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ABSTRACT
Among the available traction motors, switched reluctance motors (SRMs) are gaining

a lot of attention as a potential choice to propel electric vehicles (EVSs) since they are
magnet-free, and mechanically robust with a longer constant power range. Although
SRM has several benefits, high torque ripple causing abnormal noise and vibrations has
proven to be a major hindrance to its wide-scale use. Moreover, SRMs possess a lower
torque density as compared to other permanent magnet-based motors. A motor solution
with a higher torque density is highly preferred for in-wheel (IW) EV applications due
to limited space inside the wheel hub. The performance of an SRM is commonly
assessed using a variety of electromagnetic performance metrics such as starting torque,
torque density, efficiency, and torque ripple. The electromagnetic performance metrics
are highly sensitive to the type of SRM topology, their design, and excitation control
parameters. Any modification to these excitation control or design factors has a distinct
effect on the performance metrics, with varying degrees of potential benefit and
drawback. As a result, within the design and development framework of an SRM,
numerous optimization techniques have been widely employed to optimize these design
and excitation control parameters.

This thesis comprehensively investigates the sensitivity of the electromagnetic
performance metrics with the dimensions of the geometric design variables for an SRM.
The influence of the dimensions of the various geometric design variables such as rotor
diameter, pole arc angles, and yoke thicknesses on the electromagnetic performance
metrics such as average torque and torque ripple has been analyzed using static two-
dimensional (2D) electromagnetic finite-element analysis (FEA). The reason for the
change in static characteristics due to variation in reluctance between SRM designs has
not been detailed so far in the literature. This is addressed in the present work by the
magnetic equivalent circuit (MEC) model that simplifies the design analysis. Results
indicate that stator pole reluctance needs to be given due importance while studying the
influence of rotor diameter. Also, it is imperative to set an adequate thickness of the
stator and rotor yokes to minimize the effect of saturation on the performance. Rotor
diameter and stator pole arc angle have a pronounced influence on the average torque
and torque ripple while the influence of rotor pole arc angle and yoke thicknesses was

relatively less.



Further, previously published research articles on SRM optimization intended
to be used for EV applications have mostly focused on the optimization of their design
and control variables only at the rated conditions. In EV applications, the load operating
points (LOPs) of a traction motor are dynamic and spread widely across the torque
speed envelope. To enhance their overall performance, it is vital to include them in the
design optimization process. Therefore, in this thesis, a novel procedure for
implementing the multi-objective design optimization (MODO) of an SRM based on a
driving cycle has been demonstrated for an Electric rickshaw (E-rickshaw) application.
Higher starting torque, and torque density with reduced electromagnetic losses
throughout the driving cycle are established as the design objectives, subject to practical
restrictions on current density and slot fill factor. The design objectives have been
accurately evaluated through transient finite element analysis (FEA) and a
computationally efficient SRM drive model (developed in MATLAB/Simulink) with
consideration of the excitation control parameters. Kriging models have been
constructed to reduce the computation cost of FEA during the optimization process.
Then, a nondominated sorting genetic algorithm Il (NSGA 1) based multi-objective
optimization coupled with the constructed Kriging models is conducted to generate a
Pareto-optimal set. An optimal design that offers the best balance between the design
objectives is selected from the Pareto-optimal set and the dimensions of corresponding
design variables are used to build a prototype. Finally, the static and dynamic
performance of the SRM prototype are experimentally evaluated and validated with the
FEA simulations.

Working conditions and design restrictions are more challenging for IW motors
(typically used in electric two-wheeler applications) since a reducer is not utilized.
Among the available SRM topologies, Multi-teeth (MT) SRM topology is a promising
candidate for IW applications since it retains the inherent simplicity and cost-
effectiveness offered by traditional SRM designs. However, the design of IW-MTSRM
topologies and their electromagnetic performance have not been explored sufficiently.
In this thesis, a design formula governing the selection of the number of MT and rotor
poles for MTSRMs has been proposed. Using this, a novel four-phase 8/18 IW-
MTSRM is derived. The characteristics of the 8/18 IW-MTSRM SRM are numerically

compared with a conventional 8/10 SRM based on magnetic characteristics,

Vi



efficiencies, and steady-state operation for the complete torque-speed range for an
electric scooter (E-scooter) application. Results indicate that the 8/18 MTSRM has a
higher peak torque capacity, torque density, superior drive cycle efficiency, and
reduced torque ripple.

