation of magnetic energy, magnetic flux density, magnetic field intensity, phase

flux linkage, and electromagnetic torque.

4.3.1 Magnetic Energy

The magnetic energy of the e mesh element shown in Fig. 4.1 (b) is obtained by [13]

1
Wine = ive(ur,e vy) B2 (4.3.1)

where B, and v, are the magnetic flux density and relative reluctivity of the e'!
element, respectively. The volume V, of the e element is equal to 4alh, as the length
of an element is 2/ and the height of an element is 2h. The magnetic energy of the

same mesh element in Fig. 4.1 (b) can also be expressed as [23]
1 2, oy 1 2, 2
Wine = 58167 + ¢3) + 5 Ra (¢ + ¢3). (4.3.2)

4.3.2 Magnetic Flux Density and Magnetic Field Intensity

The volume V, = 4alh is substituted in (4.3.1) and, Ry = (vh/la) and Ry = (vl/ha)
are substituted in (4.3.2). As shown in Fig. 4.1 (b), ¢; and ¢3 are the branch fluxes

along the radial direction and, ¢, and ¢4 are the branch fluxes along the tangential
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direction. Then, equations (4.3.1) and (4.3.2) are equated, and the radial flux density

Braa.e and the tangential flux density Bia, . of the e mesh element [23] are obtained

as
&1 + 3 3 + 3
BT‘a e — 5 B an,e — 433
* 2A72"ad,e . QA%an,e ( )

Hence, the magnitude of the flux density and magnetic field intensity of the e mesh

element are obtained as

B, = /B2y, + B He = (vgvp.)B.. (4.3.4)

4.3.3 Phase Flux Linkage

The phase flux linkage of an SRM can be determined by

Y =pN"¢, (4.3.5)

where p represents the number of magnetic poles of the considered SRM. N and ¢,

are the winding function matrix and the loop flux vector, respectively.

4.3.4 Electromagnetic Torque

Maxwell Stress Tensor (MST) method is applied to calculate the electromagnetic

torque. The radial and tangential force densities in the airgap can be expressed by [6]

40 2
Orad = E (Brad

- Btzan)a Otan = VO(Brad Btan)- (436)
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Stator pole pitch &,

Stator
6, =0 &=
. Airgap mesh
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Iayerg Avad Brane
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path Atan,e
r Ifr
Radius r, e element

Center of
rotation
0

Figure 4.6: Choosing the integration path for computing the electromagnetic
torque [2].
B,wq and By, are the flux densities at an arbitarary location in the airgap where,
Oraq and oy, are evaluated. In 2D analysis, the electromagnetic torque generated on

the rotor can be calculated by integrating the tangential force density in the airgap,

T = puoa/ 7 r(Brad Btan)dl (4.3.7)

Lyr

where [, is the integration path in the airgap, r¢, is the distance to the center of the
rotation axis. As shown in Fig. 4.6, the arc Iy, is selected along the centers of the
rotating airgap mesh elements [22]. Iy, is divided into n, number of sections, which
is similar to the number of mesh elements in the rotating airgap layer. Then, (4.3.7)

is written as a summation for all elements along the integration path

T= proa 71]2”76 Z(Brad,e Btan,e)(ee - 96—1)‘ (438)

e=1
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4.4 Static Characteristics of SRMs

Using the proposed MEC model, the static characteristics of SRMs with different pole
configurations are simulated with constant current excitation applied to one phase.
The field solution is obtained by solving (4.2.10). The airgap flux densities and
static flux linkage are computed from (4.3.3) and (4.3.5), respectively. Then, static
electromagnetic torque is obtained using (4.3.8). The airgap flux density and static
characteristics of the 3-phase and 4-phase SRMs from the MEC model are presented

in this section and verified with the corresponding FEM results.

4.4.1 Airgap Flux Density

The airgap radial and tangential flux densities of 3-phase 6/4, 6/16, and 12/8, and
4-phase 8/6, 8/10, and 16/12 SRMs over one stator pole pitch are presented in Figs.
4.7, 4.8, 4.9, 4.10, 4.11, and 4.12, respectively. The exciation currents in the flux
density calculation are chosen to operate the magnetic core in the nonlinear region of
the B-H curve.

Overall, the radial and tangential flux density components at the unaligned and
aligned positions show good agreement with corresponding flux densities obtained
from FEM. The tangential component of the flux density at the aligned position
shows small errors closer to the spatial positions corresponding to stator and rotor
teeth edges. This is due to the geometry approximations with the complex elements.
A smaller error can be achieved by decreasing the size of the complex elements. This
would also increase the computation time. The accuracy of the airgap flux densities
can be further enhanced by adding more mesh elements to the airgap. Moreover,

increasing the number of elements in the stator and rotor poles also improves the

69



PhD Thesis — G. Watthewaduge McMaster University — Electrical Engineering

accuracy as these regions experience higher local saturation.
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Figure 4.7: The flux density components in the airgap for 20 A excitation current of
the 6/4 SRM (a) radial and (b) tangential components at the unaligned position,
and (c) radial and (d) tangential components at the aligned position [2].
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Figure 4.8: The flux density components in the airgap for 20 A excitation current of
the 6/16 SRM (a) radial and (b) tangential components at the unaligned position,
and (c) radial and (d) tangential components at the aligned position.
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Figure 4.9: The flux density components in the airgap for 20 A excitation current of
the 12/8 SRM (a) radial and (b) tangential components at the unaligned position,
and (c) radial and (d) tangential components at the aligned position.
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Figure 4.10: The flux density components in the airgap for 35 A excitation current
of the 8/6 SRM (a) radial and (b) tangential components at the unaligned position,
and (c) radial and (d) tangential components at the aligned position [2].
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Figure 4.11: The flux density components in the airgap for 20 A excitation current
of the 8/10 SRM (a) radial and (b) tangential components at the unaligned
position, and (c) radial and (d) tangential components at the aligned position.
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Figure 4.12: The flux density components in the airgap for 20 A excitation current
of the 16/12 SRM (a) radial and (b) tangential components at the unaligned
position, and (c) radial and (d) tangential components at the aligned position.
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4.4.2 Phase Flux Linkage and Electromagnetic Torque

The static phase flux linkage and electromagnetic torque of 6/4, 6/16, 12/8, 8/6,
8/10, and 16/12 SRMs at different excitation currents for a half electrical cycle are
presented in Figs. 4.13, 4.14, 4.15, 4.16, 4.17 and 4.18, respectively. The phase
flux linkage profiles computed using MEC in Figs. 4.13, 4.14, 4.15, 4.16, 4.17 and
4.18 (a) are in good agreement with FEM results. The static electromagnetic torque
characteristics of the MEC model match the FEM model results fairly, as evident in
Figs.4.13, 4.14, 4.15, 4.16, 4.17 and 4.18 (b). There are minor deviations in the static
electromagnetic torque characteristics between the MEC and FEM results which is

due to the small errors in the airgap flux density characteristics.

4.5 Dynamic Characteristics of SRMs

The developed MEC model can be applied for dynamic analysis. For this purpose,
the MEC model is extended to add voltage excitation feature, as (4.2.10) can only be
applied for current excitation. The current is then regulated with hysteresis control

based on the voltage excitation.

=04 T FEM MEC 10 -
50.3 1 = === ‘E 8+
® = == zZ
(@) — 6 |
£02 + 10A S
= ISA 20A g 47
< 0.1 + VA ~ 24
)
i O T T 1 0 I . T T 4
0 60 120 180 0 60 120 180
Elec. angle [deg.] Elec. angle [deg.]
(a) (b)

Figure 4.13: A half cycle of (a) static phase flux linkage and (b) static
electromagnetic torque characterics of 6/4 SRM [2].
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Figure 4.14: A half cycle of (a) static phase flux linkage and (b) static
electromagnetic torque characterics of 6/16 SRM.
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Figure 4.15: A half cycle of (a) static phase flux linkage and (b) static
electromagnetic torque characterics of 12/8 SRM.
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Figure 4.16: A half cycle of (a) static phase flux linkage and (b) static
electromagnetic torque characterics of 8/6 SRM [2].
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Figure 4.17: A half cycle of (a) static phase flux linkage and (b) static
electromagnetic torque characterics of 8/10 SRM.
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Figure 4.18: A half cycle of (a) static phase flux linkage and (b) static
electromagnetic torque characterics of 16/12 SRM.

4.5.1 Proposed MEC-based Dynamic Model

The relationship between phase voltages and currents in the windings is given by
d
Vo =RsIs + %¢ (4.5.1)

where Ry is a diagonal matrix which contains phase resistances. Equation (4.5.1) is

discretized to calculate the flux linkage 1 at (k + 1) iteration

ka—f—l - wk + <Vph,k - RsIs,k> At. (452)
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Figure 4.19: The solution process of the dynamic SRM model.

The dynamic equation for an SRM is deduced from (4.2.10) and (4.3.5)

R —s5;N||¢, 0
Py = - . (4.5.3)

pNT” 0 || P

The scaling factor sy is applied to avoid ill-conditions in (4.5.3) that can occur due to
the difference between the order of magnitudes in ¢, and I,. The value of the sy is
determined heuristically. Gauss-Newton method is applied to solve (4.5.3) iteratively.
The solution process of the dynamic model is shown in Fig. 4.19. The rotor position 6,
is calculated by integrating the rotation speed N,,,, of the SRM. The electrical angle
Ociec is obtained by multiplying 6, with the number of rotor poles N, and applying
the phase shift between phases. A hysteresis current controller is used to control the
current based on the 6., turn-on angle 6oy, turn-off angle 6prp, phase excitation
currents Iy, reference current I,.¢, and hysteresis band AI. The reference current

I . can be either a constant or a function of O¢je.. Vpp i is the output of the current
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controller. Then, (4.5.2) is applied to determine the value of 4, ,. Finally, (4.5.3)
is solved to obtain qbl,k 41 and I, ;1. The phase currents, and self and mutual flux
linkages during the phase commutation are considered in (4.5.2). The mutual flux
linkages calculated in (4.5.2) are used in (4.5.3) to consider the mutual coupling effects

while solving for the phase currents.

4.5.2 Dynamic Current and Electromagnetic Torque

The calculated dynamic current and generated electromagnetic torque of 6/4, 6/16,
12/8, 8/6, 8/10, and 16/12 SRMs for one electrical cycle are shown in Figs. 4.20,
4.21,4.22, 4.23, 4.24 and 4.25, respectively. I,.s is kept constant at the given reference
current during all of these simulations. In all simulations, 6, is zero when the rotor
is at the align position with phase-A and the 0, is zero when phase-A is at the
unaligned position. The conduction angles Opx and 0ppp are refered to phase-A.
The waveforms in Figs. 4.20, 4.21, 4.22, 4.23, 4.24 and 4.25 (a) and (b) are
dynamic current and electromagnetic torque, respectively for the case where the cur-
rent can be controlled at the given /,.;. The waveforms in (c) and (d) correspond to
the dynamic current and electromagnetic torque at a higher speed point. The current
cannot be controlled at the given I,.; at those operating points as the induced voltage
is higher than the DC link voltage. It can be observed that the dynamic current and
the electromagnetic torque waveforms acquired from the MEC model in Figs. 4.20,
4.21,4.22, 4.23, 4.24, and 4.25 reasonably match with the results obtained from FEM
simulations. FEM models are developed in JMAG and voltage excitation is used by
implementing an asymmetric bridge converter. Table 4.1 shows the maximum per-

centage errors for the root-mean squared (RMS) current and average torque between
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the MEC and FEM models for the considered SRMs. The maximum average torque

error was 8.6 % and the maximum RMS current error in the MEC model was 10.5 %.

