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RESUME

Cette these propose une représentation basée sur des circuits pour les études au niveau du systéme
des systémes d’entrainement électrique et de leurs systémes électriques environnants, représentant
le systéme de puissance d’un véhicule électrique. Le principal défi dans le développement de ce
modele réside dans la modélisation précise et efficace de la machine électrique. Pour y répondre,
une approche basée sur des circuits est utilisée pour développer les modéles transitoires
¢lectromagnétiques (EMT) de la machine électrique. Ces modéeles sont constitués de circuits

équivalents magnétiques, électriques et mécaniques interconnectgs.

Divers circuits magnétiques sont proposés afin de développer un modele EMT approprié¢ de la
machine électrique pour différents types d’études transitoires. Dans cette thése, une machine a
réluctance variable (SRM) et son systeme d’entrainement sont utilisés comme étude de cas. Tous
les modeles utilisent une approche sans maillage afin de prendre en compte la rotation de la
machine de maniére efficace sur le plan computationnel, ce qui est adapté aux simulations
transitoires. Tous les modéles proposés sont intégrés de maniere transparente avec le circuit externe
par une solution simultanée. Les mod¢les sont implémentés dans un solveur EMT développé en
langage Julia, ou le systéme matriciel du réseau est construit selon 1’analyse nodale augmentée

modifiée (MANA) et résolu a ’aide du solveur KLU.

Pour les études transitoires portant sur les phénomenes internes a la machine ou visant a étudier
son comportement interne détaillé et local, un modele distribué basé sur des circuits est proposé.
Dans ce modele, les circuits magnétiques du stator et du rotor sont construits selon une approche
basée sur un maillage, la précision du modele dépendant du nombre de divisions du maillage. La
comparaison entre les performances de ce modele et un modéle basé sur les éléments finis montre
que le modele proposé atteint non seulement une bonne précision, mais offre également une charge
computationnelle réduite. Le modele distribué basé sur des circuits est intégré de maniere
transparente dans le systéme d’entrainement pour étudier les défauts internes de la machine. De
plus, ce modele est intégré dans une étude de cas représentant le systéme de puissance d’un véhicule
¢lectrique. L’impact des défauts du systeme de batterie sur le comportement transitoire de

I’ensemble du systéme et sur le comportement magnétique interne de la machine est analysé.

Pour les phénomenes transitoires se produisant a I’extérieur de la machine, un modele distribué

simplifié basé sur des circuits est proposé. Ce modele utilise un nombre réduit de divisions de
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maillage dans la direction orthoradiale tout en conservant une précision acceptable, offrant ainsi
des simulations plus rapides par rapport aux modéles distribués. Le mode¢le distribué simplifi¢ est
utilisé pour étudier les effets des variations soudaines de charge et de vitesse de la machine sur le

comportement du systéme.

Un modéle topologique basé sur des circuits, utilisant une approche sans maillage pour construire
le circuit magnétique de la machine, est utilisé pour simuler un défaut en circuit ouvert au point de
connexion entre le convertisseur €lectronique de puissance et les enroulements de phase de la

machine, ainsi qu’un court-circuit dans le systéme de batterie.

Afin d’obtenir une simulation rapide tout en maintenant une précision acceptable sur le
comportement global de la machine, le modéle basé sur des circuits concentrés (lumped) est
proposé. Bien que ce modele soit moins précis que les modeles précédemment mentionnés, il
nécessite un effort computationnel réduit. Il est utilisé pour étudier I’impact des variations des

commandes de vitesse de la machine sur le comportement transitoire du systeme d’entrainement.
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ABSTRACT

This thesis proposes a circuit-based representation for system-level studies of motor drive systems
and their surrounding power systems, which represents the electric vehicle’s power system. The
primary challenge in developing this model lies in accurately and efficiently modeling the electric
machine. To address this, a circuit-based approach is employed to develop the electromagnetic
transient (EMT) models of the electric machine. These models consist of interconnected magnetic,

electrical, and mechanical equivalent circuits.

Various magnetic circuits are proposed to develop an appropriate EMT model of the electric
machine for different types of transient studies. In this thesis, a switched reluctance machine (SRM)
and its drive system are used as the case study. All models use a non-meshed approach to account
for the machine’s rotation in a computationally efficient way, which is suitable for transient
simulations. All proposed models are seamlessly integrated with the external power circuit through
a simultaneous solution. The models are implemented in an EMT solver developed in the Julia
programming language, where the network matrix system is constructed based on modified

augmented nodal analysis (MANA) and solved by the KLU solver.

For transient studies that focus on phenomena occurring inside the machine or aim to study its
detailed and local internal behavior, a distributed circuit-based model of the machine is proposed.
In this model, the magnetic circuits within the stator and rotor are constructed using a mesh-based
approach, where the model’s accuracy depends on the number of mesh divisions. The comparison
between the performance of this model and a finite element-based model shows that the proposed
model not only achieves good accuracy but also provides a lower computational burden. The
distributed circuit-based model is seamlessly integrated into the drive system to study the internal
fault of the machine. Moreover, this model is integrated into a case study representing an electric
vehicle power system. The impact of faults in the battery system on the transient behavior of the

whole system and the internal magnetic behavior of the machine is analyzed.

For transient phenomena occurring outside the machine, a simplified distributed circuit-based
model is proposed. This model uses a reduced number of mesh divisions in the orthoradial direction
while maintaining acceptable accuracy, offering faster simulation performance compared to
distributed models. The simplified distributed circuit-based model is used to study the effects of

sudden changes in the machine’s load and speed on the system behavior.
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A topological circuit-based model, which uses a non-meshed approach to build the magnetic circuit
of the machine, is used to simulate an open-circuit fault at the connection point between the power

electronics converter and the machine’s phase windings, as well as a short circuit in the battery

system.

To achieve fast simulation while maintaining acceptable accuracy in the global behavior of the
machine, the lumped circuit-based model is proposed. Although this model is less accurate than
the previously mentioned models, it offers less computational effort. It is used to study the impact

of changes in the machine’s speed commands on the transient behavior of the motor drive system.
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CHAPTER 1 INTRODUCTION
1.1 Context and Motivation

Electric vehicles (EVs) are gaining considerable attention as an environmentally friendly means of
transportation. The power system of EV consists of several interconnected components, including
the battery, power converters, electric machine, and their related control systems, as shown in

Figure 1.1.
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Figure 1.1 EV’s power system, (a) a real EV [1], (b) schematic diagram [2]

Accurate and efficient modeling of an EV’s power system requires a detailed representation of its
components, while considering their interactions with each other. Among the components of an
EV power system, the electric machine is considered the most challenging to model. The electric

machine has highly nonlinear magnetic behavior and involves interactions between various
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physical domains, including electrical, magnetic, mechanical, etc. Additionally, the performance
of electric machines strongly depends on their drive and control systems, making it essential to
accurately model the interaction between the drive system and the machine. Therefore, the
machine’s model should be capable of considering the nonlinear behavior of the machine, the
interaction between its various physical behaviors, and the efficient integration within the EV

power systems.
1.2 Contributions

This thesis develops the comprehensive EMT model of the system shown in Figure 1.2. This
system represents the EV’s power system. Developing the comprehensive EMT model of this
system allows studying various transient phenomena occurring throughout the system and their

impact on the internal behavior of each component.

Developing an accurate EMT model of the electric machine that can be computationally efficiently
integrated into the external power system is an important step toward building the comprehensive
EMT model of an EV power system. In this regard, the circuit-based approach is used to develop
the EMT model of the electric machine. The circuit-based EMT model of the electric machine can
be implemented in EMT-type software which offers an extensive library of components, ranging
from transmission lines to power electronics devices and control diagram blocks. Therefore, the

EMT model of the machine can be seamlessly integrated within any external power system.

In this thesis, the machine’s EMT model is built by the seamless coupling of the magnetic circuit
with the electric and mechanical circuits, enabling simultaneous solution integration of the
machine’s EMT model into the large external power system, like the power system of EVs, as
shown in Figure 1.2. Also, the machine’s EMT model accounts for geometrical and physical
characteristics of the electric machine. In this regard, various magnetic circuits are developed and
proposed in this thesis. These magnetic circuits range from basic representations to detailed models
that account for all detailed magnetic behavior of the machine. These magnetic circuits are suitable

for various transient studies happening inside and outside of the machine.

In all proposed models of electric machine, the non-meshed approach is used to model the
machine’s airgap. Using this method enables modeling the machine’s rotation without changing
the magnetic circuit topology. This method is suitable for transient studies where we have sudden

changes in machine’s speed.



The closest works to the machine’s model proposed in this thesis are presented in [3] and [4].
However, in [3], the airgap is modeled by mesh-based approach which requires changing the
topology of magnetic circuit at each time point. Using a mesh-based approach for modeling the
airgap is not suitable for transient studies where we have sudden changes in the machine’s speed.
In [4], the non-meshed approach is used to model machine’s airgap. However, the study is limited
to the magnetic domain, and the magnetic circuits are not coupled with the electrical and

mechanical circuits, nor with any external system.
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Figure 1.2 Concept of the circuit-based EMT model of electric machine and its integration within
the external power system

1.3 Case Study

A 3-phase switched reluctance machine (SRM) with 12 stator poles and 8 rotor teeth, named 12/8
SRM, and its drive system are selected as the case study in this thesis. The detailed specifications

and the working principle of this case study are demonstrated in this section.
1.3.1 Specification of the Studied SRM

The geometrical specification of the studied SRM is presented in Table 1-1. Figure 1.3 shows the
geometric specification of the studied 12/8 SRM [3] .Also, Table 1-2 presents the drive system and

mechanical specifications of the studied case.



Table 1-1 Geometric specification of the studied SRM

Parameter Symbol Value Unit
Stator outer radius R, 68 [mm]
Shaft radius Ry, 12.5 [mm]
Stack length L 70 [mm]
Airgap length g 0.3 [mm]
Rotor tooth angle B, 15 [deg]
Stator tooth angle B, 15 [deg]
Stator pole height h 14.9 [mm]
Rotor pole height h,. 11 [mm]
Stator yoke thickness hbs 11.3 [mm]
Rotor yoke thickness hb,, 18 [mm]

Number of turns per coil N, 28 -




Figure 1.3 The geometric specification of the studied 12/8 SRM



Table 1-2 SRM’s mechanical and drive system’s specifications

Parameter Symbol Value Unit
Rotor moment of inertia J " 0.0003318 [kg.m?]
Damping coefficient Dm 0.000608 [Nm.s/rad]
Load Torque Coefficient A4, 0.0171 [Nm/rad]
Turn ON angle 0,, 0 [deg]
Turn OFF angle Oy 22.5 [deg]
DC link voltage Vbe 300 [V]
Phase peak current 1o 20 [A]

1.3.2 Working Principle of SRM

The drive system of SRMs consists of the power electronics converter, electric machine, and

control system. Figure 1.4 shows a schematic diagram of an SRM drive system.

Continuous torque production of SRM relies on the sequential excitation of its phase windings via
a power converter. The sequential excitation of SRM phase windings is enabled by the position
control. As shown in Figure 1.4, the rotor position € is fed back to the control system, which
generates phase pulses (S,, Sz, and S, in Figure 1.4). The width of these pulses corresponds to
the difference between the turn ON 6, and turn OFF angles 6,,. In addition to the position
control, the hysteresis current control is implemented to maintain the SRM phase current at the

reference current /.. As illustrated in Figure 1.4, the SRM phase currents (i, iz, and i.) are fed

back into the controller to keep the phase currents within the defined bandwidth of the hysteresis

current controller bw [5].
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Figure 1.4 Schematic diagram of SRM drive system

Various types of power converters have been proposed for use in the drive systems of SRM. The

asymmetric bridge converter is the most commonly used due to its several advantages, such as:

1) Independent control of each phase
2) Simplicity
3) High fault tolerance

4) Possibility of returning the machine’s phase current to the DC link.

Therefore, the asymmetric bridge converter is employed as the power converter for the SRM drive
system in this thesis. Figure 1.5 shows the schematic circuit of the three-phases asymmetric bridge
converter. As depicted in this figure, each phase of this converter consists of two insulated gate

bipolar transistors (IGBTs) and two diodes [5].
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Figure 1.5 Asymmetric bridge converter



Each phase of the asymmetric bridge converter operates in three modes: energization,
freewheeling, and de-energization, as shown in Figure 1.6. In the energization mode, the IGBTs
are conducting, and it will energize the phase coils of the machine, as shown in Figure 1.6 (a).
Figure 1.6 (b) and Figure 1.6 (c) illustrate the freewheeling mode where zero voltage is applied
across the phase winding. The de-energization mode occurs when both IGBTs are turned off,
allowing the phase current to return to the DC link and thereby de-energize the machine’s phase
coil, as shown in Figure 1.6 (d). This working principle results in the phase voltage and current
waveforms shown in the Figure 1.6 (e), where the conduction angle is controlled by the rotor

position. The phase conducts for a duration corresponding to a conduction angle of &, ,, degrees

which is equal to

9 d Zeqlf‘_gon (1.1)

con

The hysteresis current control limits the phase current to its reference value 7, within a defined

bandwidth bw.
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Figure 1.6 Working principle of Asymmetric bridge converter in SRM drive system, (a)
energization, (b) freewheeling, (c) freewheeling, (d) de-energization, (e) phase voltage and phase
current of an asymmetric bridge converter

1.3.3 EMT solver and Verification Method

In this thesis, all proposed models are implemented in the circuit-based EMT simulation engine
named EMT-Julia and developed under the Julia environment [6]. EMT-Julia uses the same

methodology as EMTP® [7]. Thus, components exhibiting dynamic behavior are discretized using
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the trapezoidal integration method. The network matrix system is constructed based on modified

augmented nodal analysis (MANA) and solved by the KLU solver.

To validate the results of the proposed EMT models, the studied SRM is modeled by finite element
method (FEM) which can accurately model the magnetic behavior of electromagnetic devices such
as electric machines [8], [9], transformers [10], [11], inductors [12], actuators [13], and sensors
[14], [15] by accounting for complex geometries and nonlinear materials. The FEM model of the
studied SRM is implemented in ANSYS Maxwell® software. Despite the high accuracy of FEM,
commercial FEM packages lack the power electronics, power system, and control components.
The integration of FEM models of electromagnetic devices within their large surrounding systems
(such as complex motor drive system of EV or power systems) is possible through co-simulations
[16], [17]. Thus, the FEM model of the studied SRM is integrated with the asymmetric bridge
converter and controller model in Simplorer® through co-simulation. This model is named CoSim-
FEM in this article. To ensure high accuracy and reliability of the FEM-based model as a reference,

we used a fine mesh consisting of 12030 triangular elements in the FEM-based model.

All simulations were performed on a 2.5 GHz, Core 17-11850H computer with 64 GB of RAM.

1.4 Thesis Outline

This thesis contains the following chapters.

Chapter 1 introduced the outline of thesis, contributions, case study and its working principles,

EMT solver, and the method for verification of the proposed models.

Chapter 2 presents the principle of using circuit-based approach for system-level transient

modeling of the electromagnetic devices.
Chapter 3 proposes various circuit-based EMT model for the case study machine.

Chapter 4 presents the validation of the proposed circuit-based EMT model of the SRM, provides
a comprehensive comparison between the models, and recommends the most suitable model for

each transient study.

Chapter 5 integrates the proposed circuit-based EMT models of the machine into an external system
representing an EV’s power system. The resulting EMT model of this power system is used to

study various transient scenarios.
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Chapter 6 provides a summary of the thesis, conclusions, and recommendations for future work.
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CHAPTER 2 SYSTEM-LEVEL EMT MODELING OF SRM DRIVE
SYSTEM USING CIRCUIT-BASED APPROACH

As mentioned in the introduction, this thesis aims to develop an efficient EMT model of an
electrical machine that can be seamlessly integrated into any external power system while
accurately accounting for the machine’s internal behavior. To this end, using the circuit-based
approach for system-level transient modeling of machine and drive system is proposed. In this
regard, the principle of using the circuit-based approach for system-level EMT modeling of an

EV’s power system is demonstrated.

Figure 2.1 shows the schematic diagram of the studied system that represents the EV’s power
system. As illustrated in the figure, depending on the study scenario, the batteries operate in
charging or discharging mode. In this thesis, the discharging mode was considered. In this regard,
the charger is not modeled. However, the model can seamlessly be connected to any large external

circuit.
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Figure 2.1 Schematic diagram of the studied system consists of batteries, converters, a machine,
and their related control

Thus, the concept of the circuit-based EMT model of the machine as well as the circuit-based

representation of power electronics devices and battery are presented in this chapter.
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2.1 Concept of Circuit-Based EMT Model of Electric Machine

Accurate and computationally efficient modeling of electromagnetic devices is a crucial point for

their simulation.

The circuit-based representation of electromagnetic devices has been proposed as a promising
method for modeling their various physical behaviors, such as magnetic [19], [20], [21], [22], [23],
thermal [24], [25], [26], vibration [27], and so on, by using equivalent circuits. The equivalent
circuit of the various physical behavior can be seamlessly coupled. In this regard, it is possible to
seamlessly integrate the circuit-based model of the electromagnetic devices into a large external
power system by implementing them in EMT-type software. This enables system-level transient

study of electromagnetic devices in conjunction with their surrounding power system.