The errors in the dynamic current waveforms have occured due to minor deviations

in the flux linkage and the induced voltage between MEC and FEM models.
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Figure 4.20: Dynamic simulation of 6/4 SRM (a) phase current, (b) electromagnetic
torque at L. =10 A, Opon = 0°, Oopp = 120° and N, = 7500 rpm, and (c) phase
current, (d) electromagnetic torque at I,.r = 10 A, on = 35°, Oppr = 135° and
Nypm = 12000 rpm.
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Figure 4.21: Dynamic simulation of 6/16 SRM (a) phase current, (b)
electromagnetic torque at I,.;y = 15 A, Oon = 0°, Oppr = 120° and N,p,, = 3000
rpm, and (c) phase current, (d) electromagnetic torque at L.y =5 A, 6oy = 20°,

Oorr = 100° and N, = 8000 rpm.
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Figure 4.22: Dynamic simulation of 12/8 SRM (a) phase current, (b)
electromagnetic torque at I,.;y = 10 A, Oon = 0°, Oppr = 120° and N,p,, = 2500
rpm, and (c) phase current, (d) electromagnetic torque at L.y = 20 A, 6oy = 20°,
Oorr = 120° and N,p,, = 10000 rpm.
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Figure 4.23: Dynamic simulation of 8/6 SRM (a) phase current, (b) electromagnetic
torque at L. =10 A, Opon = 0°, Oopp = 100° and N, = 3500 rpm, and (c) phase
current, (d) electromagnetic torque at I,.r = 20 A, oy = 5°, Oopr = 135° and
Nypm = 10000 rpm.
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Figure 4.24: Dynamic simulation of 8/10 SRM (a) phase current, (b)
electromagnetic torque at ..y = 15 A, 0oy = 0°, Oppr = 110° and N,,, = 3000
rpm, and (c) phase current, (d) electromagnetic torque at Iy = 15 A, fon = 25°,
Oorr = 140° and N, = 10000 rpm.
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Figure 4.25: Dynamic simulation of 16/12 SRM (a) phase current, (b)
electromagnetic torque at I,..; = 10 A, Oon = 0°, Oppp = 110° and N,p,, = 4000
rpm, and (c) phase current, (d) electromagnetic torque at I,.; = 10 A, fon = 16°,
Oorr = 136° and N, = 8000 rpm.

In applications such as torque sharing function (TSF) for SRMs, I, varies with
the rotor position. Fig. 4.26 shows the calculated dynamic current of 8/6 and 12/8
SRMs for a variable current reference and the generated electromagnetic torque. A
cubic TSF is applied to obtain the current references in Figs. 4.26 (a) and (c).
In Fig. 4.26 (a), Ly is generated to produce 2 Nm average torque at 3500 rpm.
The parameters of the TSFE are 0oy = 34°, Oprr = 125° and, commutation angle,
Ocom = 35°. The current reference in Fig. 4.26 (c) is obtained to generate 4 Nm
torque at 2500 rpm with TSF parameters oy = 47°, 0prr = 165° and 0., = 15°.
As shown in Fig. 4.26 (a) and (c), obtained currents from MEC and FEM models
show a good agreement with each other. The computed currents both with MEC
and FEM models have a tracking error at the turn-off. This error occurs since the

example phase current reference cannot be tracked due to the voltage dynamics. The
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agreement between the current waveforms of the MEC and FEM models demonstrate
that MEC model can calculate the dynamic current even at that condition.

The generated torque of the 12/8 SRM in Fig. 4.26 (d) shows good agreement
with the torque calculated from the FEM. The MEC model of the 8/6 SRM has
predicted a higher peak torque as shown in Fig. 4.26 (b). The main reason is that
the MEC method calculates slightly higher flux density in the airgap compared to the
FEM for a similar current. The maximum percentage errors of the RMS current and
average torque in the considered SRMs with respect to the FEM results are shown in
Table 4.2. In the MEC technique, the maximum RMS error in the calculated current

is 1 %, and the maximum error in the average torque is 1.67 %.

14 M Iref —_ 3.3
< — MEC % 2%
g 7 “oFEM S04
= 21
O : e 1.8
0 + { e 1 | 1.5 + T T T 1
0 90 180 270 360 0 90 180 270 360
Elec. angle phase-A [deg.] Elec. angle phase-A [deg.]
a b
” @ (b)
— L) 5
< S
—'14 Z 2
c
& 3
5 7 S 3
@) : 2
0 -+ } + + | 2 f f f {
0 90 180 270 360 90 180 270 360
Elec. angle phase-A [deg.] Elec. angle phase-A [deg ]
(c) (d)

Figure 4.26: Variable I,.; for 8/6 SRM at N,,,, = 3500 rpm (a) phase current, (b)
electromagnetic torque, and variable I,.; for 12/8 SRM at N,,,, = 2500 rpm (c)
phase current, (d) electromagnetic torque.
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4.5.3 Magnetic Flux Density

Using the dynamic currents in Figs. 4.20, 4.21 and 4.22 (a), magnetic flux density
contours in the 3-phase 6/4, 6/16 and 12/8 SRMs can be calculated in the MEC
and FEM models. In Figs. 4.27, 4.28 and 4.29 (a) and (b), flux density contours are
plotted for 6/4, 6/16 and 12/8 SRMs, respectively at rotor positions 22.5°, 5.625° and
20.625°. The magnetic flux density contours obtained from MEC model are in good
agreement with the contours obtained from the FEM. As observed in Figs. 4.27 and
4.28 (a) and (b), both phase-C and phase-B conduct in 6/4 and 6/16 SRMs at the
rotor positions 22.5° and 5.625°. Only phase-B conducts in 12/8 SRM at 11.25° rotor
position, as shown in Fig. 4.22 (a) and (b). The radial and tangential airgap flux

Table 4.1: Maximum error in root-mean squared (RMS) current and average torque
(constant I,.r).

Pole configuration | RMS current error | Avg. torque error

3-phase SRMs

6/4 10.5 % 71 %

6/16 4.9 % 3.3 %

12/8 2.9 % 2.1 %
4-phase SRMs

8/6 3.4 % 5.8 %

8/10 1.3 % 8.6 %

16/12 2.1 % 3.6 %

Table 4.2: Maximum error in RMS current and average torque (variable I,.f).

Pole configuration | RMS current error | Avg. torque error
8/6 1% 1.67 %
12/8 0.7 % 0.2 %
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density waveforms for 3-phase 6/4, 6/16 and 12/8 SRMs at the given rotor positions
are shown in Figs. 4.27, 4.28 and 4.29 (c) and (d). For 6/4 and 6/16 SRMs, spatial
position is between 0 to 180°, as those are two-pole motors. The spatial position
for 12/8 SRM 1is between 0 to 90° as it is a four-pole motor. Radial and tangential
components of the flux density waveforms obtained from the MEC models show fair
agreement with flux density waveforms obtained from the FEM models. Minor errors
can be observed in the flux density computed from the MEC model of the 6/16 SRM
near the spatial positions 30° and 150° as shown in Figs. 4.28 (c) and (d). In 12/8
SRM, small errors can be observed near the 30° spatial position according to Figs.
4.29 (c) and (d). Those errors are due to the coarse mesh density and geometry
approximation errors.

For the 4-phase 8/6, 8/10, and 16/12 SRMs, the flux density contours are also
calculated in the MEC and FEM models at the rotor positions 17.5°, 10.5°, and 8.75°,
for the dynamic current waveforms in Figs. 4.23, 4.24, and 4.25 (a), respectively. The
magnetic flux density contours obtained from MEC model are in good agreement with
those obtained from the FEM model. It can be observed in Fig. 4.30 (a), (b) and
Fig. 4.32 (a) and (b), that both phase-C and phase-B conduct in the 8/6 and 16/12
SRMs. As shown in Fig. 4.31 (a) and (b), phase-C and phase-D conduct in the 8/10
SRM. Radial and tangential airgap flux density waveforms are shown in Figs. 4.30,
4.31, 4.32 (c) and (d). As shown in Figs. 4.30 and 4.31 (a) and (b), for the 8/6 and
8/10 SRMs, the spatial position is between 0° and 180°, as these are two-pole motors.
The spatial position for 16/12 SRM is between 0 to 90°, as shown in Fig. 4.32 (a)
and (b). The flux density waveforms from the MEC models show good match with

the ones from the FEM models. There are some minor errors in the flux density
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waveforms of the 8/10 SRM near the spatial position 110°, as shown in Figs. 4.31 (c)
and (d).
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Figure 4.27: Magnetic flux density of 6/4 SRM at 0, = 22.5° and 0. ,,4 = 270° (a)
flux density contours from MEC, (b) flux density contours from FEM, (c) radial
component of the airgap flux density and (d) tangential component of the airgap
the flux density.
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Figure 4.28: Magnetic flux density of 6/16 SRM at 6, = 5.625° and 6, ,,4 = 270° (a)
flux density contours from MEC, (b) flux density contours from FEM, (c) radial
component of the airgap flux density and (d) tangential component of the airgap

the flux density.
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Figure 4.29: Magnetic flux density of 12/8 SRM at 6, = 20.625° and 6, pp4 = 345°
(a) flux density contours from MEC, (b) flux density contours from FEM, (c) radial
component of the airgap flux density and (d) tangential component of the airgap
the flux density.
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Figure 4.30: Magnetic flux density of 8/6 SRM at 6, = 17.5° and 0, ,n4 = 285° (a)
flux density contours from MEC, (b) flux density contours from FEM, (c) radial
component of the airgap flux density and (d) tangential component of the airgap
the flux density.
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Figure 4.31: Magnetic flux density of 8/10 SRM at 6, = 10.5° and 6, pn4 = 285° (a)
flux density contours from MEC, (b) flux density contours from FEM, (c) radial
component of the airgap flux density and (d) tangential component of the airgap

the flux density.
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Figure 4.32: Magnetic flux density of 16/12 SRM at 6, = 8.75° and 6, ,,4 = 285° (a)
flux density contours from MEC, (b) flux density contours from FEM, (c) radial
component of the airgap flux density and (d) tangential component of the airgap

the flux density.

The accuracy of the flux density calculation in the MEC method can be improved
by decreasing the rotor step angle, as that increases the number of mesh elements
in the airgap. The number of complex mesh elements at the stator and rotor pole
teeth edges can also be increased to reduce the geometry approximation and also to
reduce field calculation errors. Besides the accuracy of the field calculation can be
improved by utilizing a higher number of mesh elements in the stator and rotor poles

since those regions experience higher local saturation.
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Figure 4.33: Experimental test setup.