Circuit-based approaches offer a flexible trade-off between computational efficiency and modeling
accuracy [28], [29]. In the literature, various circuit-based method are presented that can model
very detailed behavior of electromagnetic devices [30], [31], [32], [33] to circuit-based models
offering a fast solution [34], [35], [36].

Thus, we represent the electrical, magnetic, and mechanical behavior of the machine through
interconnected equivalent circuits, as shown in Figure 2.2.

Electric Magnetic Mechanical
Circuit Circuit Circuit

Figure 2.2 Schematic diagram of the machine’s EMT modeling through the interconnected
equivalent circuit of the electrical, magnetic, and mechanical behaviors

Coupling

Coupling

2.1.1 Magnetic Circuits

To illustrate the concept of the magnetic circuit, a simple gapped core inductor is shown in Figure

2.3 (a). In this figure, the current in the electric circuit is represented by i while ¢ is the magnetic

flux.
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Figure 2.3 Gapped core inductor, (a) cross-sectional view, (b) equivalent permeance network

In this example, we used a simple permeance network to develop the magnetic circuit associated
with this device. Thus, the magneto motive force (MMF) drop in various parts of this device is

represented in permeance. As shown in Figure 2.3 (b), a linear permeance, named B, models the

MMF drop in the gap, due to the constant permeability of the air. The MMF drop in the

ferromagnetic core is represented by nonlinear permeances, named £, , £, ,and B, . The current

passing through the winding generates the MMF in the magnetic circuit. Thus, the value of the
MMF depends on the electric circuit, specifically, on the current passing through it and the number

of winding turns.

In the example presented in Figure 2.3, a gapped-core inductor is considered. In this
electromagnetic device, there is no rotation. However, in the case of electric machines, the rotation

of the rotor should be considered. To account for the mechanical dynamics, it is required to couple
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the magnetic and mechanical circuits. The detail regarding the mechanical circuit is presented in

the following part of this section.

To model the effect of rotor rotation in the magnetic circuit we can use mesh-based [37], [38], [39]

or non-meshed [40], [41] approaches in the airgap.
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Figure 2.4 Airgap modeling by magnetic circuit, (a) mesh-based approach, (b) non-meshed
approach

In the mesh-based approach, the airgap is discretized into smaller mesh elements. Each mesh
element consists of linear permeances, as shown in Figure 2.4 (a). Although this method is widely
used in the literature for magnetic modeling of various types of machines [42], [43], [44], [45], it
comes with limitations for EMT studies. In steady state studies where the machine rotates at a fixed
speed, the circuit nodes at the airgap boundary should be reconnected at each time-step. Moreover,
in transient studies, dynamic and unpredictable variations of the machine speed necessitate
remeshing and regenerating the permeance network at each time-step. Thus, at each time step, we
must rebuild the circuit, reformulate the matrix system, and rerun the factorization process. Thus,

they lead to a significant computational burden.
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In the non-meshed approach, permeance network of the stator and rotor is connected through the
variable permeances in the airgap as shown in Figure 2.4 (b). In this approach, the value of airgap
permeances depends on the rotor position and it should be calculated at each simulation time step
[46], [47], [48]. This allows the circuit topology to remain unchanged during the simulation,
making the non-meshed approach suitable for transient studies. Thus, in this thesis, we use non-

meshed approach for modeling machine’s airgap.

Figure 2.5 (a) shows a part of a machine that includes a stator pole pitch and a rotor pole pitch.
Figure 2.5 (b) shows a magnetic circuit associated with this part of the machine. Similar to the
gapped-core inductor, the flux path in the ferromagnetic core and machine’s slot are respectively
modeled by nonlinear and linear permeances. The value of MMF sources depends on the current
passing through the electric circuit and winding configuration. The airgap part is modeled by a
non-meshed approach. Thus, the permeance network of the stator and rotor is connected through a

variable permeance named P, in Figure 2.5 (b). As shown in this figure, each node on the stator

airgap boundary is connected to all nodes on the rotor airgap boundary. For the ease of presentation,

we showed only one airgap variable permeance in Figure 2.5 (b).

Therefore, the magnetic circuit of the electric machine is constructed using linear, nonlinear, and
variable permeances, as well as MMF sources. Moreover, the value of electromagnetic torque is
calculated by the co-energy method in this thesis. Also, the study domain can be either the full
geometry of the machine or a quarter of the machine’s geometry. The description regarding each
element within the magnetic circuit of the machine is presented in the following section of this

chapter.
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Figure 2.5 Simple magnetic circuit of the electric machine, (a) a part of the machine with a
concentric winding, (b) equivalent permeance networks

2.1.1.1 Linear Permeances

As noted, linear permeances are used to model the flux path in parts of electromagnetic devices
that exhibit linear magnetic behavior, such as air. The value of linear permeances can be calculated

as [49]

Slin
P= g @1
lin
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where P is the value of the linear permeance, [, and S

lin

respectively express the mean length and
cross-section of the permeance, g, is the air permeability, and g, is the relative permeability of
the material related to the permeance.

Based on the geometry of the case study12/8 SRM shown in Figure 1.3, the permeances in its
magnetic circuit include both rectangular and cylindrical shapes. The permeances with rectangular
shapes relate to the rotor and stator teeth, whereas those associated with the slots and yokes of the
rotor and stator have cylindrical shapes. These rectangular and cylindrical shape permeances
represent flux paths in the radial and orthoradial directions. Thus, the calculation of permeance

values for rectangular and cylindrical shapes in radial and orthoradial directions is presented in this

section.
Figure 2.6 (a) and Figure 2.6 (b) shows the permeances with rectangular shapes representing the
flux path in radial and orthoradial directions, respectively. In these figures, L, is the stack length

of the electromagnetic device.

In Figure 2.6 (a), the rectangular permeance representing the flux path in the radial direction. This

permeance is denoted by Prcfr and its value can be calculated as

w
Prctr = IUOIUrLstk - (2.2)

To =1

Also, the rectangular permeance representing the flux path in the orthoradial direction is shown in

Figure 2.6 (b). The value of this permeance Prcto is expressed as

v, =
w

Prcto = /U()lurLstk (2.3)



19

....................................

Figure 2.6 Rectangular permeance representing flux in (a) radial direction, (b) orthoradial
direction

The permeance with the cylindrical shape is shown in Figure 2.7. As shown in Figure 2.7 (a), the

cylindrical permeance representing the flux path in the radial direction can be expressed as

0
Pcylr = :uO;urLstk —F < (24)
ln[ J

_0

hi

where Pcy, 1s the value of a cylindrical shape permeance in the radial direction, and &, is the angle
r

associated with this permeance.
Moreover, the value of the cylindrical permeance in the orthoradial direction, named as Pcylo in
Figure 2.7 (b), can be calculated as

In| "o

cyl, = ﬂO/urLstk 0 (2 S )
P
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Figure 2.7 Cylindrical permeance representing flux in (a) radial direction, (b) orthoradial
direction

2.1.1.2 Nonlinear Permeances

As shown in Figure 2.3 (b) and Figure 2.5 (b), the nonlinear characteristic of the ferromagnetic
core is modeled by the nonlinear permeances in the magnetic circuit. Thus, in the magnetic circuit
associated with the case study SRM shown in Figure 1.3, nonlinear permeance should be employed
to account for the nonlinear magnetic behavior of the ferromagnetic core in the stator and rotor

yokes and teeth.

To consider the nonlinear magnetic characteristics of the ferromagnetic core, an iterative technique
like Newton’s method can be employed. For each nonlinear permeance in the magnetic circuit, a
piecewise approach is employed to represent the B-H characteristic. Figure 2.8 shows the B-H

curve of a ferromagnetic core represented by a piecewise linear function with three segments.

B[T]
B3 ops3
B, !
B OPZ
- (g2
Hl Hz H3 I‘i[A/m]

Figure 2.8 B-H Curve of ferromagnetic core represented by the piecewise linear function
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To derive the equivalent circuit of the nonlinear permeance, we assume an arbitrary operating point

op,, located between two consecutive sampling points (op,,, op,,,;). The magnetic flux density

of this point can be calculated as [19]:

B. -B
B,=—l_—"(H -H,)+B, (2.6)
Hn+l _Hn

where B, and B, are respectively the magnetic flux density of consecutive sampling points op,,
and op,,,, H, and H,,, represents the magnetic field strength of the sampling points op, and
op,.., » respectively.

If we multiply both side of equation (2.6) with the cross-section of the nonlinear permeance, we

have

BH
BmSnl = Iuml—Sanmlnl +(Bn _:urln?HHn)Snl (27)

nl
where [, is the length of the flux path modeled by the nonlinear permeance, S,; represents the

. . BH . . e
cross-section of the nonlinear permeance, £, is the magnetic permeability in m™ segment.

We can write the equation (2.7) to obtain its equivalent circuit representation as:
BH BH
R A (28)

where Ag,, is the magnetic potential drop due to H,,, P,f 7 and (DnlfH are the Norton equivalent

circuit values at the operating point op,, on the m" segment. The saturation of the ferromagnetic
core will be modeled by adding a flux source in parallel with the permeance, while the value of the

flux source (D,IEH and permeance P,f " depend on the system's solution.as shown in Figure 2.9.
BH BH
B Pm

Figure 2.9 Norton companion model of nonlinear permeance
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2.1.1.3 Variable Permeances

To account for the machine’s rotation, a non-meshed approached is used in the magnetic circuit of
the studied 12/8 SRM. As shown in Figure 2.10, variable permeances connect each node of the
stator-airgap boundary to all nodes on the rotor-airgap boundary. The value of the airgap
permeances depends on the geometrical specification of the machine as well as the rotor position.
Thus, the value of these variable permeances changes according to the rotor position at each
simulation time-step [50], [51]. Therefore, the circuit topology remains unchanged during the

simulation process.

e
<
N
Stator-Airgap
boundary
I g
o0
Rotor-Airgap | <
boundary —>>
' 3
'S
)=~

Figure 2.10 Airgap variable permeances connecting the permeance network of the stator and
rotor

As mentioned the value of the airgap permeances depends on the relative position between the

stator and rotor. For instance, the airgap permeance connecting the node n; at the stator-airgap
boundary to the node n,, at the rotor-airgap boundary is highly conductive, while the value of the

airgap permeance decreases progressively as the teeth move apart and are in partially or non-
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overlapping positions (like the relative position between n,, and n,;, n,;, n,, in Figure 2.10). In

this regard, correct estimation of the airgap permeance values in various rotor positions is crucial

for reaching an acceptable accuracy of the SRM’s magnetic model.

Two methods can be used to calculate the airgap permeance values based on the rotor position. In

the following parts of this section, these methods are presented.
1) Calculation of Airgap Permeance Values by Tooth Contour Method (TCM)

The first method is named the tooth contour method (TCM). Figure 2.11 shows the implementation
of TCM. TCM calculates the airgap permeance value based on the magnetic potential difference
between the edge of a stator tooth and the other teeth. In Figure 2.11, we calculate the value of the
airgap permeance connecting stator tooth number 2 to rotor tooth number 1 at various rotor
positions as [52]:

¢, (6)

P, (0)="L— (2.9)

Agy,

where F, ; is the value of the airgap permeance connecting the tooth i of the stator to the tooth

j of the rotor, @ is the rotor position, ¢ , represents the flux passing through the tooth j of the

rotor.

In the literature, the TCM is implemented using FEM. In this thesis, we use FEM and also propose
a circuit-based implementation of the TCM. In this regard, Figure 2.12 shows the studied domain,
boundary condition, and implementation of the circuit-based representation of TCM. As shown in
this figure, the mesh-based permeance network is used to develop the magnetic circuit of the TCM.

Each mesh element consists of four permeances, two in the radial direction P. and two in the

orthoradial direction P, .

Figure 2.13 shows the airgap permeance values calculated by FEM-based and circuit-based TCM
for an arbitrary stator and rotor teeth. As shown, the circuit-based TCM has good accuracy. The
circuit-based TCM can be implemented in EMT-type software and eliminates using FEM for

calculating the airgap permeance values.
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Although TCM is an accurate method, it requires interpolation between precalculated values at

each time-step in time domain simulations.
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Figure 2.11 TCM implementation
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Figure 2.12 Circuit-based representation of TCM
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Figure 2.13 Airgap permeance value calculated by FEM-based and circuit-based TCM

2) Calculation of Airgap Permeance Values by Analytical Functions

To tackle the drawback of TCM, the calculation of airgap permeance by analytical functions is

proposed.

In the literature, various analytical functions are proposed to calculate the value of the airgap
permeance. In this section, we analyze various analytical functions available in the literature and
formulate a suitable analytical function for the magnetic circuit of the studied SRM. In this airgap

function analysis, we use the TCM as the reference.
We calculated the airgap permeance for an arbitrary rotor tooth angle ﬁtr of 15 degrees and a stator

tooth angle ﬂ,s of 17 degrees by cosine [49], [53] exponential [51], [4], [54], linear functions [55],

[56], [57], and bell-shaped [52], [58] functions and compared their results with the values obtained
from the TCM calculation, as presented in Figure 2.14. In this figure, the x-axis represents the
relative position between the analyzed stator and rotor teeth. On the x-axis, 0° corresponds to the
aligned position of the rotor and stator teeth. As shown in this figure, the values obtained from all
analytical functions deviate more from the TCM calculated values as the rotor moves out of
alignment with the stator tooth, particularly in the semi-aligned and unaligned positions. This
inaccuracy is due to the large slot openings of SRMs, as shown in Figure 2.15. The large slot
opening is a significant difference of SRMs compared to induction machines, synchronous
machines, and permanent magnet synchronous machines. The large slot opening of SRM causes a
high fringing and leakage flux, particularly in the semi-unaligned and unaligned relative position

between stator and rotor teeth, as shown in Figure 2.16 (a) and Figure 2.16 (b).
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Figure 2.14 Airgap permeance values calculated by TCM and various analytical functions

Rotor and Sttor
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Figure 2.15 A prototyped SRM showing its large slot openings in rotor and stator, (a) assembled
rotor and stator, (b) stator, (¢) rotor [59]



27

(@) | )

Figure 2.16 Flux lines between stator and rotor in various rotor positions, (a) semi-unaligned, (b)
unaligned

In the following, we aim to improve the accuracy of the analytical function. Among these analytical
functions, the bell-shaped function includes certain undefined parameters that can be fitted to match
a specific combination of stator and rotor tooth angles. In the literature, optimization processes
have been used to fit these undefined parameters. However, using an optimization algorithm in the

pre-processing of the simulation is not in the interest of this research.

Among other analytical functions, we selected the exponential function for its simplicity and
proven adaptability and accuracy for other machine types [4]. Thus, the analytical function that
calculates the value of the airgap variable permeance connecting the node i on the stator-airgap

boundary to the node ;j on the rotor-airgap boundary can be expressed as:

Pgmi,j 91,] < ﬁmi,j
2
P, = 0.~ B (2.10)
gl’J Pg exp — M 01 . >ﬂm )
i, ﬁZij _IBml] "/ b
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where P, is the maximum value of the airgap permeance between node i on the stator-airgap
L,J]

boundary to the node ;j on the rotor-airgap boundary. This value can be calculated based on the

formula of the cylindrical permeance in the orthoradial direction. Also, 6, ; is the relative position

between the node i on the stator-airgap boundary and the node j on the rotor-airgap boundary.

This parameter can be calculated as

6, =0+0,; (2.11)

where @ is the rotor position, and o, ; 1is the initial relative position between the node I on the

stator-airgap boundary and the node ; on the rotor-airgap boundary. For instance, the initial

relative position between the nodes at the center of stator tooth 1 and rotor tooth 2 is 45°, as shown

Figure 2.17 (01, = 45" in Figure 2.17).

Figure 2.17 Relative position between the stator and rotor teeth
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Moreover, this analytical function includes two parameters, S, and f., whose values are

determined by the rotor and stator tooth angles. The parameter [, accounts for the positions

corresponding to the overlap between the stator and rotor teeth as

:Bt,, - ﬂts

P = (2.12)

where 5 and g, are the rotor and stator tooth angles, respectively.

Also, f, models the opening shape of the exponential function as

B, =k, A2 ;ﬂts 2.13)

To see the effect of f§, on the shape of the exponential function, we changed the factor k, from 1

to 0.25. Figure 2.18 shows the effect of f. on the shape of the exponential function.
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Figure 2.18 Effect of £, on the airgap permeance values

After many attempts and tests, we modified the calculation of this parameter as:

B, + B, 514
— (2.14)

o
ﬂz:_s

&,

where «a, and «, are the stator and rotor pole pitch, respectively.
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Figure 2.19 presents the airgap permeance values calculated by the proposed exponential function

(equations (2.10) to (2.14)) and the TCM. In this figure, the exponential function is named as Exp.

As can be seen, the exponential function demonstrates good accuracy in approximating the airgap

permeance values, matching those calculated by TCM.
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Figure 2.19 Airgap permeance calculated by the TCM and exponential function for various rotor
and stator teeth angles (a) g =20" and g =15",(b) g, =18° and g, —15",(c) B, =15 and

B, =17",(d) g =12"and g =15°,(¢) g =15 and g =15",() g =16 and p,_=20°

2.1.1.4 Using Symmetry in Magnetic Circuits

Computational time is an important factor in EMT simulations. Thus, researchers and engineers

are making many efforts to accelerate the EMT simulation process. In the context of EMT modeling

of electromagnetic devices by using magnetic circuits, reducing the study domain is an effective

approach to accelerate the EMT simulation process.
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In the case of electric machines, the study domain can be either the full geometry of the electric
machine or a quarter of it. The full geometry should be modeled when simulating transient
phenomena occurring inside the machine, such as a short circuit in the windings. However, to
analyze the transient phenomena happening outside of the machine, the domain can be reduced to

a quarter of the electric machine’s geometry to speed up the simulation.