4.6 Experimental Validation

Experimental tests have been conducted to further validate the simulated performance
of the SRMs using the proposed MEC model. A 4-phase 8/6 SRM is used to obtain
the static flux linkage characteristics and dynamic current. Flux density distribution
inside the 8/6 SRM is also obtained by exciting the MEC and FEM models using
the experimental phase currents. The main parameters of the 8/6 SRM is shown
in Table 4.3. The experimental results are compared with corresponding MEC and
FEM results. The test setup prepared for the experimental analysis is shown in Fig.
4.33. An asymmetric bridge converter drives the SRM and the current is controlled
with hysteresis controller. An induction motor drive is used to apply load to the SRM

drive.

Table 4.3: Parameters of the 8/6 SRM in the laboratory.

Parameter Value

Maximum output power 5.2 kW

Maximum speed 6000 rpm
Maximum reference current 35 A

Phase resistance 0.08 ohm

DC-link voltage 300 V
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Figure 4.34: Experimental static flux linkage of 8/6 SRM.

4.6.1 Static Phase Flux Linkage Characteristics

The static phase flux linkage characteristics have been obtained through locked rotor

tests. Constant voltage is applied to a single phase of the SRM at different rotor

positions and the phase current has been recorded. The recorded voltages and currents

have been processed using (4.5.3) to determine the phase flux linkage at the given

rotor position. The experimental static phase flux linkage characteristics of the 8/6

SRM at 10 A and 20 A excitation currents are shown in Fig. 4.34. The static flux

linkage of 8/6 SRM at 10 A from MEC and FEM models shows good agreement with

the experimental results. Table 4.4 compares the RMSE calculated from MEC and

FEM models with respect to measured static flux linkage.

Table 4.4: Maximum RMSE of the static flux linkage compared to the measured
flux linkage.

RMSE | Flux linkage at 10 A

Flux linkage at 20 A

MEC 0.15 %
FEM 0.09 %

0.81 %
0.56 %
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Figure 4.35: Experimental dynamic current of 8/6 SRM (a) L. = 10 A, 6oy = 0°,
Oorr = 100° at Nypm = 3500 tpm, (b) Trep =5 A, fon = —20°, fopp = 140° at
Nypm = 5500 rpm and (c) variable I,.r at N, = 3500 rpm.

4.6.2 Dynamic Current

The hysteresis current controller implemented in the SRM controller is used to obtain
the dynamic characteristics of the 8/6 SRM. The frequency of the current controller
is 50 kHz, and the hysteresis band has been set to 2 A. The same parameters are
set in the simulated MEC and FEM model’s hysteresis current controllers for a fair
comparison. The measured dynamic current waveforms of the 8/6 SRM for constant
and variable I,.; are presented in Fig. 4.35. In Fig. 4.35 (a) and (b), I,.; was set
to 10 A and 5 A constants, respectively. The conduction angles are set to 0oy = 0°,
Borr = 100° at 3500 rpm and Opn = —20°, Opprp = 140° at 5500 rpm. I,.; in Fig.
4.35 (c) was generated using cubic TSF to produce 2 Nm average torque with the
TSF parameters 0oy = 34°, Oppr = 125° and, commutation angle, 6., = 35°. The
computed currents using MEC and FEM techniques show good agreement with the

measured currents. The maximum RMS current error is less than 2% with respect to
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Figure 4.36: Flux density distribution in the 8/6 SRM at 6, = 17.5° (a) MEC model
and (b) FEM model.

the experimental phase currents.

Flux density distribution inside the 8/6 SRM is obtained by exciting the MEC
and FEM models using the experimental phase currents in Fig. 4.35 (a). Fig. 4.36
shows the comparison of the obtained flux density plots at 6, = 17.5°. Flux density
distribution from the MEC model closely follows the distribution in the FEM. The
MEC model results show small discrepancies near the stator pole edges of phases B

and C due to geometry approximation errors.

4.7 Summary

This chapter has presented a reluctance mesh-based MEC method for modeling SRMs.
The MEC models of 3-phase 6/4, 6/16, and 12/8 SRMs and 4-phase 8/6, 8/10,
and 16/12 SRMs have been modeled using the proposed method. The meshing,
MMF calculation, assembling the MEC, and field solution technique was discussed.
The magnetic flux density, static characteristics, and dynamic characteristics were
calculated using the proposed method. The MEC models were validated using the

results from corresponding FEM models and experiments.
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Chapter 5

Radial Force Density Calculation
of SRMs using Reluctance
Mesh-Based M EC Technique

5.1 Introduction

Acoustic noise and vibration is one of the shortcomings of an SRM. Various techniques
have been proposed to reduce the acoustic noise of SRMs. The acoustic noise can be
reduced by changing the shape of the stator back-iron [125], introducing windows in
the stator and rotor poles [126, 127], using distributed airgap [128], and by applying
radial force shaping [129]. In an SRM, the vibration of the stator can have different
mode shapes, and each mode shape has a specific frequency. Resonance and, hence,
higher vibration can occur when the forcing frequency of a specific circumferential
order of a radial force harmonic coincides with the natural frequency of a mode shape

with the same circumferential order [130]. It is crucial to identify the magnitudes of
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the radial force density harmonics, and their vibration modes and frequencies when
analyzing and designing an SRM.

Different analytical techniques have been proposed to calculate the radial forces
in the airgap for SRMs. In [131-134], analytical expressions have been developed for
SRMs to calculate radial forces. These models have ignored the magnetic saturation
and also neglected the mutual coupling effects. FEM is a more accurate technique to
calculate the radial force density in an SRM. In [130], [135] and [136], FEM has been
applied to calculate the radial force density. The proposed FEM-based method in [135]
consists of two steps: (i) developing static LUTs using FEM and (ii) running dynamic
simulations in MATLAB using the LUTs to calculate the radial force densities. This
process can consider the nonlinear characteristics of the SRM. However, the process
in [135] can be complex and time consuming to implement in SRM design since it
requires redeveloping the static LUTs when the geometry is changed. The MEC
method is a promising alternative to FEM and it has reasonable accuracy [10,12].

The magnitudes and the harmonics of the radial force density waveform of an
SRM depend on the pole configuration, motor geometry, and phase current. The
conventional MEC technique can be challenging to calculate the radial force density
in an SRM design process as it requires to configure a predefined magnetic flux path
for each pole configuration being analyzed. In [137], the conventional MEC technique
has been applied to calculate the radial forces in a 12/8 SRM. However, the reluctance
mesh-based MEC method has not been widely used to calculate the radial forces in an
SRM, even though it has significant advantages over the conventional MEC method.

In this chapter, the proposed reluctance mesh-based MEC models of 3-phase 6/4,
6/16, and 12/8 SRMs and 4-phase 8/6, 8/10, and 16/12 SRMs has been utilized for
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calculating the radial force density. The radial force density and stator radial force
are calculated using the obtained dynamic characteristics and Maxwell Stress Tensor
method. The harmonic spectrum of the radial force density waveforms is obtained
using 2D Fast Fourier transform (FFT). The results calculated from the MEC models

are verified using the FEM models.

5.2 Proposed Method for Radial Force Calculation

The phase currents create radial and tangential flux densities in the airgap. The radial
and tangential flux densities in the airgap are computed by solving the developed MEC
method-based dynamic model. Maxwell Stress Tensor is then applied to calculate the
radial force density waveform. 2D Fourier series is used to extract the harmonics of

the radial force density waveform calculated from the MEC model.

5.2.1 Calculation of the Radial and Tangential Forces

In 2D analysis, the total radial force exerted on one stator pole can be calculated by

integrating the radial force density over one stator pole pitch:

1
Froa = V()CL/ §(B7Q’ad - BtQan>dl‘ (521)

lys

The line integral in (5.2.1) is evaluated along the arc ls,. As shown in Fig. 5.1,
l¢s is chosen in the middle of the stationary airgap mesh closer to the stator. The
stationary airgap mesh is divided into n, number of elements along the tangential

direction. Thus, the integral in (5.2.1) can be approximated as a summation of all

95



PhD Thesis — G. Watthewaduge McMaster University — Electrical Engineering

Stator pole pitch 6,

Stator

. 0= 6,
" element 6 =0 Airgap ?
mesh .

Stationary

\( i ' ] layer
~N Brad,e ', \)/
Arad,e MOViIlg

layer .

-> Integration
Btan.e llne l/S

o, 0., Radius 7, -
Atan,e

Rotation
axis o

Figure 5.1: Choosing an integration path for computing the radial force.
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5.2.2 Radial Force Density Decomposition

The radial force density in the airgap vary with the rotor position or time, and the
spatial position of the airgap. Therefore, radial force density can be considered as
a spatial waveform varying in time. Different harmonics of the radial force density
waveform can excite different circumferential vibration modes of the stator. There-
fore, calculating the magnitudes of radial force density harmonics is necessary for
acoustic noise analysis in an SRM. 2D Fourier series is applied to decompose the ra-

dial force density waveform obtained from the MEC method into its harmonics [130]:
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Figure 5.2: Four-quadrant plane for representing the harmonics with spatial and
temporal orders.

Orad(0r,0s) = Z Z Cuw cos(uby, + v0s + Yy) (5.2.3)

where u and v are integers and they define the spatial order and the temporal order of
a radial force density harmonic, respectively. C,, and 7, are the Fourier coefficient
and phase angle of the u'" and v'" radial force density harmonic. The harmonic
spectrum of the radial force density waveform can be represented in a four-quadrant
plane as shown in Fig. 5.2. The harmonics in the 1% and 3¢ quadrants rotate in the
clockwise (CW) direction and the harmonics in the 2°¢ and 4" quadrants rotate in
the counter clockwise (CCW) direction based on (5.2.3). From the properties of the
2D Fourier series, C,.) equals to C(_, ). Hence, the magnitudes of the harmonics
in 15 and 3’ quadrants are same and the magnitudes of the harmonics in 2°¢ and

4™ quadrants are same [130].
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Different circumferential vibration modes excited by the radial force density wave-
form harmonics are shown in Fig. 5.3. As shown in Fig. 5.3 (a), mode-0 expands and
contracts the stator along the radial direction. It is called the breathing mode (BM)
and it does not have rotation [129]. The existence of modes 2 and 4 depends on the
number of magnetic poles of the SRM [138]. Mode-2 corresponds to the spatial orders
v = %2, and it is the main vibration mode of the two-pole SRMs such as 6/4, 6/16,
8/10 and 8/6. Also, other vibration modes corresponding to the spatial orders with
multiples of two (e.g., v = £4,46,£8...) can be excited in a 2-pole SRM. Mode-4
corresponds to the spatial orders v = +4, and it is the main vibration mode of the
4-poles SRMs such as 12/8 and 16/12. Other vibration modes corresponding to the
spatial orders with multiples of four (e.g., v = £8,+12,£16...) can be excited in a
4-pole SRM.

In the four-quadrant plane, the temporal orders corresponding to each spatial or-
der are spaced with the number of strokes. The number of strokes can be calculated
using (2.3.2). The excitation frequencies of the radial force density harmonics corre-

sponding to different temporal orders are called the forcing frequencies, and they are

N

)

£

Lo

7

(@) (b) (c)

Figure 5.3: Circumferential modes of the stator (a) mode-0, (b) mode-2 and (c)
mode-4.
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defined as

ffc = ’u|fmech- (524)

As in (5.2.4), forcing frequencies of the radial force density harmonics depend on the

rotational speed of the SRM.

5.3 Case Studies

This section presents calculated dynamic currents from the MEC models of 3-phase
6/4, 6/16, and 12/8 SRMs and 4-phase 8/6, 8/10 and 16/12 SRMs. Obtained radial
forces and radial force density waveforms with the dynamic current excitation are
presented. The four-quadrant harmonic spectrums of each radial force density wave-
form are shown. The results are compared with the corresponding results from the
FEM models. The FEM models are developed in JMAG, and the dynamic models in
JMAG are implemented by voltage excitation of SRMs using an asymmetric bridge

converter.

5.3.1 Dynamic Current and Radial Force

Calculated dynamic current and stator radial force waveform for the 3-phase 6/4, 6/16
and, 12/8 SRMs are shown in Figs. 5.4, 5.5 and 5.6 respectively. In all simulations,
the rotation of the rotor is in the CCW direction. The conduction angles oy and
Oorr are refered to phase-A. As shown in Figs. 5.4, 5.5 and 5.6 (a), dynamic currents
obtained from MEC method show good agreement with FEM. The stator radial
force calculated from the MEC method for 6/4 and 12/8 SRMs closely follow the

forces calculated from FEM as shown in Figs. 5.4 and 5.6 (b). The stator radial
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Figure 5.4: Dynamic simulation of 6/4 SRM (a) phase current, (b) stator radial
force at I,.; = 10 A, Oon = 0°, Oopr = 120° at N,p,,, = 7500 rpm.
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Figure 5.5: Dynamic simulation of 6/16 SRM (a) phase current, (b) stator radial
force at I,.; =15 A, Oon = 0°, Oopr = 120° at N,p,,, = 3000 rpm.

———MEC
14 - —-FEM -2-750 —MEC ----FEM
< Sl = ;
= I
S A
3 JAWAW
0 90 180 270 360 0 90 180 270 360
Elec. angle phase-A [deg.] Elec. angle phase-A [deg.]
@ (b)

Figure 5.6: Dynamic simulation of 12/8 SRM (a) phase current, (b) stator radial
force at Iref =10 A, QON = 00, QOFF = 100° at Nrpm = 2500 rpim.
force calculated for 6/16 SRM from the MEC method in Fig. 5.5 (b) shows small
discrepencies compared to the FEM results. Those discrepencies have occured due to
minor errors in the calculated airgap flux density in the MEC model.

Figs. 5.7, 5.8, and 5.9 show the dynamic current waveforms and corresponding
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Figure 5.7: Dynamic simulation of 8/6 SRM (a) phase current, (b) stator radial
force at I,y = 10 A, Oon = 0°, Oprr = 100° at N,pn, = 3500 rpm.
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Figure 5.8: Dynamic simulation of 8/10 SRM (a) phase current, (b) stator radial
force at I,y =15 A, Oon = 0°, Oppr = 110° at N,p,, = 3000 rpm.
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Figure 5.9: Dynamic simulation of 16/12 SRM (a) phase current, (b) stator radial
force at I,y = 10 A, Oon = 0°, Oprr = 110° at N,p,, = 4000 rpm.

radial force waveforms for 4-phase 8/6, 8/1

Figs. 5.7, 5.8, and 5.9 (a) from the MEC

0 and 16/12 SRMs. Dynamic currents in

method are in good agreement with the

FEM results. In Figs. 5.7, 5.8, and 5.9 (b), the stator radial forces calculated from

the MEC method match well with the radial forces obtained from FEM.
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Table 5.1 compares the errors in RMS current and average radial force from the
MEC method with respect to FEM. The MEC method is capable of calculating
the RMS current and average radial force with maximum errors 8.73% and 10.19%,

respectively.

5.3.2 Radial Force Density Waveform

Figs. 5.10, 5.11, 5.12 (b) and (c) show the radial force density waveforms obtained
using the MEC method and FEM for the 3-phase 6/4, 6/16 and 12/8 SRMs. As
shown in Figs. 5.10, 5.11 and 5.12 (a), spatial position is varied from 0 to 180° for
the 6/4 and 6/16 SRMs and 0 to 90° for the 12/8 SRM. The chosen spatial positions
cover three concecutive stator poles belonging the three phases of the SRMs. The
rotation of the rotor is considered from 0 to 90°, 0 to 22.5° and 0 to 45° (one electrical
cycle) for 6/4, 6/16 and 12/8 SRMs. Therefore, three radial force density pulses exist
in Figs. 5.10, 5.11, 5.12 (b) and (c). The radial force density waveforms obtained
from the MEC models and FEM models match closely.

Table 5.1: Maximum error in RMS current and average radial force.

Pole configuration | RMS current error | Avg. radial force error

3-phase SRMs

6/4 5.45 % 3.64 %

6/16 8.43 % 10.19 %

12/8 5.61 % 0.81 %
4-phase SRMs

8/6 5.57 % 9.18 %

8/10 8.73 % 8.64 %

16/12 5.89 % 5.77 %
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Figure 5.10: Radial force density waveform of 6/4 SRM (a) spatial and rotor
positions, (b) MEC and (¢) FEM.
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Figure 5.11: Radial force density waveform of 6/16 SRM (a) spatial and rotor
positions, (b) MEC and (¢) FEM.
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Figure 5.12: Radial force density waveform of 12/8 SRM (a) spatial and rotor
positions, (b) MEC and (¢) FEM.

Radial force density waveforms obtained for the 4-phase 8/6, 8/10 and 16/12
SRMs using MEC technique and FEM are shown in Figs. 5.13, 5.14, 5.15 (b) and
(c). The spatial position changes from 0 to 180° for 8/6 and 8/10 SRMs, and the
spatial position of the 16/12 SRM varies from 0 to 90° as shown in Figs. 5.13, 5.14
and 5.15 (a). These spatial positions cover four concecutive stator poles and each
of those poles belong to the four phases as illustrated in Figs. 5.13, 5.14 and 5.15
(a). Rotor rotates from 0 to 60°, 0 to 36° and 0 to 30° (one electrical cycle) for 8/6,
8/10 and 16/12 SRMs, respectively. Thus, there are four radial force density pulses
in Figs. 5.13, 5.14, 5.15 (b) and (c). In Figs. 5.13, 5.14 and 5.15 (b), the radial force
density waveforms obtained from MEC model closely follow the radial force density
waveforms obtained from the FEM models. The distribution of the force density

from MEC model is not as smooth as those obtained from FEM model because of the
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coarse airgap mesh used in the MEC models.
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Figure 5.13: Radial force density waveform of 8/6 SRM (a) spatial and rotor
positions, (b) MEC and (¢) FEM.
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Figure 5.14: Radial force density waveform of 8/10 SRM (a) spatial and rotor
positions, (b) MEC and (¢) FEM.
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Figure 5.15: Radial force density waveform of 16/12 SRM (a) spatial and rotor
positions, (b) MEC and (¢) FEM.

5.3.3 Decomposition of the Radial Force Density Waveform

Figs. 5.16, 5.17, 5.18 (a) and (b) shows the dominant harmonic components of the
radial force density waveforms in Figs. 5.10, 5.11, 5.12 (b) and (c). The spatial orders
of the harmonic specturms in Figs. 5.16, 5.17 (a) and (b) are mutiples of two since 6/4
and 6/16 SRMs have two magnetic poles. The 12/8 SRM has four magnetic poles;
hence, the spatial orders are multiples of four in Fig. 5.12 (a) and (b). The temporal
orders at the breathing mode (v = 0) are symmetrically spaced with multiples of the
number of strokes, S;,. on the temporal order axis. The 6/4, 6/16 and 12/8 SRMs have
number of strokes 12, 48 and 24. Therefore, temporal orders at v = 0 are multiples
of 12, 48 and 24 as shown in Figs. 5.16, 5.17, 5.18 (a) and (b). The first temporal
order corresponding to the fundamental or the first non-zero spatial order is equal

to the number of rotor poles N, and located in the 1% or 2"! quadrant based on the
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phase excitation sequence. The fundamental spatial order of the 6/4 and 6/16 SRMs
is 2, and the fundamental spatial order of the 12/8 SRM is 4. As shown in Figs. 5.4,
5.5, and 5.6 (a) and in Figs. 5.10, 5.11, and 5.12 (a), phases of those three SRMs
are excited in the CW direction (A-C-B sequence). Therefore, first temporal order
corresponding to the fundamental spatial order of 6/4, 6/16 and 12/8 SRMs are 6,
16 and 8 and, located in the 15 quandrant of the harmonic spectrums in Figs. 5.16,
5.17, 5.18 (a) and (b). The percentage errors of the harmonic specturms obtained
from MEC method are calculated with respect to the harmonic specturms from the
FEM. The calculated percentage errors for 6/4, 6/16 and 12/8 SRMs are shown in
Figs. 5.16, 5.17 and 5.18 (b) in the first and fourth quardrants.

The dominant harmonic components of the radial force density waveforms in Figs.
5.13, 5.14, 5.15 (b) and (c) for 8/6, 8/10 and 16/12 SRMs are shown in Figs. 5.19,
5.20, 5.21 (a) and (b). Since 8/6 and 8/10 SRMs have two magnetic poles, spatial
orders of the harmonic specturms in Figs. 5.19, 5.21 (a) and (b) are mutiples of
two. The spatial orders in Figs. 5.21 (a) and (b) of the 16/12 SRM are multiples

of four, because it has four magnetic poles. The number of strokes of the 8/6, 8/10
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Figure 5.16: Decomposition of radial force density waveform for 6/4 SRM (a) MEC
and (b) FEM.
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Figure 5.17: Decomposition of radial force density waveform for 6/16 SRM (a) MEC
and (b) FEM.
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Figure 5.18: Decomposition of radial force density waveform for 12/8 SRM (a) MEC
and (b) FEM.

and 16/12 SRMs are 24, 40 and 48. Therefore, temporal orders at the spatial order
zero are multiples of 24, 40 and 48 as observed in Figs. 5.19, 5.20, 5.21 (a) and
(b). The fundamental spatial order of the 2-pole 8/6 and 8/10 SRMs is 2, and the
fundamental spatial order of the 4-pole 16/12 SRM is 4. As shown in Figs. 5.7, 5.9
(a) and Figs. 5.13, 5.15 (a), phases of 8/6 and 16/12 SRM are excited in the CW
direction (A-D-C-B sequence). Therefore, first temporal order corresponding to the
fundamental spatial order of 8/6 and 16/12 SRMs are 6 and 12, and those harmonics
are located in the 1%* quandrant of the harmonic spectrums in Figs. 5.19, 5.21 (a) and

(b). The phase excitation sequence of the 8/10 SRM is in CCW direction (A-B-C-D
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Figure 5.19: Decomposition of radial force density waveform for 8/6 SRM (a) MEC

and (b) FEM.
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Figure 5.20: Decomposition of radial force density waveform for 8/10 SRM (a) MEC
and (b) FEM.

sequence) as shown in Figs. 5.8 (a) and 5.14 (a). Thus, the first temporal order
corresponding to the fundamental spatial order of 8/10 SRM is 10, and it is located
in the 2" quadrant of the harmonic specturm as shown in Fig. 5.20 (a) and (b).
Percentage errors of the harmonic specturms obtained from the MEC models of 8/6,
8/10 and 16/12 SRMs are shown in Figs. 5.19, 5.20 and 5.21 (b) in the first and

fourth quadrants.
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Figure 5.21: Decomposition of radial force density waveform for 16/12 SRM (a)
MEC and (b) FEM.