To reduce the study domain to a quarter of the electric machine’s geometry, symmetry must be
utilized. Based on the machine’s geometry and winding patterns, the boundary condition of
symmetry can be periodic or antiperiodic. As an example, various winding patterns for the 12/8
SRM are illustrated in Figure 2.20. To model a quarter of the 12/8 SRM with the winding pattern
in Figure 2.20 (a), periodic boundary conditions should be applied, whereas antiperiodic boundary

conditions are required for the winding pattern shown in Figure 2.20 (b).

[ Phase A [ Phase B I Phase C

Second Second
Extremity Extremity
Boundary Boundary

First
Extremity
Boundary

(2) (b)

Figure 2.20 12/8 SRM with the different winding patterns requiring (a) periodic and (b)
antiperiodic boundary conditions

Figure 2.21 (a) shows a magnetic circuit within a quarter of the studied SRM, where the symmetry

is applied. Independent of the magnetic circuit configuration within a quarter of the electric
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machine, the nodes on the first extremity boundary should be connected to the nodes on the second

extremity boundary in a way that satisfies the following equations [52]:

Fgound = iF;Jound (2 1 5)

q)éound = i¢bound (2 1 6)

where F},,., is the magnetic potential of the nodes on the first boundary, F,, ., represents the
magnetic potential of the nodes on the second boundary, ¢, ., 1s the flux passing through the
nodes on the first boundary, and ¢, ,,, is the flux passing through the nodes on the second

boundary. The positive sign must be used for periodic boundary conditions, while the negative sign
must be used for antiperiodic boundary conditions. Independent of the magnetic circuit. The
equations (2.15) and (2.16) can be simulated by an ideal transformer as shown in Figure 2.21 (b).
The turn ratio of the ideal transformer (indicated as 7" in Figure 2.21 (b)) is 1 for periodic and -1

for antiperiodic boundary conditions.
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Figure 2.21 Implementation of the boundary condition due to the symmetry by using ideal
transformers

2.1.2 Coupling of Magnetic and Electric Circuit

As mentioned in the previous sections, the value of MMF in the magnetic circuit depends on the
current passing through the electric circuit and the number of winding turns. To seamlessly couple
magnetic and electric circuits, the mutator is used. Figure 2.22 shows a mutator with its electrical

terminals labeled as k, and m, while k, and m,, respectively represent the positive and negative

pins in the magnetic side. In this figure, the electric and magnetic sides of the mutator are in blue

and black, respectively.
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Figure 2.22 Mutator

According to Faraday’s law, the mutator enables the seamless coupling between the electrical and
magnetic circuits by transferring current into the magnetic circuit as a source of MMF, and by
converting the magnetic flux into the electrical circuit as an electromotive force (EMF) source. The
transformation ratio of this mutator is denoted as N . The MMF and EMF of the mutator can be

calculated as [21], [60], [61][22]

F = Ni (2.17)
do

=_NZZ 2.18

e ” (2.18)

where F represents the MMF of the mutator, e is the EMF of the mutator, ;i is the current in the

electric circuit, ¢ 1is the flux passing through the magnetic circuit, the gain of the mutator is

represented by N.

In the mesh-based permeance network, the coil region is subdivided into smaller mesh elements.
Each element associated with the coil consists of mutators. To have a more detailed description,
the coupled magnetic and electric circuit within a pole pitch of the stator with a concentrated coil
wound over the stator tooth is shown in Figure 2.23 (a). In this figure, the magnetic circuit is in

black while the electric circuit is in blue. In this figure, R

i Tepresents the coil resistance, and the

induced EMF of the coil is represented by e

coil *

As shown in Figure 2.23 (a), the electric and magnetic circuits are connected through mutators.

The induced EMF of the coil is equal to the sum of the EMF of each mutator as [62]

Cooit =E D €, (2.19)
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where e, ; is the induced EMF of the colil, e, is the EMF of each mutator, #,, is the total number
of mutators within a coil (n, =6 in Figure 2.23 (a)), and & is the symmetry factor (& =4 in case
of modeling a quarter of machine and & =2 in case of modeling half of machine).

The gain of mutators in each mesh element can be calculated by applying Ampere’s law. Figure

2.23 (b) illustrates the gain of the mutators over the stator spatial position ¢ within a stator pole

pitch. In this figure, A, is the total number of turns in the coil [64] [63] [64].
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Figure 2.23 Description of mutators and their connection, (a) coupled magnetic and electric
circuits within a stator pole pitch, and (b) mutator gain over stator spatial position

2.1.3 Mechanical Equivalent Circuit

As previously mentioned, the proposed EMT model of the machine consists of the coupled
magnetic, electric, and mechanical circuits. Recall that Figure 2.2 shows the diagram of the

machine’s EMT model, which consists of the coupled electric, magnetic, and mechanical circuits.
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In this section, the derivation of the equivalent circuit representation of the machine’s mechanical

equations is presented.

The mechanical equations of the machine are written as [65]

T.-T, =J, d;t’r +D, o, (2.20)
do
w =3¢ 221
= (2.21)

where T, is the electromagnetic torque, T; is the load torque, J,, represents the moment of inertia,

D,, is the damping factor, and the machine speed is expressed as o, .

The value of the electromagnetic torque at each simulation time-step can be calculated based on

the co-energy method as [66]

Fp, *
&n

"g dP
T,=¢y —Snfn (2.22)
HZ_‘; )

where n, is the total number of airgap variable permeances, F, Py is the MMF of each airgap

permeance, and & is the symmetry factor. In this equation, P, is the function that calculates the

value of the airgap permeances at each simulation time step.

In the circuit-based representation, the moment of inertia J,, and damping factor D, can be

modeled by an inductor and a resistor, respectively. Also, we can conclude that the machine’s speed
can be served as the current passing through the inductor and resistor that representing the moment
of inertia J,, and damping factor D, . Additionally, equation (2.21) is representing a capacitor

with the capacitance of 1 F where the rotor position @ and @, respectively serve as the voltage

and current of this capacitor. To connect this capacitor with the equivalent circuit representing

equation (2.20), we can use a current-controlled current source with the gain of 1.

As presented in equation (2.22), the value of the electromagnetic torque 7, depends on the MMF

of the airgap’s variable permeances and the rotor position. These MMFs and rotor position are the
node voltages in the magnetic and mechanical circuits, respectively. In this context, a voltage-

controlled voltage source can be used to implement equation (2.22) using the circuit-based
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approach. Additionally, the load torque can be modeled using a controlled voltage source, where
the control signal depends on the type of load. In this regard, the circuit-based representation of the
mechanical equations is shown in Figure 2.24. In this figure, MMFs of airgap permeances are
depicted as F’ Pa1 to F, P, and a speed-dependent load torque is assumed [51].
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Figure 2.24 Equivalent circuit of the mechanical equations

2.2 Circuit-Based EMT model of Power Electronics Components

As shown in figure Figure 2.1, the power system of EV includes batteries and power electronics
converters. The batteries are connected to the DC link through a bidirectional DC-DC converter.

Figure 2.25 shows the schematic diagram of a bidirectional DC-DC converter.

An asymmetric bridge converter feeds and controls the SRM. The schematic diagram of the

asymmetric bridge converter is shown in Figure 2.26.

Figure 2.25 Schematic diagram of the bidirectional DC-DC converter
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Figure 2.26 Schematic diagram of the asymmetric bridge converter

As shown in Figure 2.25 and Figure 2.26, the bidirectional DC-DC converter and asymmetric

bridge converter consist of IGBTs and diodes.
2.2.1 Diode

To model the nonlinear I-V characteristics of the diode, a nonlinear resistance can be used. Figure
2.27 (a) shows the schematic diagram of the diode while the nonlinear resistance representing the

nonlinear behavior of the diode is shown in Figure 2.27 (b) [67].

e

(a) (b)

Figure 2.27 Diode, (a) schematic diagram, (b) detailed circuit-based EMT model

2.2.2 IGBT

The schematic diagram and detailed circuit-based EMT model of IGBT is shown in Figure 2.28 (a)
and Figure 2.28 (b), respectively. As shown in this figure, the detailed circuit based EMT model of
IGBT consists of controlled switch, diodes, and an RLC branch modeling the snubber [67].
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Figure 2.28 IGBT, (a) schematic diagram, (b) detailed circuit-based EMT model

2.3 Circuit-Based EMT model of Battery

The battery can also be modeled by the circuit-based approach. Figure 2.29 shows the schematic
diagram of a battery. The battery is represented by a controlled voltage source while its voltage
and state of charge (SOC) are calculated by control blocks as shown in Figure 2.29 (b). In this
figure, R, and R, are the series and parallel resistance of the battery. Also, the output voltage and
SOC of battery can be calculated by the analytical function related to the battery type. Further

details regarding the detailed modeling of the battery are available in [68]. In this thesis, the detailed

circuit-based representation of the lithium-ion (Li-Ion) battery, provided in EMTP®, is used.
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Figure 2.29 EMT modeling of battery, (a) schematic diagram, (b) circuit-based model

2.4 Conclusion

In this chapter, the basic principles of using circuit-based approach for system-level modeling of
the SRM drive system and its external power system were introduced. The machine model consists

of the seamlessly coupled magnetic, electric, and mechanical circuits.

To illustrate the concept of magnetic circuits, the magnetic circuit of a simple gapped core and an
electric machine were presented. The calculation of the permeance’s value with rectangular and
cylindrical shapes is demonstrated. To account for the nonlinear behavior of the ferromagnetic
core, nonlinear permeances are utilized, and the derivation of the Norton companion model for
nonlinear permeances was provided. The machine’s airgap was modeled using a non-meshed
approach, which maintains the same circuit topology during the simulation. The values of airgap

permeances were calculated by the TCM method and analytical functions. Furthermore, the
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seamless coupling of magnetic and electric circuits, torque calculation, circuit-based representation
of machine’s mechanical dynamics behavior, and the application of symmetry to reduce the study
domain were also investigated in this chapter. Additionally, the detailed circuit-based EMT model

of the power electronics devices and battery are presented in this chapter.
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CHAPTER 3 PROPOSED MAGNETIC CIRCUITS FOR THE SRM
EMT MODEL

In the previous chapter, the principle of using the circuit-based approach to represent the transient
behaviour of SRM drive system and its external power system is presented. In this chapter, we use
the circuit-based methodology to propose EMT models of the SRM that can be used for various

transient studies.

We start developing the circuit-based EMT model of SRM with a basic model that neglects the
nonlinear magnetic behavior of the ferromagnetic core, space harmonics of the machine, and
mutual coupling between the phase windings. Then, step by step, space harmonics, magnetic
nonlinearities, and mutual coupling are added to the circuit-based EMT model of the SRM to
develop a model that accounts for all the detailed magnetic phenomena occurring within the
machine. These steps are organized as presented in Table 3-1, and for each step a circuit-based

EMT model is proposed with its name provided.

Table 3-1 Progressive development of the circuit-based EMT model of the SRM

Step Modeling Enhancement Delivered model
1 Developing the most basic model type-1 lumped model
2 Adding the space harmonics type-2 lumped model
3 Adding the local airgap permeances type-2 lumped model
Incorporating the nonlinear magnetic
4 _ type-3 lumped model
behavior

Considering the mutual coupling between ‘
5 Topological model
phases
Accounting for the leakage flux in stator and ~ Simplified distributed

rotor slots model
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7 Considering all detailed magnetic phenomena Distributed model

At each step, we add more detailed to the circuit-based EMT model of SRM, which is expected to

improve accuracy while increasing computational burden, as illustrated in Figure 3.1.

All proposed model consists of seamlessly coupled magnetic, electric, and mechanical equivalent
circuits. The mechanical equivalent circuit is similar in all models. Recall that the mechanical

equivalent circuit is presented in section 2.1.3 in Chapter 2

Error 4 Type-1 Lumped

Model

Type-2 Lumped
Model

Type-3 Lumped

Model L
%" Topological ~ Simplified

Model Distributed Distributed
Model Model

o

>
>

Computational
Time

Figure 3.1 Expected computational time and accuracy of models

3.1 The most basic model (type-1 lumped model)

As mentioned, we start developing the circuit-based EMT model of the SRM by neglecting the
effect of space harmonics, saturation, and mutual coupling between phases. In this regard, the
inductance of the SRM only depends on the rotor position. Thus, it can be concluded that the phase
flux linkage of SRM can be calculated as

D, (6,i,)=L,(0)xi, (3.1)

where @, is the phase A flux linkage, L, is the inductance of phase A, @ is the rotor position, and

i, s the phase A current. Thus, the time derivative of the phase flux linkage can be calculated as
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4, (0.,) _d(L,(0)xi,)

_ 32
dt dt G2
do, (0.i,) _dL,(6) wi, + L, (0)x % (3.3)
dt t dt
do,(0.i,) dL,(0 '
0h) _dL(0) dO ., \; (g)u s (3.4)
dr 40 dr dr

In the above-mentioned equations, the time derivative of the rotor position corresponds to the

machine speed, expressed as

do

L _w 3.5
il (3.5)
where @, is the electrical speed of the machine.
Thus, we can rewrite the (3.4) as
A (0h) _ o (i 0.)+1, (0)x % (3.6)
dt alarTeel dt
L
e, (i,0,w)= 4 “(e)xa)exia (3.7)
Therefore, the electrical equation in phase A of SRM can be written as
v,—R,i, = a0, (3.8)
dt

where v, is the terminal voltage of the phase A and R, is the phase A resistance. The electrical

circuit of SRM’s phase A is shown in Figure 3.2.
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Figure 3.2 Phase domain electrical circuit of SRM

The electrical circuit shown in Figure 3.2 is a conventional representation of the SRM’s electrical
circuit for each phase [69]. However, in this circuit, there is not a seamless coupling between the

electrical and magnetic circuits and it is not an EMT model.

To implement the EMT model of this circuit, the magnetic and electric behavior can be represented
by their equivalent circuit-based representation. For ease of explanation, we develop the circuit-

based EMT representation of SRM’s phase circuit for an arbitrary SRM shown in Figure 3.3.

Figure 3.3 An arbitrary SRM
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The coupled magnetic and electric circuit of this SRM is shown in Figure 3.4. This figure shows
the coupled magnetic and electric circuit of SRM’s phase A. In this figure, the electric and magnetic
circuits are in blue and black, respectively. As shown in this figure, the mutator connects the
magnetic and electric circuits. In this figure, two mutators are used, each corresponding to one
winding of the phase-A coil shown in Figure 3.3. The back-EMF of each mutator can be calculated
as

d
€, =€n, =—N —Z“ (3.9)

where ¢, and ¢, are the back-EMF corresponds to the first and second winding of phase A.

Also, the magnetic circuit consists of variable permeances modeling the dependency of phase flux

linkage on the rotor position.

R,
+ ia(t) : + §0a(t)
ENODEN P, (0%
Electric ]
U(t) circuit Al:ﬁ:;:;c

NGRS

Figure 3.4 The most basic circuit-based EMT model

The domain of study can be reduced to one stator pole per phase of the SRM as shown in Figure

3.5.
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Figure 3.5 Reducing the study domain of the arbitrary SRM using symmetry

To implement the symmetry condition in the circuit shown in Figure 3.4, one stator pole within a
phase of SRM should be considered in the circuit-based model as shown in Figure 3.6. This circuit
is named type-1 lumped circuit-based EMT model in this thesis. As shown in this figure, only one
mutator is used since we modeled one stator pole within a phase of SRM. In this circuit, the value

of the back-EMF in the electric circuit can be calculated as

d
e, =—NG —CZ" (3.10)

where & is the symmetry factor. For this arbitrary SRM, the symmetry factor is equal to two,

whereas for the case study presented in this thesis, it is equal to four.

Rq
o— A'A%
+ i(t) ®a(t)
o) e, K> I B 0)F
Electric Magnetic
circuit circuit

Figure 3.6 The most basic (type-1) circuit-based EMT model of SRM with symmetry

Due to neglecting the effects of the magnetic core and the machine’s space harmonics, the variable

permeance ngh models the airgap variation using a cosine function, as [70]:
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ngh (0)=H,+H, cos(Nr¢9+5p) (3.11)
HO _ Pgmax ;Pgmln (3.12)

P -P, .
H, :w (3.13)

where 6 is the rotor position, N, is the rotor teeth number, and 5p is the phase shift, P, and

max

P, represent the value of the airgap permeance in the aligned and unaligned positions,

Emin

respectively. In this thesis, we named P, = the global airgap permeance. Figure 3.7 plots the global
p y < ph g g g g

airgap permeance function illustrated in equation (3.11) for a machine with four rotor poles (

N, =4).

YImax

YImin

> 0

0 n/z T 37‘[/2 2

Figure 3.7 Airgap permeance characteristic of type-1 lumped circuit-based EMT model
The calculation of P, and B, is investigated in the following parts of this section.