5.4 Summary

A radial force density calculation method using the reluctance mesh-based MEC
method for an SRM was proposed in this chapter. The radial force density for 3-
phase 6/4, 6/16, 12/8 and, 4-phase 8/6, 8/10, and 16/12 SRMs was calculated by
utilizing the Maxwell Stress Tensor method and the dynamic models developed using
the MEC models. The harmonics of the radial force density were calculated using the

2D FFT. The results obtained from the MEC model were validated using the FEM.
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Chapter 6

Sizing of Motor Geometry for an
Electric Aircraft Propulsion SRM
using Reluctance Mesh-Based

MEC Technique

6.1 Introduction

Electrified propulsion is expected to dominate future transportation systems due to
the environmental impact of burning fossil fuels. Electric motors are on the path to
replace the engines energized by fossil fuels. PMSMs are already in use in electric
propulsion systems [139]. The main drawbacks of PMSMs are the sensitivity of PMs
to temperature and demagnetization, and the price volatility and supply chain issues

with rare earth metals that make up PMs [6,139]. SRM can overcome these drawbacks
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due to its magnet-free motor geometry [1]. SRMs also have other advantages such as
low cost, simple construction, and capability to operate at higher speeds [1,6].

Designing an SRM for an electric propulsion system consists of multiple stages.
Various electromagnetic models are used iteratively in each design stage [140]. Usu-
ally, FEM is utilized in an SRM design. As an alternative, MEC models can be
applied in an SRM design [141]. One of the essential tasks in an SRM design process
is to determine the motor geometry. In [142] and [143], MEC models are applied to
design a wound field synchronous machine (WFSM) and a PMSM for electric vehicle
applications. MEC method is applied in [112] and [144] to design a flux switching
machine for an in-wheel motor. The motor geometry of an axial flux SRM is obtained
in [11] and [109] utilizing MEC models. But, the conventional MEC method imple-
mented in [112] and [11,109,142-144] requires prior knowledge of the flux path inside
the motor. It can be challenging to predefine the flux path accurately in an SRM
due to its salient structure, while modifying the motor geometry. The reluctance
mesh-based MEC method is an alternative that does not require prior knowledge of
the flux paths inside an SRM.

In this chapter, the proposed reluctance mesh-based MEC method in this thesis
is applied to design a 3-phase 12/16 SRM for the performance requirements of the
NASA HLM for the Maxwell X-57 aircraft [3]. The design specifications of the HLM
and the motor geometry of the proposed 12/16 SRM are presented in this chapter.
Finally, the MEC-based static and dynamic characteristics of the proposed SRM and

compares them with the results from FEM.
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6.2 NASA Maxwell-57 Electric Aircraft

This chapter applies a reluctance mesh-based MEC technique to the design process
of a 3-phase 12/16 SRM for a high lift motor in NASA Maxwell X-57 electric aircraft.
In this section, first the NASA Maxwell X-57 aircraft is presented, and then, the
design specifications for the NASA high lift motor for the Maxwell X-57 aircraft are

introduced.

6.2.1 NASA Maxwell X-57 Aircraft

The NASA Maxwell X-57 aircraft consist of a distributed electrical propulsion system.
The main objectives for the Maxwell X-57 are to reduce the energy consumption
during the cruise, achieve zero carbon emmision, and decrease the noise. The total
propulsion power of the aircraft is provided by 14 electric motors as shown in Fig.
6.1 [3]. The two large motors at the corners of the left and right wings mainly produce
the power for cruising. The remaining 12 motors are the high lift motors (HLMs).
HLMs are mounted on the left and right wings, and they operate during the flight
take-off and landing. The HLMs are not operated during the cruise to reduce air drag.
These 12 HLMs should ensure climbing of the aircraft up to a maximum altitude of 3
km above sea level. The expected minimum operation time of the HLMs during the
climbing stage is approximately 250 seconds. Also, there is a run-up for 30 seconds

at the beginning of the flight mission where the motors run at 4000 rpm.
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Figure 6.1: Top view of the NASA Maxwell X-57 distributed propulsion aircraft [3].

6.2.2 Design Specifications of the HLM

For the given operating scenarios, the electrical and physical requirements for HLM
defined by NASA are shown in Table 6.1 [3,145]. NASA has already designed a PMSM
to achieve the above requirements. The outer diameter of the PMSM was 156.45 mm.
The maximum available axial length for the stator (including the stack length of the
stator core and the length of the end turns) was defined as 66.4 mm. The stator
design of the PMSM achieves a stack length of 34.5 mm by using a 24 slot-20 pole
PMSM design. The torque density of the PMSM has been greatly improved by using
a Halbach magnet array. This also helped reducing the rotor back-iron thickness of
the PMSM to 2.45 mm, leading to further weight reduction. The maximum magnet
temperature was considered to be 120°C'. The stator and rotor laminations are bonded
using EB-548 epoxy. The maximum allowable temperature of the EB-548 is 140°C.
Based on these temperature constraints, the maximum current density of the PMSM is
limited to 11 A/mm?. The maximum wire fill factor and current density requirements,

and the achieved fill factor and current density for the PMSM design are shown in
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Table 6.2.

6.3 Proposed SRM Design

In this section, the design process of the SRM is discussed. The techniques of selecting

the pole configuration, geometry parameters, winding configuration, and the magnetic

Table 6.1: Main design specifications of an high lift motor (HLM).

Electromagnetic design parameters

Peak output power 13.7 kW
Peak torque 24 Nm
Base speed 5450 rpm

RMS phase current 35 A

DC link voltage 385-538 V

Number of phases 3

Geometry constraints

Maximum motor diameter (with casing) 161.5 mm

Maximum stator outer diameter (without casing) | 156.45 mm

Maximum stator axial length including end turns 66.4 mm

Expected performance
1. Provide 24 Nm of torque between 2000-5450 rpm and 22 Nm
of torque at 5460 rpm.

2. Capable of producing 10.5 kW output power at 5460 rpm and
at 460 V DC link voltage with a minimum efficiency of 93%.

Table 6.2: Fill factor and current density constraints.

Maximum Achieved by
allowable value | PMSM design
Wire fill factor 60% 58.4%
Current density 11 A/mm? 10.7 A/mm?

Characteristic
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material are explained.

6.3.1 Selection of the Pole Configuration

According to the dimensional constraints given by NASA, HLM requires a higher
torque to volume ratio. Therefore, flux density in the stator core should be closer to
the saturation flux density of the utilized steel material to increase the torque density.
In this application, the maximum wire fill factor in the stator slots is constrained to
60%. The motor should have only three phases, according to NASA specifications.
Considering the geometry and fill factor constraints, choosing a high stator pole count
might limit the slot area. That could further reduce the MMF leading to lower torque
production. The stator outer diameter is constrained to 156.45 mm as listed in Table
6.1. The number of stator poles higher than 12 might result in a small stator pole
width, leading to oversaturation of the stator teeth. Therefore, the pole configurations
that have more than 12 stator poles were not considered for this application. Hence,
the possible numbers of stator poles are 6 and 12. The pole configurations with six
stator poles have only two magnetic poles for three phase operation. This means that
there would be two flux loops in the stator back-iron. Since HLM SRM is designed
for high torque density, a relatively small back iron thickness is used. This was the
case also for the PMSM design. If a two-pole SRM configuration was used, the stator
back-iron could reach to saturation quickly, affecting the torque production capability
of the machine. Considering these reasons, the number of stator poles is selected as
12.

There are various number of rotor pole options that would provide a balanced 3-

phase operation with 12 stator poles. Considering the speed and torque requirements
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of the HLM, three options for the number of rotor poles are considered for 12 stator
poles: 8, 16 and 20. For 8 rotor poles, the number of torque pulsations is 24, for 16 it
is 48, and for 20 it is 60. For the given speed range and the stator outer diameter, 16
rotor poles is a better choice to maintain an effective stator pole width considering
torque density, and a reasonable electrical frequency considering core losses for the

given speed range.

6.3.2 Selection of Geometry Parameters

The geometry design parameters of the 3-phase 12/16 SRM are shown in Fig. 6.2.
The motor geometry is determined to achieve the maximum torque requirement at
the minimum DC link voltage of 385 V. According to the given specifications in Table
6.1, the maximum outer diameter of the motor with the casing should be 161.5 mm.
The stator outer diameter is set at 156.45 mm, which is the same as the PMSM
designed by NASA for the HLM application.

The airgap length is selected as 0.35 mm to achieve high torque density. An
airgap length of 0.35 mm would require tighter tolerances when manufacturing the
cores and other mechanical parts of the motor. For an industrial application, this
would potentially reflect as a higher cost. However, for an aircraft application, cost
is usually a lower priority than torque density.

The maximum and the minimum limits of the pole arc angles are calculated ac-

cording to
360°
B+ Bs < = 22.5° (6.3.1)
720°
.+ B > = 15°. 6.3.2
Br+Bs 2 (6.3.2)

T
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Figure 6.2: Main geometry parameters of the 12/16 SRM.

Equation (6.3.1) ensures existence of fully unaligned position. Equation (6.3.2) is the
minimum condition of pole arc angles for self-starting condition in SRMs. Initially,
both . and 5 were chosen as 7.5° to satisfy (6.3.2). Then, pole arc angles were
iteratively modified to achieve the performance requirements of the motor. The final
values of the stator and rotor pole arc angles were 8.2° and 8.5°, respectively.

The stator pole height is selected to maximize the slot area while achieving the
torque requirements within the given fill factor constraint. For the rotor pole height,
after various design iterations using the MEC model, it was found out that the rotor
pole height below 8 mm can cause the flux to penetrate into the back-iron instead of

the rotor pole. This reduces the torque production. The final rotor pole height was
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selected as 10 mm, as there was no significant improvement in the torque when the
rotor pole height is above this value.

The stator back iron of the PMSM designed for the HLM application was ap-
proximately 3 mm due to the high torque-density requirement. The stator back-iron
thickness should be sufficiently large to provide the mechanical strength of the stator
and avoid oversaturation. In the SRM design, the stator back-iron thickness is always
kept higher than 5 mm to provide a better structural support to the stator poles and
to avoid oversaturation of the back iron. The rotor back-iron thickness is determined
according to the rotor pole height, and the shaft diameter [6,7]. The shaft diameter of
the 12/16 SRM design is 50 mm. The final values for the motor geometry parameters

for the 12/16 SRM design for the HLM application are given in Table 6.3.

Table 6.3: Proposed dimensions of the SRM geometry.

Parameter Value
Outer diameter (D) 156.45 mm
Bore diameter (Dpore) 115 mm
Shaft diameter (Dgpqrt) 50 mm
Airgap length (g) 0.35 mm
Stator pole arc angle (5s) 8.2°
Rotor pole arc angle (3,) 8.5°
Stator pole height (hs) 15 mm
Rotor pole height (h,.) 10 mm
Stator back-iron thickness (hg,) | 5.725 mm
Rotor back-iron thickness (h,;) | 22.15 mm
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6.3.3 Material for the Magnetic Cores

For the 12/16 SRM design, it is essential to achieve higher flux density in the airgap
to maximize the torque density [3]. The utilized magnetic steel material should
have a higher saturation flux density. Cobalt-iron (CoFe) magnetic materials provide
the highest saturation flux density level as compared to the other technologies in the
market [139]. Hiperco-50A iron-cobalt vanadiaum soft magnetic allow from Carpenter
Technology is chosen as the magnetic core lamination material for both stator and
rotor. The B-H curve of the 0.35 mm thickness lamination is used for the sizing of

the 12/16 SRM.