To have a better explanation about the airgap permeance function presented in this section, we
present the link between the conventional phase-domain electrical circuit of the SRM in Figure 3.2
and the proposed type-1 circuit-based EMT shown in Figure 3.6. To this aim, Figure 3.8 illustrates
the same conventional circuit implemented using the methodology of type-1 lumped circuit-based

EMT model. In this electric circuit, the inductance of the phase A can be written as:

L,(0)=Ly+L cos(N,0) (3.14)
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It is worth mentioning to recall that

do, (0,i,) _d(L,(0)xi,) (3.15)
dt dt

Thus, by substituting the equation (3.14) into the equation (3.4), the time derivative of the phase A

flux linkage is expressed as

@, (0, '
d acgf’”a) =—L x N, xsin(N,0)x @, xi, +(Ly + L, cos(N,0) ) cz;, (3.16)
This equation can be written as
d®, (0, ' '
acgte’la) :_L1 XN;‘XSin(NrH)Xwexia +LOX%+L1COS(NV(9)X CZ; (317)
l,
L,,(0)
R, Lo, @
+°_ WA YN rvfr\
iq(t) *

w(t) o e, )

Figure 3.8 Purely electric circuit corresponds to the proposed type-1 lumped circuit-based EMT
model

It is worth noting that the electric circuit in Figure 3.8 is not an EMT model. This circuit is presented
to show the correspondence between the conventional phase electrical circuit of SRM and the

proposed type-1 lumped circuit-based EMT model.

After explanation of the proposed type-1 lumped circuit-based EMT model of SRM and its

correspondence with the conventional phase electric circuit of SRM, we must calculate P, and

P, . Thus, the following part of this section presents the calculation of these parameters.

mi



50

3.1.1 Calculation of Minimum and Maximum values of Airgap Permeances

The value of P, and P,  can be calculated by analytical or numerical methods.

3.1.1.1 Analytical Method

The airgap permeance of the SRM in the aligned and unaligned positions can be calculated by
analytical functions. For instance, the analytical formulas for calculating the airgap permeance
values in the aligned and unaligned positions are derived in [59] and [71] using flux tubes. In this
method, defining the flux path, typically performed by using FEM models, is the first step [72],
[73], [74]. This step aims to identify the flux lines in the airgap in the aligned and unaligned
positions. Then, based on the yielded flux lines in the aligned and unaligned positions, the proper

flux tube can be developed to calculate the equivalent permeances representing those flux lines.

Figure 3.9 shows the flux tubes of the airgap in aligned and unaligned positions which are derived

from flux lines yielded from FEM simulations.
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Figure 3.9 The flux lines and flux tubes in various positions, (a) flux lines in aligned position, (b)
flux tubes in aligned position, (c) flux line in unaligned position, and (d) flux tubes in unaligned
position [75]

This method lacks generality, as it relies on predefining the flux path within the machine.
3.1.1.2 Numerical Method

The value of P, and P, - can be calculated by TCM. As mentioned in Section 2.1.1.3 in

Chapter 2, TCM can be implemented by FEM or its circuit-based representation. In this work, we
use the tool we developed for the implementation of circuit-based TCM in EMT-type software. In
this regard, TCM must be implemented to calculate the value of the airgap permeances in the

aligned and unaligned positions. Figure 3.10 shows the meshed study domain of the circuit-based
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TCM for calculating these parameters. To calculate the value of P, the energized tooth of the

stator and rotor tooth should be in the aligned position, as shown in Figure 3.10 (a). Figure 3.10 (b)
shows the circuit-based TCM study domain in which the energized stator tooth and rotor tooth are

in the unaligned position to calculate the value of P, .

== Boundary Condition : Dirichlet [g,= 1A] Emmm Boundary Condition : Neumann [¢ = 0Wb]

Boundary Condition : Dirichlet [e5=0A] = Boundary Condition : Anti-periodic

Integration Path

(a)

(b)

Figure 3.10 Using circuit-based representation of TCM to calculate parameters of airgap cosine
function, (a) aligned position, (b) unaligned position

3.2 Adding space harmonic (type-2 lumped model)

In this step, the space harmonics caused by the doubly salient structure of SRM are considered
while the effect of the nonlinear magnetic behavior of the ferromagnetic core is neglected. The

coupled magnetic and electric circuit is shown in Figure 3.11.
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Figure 3.11 Type-2 lumped circuit-based EMT model of SRM

This circuit is similar to the type-1 lumped circuit-based model while the value of the airgap
variable permeance is not calculated by the cosine function. To incorporate the effect of space
harmonics, we must simulate the TCM in various rotor positions, from the aligned to unaligned
position, as shown in Figure 3.12. The global airgap permeance of the type-2 lumped model for a
SRM with four poles is shown in Figure 3.13. The global airgap permeances of the type-2 lumped

circuit-based EMT model can be described as

ngh (0):H0+;Hn cos(nN,0+5p) (3.18)

where n is the harmonic order.

W= Boundary Condition : Dirichlet [e,=1A] I Boundary Condition : Neumann [¢ = OWb]

Boundary Condition : Dirichlet [ez=0A] = Boundary Condition : Anti-periodic

Integration Path

Various positions

Figure 3.12 Using circuit-based representation of TCM for incorporating the space harmonics
into the phase airgap permeance
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Figure 3.13 Global airgap permeance function

3.3 Adding the local airgap permeances

As presented in the previous sections, the global airgap permeance represents the effect of all the
rotor teeth together on one stator pole. However, it is also possible to account for space harmonics
by using multiple variable permeances that connect the stator teeth of that phase to all rotor teeth,

as shown in Figure 3.14 [70]. In this figure, the airgap permeances between the first stator tooth

associated with the phase A and rotor teeth are represented by Pgn to Pg1 , - Also, sz | to Pg24

represents the airgap permeances between the second stator tooth associated with the phase A and
rotor teeth. The value of each airgap permeance can be calculated by either the circuit-based
representation of TCM, as presented in Figure 3.15, or analytical function presented in section

2.1.1.3 in Chapter 2.
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circuit

Figure 3.14 Type-2 lumped model, (a) without symmetry, (b) with symmetry

== Boundary Condition : Dirichlet [¢,=1A] W= Boyundary Condition : Neumann [¢=O0Wb]

Boundary Condition : Dirichlet [egz=0A] = Boundary Condition : Anti-periodic

Integration Path

Figure 3.15 Using circuit-based TCM for airgap calculation for type-2 lumped model
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In the time domain simulations, the value of the airgap permeances is calculated using analytical

functions as presented in section 2.1.1.3 in Chapter 2.

Figure 3.16 shows the airgap permeance function of phase A for a four poles SRM. The airgap
permeance connecting stator tooth to the fourth tooth of the rotor is shown in Figure 3.16 (a) while
Figure 3.16 (b) shows all airgap permeacnes connecting stator tooth to all rotor teeth. As shown in

this figure, four permeances, P, to P, ,are contributing in the airgap permeance function. The

value of each airgap permeance P, to P, can be calculated by TCM equivalent circuit or

analytical function presented in section 2.1.1.3 in Chapter 2.

Irh &
YImax
Pg,
I min
0 T 2 >0
/2 T 3/, m
(@)
7 v Pg; R Pg,
p 1 O Pg, Py
Imax
LA {
v g & v
a i
Rgmin % é é j
= = X
> 0
0 7T/2 4 37'[/2 21
(b)

Figure 3.16 Characteristics of the local airgap permeance of type-2 lumped circuit-based EMT
model
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3.4 Adding the nonlinear magnetic behavior of the ferromagnetic core (type-3

lumped model)

In this section, we want to include the effect of the nonlinear magnetic behavior of the

ferromagnetic core in the circuit-based EMT model proposed in the type-2 lumped EMT model.

To this aim, the electrical equations for phase A of SRM should be rewritten while considering the

saturation. In this case, the inductance is dependent on the rotor position and phase current. Thus,

the flux linkage can be calculated as
®,(60,i,)=L,(6.i,)xi,
The time derivative of the above equation can be expressed as

do,(0,i,) d(L,(6.i,)xi,)

dt dt
do,(6,i,) :dLa(e’i“)xi+L i,
dt dt Cdr
4, (0) = oL, (e’ia)xﬁxi +—6La (e’ia)x&xz +L, (6,1 )xdﬁ
dt ot d oi, da T d
It is worth mentioning that
do _
d ¢
Thus, the equation (3.22)
dq)a (e’ia) = aLa (H’ia) Xa, Xia +—8La (H’ia) X%Xia +La (H’ia)xdi
dt ot oi, dt dt
00,(00)_OL(O), 0 TolC) i
dt ot oi dt dt

a

€1a eza

(3.19)

(3.20)

(3.21)

(3.22)

(3.23)

(3.24)

(3.25)

where ¢ and e, are the back-EMF due to the electromechanical energy conversion and

saturation, respectively. Therefore, the equation (3.25) is written as
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W:% (0.1, v, (6,1,) 1, (01, )x e (3.26)
Also, the back-EMF of phase A is equal to
e,(0.i,)=¢_(0.i,)+e, (6.i,) (3.27)
Thus
90 (0) _, (g.i Va1, (0, % (3.28)
dt dt

Therefore, the phase electrical circuit of the phase A shown in Figure 3.2 can be modified by

considering the effect of saturation as shown in
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Figure 3.17 Phase domain electrical circuit of SRM considering saturation

The next two sections review existing methods for modeling nonlinear magnetic behavior and
space harmonics in the SRM. Subsequently, the proposed approach for considering the effect of

nonlinear magnetic behavior in the circuit-based EMT model of SRM is presented.
3.4.1 Analytical Approach

In [59] and [71], the flux paths within the electric machine are represented by flux tubes. As
mentioned in Section 3.1.1.1, in this approach, the first step is to identify the flux tubes associated
with the machine’s flux lines. Therefore, a detailed numerical model, such as FEM, must be run to

determine the appropriate flux tubes for the machine’s flux lines. Figure 3.18 shows the flux tubes
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associated with the flux lines within the airgap of an SRM in the aligned and semi-aligned

positions.
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— |- Figure 3.18 (b)
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Figure 3.18 Flux tubes of within airgap of a SRM in various relative positions between rotor and
stator teeth, (a) aligned, and (b) semi-aligned [59]

Figure 3.18 (a) and Figure 3.18 (b) show the flux lines in the aligned position. The airgap flux tubes
in the aligned position are shown in Figure 3.12 (c). These flux tubes are named as FT1, FT2, and
FT3 in this figure. Moreover, the flux lines in the unaligned position are shown in Figure 3.18 (d)
and Figure 3.18 (e) while the flux tubes of the airgap in the semi-aligned position are illustrated in
Figure 3.18 (f). In this figure, the flux lines of the airgap in the semi-aligned position are named as

FT4 to FT7.



60

As shown in Figure 3.18, to account for the rotation of the rotor in the flux-tube based magnetic
circuits, the circuit topology should be changed during simulation. Thus, various magnetic circuits
should be derived for aligned, semi-aligned, and unaligned positions. However, changing the
circuit topology during simulation makes the flux-tube based method unsuitable for EMT studies.
Moreover, this method requires predefining the flux path which increase complexity of the model.
Although this is an analytical model while implementation of the saturation requires a numerical

method.
3.4.2 Lookup Table-Based Approach

In many articles, lookup tables are employed to include the effect of the nonlinear magnetic
behavior of the SRM in its model. This method aims to account for the magnetic saturation and its
relation with the rotor position. As an example, Figure 3.19 shows that the flux linkage of the SRM

exhibits higher nonlinear behavior as the rotor and stator teeth move toward alignment.

-

%,

m Ny

(b)

Figure 3.19 Illustration of SRM’s nonlinear characteristics, (a) an arbitrary SRM, (b) the
nonlinear characteristics of the SRM’s flux linkage [76]
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The lookup table method is based on importing the machine’s nonlinear characteristics, such as
flux linkage and torque, into the drive model using lookup tables [77], [78], [79]. These
characteristics, including phase flux linkage, inductance, and torque at various stator currents and
rotor positions, are typically obtained through experimental measurements [80], [81] or FEM
simulations [82], [83]. The obtained static results are stored and then imported into the drive system
model for time-domain simulations. During these simulations, interpolation is used at each time
step to estimate values between the available data points. Figure 3.20 shows the lookup tables

presenting flux linkage and torque of SRM.

,_.
~
T

—_
[\S)
T

<
o
T

Flux Linkage (mwb)
=) o
~ o0
Electrical Torque (Nm)

o
o

<)
< N
—

2 3 4 0 10 20 30 40 50 60 70 80 90
Excitation current (A) Rotor Position (deg)

(2) (b)

Figure 3.20 Characteristics of a SRM at various rotor position and current values, (a) flux
linkage, (b) static torque

Alternatively, some other papers use analytical functions to include the nonlinear magnetic
characteristics of SRM. Similar to the lookup table-based model, first, the nonlinear characteristics
of the SRM should be derived from an accurate numerical model or experimental test. Then, an
analytical function can be fitted to represent these nonlinear characteristics in the drive system

model.

As an example, the phase flux linkage profile is represented by various piecewise functions,
including the parabolic function [84]. In [85] and [86], different types of 2D polynomials, such as
bivariate and bi-cubic spline polynomials, are employed to model the machine’s flux linkage and
torque. Moreover, other nonlinear functions, including Gaussian functions [87], piecewise Frohlich
functions [88], and exponential functions [89], [90] can be used to estimate flux linkage

characteristics. In some other articles, the nonlinear inductance characteristics of SRM are
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represented by Fourier series whose coefficients are determined by FEM [91], [92], weighting

functions [93], [94], parameter identification techniques [95], [95], etc.

Although representing the nonlinear characteristics of SRM through lookup tables or fitted
functions in the drive system model is widely used in the simulations of motor drive systems, any
change in machine parameters requires new FEM simulations to regenerate new lookup tables or

fit new coefficients.
3.4.3 Proposed Circuit-Based Approach

To tackle the drawbacks of the above-mentioned approaches, the coupled magnetic and electric
circuit is proposed as the circuit-based EMT model. Figure 3.21 (a) shows the magnetic circuit for
a phase of SRM. This magnetic circuit is commonly used in literature and developed using flux
tubes [96]. In this figure, the MMF drop is presented in reluctance and we used the same name as
the original article [96]. We simplified this magnetic circuit to the circuit shown in Figure 3.21 (b).

In this circuit, R. and R, are the reluctances representing the MMF drop within the rotor and stator
teeth, respectively. Also, the MMF drop in the yoke of the rotor and stator are modeled by R,. and

R, . The airgap is also modeled by R, .

The circuit-based EMT model that accounts for the nonlinear behavior of the ferromagnetic core
can be developed by combination of the same methodology proposed in [96] and type-2 lumped
model. In this regard, Figure 3.21 (c) shows the circuit-based EMT model of SRM accounting for
the nonlinear magnetic behavior and space harmonics. In this figure, the modeling of space
harmonics and machine’s rotation is similar to type-2 model. Also, the MMF drop caused by the

ferromagnetic core is represented by nonlinear permeances. In this figure, Pts and Ptr represent

the MMF drop across the stator and rotor teeth, respectively, while the MMF drop in the stator and

rotor yokes are modeled by Pyv and Pyr , respectively. This circuit is named type-3 lumped model
in this thesis.

In Figure 3.21, we used colorful shapes in both presented circuit to have a better illustration of the
difference and similarity of the type-3 lumped model and phase domain magnetic circuit of SRM
proposed in [96]. In Figure 3.21 (b) the MMF drop in the rotor and stator teeth are represented by
R, and R, respectively. In the proposed type-3 lumped model, B and B, respectively model the
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MMEF drop in the rotor and stator. The MMF drop in the yoke of rotor and stator are modeled by

R,. and R, in Figure 3.21 (b) while the yokes of rotor and stator are represented by P, and P,

in the proposed type-3 lumped circuit-based EMT model (see Figure 3.21 (c)). In the magnetic
circuit proposed in [96] (Figure 3.21 (a) and (b)), there is not coupling between magnetic and
electric circuits whereas the magnetic and electric circuits are seamlessly coupled through the
mutator in the proposed type-3 lumped model (see Figure 3.21 (c)). The magnetic circuit presented
in Figure 3.21 (b) simulating SRM in specific position however the rotation of the SRM is
considered in the proposed type-3 lumped model (see Figure 3.21 (c)) by using variable

permeances.

v (t) Electric
circuit

Magnetic
circuit

(©)
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Figure 3.21 Accounting for nonlinear behavior in the magnetic circuit, (a) magnetic circuit
presented in [96], (b) simplified magnetic circuit presented in [96], (c) proposed type-3 lumped
circuit-based EMT model

3.5 Adding the mutual coupling (Topological model)

In the circuit-based models proposed in the previous sections of this chapter, the mutual coupling
between phases of SRM is neglected. Neglecting the mutual coupling between SRM phases is a
reasonable assumption since this coupling is low in SRMs. However, incorporating the mutual
coupling between SRM phases enhances the accuracy and general applicability of the proposed
circuit-based models. Thus, in this section, we add the effect of mutual coupling between phases

of SRM while considering the nonlinear magnetic behavior of the SRM.

To this aim, Figure 3.22 shows the electrical circuit of SRM in phases A, B, and C. As shown in

this figure, the mutual coupling is added by mutators.
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Figure 3.22 Adding the effect of mutual coupling in the circuit-based EMT model

To have a better explanation, Figure 3.23 shows the mutual fluxes in an arbitrary SRM. The mutual

flux at each tooth can be calculated by the equivalent circuit representation of as shown in Figure
3.24.
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Figure 3.23 Mutual flux
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Figure 3.24 Calculation of mutual flux using equivalent circuit

As shown in Figure 3.22, the mutual coupling can be modeled using mutators, but this approach is
not applicable under nonlinear conditions because the superposition theorem cannot be used in

such cases.
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In this regard, to account for mutual coupling while considering the nonlinear magnetic behavior
and space harmonics, a more detailed model must be employed. In this regard, the topological

model is proposed in this section.

Figure 3.25 illustrates the magnetic circuit of the topological model, which is seamlessly coupled
to the electric circuit via mutators. As illustrated in this figure, each tooth and each yoke segment
connecting two adjacent teeth in both the stator and rotor are represented by a single nonlinear
permeance, which accounts for the corresponding MMF drop [97]. As shown in this figure, the
MMF drop and flux line in the slots of the rotor and stator are neglected. This model can be
categorized as a model with a very coarse mesh in both the rotor and stator while the mesh
granularity cannot be adjusted. Thus, the topological model requires predefining the flux path and
lacks flexibility in balancing model accuracy and computational time. Therefore, in this thesis, it

is referred to as the topological model.

The modeling of the airgap permeances in topological model is similar to the approach proposed
in the section 2.1.1.3, in Chapter 2. Equations (2.10) to (2.14) are used to calculate the value of
airgap permeances at each simulation time step. Also, the antiperiodic boundary condition is
implemented through an ideal transformer with the transformation ratio of -1. The detail of using

symmetry in magnetic circuits is presented in section 2.1.1.4 in Chapter 2.

As shown in Figure 3.25, only one mutator exists in the radial direction within each stator tooth to
represent the effect of the coil in the permeance network of the topological model. The gain of each

mutator is equal to the total number of its related coil.
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Figure 3.25 Topological circuit-based model, permeance network coupled with electric circuits

In contrast with the type-1, type-2, and type-3 lumped models, the topological model considers the
effect of mutual coupling between phases while taking the nonlinear magnetic behavior of the
machine’s ferromagnetic core into account, as shown in Figure 3.25. As shown in this figure, there
1s not any assumption, like superposition, for modeling the mutual coupling while the nonlinear

magnetic behavior of the teeth and yokes is modeled by the nonlinear permeances.
3.6 Adding leakage flux (simplified distributed model)

In the previous section, the mutual coupling was considered to the circuit-based EMT model by
proposing the topological model. However, the leakage flux passing through slots of the stator and

rotor is neglected in the proposed topological model.

In this section, the effect of leakage flux in the slots of the rotor and stator is added to the circuit-

based EMT model. In this regard, the simplified distributed model is proposed to enhance the
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accuracy and generality of the topological model. This allows the model to be employed for a wider
range of transient studies. To this aim, in the proposed simplified distributed magnetic circuit, the
mesh-based permeance network is used to automatically generate the equivalent magnetic circuit
in the rotor and stator. Using the mesh-based approach provides flexibility to balance between the
model accuracy and its computational time. Also, the airgap of the SRM is modeled by the non-
meshed approach. Figure 3.26 shows the simplified distributed magnetic circuits within a quarter
of the SRM’s geometry. As shown in Figure 3.26, the MMF drop within the rotor and stator slots
is taken into account in the proposed simplified distributed magnetic circuit. However, the slots are
not modeled in the topological magnetic circuit. In addition, the proposed simplified distributed
magnetic circuit models the flux path in both the radial and orthoradial directions within all parts
of the stator and rotor, while the topological magnetic circuit only represents the orthoradial flux

in the yokes and the radial flux in the teeth.
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Figure 3.26 Coupled magnetic and electric circuit of the simplified distributed model of the
machine

3.6.1 Mesh Elements Used in Simplified Distributed Magnetic Circuit

In the proposed simplified distributed model, the number of mesh divisions within the radial

direction can be increased to any number. However, the number of mesh divisions in the orthoradial
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direction within each tooth and slot of the rotor and stator is set to one, as shown in Figure 3.27. In

this regard, this model is named the simplified distributed model.

(a) (b)

(©) d)

Figure 3.27 Various mesh divisions in the radial direction of the proposed simplified distributed
model

As shown in Figure 3.26, nonuniform meshes are applied to the various parts of the rotor and stator.
The accuracy and computational speed of the proposed simplified distributed model depend on the
number of meshes. In the next chapter, we will analyze the effect of the number of meshes on the

accuracy and computational performance of the proposed model.

As illustrated in Figure 3.26, the flux paths in the radial and orthoradial directions within each mesh
element are modeled by four permeances connected perpendicularly at the element’s centroid. The
values and types of these permeances depend on the mesh element’s geometrical parameters and

the physical characteristics of the related area [98].
3.6.1.1 Values of the Permeances within Mesh Elements

Based on the machine’s geometry, mesh elements with rectangular and cylindrical shapes are
employed in the proposed permeance network of this machine. The rectangular mesh elements are

related to the rotor and stator teeth. Figure 3.28 shows a rectangular mesh. In this figure, the flux
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path in the orthoradial direction are modeled by A, , and P , while p, , and P, , Tepresent the

flux path in the radial direction. The value of each permeance in radial and orthoradial directions

of the rectangular mesh element can be calculated as [49]

romesh B r}mesl/
2 (3.29)

W,

mesh

cht = })?’rct = /umesthtk

Wmesh (3 30)

P)Z,,a = B‘rct = /umeshl’stk
romesh r"mesl/
2

where, ¢, 1s the permeability of the mesh element, L, represents the machine stack length,

T ey €XPress the inner radius of the mesh element, 7, . is the outer radius of the mesh element,

and W, represents the mesh element width.

Figure 3.28 Rectangular mesh element in the proposed permeance network

The mesh elements associated with the slots and yokes of the rotor and stator have a cylindrical

shape. Figure 3.29 shows a cylindrical mesh element where its angle is represented by 6,,.., . Each

permeance of this mesh element can be calculated as [21]
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Figure 3.29 Cylindrical mesh element in the proposed permeance network

3.6.1.2 Types of Mesh Elements

As shown in Figure 3.26, three types of mesh are employed in the permeance network of the
proposed simplified distributed model. Figure 3.30 shows these three types of mesh. The
permeability of the rotor and stator slots is equal to the air permeability, which is a constant value.
Thus, the mesh elements associated with the slots consist of linear permeances, as shown in Figure

3.30 (a).
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The mesh elements within the yoke of the stator and rotor, as well as the rotor teeth, consist only
of nonlinear permeances, as shown in Figure 3.30 (b). These nonlinear permeances are
implemented by their Norton companion model presented in section 2.1.1.2 in Chapter 2. The
length and surface area of each nonlinear permeance within a mesh element depend on the
geometrical characteristics of that mesh element. It is worth noting that the shape of mesh elements
within the teeth of the stator and rotor is rectangular, while those in the yoke of the stator and rotor

are cylindrical.

The effect of the MMF produced by the stator coils is considered through mutators located in the
radial direction within the mesh elements associated with the stator teeth, as shown in Figure 3.30

(c). It is worth noting that the mesh elements in the stator teeth have a rectangular shape.
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Figure 3.30 Various type of mesh elements used in the permeance network of the proposed
simplified distributed model, mesh elements within (a) rotor and stator slots, (b) stator and rotor
yokes and rotor teeth, (c) stator teeth

As shown in Figure 3.26, the proposed simplified distributed magnetic circuit uses the non-meshed
to model the airgap. In this regard, the value of the airgap permeances at each simulation time step
can be calculated by equations (2.10) to (2.14). Further details are presented in Section 2.1.1.3 in
Chapter 2.

3.7 Adding all local magnetic phenomena (distributed model)

In the previous section, the simplified distributed model was proposed. In this model, using the
mesh-based permeance network enabled flexibility to balance between the model accuracy and its

computational time. It also achieves higher accuracy compared to the topological and lumped
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models. However, in some transient studies, a more detailed magnetic model of the electric
machine is required. For example, studying transient phenomena happening inside the machine or
assessing their impact on local magnetic behavior, like local saturation, necessitates a more detailed
magnetic model that can account for all details of the machine’s magnetic behavior. Such magnetic
details can be considered by dividing various parts of the machine into finer elements than those
used in the simplified distributed model. To this end, the distributed magnetic circuit model is

proposed in this section.

The distributed magnetic circuit model uses the same methodology as the simplified distributed
model. In both models, the magnetic behavior of the rotor and stator is represented by a mesh-
based permeance network, while the airgap is modeled using a non-meshed approach. Similar to
the simplified distributed model, any number of mesh divisions can be used in the radial direction.
However, in contrast to the simplified distributed model, the distributed model allows using any
number of mesh divisions in the orthoradial direction, whereas in the simplified distributed model,
this number was limited to one within each tooth and slot. For instance, Figure 3.31 shows the
discretized geometry of the SRM with various mesh divisions in the orthoradial direction. In this
figure, the teeth, slots, and yokes of the rotor and stator are divided into three divisions in the radial
direction. In the next chapter, the effect of mesh divisions in the radial and orthoradial directions

on the model’s accuracy and computational speed is analyzed.

E

@ (b)

(© (d)

Figure 3.31 Various mesh divisions in the orthoradial direction of the proposed distributed model
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To have a more detailed illustration of the proposed distributed model, Figure 3.32 (a) shows the
meshed geometry of the studied 12/8 SRM, while the coupled electric and magnetic circuits within
meshes in stator and rotor teeth and their adjacent slots meshes are shown in Figure 3.32 (b). In
this figure, the magnetic and electric circuits are in black and purple, respectively. As shown in this
figure, the mesh elements consist of four permeances perpendicularly connected at the element

centroid, similar to the simplified distributed model.

As shown in Figure 3.32, four types of mesh elements are utilized in the permeance network of the
proposed distributed model. The mesh elements that relate to the rotor slots consist of linear
permeances, as shown in Figure 3.33 (a). The mesh elements within the stator slots include linear
permeances, while the effect of the coil’s MMF is represented through mutators in the radial
direction of each mesh element, as illustrated in Figure 3.33 (b). Figure 3.33 (c) shows the mesh
elements associated with the stator and rotor yokes, which include nonlinear permeances to account
for the nonlinear behavior of the ferromagnetic core. Finally, the mesh element within the stator
teeth consists of the nonlinear permeance in radial and orthoradial directions and mutators in the

radial direction, as shown in Figure 3.33 (d).
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I Phase A

I Phase B
B Phase C

(b) Rcoil

66 JeolfoaiRae 6o
66 NoGlleollos | 66

¢ ¢
(B D
(P S <
Canmads
(P s <P
<P
P& <D
Canmat>
¢ &
=

Figure 3.32 Distributed circuit-based EMT model of a 12/8 SRM, (a) meshed geometry, (b)
coupled magnetic and electric circuit
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Figure 3.33 Various type of mesh elements used in the permeance network of the proposed
distributed model, mesh elements within (a) rotor slots, (b) stator slots, (c) stator and rotor yokes
and rotor teeth, (d) stator teeth

3.8 Conclusion

In this chapter, the circuit-based EMT models of SRMs are proposed. We start from the most basic
model that neglects the space harmonics, nonlinear magnetic behavior of the machine, and mutual
coupling between phase windings. Step by step, we added space harmonics, nonlinear magnetic
behaviors, and mutual coupling effect while we finally proposed a circuit-based EMT model that
accounts for all detailed magnetic phenomena. At each step, a circuit-based EMT model is
proposed. The most basic model is named type-1 lumped model. By adding the effect of space
harmonics using variable permeances, type-2 lumped model was developed. In type-3 lumped
model, the effect of nonlinear magnetic behavior of the ferromagnetic core is considered while the
modeling of airgap is similar to type-2 lumped model. To consider the effect of mutual coupling,
topological model was proposed. In the topological model, the effect of flux in the machine’s slots

is neglected. To enhance the accuracy, the simplified distributed model was proposed. In this
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model, the mesh-based permeance network is used to represent the magnetic behavior of the stator
and rotor while the airgap was modeled by the non-meshed approach. In this model, the number of
mesh divisions in the orthoradial direction was limited. However, to account for all detailed and
local magnetic phenomena happening inside the machine, the distributed model is proposed. It used
the same methodology as the simplified distributed model but it does not have limitation in number

of mesh divisions. This allows to account all details of the machine.
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CHAPTER 4 VALIDATION AND COMPARISON OF THE PROPOSED
MODELS

In the previous section, various circuit-based EMT models for the studied SRM was proposed. In
this section, the proposed models is verified by the FEM-based model. Furthermore, the

performance of the proposed models is compared in terms of computational time and accuracy.

To this end, all proposed lumped models are used to simulate the case study SRM. It is useful to
recall that the case study is a 3-phase SRM with 12 stator teeth and 8 rotor teeth. The cross-sectional
view of this machine is shown in Figure 1.3. The SRM models are integrated into the detailed
circuit-based representation of the asymmetric bridge converter and its control system, with a

simultaneous solution.

The description regarding the EMT solver and also the FEM-based model is described in section
1.3.3 in Chapter 1.

4.1 Verification of Lumped models

This section aims to compare the performance of the proposed lumped models. To assess the
accuracy of the proposed models, the error between electromagnetic torque obtained by FEM-
based and circuit-based models are calculated. This error is defined as the difference between the
absolute values of the mean electromagnetic torque, computed over the entire signal, obtained
using the FEM-based method and the proposed circuit-based method. Throughout this thesis, the

error between the circuit-based model and the FEM-based model is calculated in the same way.

Figure 4.1 compares the performance of the proposed lumped circuit-based models. As shown in
this figure, the type-1 lumped model is the fastest, with a CPU time of 3.02 seconds. However, its
accuracy is not acceptable, as the average torque calculated by this model differs 18.2% from the
value obtained using the FEM-based model. By accounting for the machine’s space harmonics,
caused by the stator and rotor slots, within the magnetic circuit through the use of variable
permeances that accurately model the saliency effects in both the stator and rotor, the accuracy of
the type-2 lumped model has been enhanced compared to the type-1 model. In the case of the type-
2 lumped model, the calculated average torque shows a difference of 8.4% compared with the result
obtained from the FEM-based model. However, this improvement increased the CPU time to 4

seconds. Finally, the type-3 lumped model, which incorporates both the nonlinear behavior of the
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ferromagnetic core and the machine’s saliency, demonstrates acceptable accuracy. The average
torque calculated by this model differs 4.64% from the value obtained using the FEM-based model.
It is worth noting that, based on engineering judgment and experience, an error below 5% between

the FEM-based models and the proposed models is acceptable.

Among the proposed lumped models, the type-3 model is the slowest in terms of computational
performance. The higher computational time of the type-3 lumped model rather than the other
proposed lumped models was expected, as the nonlinear behavior of the ferromagnetic core is

represented by nonlinear permeances, which require an iterative solution process for the main

system equations.
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Figure 4.1 Comparison of the performance of the proposed lumped circuit-based models

Also, Figure 4.2 shows the comparison of the accuracy and computational time of the proposed

lumped models in the bar chart.
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Figure 4.2 Comparison of the performance of the proposed lumped circuit-based models by bar
chart, (a) relative error in average torque, (b) CPU time
As shown in the comparison study, among the proposed lumped models, type-3 lumped model is
the only model that provides an acceptable accuracy. In this regard, we used this model to simulate

the case-study SRM operating at 2500 rpm, with the reference peak phase current 7, . set to 20

A.

Figure 4.3 shows the phase current of the studied SRM as calculated by the proposed type-3 lumped
model and the FEM-based model. In the figure’s legends, the FEM-based model is referred to as
CoSim-FEM. As illustrated in the figure, the type-3 lumped circuit-based model demonstrates

acceptable accuracy.
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Figure 4.3 The phase current of the studied SRM simulated by the type-3 lumped circuit-based
model and FEM-based model
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Figure 4.4 The electromagnetic torque of the studied SRM simulated by the type-3 lumped
circuit-based model and FEM-based model

The electromagnetic torque of the studied SRM, calculated by the proposed type-3 lumped circuit-
based model and the FEM-based model, is shown in Figure 4.4. As illustrated in this figure, the
type-3 lumped circuit-based model provides acceptable accuracy, with a 4.64% difference in the
average torque compared to the FEM-based model. However, it can be observed that this model
does not capture the torque ripple and oscillations with high accuracy. The deviation of the torque
calculated by the type-3 lumped model from the FEM-based model was expected, as the type-3
model employs a significantly lower number of magnetic equivalent elements than those used in

the FEM-based model.
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4.2 Topological Model

To evaluate the performance of the topological circuit-based model shown in Figure 3.25, we
compared the phase current and torque of the studied SRM calculated by the proposed topological
model and the FEM-based model.