6.3.4 Selection of Winding Configuration and Stack Length

There are four coils per phase in a 3-phase 12/16 SRM. For this application, all four
coils are connected in series. The number of turns should be sufficient to create the
required MMF in the airgap. The maximum number of turns of a coil is limited by
the maximum slot fill factor, wire size, DC link voltage constraint, current dynamics,
and phase resistance or copper loss [7]. The HLM design requires to deliver 24 Nm
of torque at 5450 rpm. From SRM design perspective, this would require minimum
24 Nm peak static torque around 50A excitation current to satisfy the RMS current
constraint. Also, the peak static induced voltage needs to be within 385-538V at
5450 rpm. As show in Table 6.1, the maximum available stator axial length including
the end turn lengths is constrained at 66.4 mm. After analyzing the static torque
characteristics of the SRM design with different number of turns per coil and stator
core stack length in various iterations, and checking the dynamic performance of the

motor with the MEC model, the number of turns per coil is selected as 32 and the
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stator core stack length is selected as 47 mm. The end turn length on each side
of the coil is estimated as 9.7 mm. This makes the total axial length of the stator
66.4 mm, which is within the design constraint defined in Table 6.1. Different wire
gauges with different numbers of strands are considered to achieve the wire fill factor
constraint of 60% and the current density limit of 11 A/mm?. With 32 turns and
three strands per coil wound with 17 AWG heavy-build magnet wire, the 12/16 SRM
design achieves 24 Nm at 5450 rpm with an RMS current of 34.3 A at the minimum
DC link voltage of 385 V. The SRM achieves this requirement at an RMS current
density of 10.96 A /mm? with a fill factor of 58.4 %, which are lower than the design
constraints defined in Table 6.2. The final design parameters of the selected winding
configuration and stack length are provided in Table 6.4.

The stack length of the SRM design is longer than the stack length of the PMSM.
However, the PMSM design uses a Halbach magnet array design to improve the

torque density and the maximum magnet temperature was considered as 120°C'. In

Table 6.4: Proposed winding configuration and axial length constrains.

Parameter Value
Number of turns per coil (V) 32
Number of strands 3
Wire fill factor 58.4 %
Maximum current density 10.96 A/mm?
Wire guage 17 AWG Heavy-build
Coil resistance (Reo;) 0.02768 Q2
Stator core Stack length (Lgy) 47 mm
Estimated stacking factor 97 %
Estimated end turn length (Lenq) 9.7 mm
Total axial length (L) 66.4 mm
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the 12/16 SRM, there are no permanent magnets. Hence, the SRM can operate at a
higher temperature. Among the active materials of an SRM, the polymer insulation
of the magnet wires are usually more sensitive to temperature. However, the polymer
insulation of magnet wires can handle a much higher temperature than the magnets.
For example, 200°C' thermal class magnet wire is widely accessible. Magnet wires
with insulation rated for 240°C' are also available. Another temperature-limiting
material in the PMSM design was the epoxy used for bonding the cores. In the
PMSM design, the stator and rotor cores were made of cobalt-iron magnetic material.
The laminations were bonded using EB-548 epoxy, which has a maximum allowable
temperature of 140°C. The 12/16 SRM is also designed for cobalt-iron magnetic
material and it might require a similar core stacking technique using a bonding agent.
Therefore, it is reasonable to limit the operating temperature of the 12/16 SRM at
140°C', which is higher than the temperature limited by the permanent magnets in
the PMSM design. A higher operating temperature for the SRM can be targeted if a
different stacking technique is employed, such as welding or interlocking. The choice
of stack retention method is dependent on various factors, including manufacturability
and change in core loss due to manufacturing stresses.

The higher temperature limit for the SRM can enable targeting a higher current
density. Based on further analysis using the MEC model, the calculated stack length
of 47 mm at 10.96 A/mm? can be further reduced to 45 mm for a current density
of 11.82 A/mm?. In that case, the motor is able to provide 24 Nm at 5450 rpm
with an RMS current of 34.8 A at 385 V DC link voltage. The SRM achieves this
requirement with 33 turns and 9 strands per coil wound with 22 AWG heavy-build

magnet wire. This corresponds to a fill factor of 59.26 % and an estimated phase
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resistance of 0.02943 €). It should be noted that the higher current density operation

of the motor should be validated with thermal analysis.

6.4 Static Characteristics of the Proposed SRM

In this section, the static characteristics, such as the static flux linkage, magnetic flux
density, static electromagnetic torque, and static induced voltage obtained from the
MEC model of the proposed 12/16 SRM are presented. The results are validated by

using the FEM model of the proposed motor geometry in JMAG software.

6.4.1 Magnetic flux density

After obtaining the field solution, the branch fluxes in all mesh elements in the MEC
model can be calculated from (4.2.18). The magnitude of the flux density is then
calculated from (4.3.3) and (4.3.4). The airgap flux density components from the
static analysis are shown in Fig. 6.3. Flux densities are calculated for one stator
pole pitch at the aligned and unaligned positions with 60 A excitation current. The
radial and tangential airgap flux densities from the MEC model match well with FEM
results. The radial flux density at the unaligned position and tangential flux density
at the aligned position show minor differences near the spatial angles 10° and 20°.
This is because of the field calculation error near the stator and rotor pole edges due
to the complex elements.

The magnitude of the flux density distribution inside the SRM at the aligned and

unaligned positions are shown in Fig. 6.4. The flux density distribution obtained
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unaligned position, (c) radial flux density at the aligned position, and (d) tangential
flux density at the aligned position.

from the MEC method shows fair agreement with the flux density distribution ob-

tained from FEM. The flux density values at points Py, P, and P3 in Fig. 6.4 and

their percentage errors relative to the FEM are shown in Table 6.5. The maximum

percentage error that occurred in the flux density calculation is less than 10%.

Table 6.5: Flux density comparison at points Py, P, and P3 in Fig. 6.4 in static

simulations.
. Point P, Point Py Point Py
Position
MEC ‘ FEM ‘ % error | MEC ‘ FEM ‘ % error | MEC ‘ FEM ‘ % error
Unaligned | 098 T 096T 21% |143T 131T 91% |05 T 054T 19%
Aligned 189 T 18T 5% 241 T 233T 34% |231T 225T 27%
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6.4.2 Static flux linkage, torque and voltage

The phase flux linkage can be calculated from (4.3.5). Hence, the induced phase
voltage can be determined from (2.2.1). Maxwell Stress Tensor method is applied
to compute the tangential force density in the airgap. The electromagnetic torque
is then calculated by integrating the tangential force density over the airgap surface
area defined by the radial distance in the airgap from (4.3.8) as shown in Fig. 4.6.
The static phase flux linkage of the proposed SRM at different currents is shown in
Fig. 6.5. The flux linkage characteristics from the MEC method show a good match
with the FEM results. The static induced voltage characteristics are shown in Fig.

6.6. Induced voltage from the MEC model follows the voltage calculated from the
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Figure 6.4: Magnetic flux density contours at 60 A static excitation current: (a)
unaligned position, MEC, (b) unaligned position, FEM, (c) aligned position, MEC,
(d) aligned position, FEM.
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FEM model. The voltage profile is calculated by taking the time derivative of the flux
linkage characteristics from the MEC model. It can be observed from Fig. 6.5 that
the change in the slope in the flux linkage characteristics between 30°-60° electrical
angles in the MEC model is not as smooth as the results from the FEM model. This
is due to the coarse mesh density used in the MEC model. Therefore, voltage profiles
from the MEC model do not match perfectly to the results from FEM within that
interval. However, at the other electrical positions, the static voltage profiles from
the MEC model fairly match with the FEM results. It will be shown in the next
section that this small difference in the static flux linkage and voltage characteristics
does not cause a significant impact on the dynamic characteristics calculated from
the MEC model. The static electromagnetic torque characteristics of the 12/16 SRM
is shown in Fig. 6.7. There is a good match between the torque calculated from
the MEC and FEM models. Only minor differences can be recognized in the torque

profiles between the electrical angles 30°-60°.
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Figure 6.5: Static phase flux linkage characteristics at different currents.
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Figure 6.7: Static torque characteristics at different currents.
6.5 Dynamic Characteristics of the Proposed SRM

The dynamic phase currents, and the corresponding flux density and electromagnetic
torque from the MEC model of the proposed SRM design are presented in this section.
The FEM model is developed in JMAG using the motor geometry obtained from
the MEC-based design to validate the dynamic characteristics. The torque-speed
characteristics and power-speed characteristics obtained using the MEC model are

also presented and compared with FEM results.
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6.5.1 Dynamic Current and Electromagnetic Torque

In the dynamic simulations, the conduction angles 0oy and 0ppp are referred to the
electrical angle of phase-A. Zero electrical angle indicates that phase-A is at the un-
aligned position. The dynamic current and corresponding electromagnetic torque at
2000 rpm and 4000 rpm are shown in Figs. 6.8 and 6.9. The RMS current is regu-
lated below 35 A. Here the conduction angles 0oy and 0prr are heuristically adjusted
to provide approximately 24 Nm of torque using the MEC model. The conduction
angles are then applied to the FEM model that is excited with an asymmetric bridge
converter model with a DC link voltage source of 385 V. According to Figs. 6.8 and
6.9, the dynamic phase current and electromagnetic torque determined from the MEC
model are in good agreement with the FEM model. The calculated dynamic current
and generated electromagnetic torque at 5450 rpm and 5460 rpm are shown in Figs.
6.10 and 6.11. In both speeds, RMS current is 34 A as shown in Figs. 6.10 and 6.11
(a). The results from the MEC and FEM models show a good match. In some re-
gions of the torque profiles in Figs. 6.10 and 6.11 (b), MEC model calculates slightly
higher torque since the calculated dynamic current is higher in those regions. Also,
in some regions, MEC model calculates lower current compared to the FEM model.
Hence, the generated torque in those regions is slightly less than the FEM results.
The dynamic current and electromagnetic torque at 7000 rpm and 8000 rpm (high
speed operating points) are shown in Figs. 6.12 and 6.13. As shown in Figs. 6.12
and 6.13 (a), hysteresis controller cannot regulate the current at the set reference due
to the voltage dynamics at higher speeds. The MEC model can calculate the current
fairly in those conditions as well, compared to the FEM model. As shown in Figs.

6.12 and 6.13 (b), the generated electromagnetic torque developed in the MEC model
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is in good agreement with the FEM model. The RMS current, average torque, and
percentage errors relative to the FEM at different speeds are shown in Table 6.6. The
design proposed from the MEC model has less than 5% error in the RMS current.