Figure 4.5 presents a comparison between the current of phase A obtained from the proposed
topological model and the FEM-based model. The phase current follows the corresponding control
commands (phase pulses) while the inductive nature of the SRM caused a tracking error at the turn-
off angle in both models. The currents in phases B and C exhibit the same waveform as phase A,

with electrical phase shifts of 120° and 240°, respectively.
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Figure 4.5 SRM’s phase A current calculated by the proposed topological model and FEM-based
model

The electromagnetic torque calculated by the proposed topological model and the FEM-based
model are compared in Figure 4.6. As shown, the proposed topological model achieves acceptable
accuracy. The average torque calculated by the topological model differs by 4.15% from that
obtained from the FEM-based model. However, the torque waveform calculated by the FEM-based
model exhibits more high-frequency oscillations. This discrepancy can be attributed to two factors.
First, the proposed topological model uses the co-energy method to calculate the torque, while the
FEM-based method uses the Maxwell Stress Tensor method. Second, the FEM-based method uses
a meshed approach in all parts of the machine, while the proposed circuit-based topological model

uses a limited number of magnetic equivalent elements.
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Figure 4.6 Electromagnetic torque of the studied SRM calculated by the proposed topological
model and FEM-based model

4.3 Simplified Distributed Magnetic Circuit

As mentioned, the accuracy and computational time of the proposed simplified distributed model
depend on the mesh granularity of the permeance network within the stator and rotor. Thus, we
analyze the effect of the mesh numbers on the computational time and accuracy of the proposed

simplified distributed model
4.3.1 Mesh Analysis

To analyze the effect of mesh divisions, the average torque value and the magnetic flux density at
the center of the stator tooth aligned with the rotor tooth serve as the metrics for the mesh
assessment. The effect of mesh element numbers on the computational time and relative error of
the selected metrics is shown in Figure 4.7. In this assessment, SRM rotates at a fixed speed for 12
ms, using a time step of 1 us. As illustrated in Figure 4.7, increasing the number of mesh elements
reduces the relative error in both the average torque and the magnetic flux density, but it
significantly increases the computational time. Therefore, based on the required computational
speed and accuracy in this study, 72 mesh elements are used in the following analysis to achieve a

well-balanced trade-off between computational time and accuracy.
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Figure 4.7 Effect of mesh elements number on the computational time and accuracy of simplified
distributed model

4.3.2 Effect of Using Symmetry

In the proposed simplified model, we used symmetry in which the antiperiodic boundary condition
is applied. Thus, this subsection aims to evaluate the effect of using symmetry in speeding up the
simulation process in the simplified distributed model and FEM-based model. In this regard, Figure
4.8 shows the effect of using symmetry (modeling a quarter of the machine) on the computational
time of the proposed simplified distributed circuit-based EMT model and FEM-based model. In
this figure and other figures in this thesis, the simplified distributed model is referred to as S-

CBEMT.

As illustrated in Figure 4.8, simulating only a quarter of the machine reduces the computational
time of the proposed simplified distributed model by more than 14 times compared to modeling
the full geometry. However, in the case of the FEM-based model, using symmetry only speeds up
the simulation by about 1.3 times compared to modeling the full geometry. Therefore, modeling a
quarter of the machine significantly accelerates the proposed simplified distributed model

simulation compared to the FEM-based model.

The smaller speed-up in computational time for the FEM-based model is due to the computational
burden caused by remeshing at each time step and co-simulation, as using symmetry does not
eliminate these computational burdens. In contrast, the proposed simplified distributed model
benefits from a simultaneous solution of the drive system components and maintaining the same
magnetic circuit topology throughout the entire simulation, thanks to the non-meshed approach in

the airgap.
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Figure 4.8 Effect of using symmetry on the computational time of simplified distributed circuit-
based model and FEM-based model

4.3.3 Verification

In this part, we analyze the performance of the studied SRM while it is rotating at a fixed speed of
2500 rpm, and the hysteresis current control maintains the phase current at 20 A. Figure 4.9 shows
the pulse and current of phase A. As shown in this figure, in both models, the phase current follows

the phase pulses, but both models show tracking error at the turn-off angle 6, because of the

SRM’s inductive nature. It is worth mentioning that the currents of phases B and C are similar to

the current of phase A with 120 and 240 electrical phase shifts.
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Figure 4.9 SRM’s phase pulse and phase current obtained by simplified distributed model and
FEM-based model while SRM rotates at 2500 rpm

Figure 4.10 shows the electromagnetic torque of the SRM obtained from both the proposed
simplified distributed model and the FEM-based model. The results indicate that the simplified
distributed circuit-based EMT model delivers acceptable accuracy. The FEM-based model, as

previously discussed, displays more high-frequency oscillations.
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Figure 4.10 SRM’s electromagnetic torque obtained by by simplified distributed model and
FEM-based model while SRM rotates at 2500 rpm

4.4 Distributed Magnetic Circuit

In this section, we aim to verify the proposed distributed circuit-based model as well as analyzing
the effect of using various analytical function for airgap permeances and number of mesh divisions

on the model’s performance.
4.4.1 Airgap Modeling

As shown in Figure 3.32, each node on the stator-airgap boundary is connected to all nodes on the
rotor-airgap boundary through variable permeances in airgap. Similar to the all other proposed
models in the previous chapter, the value of airgap permeances within the distributed model is
calculated by an analytical functions at each simulation time-step. However, due to the higher
number of mesh elements within the orthoradial direction of the SRM, high fringing and leakage
flux will be accurately modeled in the proposed distributed circuit-based model. In this regard, the
effect of using various analytical functions available in the literature, including cosine [49], [53]
exponential [51], [4], [54], linear functions [55], [56], [57], and bell-shaped [52], [58] functions,
on the accuracy of the proposed distributed magnetic circuit is evaluated. To this aim, the
inductance-angle characteristics of the studied SRM in 10 A and 20 A phase currents are shown in
Figure 4.11 (a) and Figure 4.11 (b), respectively. In these figures, the inductance-angle
characteristics are calculated by the proposed distributed model and verified by the FEM-based
model. As presented in Figure 4.11 (a) and Figure 4.11 (b), using all the mentioned airgap functions
result in accurate results in the non-overlapped regions, while the exponential and bell-shaped
functions provided higher accuracy in the partially and fully overlapped regions. Moreover, the
phase inductance at the fully aligned position (22.5°) decreases with increasing phase current due
to saturation of the ferromagnetic core. Thus, in the following studies in this thesis, the value of
the airgap permeance the partial and non-overlapped regions are calculated using exponential

functions in the distributed model.
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Figure 4.11 Phase inductance profile: comparison of the effect of using various airgap analytical
functions on the phase inductance profile and validation by FEM, (a) at 10 A and (b) at 20 A

4.4.2 Mesh Analysis

The first step in carrying out the time-domain study involves defining an appropriate number of
mesh divisions of the proposed distributed circuit-based model. This step is crucial, as the
granularity of the mesh affects the model’s accuracy and computational time. In this context, a
comprehensive mesh analysis is performed to see the effect of mesh divisions on the model’s
accuracy and computational time. In this regard, we selected various cases with different numbers
of mesh divisions in radial and orthoradial directions. In this regard, we selected six groups of cases
to evaluate the effect of the number of mesh divisions in the orthoradial direction. The number of
mesh divisions in the orthoradial direction increases progressively from Group 1 to Group 6. Group
1 has the fewest number of mesh divisions in the orthoradial direction, while Group 6 has the
highest number of mesh divisions in the orthoradial direction. To assess the effect of the number
of mesh divisions in the radial direction, each group consists of four cases. In these cases, the

number of mesh division in the radial direction within the teeth and yoke of the rotor and stator are
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setto 1,2, 3, and 4 in Case 1, Case 2, Case 3, and Case 4, respectively. The selected six groups are

shown in Figure 4.12 to Figure 4.17. As shown in this figure, each group consists of four cases.
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Figure 4.12 Meshed geometry of group 1, (a) case 1, (b) case 2, (¢) case 3, and (d) case 4
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Figure 4.13 Meshed geometry of group 2, (a) case 1, (b) case 2, (c) case 3, and (d) case 4
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Figure 4.14 Meshed geometry of group 3, (a) case 1, (b) case 2, (c) case 3, and (d) case 4
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Figure 4.15 Meshed geometry of group 4, (a) case 1, (b) case 2, (c) case 3, and (d) case 4
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Figure 4.16 Meshed geometry of group 5, (a) case 1, (b) case 2, (c) case 3, and (d) case 4
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Figure 4.17 Meshed geometry of group 6, (a) case 1, (b) case 2, (c) case 3, and (d) case 4

To assess the accuracy of the proposed distributed circuit-based model with the mesh divisions
shown in Figure 4.12 to Figure 4.17, the average value of the electromagnetic torque is used as the
reference metric. In this regard, the relative error between the average torque value obtained by the
FEM-based model and the proposed distributed circuit-based model is calculated for each case
within the defined groups. Figure 4.18 presents the relative error and CPU time for the cases within

the six defined groups. For more clarity, Figure 4.19 plots the same data in a logarithmic scale.

As shown in Figure 4.18 and Figure 4.19, the number of mesh divisions in the orthoradial direction
has a significant impact on the accuracy of the proposed distributed circuit-based model. As shown,
the relative error in group 1 is around 15%, which is not acceptable. By increasing the number of
mesh divisions in the orthoradial direction, the relative error is significantly reduced. It decreased
to approximately 5% in group 2, between 4% and 3% in groups 3 and 4, and below 2% in groups
5 and 6. Moreover, increasing the number of mesh divisions in the radial direction improved the
model’s accuracy, whereas its impact is less significant than the impact of the number of mesh
divisions in the orthoradial direction. However, its important to have a sufficient number of mesh
divisions in the radial direction to achieve acceptable accuracy in the local magnetic behavior of

the machine.

To have a more detailed analysis of the impact of mesh division in the orthoradial direction on the
model’s accuracy, we analyze the torque waveform of the studied SRM calculated by the FEM-
based model and the proposed distributed circuit-based model in groups 3 and 6 (see Figure 4.14
and Figure 4.17) while the mesh division in the radial direction within the teeth and the yoke is
one. It is worth mentioning that the electromagnetic torque is calculated using co-energy method.

The details of torque calculation using co-energy method is presented in Chapter 2, section 2.1.3.

As shown in Figure 4.20 and Figure 4.21, both cases show acceptable accuracy in calculating the

average value of the electromagnetic torque. .However, the electromagnetic torque calculated by



the distributed circuit-based model with the fine mesh is more accurate in representing the torque

ripple and oscillations.
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Figure 4.18 Effect of the number of mesh divisions in radial and orthoradial direction on the

accuracy and computational time of the proposed distributed circuit-based model
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Figure 4.19 Effect of the number of mesh divisions in radial and orthoradial direction on the
accuracy and computational time of the proposed distributed circuit-based model shown in
logarithmic scale

— 8
g
Z 6
S 4
=)
55 CBEMT
= e CoSim-FEM
O | 1 1 T T
2 4 6 8 10 12
Time [s] %107

Figure 4.20 Electromagnetic torque calculated by the proposed distributed circuit-based model
for group 3, with radial mesh divisions of one within the teeth and the yoke
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Figure 4.21 Electromagnetic torque calculated by the proposed distributed circuit-based model
for group 6, with radial mesh divisions of one within the teeth and the yoke

4.4.3 Verification

For the following simulations, we used 980 mesh elements in the proposed distributed circuit-based
EMT model, as shown in Figure 4.22. Also, we employed a fine mesh with 12030 triangular

elements in CoSim-FEM.

In this analysis, the SRM is rotating at a fixed speed of 2500 rpm. The hysteresis current control is
used to maintain the phase current in its reference peak value (20 A). The current and pulses of
phases A, B, and C are shown in Figure 4.23 (a), Figure 4.23 (b), and Figure 4.23 (c), respectively.
In these figures, the results corresponding to the proposed distributed circuit-based model are

labeled as CBEMT.
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Figure 4.22 Meshed geometry of the studied 12/8 SRM

As illustrated in these figures, the proposed distributed circuit-based model and CoSim-FEM
simulate identical phase pulses, resulting in a similar sequence of phase excitations in both models.
IGBTs in each phase are closed when their pulse signal is 1. There is a good agreement between
the phase currents calculated by the proposed distributed circuit-based model and CoSim-FEM. In
both models, the phase currents tracked their control command (phase pulses), which shows the
correctness of the coupling between the magnetic, electric, and control circuits. The inductive

nature of the SRM caused a tracking error at the turn-off angle &, in both models. The close

agreement between the current waveforms of the proposed distributed circuit-based model and
CoSim-FEM highlights the capability of the proposed distributed circuit-based model to accurately

accommodate current transients.

The electromagnetic torque calculated by the proposed distributed circuit-based model and CoSim-
FEM are compared in Figure 4.24. This comparison shows that the proposed distributed circuit-

based model estimates the torque with satisfactory accuracy.

To evaluate the distribution of the magnetic flux within the machine, the phase peak current is
injected into phase A windings and the distribution of the magnetic flux density in the machine’s
geometry is calculated by the proposed distributed circuit-based model and FEM model. In this
regard, Figure 4.25 (a) and Figure 4.25 (b) respectively show the magnetic flux density calculated
by the proposed distributed circuit-based model and FEM model. As shown in these figures, there

is a close agreement between the magnetic flux density distribution resulting from the proposed
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distributed circuit-based model and FEM. The proposed distributed circuit-based model accurately

modeled the saturation of the ferromagnetic core. The magnetic flux density distribution differs

between the proposed distributed circuit-based model and FEM simulations only at the teeth edges.

This discrepancy arises from assuming a rectangular shape for the teeth and utilizing rectangular

mesh in the proposed distributed circuit-based model.

In terms of computational performance, both models were simulated for 12 ms with the simulation

time-step of 1 us while the proposed distributed circuit-based model is more than nine times faster

than CoSim-FEM. Table 4-1 compares the CPU time of each method.
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Figure 4.23 Phase pulses and phase currents of the studied SRM motor drive, (a) phase A, (b)

phase C, and (c) phase C
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Figure 4.24 Electromagnetic torque of the studied SRM
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Figure 4.25 Magnetic flux density distribution of the studied SRM due to the injection of peak
current into phase A at the aligned position, calculated by (a) the proposed distributed circuit-
based model, and (b) FEM

Table 4-1 Computational performance of the proposed distributed circuit-based model and FEM-
based model

Simulation
Model time-step CPU time
Time
CoSim-FEM Lus 12 ms 3h, 25min, 46s

CBEMT Lus 12 ms 22min, 34s
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4.5 Models Comparison

In this section, we present a comprehensive comparison of the circuit-based models of the SRM
proposed in this chapters. The models are assessed in terms of accuracy and computational
efficiency. Moreover, the most suitable model among the proposed circuit-based models is

determined for each type of transient study.

In this regard, the circuit-based models of the SRM are categorized into four groups. The first group
consists of lumped circuit-based models, including the type-1, type-2, and type-3 models. The
second group is the topological circuit-based model. The third group is the simplified distributed

circuit-based model. The fourth group is the distributed circuit-based model.

The equivalent circuit of the type-1, type-2, and type-3 are respectively shown in Figure 3.6, Figure
3.14, and Figure 3.21 (c). Also, Figure 3.25 shows the circuit of the topological circuit-based
model. Also, we defined simplified distributed circuit-based model with various mesh divisions as

shown in Figure 4.26.
N E B E
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Figure 4.26 Simplified distributed circuit-based model with various mesh divisions, (a) case 1,
(b) case 2, (c) case3, (d) case 4, and (e) case 5
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Figure 4.27 Distributed circuit-based EMT model with various mesh divisions, (a) case 1, (b)
case 2, (¢) case 3, and (d) case 4

For the distributed circuit-based model, four cases have been selected for the comprehensive model

comparison presented in this chapter, as shown in Figure 4.27.

All mentioned models are compared in terms of accuracy and computational time. The relative
error between the average torque calculated by each model and that obtained from the FEM-based
model is used to assess the accuracy of each model. Figure 4.28 shows the relative error of the
proposed models versus their computational time. Moreover, to have a more clarified view of the
accuracy and computational time of the proposed models, Figure 4.29 presents the relative error of

the proposed models versus their computational time on a logarithmic scale.

As shown in Figure 4.28 and Figure 4.29, the lumped models offer considerably faster simulation.
However, only the type-3 lumped model provides acceptable accuracy (relative error below 5%).
The topological circuit-based model shows comparable performance to the type-3 lumped model
in terms of both accuracy and computational time. The relative error of the average torque is 4.15%
for the topological model and 4.64% for the type-3 lumped model. In terms of computational time,
the topological model takes 10.05 s, while the type-3 lumped model requires 8.454 s. Using a mesh-
based approach in both the stator and rotor of the machine improves the model’s accuracy, though

it leads to higher computational time. In a similar way, increasing the number of mesh divisions
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Figure 4.28 Comparison of the proposed models in terms of accuracy and computational time
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Figure 4.29 Comparison of the proposed models in terms of accuracy and computational time in
the logarithmic scale

enhances the accuracy of the model but leads to longer computational time as well. It is worth
noting that in the simplified distributed model, the number of mesh divisions can be changed only
in the radial direction. However, the number of mesh divisions in the orthoradial direction within
each tooth and slot of the machine is equal to one. Distributed circuit-based models offer the highest

accuracy among all considered models. However, they are slower than the simplified distributed,
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topological, and the lumped models. Additionally, the number of mesh divisions in the orthoradial
direction affects the accuracy of the distributed models. Increasing the number of mesh divisions

improves accuracy while leading to higher computational time.
4.6 Appropriate circuit-based Model Choice for Various EMT Studies

In this section, we aim to define suitable model for various EMT study scenarios. As shown in the
previous section, all models except the type-1 and type-2 lumped models provide acceptable
accuracy. However, each model has its limitations. Therefore, we highlight the advantages and
disadvantages of each model, and based on their advantages and disadvantages, propose which

model is appropriate for each EMT study scenario.