The average torque calculation of the MEC-based design has maximum 2.5% error
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Figure 6.8: Dynamic characteristics at 2000 rpm at 385 V DC: (a) phase currents
Lief =50 A, 6oy = 10° and 0ppr = 150° and (b) developed electromagnetic torque.
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Figure 6.9: Dynamic characteristics at 4000 rpm at 385 V DC: (a) phase currents

Lief =52 A, 6oy = —35° and Oprp = 142° and (b) developed electromagnetic
torque.
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Figure 6.10: Dynamic characteristics at 5450 rpm at 385 V DC: (a) phase currents

Ly =55 A, oy = —52.5° and fppr = 125° and (b) developed electromagnetic
torque.
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Figure 6.11: Dynamic characteristics at 5460 rpm at 385 V DC: (a) phase currents

Ly =55 A, oy = —52.5° and fpppr = 125° and (b) developed electromagnetic
torque.
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Figure 6.12: Dynamic characteristics at 7000 rpm at 385 V DC: (a) phase currents

Lief =55 A, 6oy = —79° and Oppr = 100° and (b) developed electromagnetic
torque.
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Figure 6.13: Dynamic characteristics at 8000 rpm at 385 V DC: (a) phase currents
Lef =55 A, 6oy = —85° and Oppp = 95° and (b) developed electromagnetic torque.

6.5.2 Magnetic Flux density

Fig. 6.14 shows the radial and tangential flux density waveforms at the phase-A

electrical position of Ocjecpra = 240°, for the operating condition in Fig. 6.10. At this

position, phase C is the incoming phase, and phases A and B are the outgoing phases.

Flux density waveforms from the MEC model match well with the FEM results. Fig.

6.15 shows the magnetic flux density contours of the 12/16 SRM design from the MEC

Table 6.6: Comparison of RMS current and Average Torque from the MEC and

FEM models.
RMS current Avg. torque
Speed

MEC | FEM | % error | MEC FEM | % error
2000 rpm | 31.8 A 309A 32% [243Nm 241 Nm 12%
3000 rpm | 344 A 339A 15% [242Nm 24.1Nm 04 %
4000 rpm | 34. 3 A 341 A 06% |[246Nm 244 Nm 08 %
5450 rpm | 34.3 A 342A 03% [244Nm 24Nm 25%
5460 rpm | 34 A 341 A 03% [244Nm 24 Nm 25%
6000 rpm | 32 A 33.6A 48 % [234Nm 235Nm 04%
7000 rpm | 31.7A 325A 25% [201Nm 199Nm 1%
8000 rpm | 27.8 A 286 A 28 % | 15.7Nm 156 Nm 0.6 %
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Table 6.7: Flux density comparison at points Py, Py, P3, P4, P5 and Pg for the
dynamic operation in Fig. 6.15.

Location | MEC | FEM | % error
Point P; [1.01 T [0.89 T | 135 %
Point P, [ 0.39T | 0.38 T | 2.6 %
Point P53 [ 224 T | 226 T | 0.9 %
Point P, [ 2.03T | 1.98T | 2.5 %
Point P5 [ 0.61 T | 0.52 T | 17.3 %
Point Pg | 0.63 T | 0.54 T | 16.7 %

and FEA models for the same electrical position. There is a good match between the
flux density distributions obtained from the MEC and FEM models. Flux density
values and percentage errors with respect to the FEM for points Py, Py, P3, Py, Ps

and Pg in Fig. 6.14 (a) are given in Table 6.7.

6.5.3 Torque-speed Characteristics of the 12/16 SRM Design

Fig. 6.16 shows the torque-speed and power-speed characteristics of the proposed
SRM design for the peak-load operation. The calculated characteristics from the

MEC-based model match well with the FEM results. As shown in Fig. 6.16 (a),
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Figure 6.14: Airgap flux density at Ocjecppa = 240° for phase currents in Fig. 6.10
(a) radial component and (b) tangential component.
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Figure 6.15: Magnetic flux density contours at Ocjecpna = 240° for the current
waveform in Fig. 6.10.

the proposed SRM can provide 24 Nm torque from 2000 rpm to 5460 rpm and that
satisfies the design specifications. According to Fig. 6.16 (b), the proposed design can
produce 14.7 kW of maximum output power, and it exceeds the given requirement

13.7 kW with the minimum DC link voltage of 385 VDC.
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Figure 6.16: Motor characteristics for the peak operating point of the 12/16 SRM at
385 V DC link voltage: (a) torque-speed characteristics and (b) power-speed
characteristics.

134



PhD Thesis — G. Watthewaduge McMaster University — Electrical Engineering

6.6 Summary

The proposed reluctance mesh-based MEC method in this thesis was applied to design
a 3-phase 12/16 SRM for the performance requirements of the NASA HLM for the
Maxwell X-57 aircraft in this chapter. The design specifications of the HLM were
presented. The selection of pole configuration, geometry parameters, details of the
materials for stator and rotor laminations, and selection of winding configuration were
discussed. The static and dynamic characteristics of the proposed 12/16 SRM were

presented. The design was validated using the FEM.
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Chapter 7

Conclusions and Future Work

7.1 Conclusions

This thesis has presented a reluctance mesh-based MEC model for SRMs. The de-
veloped model can be utilized in various design stages of an SRM.

The Chapter 1 discussed the main thesis contributions and outline of the thesis.
In Chapter 2, operating principle, pole configurations, winding technique, operation
modes, and basics of current regulation techniques for SRMs were analyzed.

The Chapter 3 presents various modeling techniques for SRMs. Analytical as well
as numerical techniques have been considered. The FEM is the most common method
for SRM modeling. However, it is computationally expensive and requires a longer
computation time compared to other methods. The MEC technique can alternatively
be utilized for modeling SRMs. This technique has higher accuracy as compared to
analytical models and it is faster and computationally inexpensive compared to the
FEM. The MEC techniques can be divided into two main categories, (i) conventional

MEC approach and (ii) reluctance mesh approach. In the conventional MEC, it
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is required to know the flux path inside the machine in advance. The reluctance
mesh-based MEC method does not require pre-defining the flux path in the machine.
Finally, the chapter summarized the advantages, disadvantages, and applications of
the various modeling techniques of SRMs.

In Chapter 4, the 3-phase 6/4, 6/16, and 12/8 SRMs and 4-phase 8/6, 8/10,
and 16/12 SRMs have been modeled using the proposed reluctance mesh-based MEC
method. The airgap flux densities, static characteristics, e.g. static phase flux link-
age and static electromagnetic torque, and dynamic characteristics, e.g. magnetic flux
density, current, and electromagnetic torque of the considered SRMs have been calcu-
lated using the developed MEC model. The calculated results from the MEC model
were compared with the corresponding FEM models. The results of the MEC model
show good agreement with FEM models. The calculated electromagnetic torque from
the MEC model has a maximum error of 8.6 % in the dynamic analysis. The max-
imum error in the RMS current from the MEC model is 10.5 %. The simulation
results of the MEC model are further validated with experimental test results. The
experimental results show good agreement with the simulation results from the MEC
and FEM models. The maximum error of the dynamic current in the MEC model is
1.3 % compared to the experimental results.

The Chapter 5 presents a radial force density calculation method using the pro-
posed reluctance mesh-based MEC method. The radial and tangential components
of the airgap flux density is calculated from the obtained dynamic currents of 6/4,
6/16, 12/8, 8/6, 8/10, and 16/12 SRMs using the MEC models. Maxwell Stress Ten-
sor method was applied to determine the radial force density. The harmonics of the

radial force density are determined using the 2D Fourier series. The results obtained
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from the MEC model have been compared against the corresponding FEM models.
The results obtained from MEC models show good agreement with the FEM mod-
els. The developed MEC model is capable of calculating the stator radial force with
a maximum error of 10.19 %. The maximum error of the spatial order zero in the
radial force density harmonic spectrum from the MEC model is 15.8 %. Besides, the
first temporal order of the fundamental spatial order has a maximum error of 15.2 %.

The Chapter 6 presents the sizing of a three-phase 12/16 SRM proposed for the
High Lift Motor (HLM) application for NASA Maxwell X-57 aircraft. NASA has
designed a high-power-density PMSM using a Halbach magnet array according to
defined performance and geometry constraints for the HLM. The SRM was designed to
achieve similar performance and geometry constraints. The 12/16 SRM can achieve 24
Nm at 5450 rpm with 385 V minimum DC link voltage. The SRM geometry has been
sized using a reluctance mesh-based MEC method. The electromagnetic performance
of the SRM was validated using FEM. The phase currents, airgap flux density, and
electromagnetic torque were calculated using the MEC model. The results sufficiently
match the ones from the FEM model. The outer diameter of the 12/16 SRM is the
same as the PMSM. The fill factor and the current density are within the design
constraints given by NASA. The stack length of the SRM is longer than the PMSM.
However, the total axial length of the stator is within the design constraints with
the estimated end turn lengths. The stack length of the stator core can be reduced
further by allowing a current density that exceeds the design constraint 11 A /mm?.
This can result in a higher operating temperature, but SRM can operate at a higher
temperature than the PMSM due to the lack of PMs. This chapter demonstrates that

the proposed MEC model is an effective tool for the sizing of a switched reluctance
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motor. The obtained motor geometry of the 12/16 SRM using the MEC model should
be further improved with more detailed FEM simulations. The losses and efficiency
of the motor should be calculated in FEM. Thermal analysis would be required to
determine the operating temperature of the 12/16 SRM to validate that temperature

is within the allowable limits for the targeted current density.

7.2 Future Work

There are several ways to improve the contributions presented in this thesis.

Advance Meshing Techniques: The proposed structured meshing technique in
this thesis can be improved in several ways. The mesh densities in the stator
slots and the gaps between the rotor pole regions can be decreased to reduce
the size of the matrices. That reduces the computational time of the model.
The size of the matrices can be further reduced by making the arc angles of
mesh elements in the rotor pole region multiples of the arc angles of airgap

mesh elements.

Modeling Core Losses in SRMs: The reluctance mesh technique is a potential
alternative to calculate the core losses in an SRM. The harmonics of the stator
and rotor core magnetic flux density can be calculated by applying the FFT.
The harmonics of the magnetic flux density can be used with the loss charac-
teristics of electrical steel to calculate the core loss in the stator and rotor. The
loss coefficients in the Steinmetz equation can be estimated, and hence, the core

loss can be decomposed to hysteresis and eddy current losses.
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Hybrid Modeling Techniques: The faster electromagnetic modeling techniques
such as Maxwell’s equations-based method and BEM can be hybridized with the
MEC technique to decrease the computation time. Maxwell’s equations-based
method and BEM method can be applied to calculate the airgap magnetic field
since those techniques are challenging to incorporate local saturation. Then,
the reluctance mesh-based MEC technique can be applied to model the stator

and rotor core of the SRM while considering the local saturation.

3D Reluctance Mesh-Based MEC Method: The proposed 2D reluctance mesh-
based method can be extended for modeling 3D geometries. Two additional
reluctance elements can be added to the mesh element along the axial direction
to build a 3D mesh element. Adding more reluctance elements requires a large
amount of computer memory and higher computation time. The developed
nonlinear solver needs to be optimized to handle a larger number of reluctance

elements efficiently.