It is worth noting that all proposed magnetic circuits in this chapter can be seamlessly connected
to electric circuit and mechanical circuit. This advantage makes it possible to integrate the circuit-
based EMT model of the electric machine in any large power circuit through a simultaneous

solution.

The distributed circuit-based model provides acceptable accuracy. The accuracy of this model
improves as the number of mesh divisions in the orthoradial direction increases. It has also been
shown that increasing the number of mesh divisions in the orthoradial direction enhances the
model’s precision in calculating the torque ripples and machine’s space harmonics. These models
can represent detailed local magnetic behavior of the machine, such as local saturation, and can
simulate all transient phenomena happening inside the machine, such as short circuits in the
machine’s windings. Therefore, we recommend using the distributed circuit-based model for EMT
studies involving internal faults within the machine, or for studies in which transient phenomena
occur in the external power system, while their impact on the machine’s detailed magnetic
behavior, such as local saturation, needs to be analyzed and studied. Also, this model can be used

in the detailed design procedure. It can also be extended for multi-physics studies.

The simplified distributed circuit-based model demonstrates acceptable accuracy. Increasing the
number of mesh divisions in the radial direction improves its accuracy, particularly in calculating
the average value of the magnetic flux density. However, since only one mesh division is used in
the orthoradial direction, the model is not able to simulate all detailed local magnetic phenomena,
such as local saturation and internal winding faults. Similarly, due to the use of only one mesh

division in the orthoradial direction within the teeth and slots of the machine, the model cannot
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consider all the machine’s space harmonics and calculate the torque ripple very accurately. Despite
these limitations, the simplified distributed model can provide a reasonable overall estimation of
the average magnetic flux density in the teeth and yokes of the machine, as well as an overall view
of the flux path in the machine. We suggest using this model for EMT studies that do not contain
transient phenomena inside the machine but require acceptable torque estimation and an overall
view of the internal magnetic behavior of the machine. This model can also be used for the initial

design and sizing of the machine.

The topological model provides a faster solution than the simplified distributed model. However,
its accuracy is less than the simplified distributed model and requires predefining the flux path
within the machine. Also, it does not offer the flexibility to trade off between accuracy and
computational time. We recommend using the topological model in studies where there are no
transient phenomena inside the machine and the machine’s model is integrated into a large external
power circuit. In these case studies, selecting a machine model with both fast computational

performance and acceptable accuracy is essential.

Finally, the type-3 lumped model is faster than distributed, simplified distributed, and topological
circuit-based models, but it offers lower accuracy. Nevertheless, its overall accuracy is acceptable.
This model does not consider the internal behavior of the machine and does not allow for a trade-
off between accuracy and computational time. We recommend using this model in studies where

there are no transient phenomena in the machine and the main focus is on control aspects.
4.7 Conclusion

This chapter focused on the verification and assessment of the proposed circuit-based EMT model

of SRM.

The type-1 lumped model is the simplest, ignoring nonlinear magnetic behavior, mutual coupling,
and space harmonics. Type-2 lumped model accurately includes machines’ saliency by considering
the variable permeances connecting all stator teeth to the rotor teeth. In type-3 lumped model the
accuracy was improved by considering the MMF drops in the teeth and yokes through nonlinear
permeances. Among the proposed lumped models, type-1 was the fastest but had low accuracy,

whereas type-3 provided acceptable accuracy with a higher computational time.



101

The topological model considers more detailed aspects of the machine than the lumped models
such as mutual coupling. In the proposed topological models, the MMF drop in the teeth and yokes
of both the stator and rotor is modeled using a single nonlinear permeance. However, the effect of
rotor and stator slots are neglected in the proposed topological model. This model was more

accurate and slower than the lumped models.

The simplified distributed model was more accurate than the lumped and topological models.

However, its computational time was higher than the lumped and topological models.

Among the proposed models, the distributed model was the most accurate while it was slower than

the other models.

Based on the advantages and disadvantages of each model, recommendations were made for their

application in different types of EMT studies.
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CHAPTER 5 SYSTEM-LEVEL EMT STUDIES

In this chapter, we integrate the proposed circuit-based EMT model of the machine into the case
study power system shown in Figure 2.1 to perform various transient studies. The appropriate
circuit-based model of the machine is selected according to the transient studies to be performed.

These transient studies are presented in the following.
5.1 Detailed Study of the System’s Transient Behavior under Battery Fault

In this part, the effect of a short circuit fault in a battery on the transient behavior of the case study
power system (shown in Figure 2.1) and on the internal magnetic behavior of the SRM is studied.
In this regard, the distributed circuit-based model of the SRM is used for this study as it enables

the detailed modeling of the machine’s internal magnetic behavior.

In the studied power system, the asymmetric bridge converter excites the SRM’s phase windings
while the hysteresis current controller maintains the SRM phase current at the reference peak value

1,,, within a defined bandwidth bw . The asymmetric bridge converter is connected to the batteries

via a bidirectional DC-DC converter, which regulates the battery output voltage to maintain a

constant DC link voltage vy -

The circuit-based representation of the studied power system is shown Figure 5.1. This EMT model
benefits from a simultaneous solution among all its components, thanks to the circuit-based

representation of each component.

As shown in this figure, the detailed model of the lithium-ion (Li-Ion) battery is implemented in
this study. Further details about the battery model are available in [68]. The power electronics
switches and diodes are modeled by their detailed circuit-based EMT model proposed in section
2.2. Also, the proposed distributed circuit-based EMT model of SRM is seamlessly integrated
within this system, enabling the modeling of the machine’s detailed internal behavior within a

simultaneous solution with the external power circuit.

The control diagram of the bidirectional DC-DC converter is illustrated in Figure 5.1 (b). As shown

in this figure, the converter regulates the battery’s output voltage v, . by adjusting the duty cycle

D to maintain the DC link voltage (which is equal to the output voltage of the bidirectional DC-

DC converter v

outy; ) at @ constant value [99]. The position control of the SRM, shown in Figure
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5.1 (c), determines which phase should be excited at each time step. Additionally, the hysteresis
current controller of the SRM is shown in Figure 5.1 (d). The working principle of the position and

hysteresis current control of SRM is presented in section 1.3.2 in Chapter 1.
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Figure 5.1 Circuit-based EMT model of the studied system, (a) batteries, bidirectional DC-DC
converter and the power circuit of SRM’s drive system, (b) controller of bidirectional DC-DC
converter, (c¢) position control of SRM, (d) current control of SRM

This system is simulated for 0.9 s with a simulation time-step of 5 us. The system is modelled from
the start and reaches the steady-state at #= 0.1 s. At £=0.15 s, there is a short circuit to ground
fault at the terminal of the second battery (Battery 2 in Figure 5.1 (a)). As shown in Figure 5.2 (a),
the voltage of the first battery remains constant while Figure 5.2 (b) shows that the voltage of the

second battery drops to zero after the short circuit to ground fault.
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Figure 5.2 Voltage of batteries, (a) battery 1, (b) battery 2

Figure 5.3 (a) and Figure 5.3 (b) show the SOC of the first and second battery, respectively. As
shown in these figures, the SOC of both batteries decreases more rapidly after the fault. However,
the second battery discharges significantly faster than the first battery due to the short circuit to
ground fault at its terminals. After the short-circuit fault, the output voltage of the battery system
drops from 300 V to 150 V. This voltage reduction is undesirable in EV’s power systems, where a
stable DC link voltage is essential. As a result, the controller of the DC-DC converter adjusts its
duty cycle to maintain the operation of the motor drive system. Consequently, the first battery must
compensate for the contribution lost from the second battery due to the short circuit fault on the
terminal of the second battery. This increased load on the first (healthy) battery, resulting in its

more rapid discharge.
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Figure 5.3 SOC of batteries, (a) battery 1, (b) battery 2
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Figure 5.4 presents the duty cycle of the bidirectional DC-DC converter. As shown in this figure,

the converter’s controller reduces the duty cycle to compensate for the voltage drop caused by the

short circuit fault at the terminal of the second battery.
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Figure 5.4 Duty cycle of the bidirectional DC-DC converter
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Reducing the duty cycle to compensate for the voltage drop caused by the short circuit fault on the

terminal of the second battery results in increasing the current of the DC-DC converter, as shown

in Figure 5.5. This figure shows the effect of changing the duty cycle of the bidirectional DC-DC

converter on its current. As can be seen, the controller system ensured the operation of the motor

drive system but it results in the more rapid discharging of the healthy battery, as shown in Figure

5.3 (a).
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Figure 5.5 Current of the bidirectional DC-DC converter

Figure 5.6 illustrates the DC link voltage v,q;;,.,» Which is equal to the output voltage of the
bidirectional DC-DC converter V,,,, .. Immediately after the fault, the DC link voltage dropped

suddenly to 150 V. It experienced a transient behavior while the controller of the bidirectional DC-

DC converter adjusted the duty cycle to maintain the DC link voltage at 300 V.
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Figure 5.6 DC link voltage

Figure 5.7 presents the effect of the DC link voltage transients, caused by the short circuit in the
second battery, on the SRM’s speed. As shown in this figure, the sudden drop in DC link voltage
from 300 V to 150 V results in a decrease in the machine’s speed from 3000 rpm to 2750 rpm. The

speed returns to 3000 rpm once the bidirectional DC-DC converter maintains the DC link voltage

at 300 V.
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Figure 5.7 SRM’s speed
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The electromagnetic torque of the SRM for the whole simulation time is shown in Figure 5.8 (a),
while Figure 5.8 (b) shows the electromagnetic torque before the fault. The electromagnetic torque
immediately after the fault is shown in Figure 5.8 (c). As shown in this figure, there is a sudden
reduction in the electromagnetic torque immediately after the fault. Figure 5.8 (d) shows the
electromagnetic torque once the system has reached the steady-state after the fault. As shown in
these figures, after the transient response and the adjustment of control commands of the DC-DC
converter and drive system controllers, the electromagnetic torque returned to its steady-state

performance, similar to its behavior before the fault.
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Figure 5.8 Electromagnetic torque of SRM, (a) the whole simulation time, (b) before fault, (c)
when fault occurred, (c¢) steady state performance after fault
The current of SRM’s phase A is shown in Figure 5.9. As shown in this figure, the hysteresis
current controller maintained the SRM’s phase current in the defined reference current / ref » Defore
and after the fault. However, the short circuit fault in the second battery caused a sudden decrease
in the SRM’s phase current immediately after the fault (see Figure 5.9 (¢)). Also, Figure 5.10 and

Figure 5.11 show the current of phase B and phase C, respectively. As shown in these figures, the

current of phase B and C have a same behavior like phase A with 120 degree electrical phase shift.
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Figure 5.9 Phase A current, (a) the whole simulation time, (b) before fault, (c) when the fault
occurred, (c) steady state performance after the fault
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Figure 5.10 Phase B current, (a) the whole simulation time, (b) before fault, (c) when the fault
occurred, (c) steady state performance after fault
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Figure 5.11 Phase C current, (a) the whole simulation time, (b) before fault, (c) when the fault
occurred, (c) steady state performance after the fault

Finally, Figure 5.12 shows the effect of the short circuit fault at the terminal of the second battery
on the machine’s magnetic flux density. Figure 5.12 (a) and Figure 5.12 (b) respectively show the
magnetic flux density distribution in the healthy and faulty mode at # =0.1505 s (immediately after
fault). Moreover, the magnetic flux density distribution at #=0.7s in the healthy and faulty
operation are presented in Figure 5.12 (c¢) and Figure 5.12 (d), respectively. As shown, the fault
disrupted the sequence of the SRM’s phase excitation and also changed the value of its phase

currents. Therefore, the magnetic flux density in the yoke and teeth of the SRM has changed.
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Figure 5.12 Magnetic flux density of SRM, (a) healthy operation, (b) faulty operation
immediately after fault, (c) healthy operation at t = 0.7 s, (d) faulty operation at t = 0.7 s (steady-
state after fault)
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5.2 Study of the System’s Transient Behavior under Battery and Drive System
Faults

In this part, the effects of faults in the battery and drive systems on the transient behavior of the
overall system are studied. In this study, the system is modeled from the starting, and two faults

happened in the system as follows

1) a short-circuit to ground fault at the terminal of the second battery at £ =0.1 s
2) open circuit at the connection point between phase A of the asymmetric bridge converter

and the phase A winding of the machine.? =0.65 s

Since the overall behavior of the system is the focus of this study and we do not have any internal
fault in the machine, we can use more simplified magnetic circuits. In this regard, we used the
topological model of the SRM as it is faster than the simplified distributed and distributed models

while it provides higher accuracy than the lumped models.

The circuit-based EMT model of this system, in which the proposed topological circuit-based EMT
model of SRM is used, is shown in Figure 5.13. Figure 5.13 (a) shows the topological circuit-based
EMT model of the SRM seamlessly integrated within the detailed circuit-based EMT model of its
drive system, bidirectional DC-DC converter, and batteries. The controller of the bidirectional
DC-DC converter is presented in Figure 5.13 (b). The position and current controllers of the SRM
are shown in Figure 5.13 (c¢) and Figure 5.13 (d), respectively.

This system is simulated for 0.9 s with a simulation time-step of 5 us. The SOC of the first battery
is shown in Figure 5.14. The short-circuit fault at the terminal of the second battery causes a more
rapid discharge of the battery. After the open circuit in phase A of the drive system at # =0.65 s,

battery 1 discharges more slowly due to load reduction caused by the open circuit.

The SOC of the second battery is shown in Figure 5.15 where there is a sudden reduction in the
SOC of this battery due to the short circuit on its terminal. The open circuit in phase A of the drive
system did not affect the SOC of this faulty battery since this battery is discharging to the ground

due to the short circuit fault on its terminals.
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The duty cycle of the bidirectional DC-DC converter is illustrated in Figure 5.16. As shown in this
figure, the converter’s controller determines the duty cycle to compensate for the voltage changes

caused by the mentioned faults.

The current of the bidirectional DC-DC converter is illustrated in Figure 5.17. As shown in this
figure, the short circuit at the terminal of the second battery increased the current passing through
the bidirectional DC-DC converter while the load reduction caused by the open circuit in phase A

of the drive system resulted in a lower current of the bidirectional DC-DC converter.

As shown in Figure 5.18, after happening the short-circuit fault at the terminal of the second battery,
the DC link voltage dropped suddenly from 300 V to 150 V. It experienced transient behavior while
the controller of the bidirectional DC-DC converter adjusted the duty cycle to maintain the DC link
voltage at 300 V. Also, this figure shows that the DC link voltage oscillated after the open circuit
fault in phase A of the SRM, while the controller of the bidirectional DC-DC converter regulated
itto 300 V.

The speed of the SRM during the simulation time is shown in Figure 5.19. As shown in this figure,
the sudden drop in DC link voltage from 300 V to 150 V results in a decrease in the machine’s
speed from 3000 rpm to 2750 rpm. The speed returns to 3000 rpm once the bidirectional DC-DC
converter maintains the DC link voltage at 300 V. Additionally, the disruption of SRM’s phase A
due to the open circuit fault reduced the SRM’s speed to 2000 rpm with a higher oscillation than
the healthy mode.
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Figure 5.16 The duty cycle of the bidirectional DC-DC converter
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Figure 5.21 Phase A current, (a) the whole simulation time, (b) when the battery fault happened,
(c) steady state performance after the battery fault and the occurrence of an open circuit in SRM’s
phase A

Figure 5.20 illustrates the electromagnetic torque of the SRM. The electromagnetic torque during
the whole simulation is shown in Figure 5.20 (a). The electromagnetic torque immediately after
the short circuit fault at the second battery terminal is shown in Figure 5.20 (b) where there is a
sudden reduction in the electromagnetic torque. Figure 5.20 (c) shows the electromagnetic torque
once the system has reached the steady-state after the short circuit fault at the second battery
terminal. Also, the open circuit fault in the SRM’s phase A at £=0.65 s reduced the
electromagnetic torque and increased its oscillation due to the interruption of the phase A, as

illustrated in Figure 5.20 (d).
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The SRM’s phase A current is shown in Figure 5.21. As illustrated in the figure, the hysteresis

current controller kept the SRM’s phase current within the defined reference current 7, before

faults. The SRM’s phase current experienced a sudden decrease after the short circuit at the
terminal of the second battery, as shown in Figure 5.21 (b). The SRM’s current controller
maintained the phase current in the defined reference current, while the phase A current dropped

to zero after the open circuit fault in phase A, as presented in Figure 5.21 (¢).

5.3 Studying the Detailed Transient Behavior of the Machine and Drive
System Under Machine’s Startup and Internal Fault

This part aims to analyze the transient behavior of the SRM drive system under internal machine
faults. To achieve this, the distributed circuit-based EMT model of the SRM is employed, as it is

the most accurate and most detailed model.

In this study only the drive system of the SRM is considered. In this regard, the SRM drive system
is connected to a DC voltage source representing the DC-link voltage. Thus, the circuit-based
representation of the SRM drive system consists of the SRM, asymmetric bridge converter and it
related controller is shown in Figure 5.22. As shown in this figure, the circuit-based models of the
drive system components are seamlessly connected to each other, resulting in a simultaneous

solution among them.
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5.3.1 Machine’s startup

In this study, the transient behavior of the SRM drive system from startup to steady-state operation

is simulated and the results are compared by those obtained from CoSim-FEM.

The electromagnetic torque of the SRM, calculated by the proposed distributed circuit-based EMT
model and CoSim-FEM is shown in Figure 5.23. As shown in this figure, the steady-state values
of the torque calculated by the proposed circuit-based EMT model and CoSim-FEM are 5.5583
Nm and 5.7405 Nm, respectively (3.17% difference).

Figure 5.24 presents the speed of the studied SRM. As shown, the final speeds calculated by the
circuit-based EMT model and CoSim-FEM are 2993.52 rpm and 3091.63 rpm, respectively (3.17%

difference).
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Figure 5.23 Dynamic electromagnetic torque of the studied SRM
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Figure 5.24 Speed of the studied SRM

Figure 5.25 (a), Figure 5.25 (b), and Figure 5.25 (c) respectively show the current waveform of
phase A, phase B, and phase C. As shown, the current controller kept the phase current at the
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reference level of 20 A. The frequencies of the phase current calculated by CBEMT and CoSim-
FEM are 399.136 Hz and 412.2173 Hz, respectively. Therefore, the difference is 3.17%, matching
the discrepancy observed in the steady-state speed value. This is due to the relation between the
SRM operating frequency and its rotational speed

_No,

I 27T

(5.1)

where f; is the frequency in Hz and N, is the SRM rotor pole number.
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Figure 5.25 Dynamic current of the studied SRM motor drive system, (a)phase A, (b) phase B,
and (c) phase C

Finally, Table 5-1 compares the computational time of the proposed distributed circuit-based model
and the FEM-based model. As presented in this table, the FEM-based model is considerably slower

than the circuit-based model. By employing a non-meshed approach in the airgap, the circuit-based
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avoids the significant computational cost of remeshing at each time-step, which is a requirement
in the CoSim-FEM model. Furthermore, CBEMT removes the complexity and computational
burden introduced by the multi-software integration in CoSim-FEM, offering a more streamlined

and efficient solution for system-level EMT simulations.

Table 5-1 Computational performance of the proposed distributed circuit-based model and FEM-
based model during transient simulation

Simulation
Model time-step CPU time
Time
CoSim-FEM Lus 12 ms 7d, 5h, 2min
CBEMT Lus 12 ms 3h, 27min, 4s

5.3.2 Machine’s Internal Fault

To assess the transient performance of the SRM drive system under fault scenarios, the proposed
distributed circuit-based EMT model is employed to simulate the transient behavior of the studied
SRM drive system from starting to reaching steady-state, fault occurrence, and the steady-state
performance after the fault. In these scenarios, the machine operates under healthy conditions from
the start to reach a steady state. After reaching the steady state, at # =0.09s, two faults occur as

follows

1) Short circuit of a coil in phase A (Fault 1)

2) Open circuit of phase A (Fault 2)
To simulate Fault 1, a switch in parallel with the fourth coil of phase A (see S, in Figure 5.26) is
closed at the moment Fault 1 occurs (# =0.09 s), as shown in Figure 5.26. Also, a switch in series

with phase A (SW, in Figure 5.26) is opened at ¢ =0.09 s to simulate the open-circuit fault in

phase A.
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Figure 5.26 Switches simulating fault 1 and fault 2 in phase A

Figure 5.27 illustrates the phase A current of the SRM drive system during normal operation and
under the mentioned fault conditions. As shown in this figure, the current frequency is reduced due
to the short-circuit of the fourth coil of phase A. However, the hysteresis current controller
successfully maintained the phase current at its nominal value of 20 A. After the occurrence of the

open-circuit fault (Fault 2), the current of phase A dropped to zero, as depicted in Figure 5.27.
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Figure 5.27 Phase A current, (a) whole simulation time, (b) when faults occurred, (¢) when
reached the steady state after the fault
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Figure 5.29 Phase C current, (a) whole simulation time, (b) when faults occurred, (c) when
reached the steady state after the fault

Figure 5.28 presents the phase B current under both healthy and faulty conditions. As shown in this

figure, the current frequency decreases as a result of the Fault 1(short circuit) and Fault 2 (open
circuit).

It is also noteworthy that the phase C current exhibits a similar waveform to that of phase B, with
a 120° electrical phase shift, as presented in Figure 5.29.
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The effect of the mentioned faults on the magnetic flux density distribution immediately after their
occurrence is illustrated in Figure 5.30. In this figure, healthy coils are shown in grey, while faulty
coils are in red. Figure 5.30 (a) displays the magnetic flux density distribution under healthy
operating conditions. Figure 5.30 (b) and Figure 5.30 (c) show the distribution under short-circuit
(Fault 1) and open-circuit (Fault 2) conditions, respectively. As seen in Figure 5.30 (b), the short-
circuit current in the faulty coil of phase A causes the magnetic flux density in the corresponding
stator tooth to exceed 2 T. Also, during the open-circuit fault condition, the magnetic conduction

due to the phase A is null in the open circuit fault condition, as illustrated in Figure 5.30 (c).
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Figure 5.30 Magnetic flux density at, (a) healthy condition, (b) short circuit fault (Fault 1), (c)
open circuit fault (Fault 2)

The current in the coil of phase A that experienced the short circuit is shown in Figure 5.31. As
illustrated in this figure, the current of the faulty coil experienced a sudden increase immediately
after the fault occurred. Once the system reaches steady state, the current in the coil begins to

alternate.
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Figure 5.31 Current of the faulty coil of phase A

Figure 5.32 presents the electromagnetic torque of the SRM under both healthy and faulty
conditions. As shown, the short circuit in one of the phase A coils causes a sudden change in the
electromagnetic torque. Under both fault scenarios, the electromagnetic torque reached a lower

average value with higher oscillation.
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Figure 5.32 Electromagnetic torque of the studied SRM in healthy and faulty conditions

Additionally, Figure 5.33 compares the speed of the studied SRM under normal operation and the
mentioned faults. As illustrated, both faults lead to a reduction in the final speed and an increase in
speed oscillations. The impact of the open-circuit fault is more severe than that of the short-circuit

fault due to the disruption of the entire phase A.
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Figure 5.33 Speed of the studied SRM in healthy and faulty conditions



125

5.4 Transient Study of the Motor Drive System Under the Sudden Speed and
Load Change

In this part, we aim to analyze the transient behavior of the SRM drive system due to the sudden
changes in the machine’s speed and load torque. To this aim, we used the simplified distributed

magnetic circuit for the machine’s EMT model.

Figure 5.34 shows the simplified distributed circuit-based EMT model of this case study. As shown
in Figure 5.34 (a), the coupled magnetic and electric circuits of the machine are built for one quarter
of it by using symmetry. An ideal transformer is used to implement the antiperiodic boundary

condition. The equivalent mechanical circuit is shown in Figure 5.34 (b).
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Figure 5.34 simplified distributed circuit-based EMT model of the studied SRM, (a) coupled
magnetic and electric circuit, (b) mechanical circuit
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Figure 5.35 shows the schematic diagram of the studied SRM drive system. As shown in this figure,
the machine is connected to the asymmetric bridge converter. In the control system, the reference

current 7, . at each time step is determined by the speed controller, based on the machine’s speed

and the speed command, as shown in Figure 5.35.

The EMT model of this case study shown in Figure 5.35 is implemented by seamlessly integrating
the simplified distributed circuit-based EMT model of the machine (named S-CBEMT in Figure
5.35) into the circuit-based EMT model of the other components of the drive system through a

simultaneous solution.
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Figure 5.35 Circuit-based EMT model of SRM drive system with the proposed simplified
distributed circuit-based EMT model of the machine

The transient output characteristics of the studied SRM drive system, while there are sudden
changes in load and speed is shown in Figure 5.36. As shown in Figure 5.36 (a), the machine starts

to work under no-load conditions (7; =0 Nm) with a speed command set to 200 rpm (see Figure
5.36 (b)). At t=0.035 s, a mechanical load 7; of 4.6 Nm is applied, and the speed command is

increased to 1000 rpm. The machine experienced a transient and reached the steady-state before
t=0.1s. At t=0.135 s, the speed command is suddenly raised from 1000 rpm to 3000 rpm while
the load torque remaining unchanged at 4.6 Nm. The machine accelerates until it reaches the
steady-state at about 7 = 0.2 s. Then, there is a sudden reduction of speed command from 3000 rpm
to 2250 rpm, at £ =0.245 s. Finally, at 7 =0.345 seconds, the load torque suddenly drops to 3.4

Nm, while the speed command remains constant at 2250 rpm. As a result of the sudden drop in
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load torque, the motor accelerates until the speed controller adjusts the peak phase current to bring
the motor speed back to 2250 rpm. The values of 7, . and the current of phase A are presented in
Figure 5.36 (c). As shown in this figure, the value of 7, is determining based on the machine’s

speed and the speed command, and the current controller is maintaining the phase current in the

defined 7, . It is worth mentioning that the currents of phases B and C are similar to the current
of phase A with 120 and 240 degrees phase shifts, respectively.
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Figure 5.36 Transient output characteristics of the SRM drive system due to the sudden changes
in the load torques and speed commands, (a) torque, (b) motor speed and speed commands, and
(c) current of phase A and the command of phase peak
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5.5 Transient Study of the Motor Drive System Under Speed Command
Change

In this study, the transient behavior of the motor drive system during startup and due to the sudden
changes in the speed command is studied. To achieve a fast solution, the type-3 lumped model of

the SRM is used in this study.

Figure 5.37 illustrates the circuit-based EMT model of the SRM drive system, where there is a
simultaneous solution between the machine’s model and the power converter with its related
controller. As depicted in Figure 5.37 (a), the magnetic behavior of the SRM is modeled by the
type-3 lumped model.
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Figure 5.37 Circuit-based EMT model of SRM’s drive system, (a) type-3 lumped magnetic
model seamlessly coupled with the power converter, (b) equivalent circuit representation of the
machine’s mechanical dynamics, (c) controller of SRM drive system

As shown in Figure 5.38 (a), the machine starts to work in the no-load condition (7, =0 Nm) and

low speed (@, =100 rpm) while there is a sudden increase in the load torque to 7; =4.5 Nm at
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t=0.01s. As shown in Figure 5.38 (b). the speed command is gradually increased from e, =100
rpm t0 @, = 2500 rpm. The controller keeps the machine’s speed to the speed command value by

regulating the phase current, as depicted in Figure 5.38 (c). It is worth noting that other control

schemes can also be used to control the proposed circuit-based model of the machine and converter.

8

T
fiil i _|
= 6 i il
Z, 11 lI‘J\”\H I I‘JH‘H‘H\ TR I I i i R AT e
o 4 { LA I IR [l il i il il il il i (1 O A (e i [
=
£
= Motor Torque |
--------- Load Torque
0 | | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6
Time [s]
(2
3000 ‘ 2500 rpm f
v
2%)0 rpm
g 2000 — 1500 tpm %, |
= ¥ H
3 10+00 pm 7
2 P = Motor Speed
=9 — Y, -
o bt \ \ | \ \
0 0.1 0.2 0.3 0.4 0.5 0.6
Time [s]
(®)
25
I Phase A
20 b T Y I Peak Current Command —
z |
S 10
E
: |
. |||
0
| | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6
Time [s]
(©)

Figure 5.38 Transient behavior of SRM drive system due to the sudden changes in speed and load
torque, (a) electromagnetic torque, (b) speed, (c) phase current

5.6 Conclusion

In this chapter, the circuit-based system-level EMT model of a power system representing an EV’s
power system is developed. This system includes the batteries, power electronic converters, electric
machine, and their associated control systems. In the proposed EMT model, the detailed circuit-
based model of the power electronic converters and battery are employed. The machine’s EMT

model is seamlessly integrated within the studied power system through a simultaneous solution

approach.
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Various transient studies were conducted, including the machine’s internal faults, battery faults and
their impact on the machine’s internal magnetic behavior, as well as the system’s transient behavior
due to the sudden changes in load torque and speed. It is worth noting that for each transient study,

the proper magnetic circuit model of the SRM is selected.
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CHAPTER 6 CONCLUSION

6.1 Summary of Thesis

The purpose of this thesis was to develop efficient and suitable machine models for various EMT
studies, in conjunction with their external power circuits, particularly in case studies such as the
power system of electric vehicles, which includes the battery system, various power electronic

converters, and their associated control systems.

To this aim, we used the circuit-based approach. In this regard, the machine’s EMT model consists
of seamlessly coupled equivalent magnetic, electric, and mechanical circuits, where the

performance of the machine’s circuit based EMT model highly depends on the magnetic circuit.

In Chapter 2, the principle of using circuit-based approach to develop the EMT model of the EV
power system is presented. This chapter demonstrates the modeling of the machine’s EMT model
which consists of interconnected magnetic, electric, and mechanical equivalent circuits. The
magnetic behavior of various parts of the machine are modeled by magnetic circuits. The flux paths
within machine’s slots are modeled by linear permeances. The nonlinear permeances accounts for
the magnetic behavior of the ferromagnetic core. These nonlinear permeances are implemented by
their Norton companion model in the main system equations. The machine’s rotation and flux path
within the airgap is modeled by the variable permeances. The magnetic circuit seamlessly coupled
with the electric circuit through mutators. The machine’s torque is calculated by the co-energy
method while the mechanical equations of the machine are represented by their equivalent circuit.
Furthermore, the detailed circuit-based EMT model of the battery and power electronics devices

are presented in this chapter.

In Chapter 3, various circuit-based EMT models of SRM are proposed. This chapter starts with
proposing the lumped circuit-based model, which employs a limited number of equivalent
magnetic elements to construct the magnetic circuit. The type-1 lumped model is the basic version,
which does not consider the nonlinear magnetic behavior of the ferromagnetic core and assumes a
cosine variation of the airgap permeance seen by each phase. In the type-2 model, the effect of
saliency in the stator and rotor is accurately considered. By adding nonlinear permeances to the
type-2 model to account for the MMF drop in the machine’s ferromagnetic core, the type-3 lumped
model was developed. Among these three types, only the type-3 model provided acceptable

accuracy.
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Furthermore, the topological model which uses the non-meshed permeance network is proposed.
In this model, only one permeance is used to account for the flux path within each tooth and the
yoke connecting two adjacent teeth. This model is more accurate than the lumped models due to
the considering the effect of mutual couping. However it requires predefining the flux path and it

neglects the flux path within the machine’s slots.

To enhance the model’s accuracy, the simplified distributed model is used. In this model, the mesh-
based permeance network is used to build the magnetic circuit within the stator and rotor while the
airgap is modeled by the non-meshed approach. In the proposed simplified distributed model, the
radial direction can have any number of mesh divisions, but the number of mesh divisions in the

orthoradial direction within each tooth and slot is limited to one.

Chapter 3 also introduces the distributed model, which employs the same methodology as the
simplified distributed model. However, any number of mesh divisions can be applied in the radial
and orthoradial directions, in this model. Thus, this model can account for all details and local

magnetic phenomena happening inside the machine.

In Chapter 4, the proposed circuit-based EMT models of the SRM are verified and their
performance are compared. All proposed magnetic models are compared in terms of accuracy and
computational speed. The advantages and disadvantages of each model are highlighted, and based

on these, each model is recommended for specific transient study scenarios.

In Chapter 5, the machine’s EMT model are also integrated within an external system representing
the EV’s power system. This power system consists of batteries, power electronics converters, and
their related control system. Various transient scenarios are studied, including those caused by

control commands, faults in the external power system, and internal faults of the machine
6.2 Future Works

This research can be extended to address its limitations. These limitations can be summarized as

follows:

1. The proposed machine models are developed in two dimensions. To apply these models to
axial-flux machines, three-dimensional models should be developed. Moreover, using a

three-dimensional model can further increase the model’s accuracy.
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2. The impact of transient phenomena on machine’s losses, as well as on other physical

behaviors of the machine, has not been completely investigated.

To further complete the ideas and methods presented in this thesis, the following topics are

suggested for future studies:
1- Applying the proposed circuit-based EMT models to other machine types

The proposed models can be used to represent various electric machines and can be integrated into

any external power system. The same circuit-based approach can be applied to model:
e Induction machines and their drive systems in a wide range of applications
o Interior permanent magnet synchronous machines in electric vehicles
o Synchronous machines in power systems

e Detailed model of the wind turbine systems consisting of doubly-fed induction machines

and permanent magnet synchronous machines
2- Adding loss modeling to the proposed circuit-based EMT models

The calculation of magnetic losses can be added to the proposed circuit-based models of the
machine. This can be achieved either through seamless coupling during the simulation or as a post-

processing.
3- Developing three-dimensional circuit-based EMT models

The proposed circuit-based EMT model can be extended to three-dimensional analysis, which is
particularly important for the study of axial flux machines. Due to the ability of the proposed
circuit-based EMT models to seamlessly integrate with large and complex external circuits, this
modeling approach offers a useful tool for simulating the power systems of in-wheel electric

vehicles, where multiple axial flux machines are employed.

4- Extending the proposed circuit-based EMT models to various multi-physics domains such

as noise, vibration, and thermal analyses

Various physical behaviors of the machine can be represented using the circuit-based approach and
added to the proposed circuit-based EMT models. It would be interesting to investigate how

transient phenomena, occurring inside or outside of the machine, affect its thermal behavior,



134

vibration, and noise. For such studies, the distributed circuit-based EMT model is recommended

to be used.
5- Verification of the proposed models by the experimental test setups

The proposed models can be applied to prototype and experimental motor drive systems. This
includes performing various tests on experimental setups, such as fault analysis in the machine,

power electronic converters, and control systems.
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