Design Improvements of 12/16 SRM for HLM Application: The proposed
motor geometry of the 3-phase 12/16 SRM requires further geometry optimiza-
tion to improve the design using FEM simulations. The core losses of the
motor should be calculated to estimate the efficiency. The radial force den-
sity of the 12/16 SRM should be calculated, and acoustic noise and vibration
analysis would be required for the final design. Thermal analysis is required to
determine the maximum operating temperature and maximum current density
constraints of the motor. Prototyping and testing would be required for the

further validation of the design.
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Modeling Eccentricity Faults in SRMs: Airgap eccentricity is one of the com-
mon faults in SRMs. The Force distribution in the airgap becomes uneven due
to the eccentricity. It causes unnecessary vibration and noise, damages bear-
ings, and crashes stator and rotor poles each other. The reluctance mesh-based
MEC method is a potential alternative to modeling eccentricity faults in SRMs.
The mesh in the airgap region is required to modify according to the uneven

distribution of the airgap.
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7.3 Publications

Conference Papers
G. Watthewaduge, E. Sayed, A. Emadi, and B. Bilgin, ” Reluctance mesh-based mod-
eling of switched reluctance machines,” in Proc. IEEE Transportation Electrification

Conference € Expo (ITEC), Chicago, IL, USA, Jun. 2021, pp. 407-412.

G. Watthewaduge, E. Sayed, M. Bakr, A. Emadi, and B. Bilgin, ” An optimization
study for a switched reluctance motor using magnetic equivalent circuit and space

mapping techniques,” in Proc. IEEE Transportation FElectrification Conference €

Ezxpo (ITEC), Chicago, IL, USA, Jun. 2020, pp. 1025-1030.

Journal Papers
G. Watthewaduge, E. Sayed, A. Emadi, and B. Bilgin, ”Electromagnetic modeling
techniques for switched reluctance machines: state-of-the-art review,” in IEEE Open

Journal of the Industrial Electronics Society, vol. 1, pp. 218-234, Aug. 2020.

G. Watthewaduge and B. Bilgin, ”Reluctance mesh-based magnetic equivalent cir-
cuit modeling of switched reluctance motors for static and dynamic analysis,” IFEFE

Transactions on Transportation Electrification, Ealy Access, 2021.
G. Watthewaduge and B. Bilgin, "Radial force density calculation of switched re-

luctance machines using reluctance mesh-based magnetic equivalent circuit,” IFEFE

Open Journal of the Industrial Electronics Society, vol.3, pp. 37-49, Dec. 2021.

142



PhD Thesis — G. Watthewaduge McMaster University — Electrical Engineering

G. Watthewaduge and B. Bilgin, ”Sizing of the motor geometry for an electric air-
craft propulsion switched reluctance machine using reluctance mesh-based magnetic
equivalent circuit,” under review, IEEE Transactions on Transportation Electrifica-

tion, 2022.

143



Appendix A

Motor Geometries of SRMs

The geometry parameters and main specifications of the 3-phase 6/4, 6/16, 12/8 and
4-phase 8/6, 8/10, and 16/12 SRM are presented here.
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Table A.1: Geometry Parameter Values of the 3-phase 6/4 SRM.

Parameter

Value

Outer diameter (Do)
Bore diameter (Dpope)
Shaft diameter (Dgpqft)
Stator core Stack length (Lgy)
Airgap length (g)
Stator pole arc angle (5s)
Rotor pole arc angle (/)
Stator pole height (hy)
Rotor pole height (h,.)
Stator back-iron thickness (hg,)
Rotor back-iron thickness (h,)
Number of turns per coil (IV;)
Coil resistance (Repir)
Maximum current
DC link voltage
Maximum speed

Lamination material

123 mm
75 mm
20 mm
65 mm
0.5 mm
22.5°
24°
14 mm
9 mm
10 mm
18 mm
80
0.0366 2
20 A
300 V
12000 rpm
M19-24G

145



PhD Thesis — G. Watthewaduge McMaster University — Electrical Engineering

Figure A.1: Motor geometry of the 3-phase 6/4 SRM.
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Table A.2: Geometry Parameter Values of the 3-phase 6/16 SRM.

Parameter Value
Outer diameter (Do) 160 mm
Bore diameter (Dpope) 125 mm
Shaft diameter (Dgpqft) 40 mm
Stator core Stack length (Lgy) 60 mm
Airgap length (g) 0.35 mm
Stator pole arc angle ([fs) 9°
Rotor pole arc angle () 9.375°
Stator pole height (hy) 10
Rotor pole height (h,) 9

Stator back-iron thickness (hg) | 7.5 mm
Rotor back-iron thickness (h,;) | 33.15 mm

Number of turns per coil (V) 50
Coil resistance (Repi) 0.06758 Q
Maximum current 20 A
DC link voltage 300 V
Maximum speed 8000 rpm
Lamination material 35H300
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Figure A.2: Motor geometry of the 3-phase 6/16 SRM.
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Table A.3: Geometry Parameter Values of the 3-phase 12/8 SRM.

Parameter Value
Outer diameter (Do) 136 mm
Bore diameter (Dpope) 83.6 mm
Shaft diameter (Dgpqft) 25 mm
Stator core Stack length (Lgy) 70 mm
Airgap length (g) 0.3 mm
Stator pole arc angle () 15°
Rotor pole arc angle () 15°
Stator pole height (hs) 14.9 mm
Rotor pole height (h,.) 11 mm

Stator back-iron thickness (hg) | 11.3 mm

Rotor back-iron thickness (h,) 18 mm

Number of turns per coil (Ny) 28
Coil resistance (Rey) 0.052913 2
Maximum current 20 A
DC link voltage 300 V
Maximum speed 10000 rpm
Lamination material 35H300
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Figure A.3: Motor geometry of the 3-phase 12/8 SRM.
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Table A.4: Geometry Parameter Values of the 4-phase 8/6 SRM.

Parameter Value
Outer diameter (Do) 170 mm
Bore diameter (Dyore) 90 mm
Shaft diameter (Dgpqft) 30 mm
Stator core Stack length (Lgy) 90 mm
Airgap length (g) 0.35 mm
Stator pole arc angle (5s) 23°
Rotor pole arc angle (3,) 21°
Stator pole height (hy) 23 mm
Rotor pole height (h,.) 10.15 mm
Stator taper angle (7y) 3°
Rotor taper angle (7,.) 15°
Stator back-iron thickness (hgp) 17 mm
Rotor back-iron thickness (h,;) | 19.5 mm
Number of turns per coil (Ny) 33
Coil resistance (Rep) 0.038064 €2
Maximum current 35 A
DC link voltage 300 V
Maximum speed 10000 rpm
Lamination material 35H300
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Figure A.4: Motor geometry of the 4-phase 8/6 SRM.
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Table A.5: Geometry Parameter Values of the 4-phase 8/10 SRM.

Parameter Value
Outer diameter (Do) 180 mm
Bore diameter (Dpope) 140 mm
Shaft diameter (Dgpqft) 50 mm
Stator core Stack length (Lgy) 60 mm
Airgap length (g) 0.35 mm
Stator pole arc angle (5s) 11°
Rotor pole arc angle (/) 11.25°
Stator pole height (h) 12 mm
Rotor pole height (h,.) 10 mm
Stator back-iron thickness (hg,) 8 mm
Rotor back-iron thickness (h,) | 34.65 mm
Number of turns per coil (IV;) 40
Coil resistance (Repir) 0.08521 Q
Maximum current 20 A
DC link voltage 300 V
Maximum speed 10000 rpm
Lamination material 35H300
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Figure A.5: Motor geometry of the 4-phase 8/10 SRM.
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Table A.6: Geometry Parameter Values of the 4-phase 16/12 SRM.

Parameter Value
Outer diameter (Do) 204 mm
Bore diameter (Dpope) 160 mm
Shaft diameter (Dgpqft) 60 mm
Stator core Stack length (Lgy) 60 mm
Airgap length (g) 0.4 mm

Stator pole arc angle (5s) 11°

Rotor pole arc angle (3,) 11.5°
Stator pole height (h) 12 mm
Rotor pole height (h,.) 9 mm

Stator back-iron thickness (hg) | 10 mm
Rotor back-iron thickness (h,;) | 40.6 mm

Number of turns per coil (V) 30
Coil resistance (Repir) 0.02975 Q
Maximum current 20 A
DC link voltage 300 V
Maximum speed 10000 rpm
Lamination material 35H300
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Dbore ﬂs

hr Dout
S/ Dshaft

B

Figure A.6: Motor geometry of the 4-phase 16/12 SRM.
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Appendix B

An Example Formulation of MEC

C) l Fa= Fn= N

PN M

e [ ﬁ] o ﬁ] T

[ e\

Figure B.1: An example MEC.
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From equation (4.2.12):

1 0
0 1
L=|1 -1
0 O
~1 0
R
Rina
R, = R,3
Rina
R4
From equation (4.2.11):
Ry + Rys + Rina —Rin3
R= ~Ryns Rpna + Ry
—Rm —Rpno
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Ny

There is only single stator pole in the MEC shown in Fig. B.1. By using equation

(4.2.15):
1
1
M=|1 (B.0.5)
1
1
From equations (4.2.13) and (4.2.14):
NI E.,
F, = 0 = 0 (B.0.6)
— NI —F,
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C can be derived from (4.2.19)

1 11

C=1111 (B.0.7)

1 11
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Appendix C

Boundary Conditions

There are three main boundary conditions that can be applied in the MEC model.
1. Dirichlet boundary condition.
2. Neumann boundary condition.

3. Periodic boundary condition.

C.1 Dirichlet Boundary Condition

In the Dirichlet boundary condition, the flux flow is tangential to the boundary in-
terface as shown in Fig. C.1. Reluctance elements along the radial direction can be

removed from the mesh elements to force the tangential flux flow at the interface.
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Dirichlet boundary condition
(Tangential flux flow at the top

boundary) Boundary interface

@ Circuit nodes

== Reluctance
mesh

[ Reluctance
element

L 0 | ,\Boundary interface

Dirichlet boundary condition
(Tangential flux flow at the
bottom boundary)

Figure C.1: An example for imposing Dirichlet boundary condition.
C.2 Neumann Boundary Condition

As shown in Fig. C.2, the flux flow is perpendicular to the boundary interface for
the Neumann boundary condition. Reluctance elements along the radial /tangential
directions can be connected as shown in Fig. C.2 to impose the Neumann boundary

condition at the interface.

C.3 Periodic Boundary Conditions

The periodic boundary conditions can be applied based on the periodicity in the
geometry. The reluctance elements at the two boundary interfaces can be connected
as shown in Fig. C.3 (a) to impose the periodic boundary condition. For imposing
anti-periodic boundary conditions, reluctance elements can be connected similar to

periodic boundary conditions. However, the loop flux direction at the left boundary
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Neumann boundary condition
(Perpendicular flux flow at the

Boundary interface top boundary)

21 &3

@ Circuit nodes

.
¥

'

'

'

'

'

'

'

'

== Reluctance

mesh
: : : : [ Reluctance
H H H ' element
‘ H TR
0 / N
. Neumann boundary condition
Boundary interface (Perpendicular flux flow at the

bottom boundary)

Figure C.2: An example for imposing Neumann boundary condition.

surface is considered to be opposite to the right boundary surface as shown in Fig.

C.3 (b).
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Periodic boundary interfaces

@ Circuit nodes

== Reluctance
0 (a) mesh

[ Reluctance
element

Anti-periodic boundary interfaces

L 0 (b)

Figure C.3: An example for imposing Periodic boundary conditions (a) periodic
bounary and (b) anti-periodic boundary.
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