Keywords: Electric vehicles (EVs), Switched reluctance motor (SRM), Finite element
analysis (FEA), driving cycle-based design optimization, Multi-teeth (MT) topology,

prototype machine, Electromagnetic performance metrics
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Chapter 1 INTRODUCTION

1.1 Need for an alternative means to power vehicles in India

The air quality of the megacities in India has deteriorated immensely in recent times
owing to a tremendous increase in the number of vehicles (Bhandarkar 2010). Major
pollutants emitted from the tailpipe of a vehicle driven by an internal combustion engine
(ICE) comprise carbon monoxide, nitrogen oxides, carbon dioxide, sulfur dioxide,
hydrocarbons, and particulate matter (Sharma et al. 2020). The severity of these
emissions is dependent on the vehicle type and its maintenance routine. The World
Quality Report states that New Delhi, India, is the most polluted capital city in the
world. Moreover, India accounts for six of the ten most populous cities worldwide
(Broom 2020). Owing to a higher vehicle density in these cities, vehicular emissions
are known to be a major source (62-85%) of the depreciated air quality. This has a
negative impact on both the environment and human health. Inferior air quality is
known to cause respiratory and cardiovascular disorders (Cohen et al. 2013). Further,
as per the International Council on Clean Transportation (ICCT), annually, many
people die in India due to the ill effects caused by air pollution (Miller et al. 2019).

Further, carbon dioxide (CO-, a greenhouse gas) released from vehicles based
on fossil fuel is also one of the major reasons for climate change. As per climate
scientists, it is required to bring down the levels of greenhouse gas (GHG) emissions
by 72% of 2010 by 2050 to restrict the rise of temperature globally to 2°C only. India
is ranked in 3" place in terms of GHG emission load (Intergovernmental Panel on
Climate Change 2014). In the 2015 Paris Climate Change Agreement, India agreed to
a 33-35% curtailment in greenhouse gas emissions.

The uncertainty surrounding the oil supply and its future availability are the
main challenges of today. It is well known that oil fields are majorly situated in Middle
Eastern countries, USA, Russia, and China. With India being one of the rapidly growing
economies in the world, it is evident that India must depend on the import of crude oil.
From India’s perspective, days ahead are going to be challenging considering that the
oil production in India is low and there are fewer non-renewable fuel sources. India is

susceptible to a global oil supply crisis in the setting of political turmoil given the



enormous requirement for crude oil (Babajide 2018). In India, only 25% of the oil needs
can be met by domestic production; the rest 75% ought to be imported. Also, the global
crude oil prices are rising at an enormous pace. Roughly 1.642 trillion barrels of oil are
available globally, according to a January 2014 estimation. Given that 90.5 million
barrels of oil are consumed per day, the Earth can only sustain itself for 50 years on its
current reserves (Oamen F. 2018).

Considering these adverse effects of air pollution caused by vehicles, GHG
emissions leading to global warming and climate change, dependency of India on crude
oil from other countries, and a limited reserve of fossil fuel, exploring alternative means

to power the vehicles as compared to the conventional ICEs is deemed essential.

1.2 Electric vehicles

Using Electric vehicles (EVS) can eliminate the tailpipe emissions and the import of
oil. EVs as compared to conventional vehicles have no tailpipe emissions. A
comparison between ICE-powered vehicles and electric vehicles can be drawn by
assessing their powertrain layout (Ehsani et al. 2018). A conventional ICE-based
powertrain with a front engine and rear wheel drive is shown in Figure 1.1a. It can be
noticed that the engine (prime mover) is situated at the front and the mechanical output
power produced by it is transmitted to the rear wheel of the vehicle through the clutch,
gearbox, propeller shaft, and differential gear respectively. Figure 1.1b depicts the
layout of a conventional EV powertrain which primarily comprises an electric motor,
power converter, inverter, battery, battery management system, and electric control unit
(ECU). In comparison to the ICE power train, the ICE is replaced by an electric motor,
that is used to propel the vehicle. The ECU governs the motor. The ECU receives
signals through the operator via the accelerator and brake pedals etc. Further, feedback
signals from the sensors which consist of information pertaining to the vehicle speed
and the acceleration are also fed into the ECU. Based on this information, the power
requirement is computed, and the demanded power is regulated amid the electric motor

and the battery respectively through a power converter.
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EVs possess higher efficiency, thereby resulting in a lower requirement of
energy. EVs have a faster response time, require less maintenance, and generate less
noise than conventional vehicles. Moreover, their torque-speed characteristics very
well match the typical traction requirements of a vehicle (Ehsani et al. 2018). Owing to
these advantages, EVs can be a potential alternative to conventional ICE-powered
vehicles in the future. In light of this, the Government of India (Gol) has chalked out
and implemented various vehicle electrification schemes (Singh et al. 2021). Due to the
impetus provided for this process, a surge in domestic EV sales has been noted recently
(Figure 1.2a) (SMEV 2023). The chart displays the sales data for EVs in India for each
of the financial years (FYs). The vehicle category-wise sales are provided in Figure

3



1.2b. It can be inferred that electric two-wheelers (E-2Ws) and three-wheelers (E-3WS5s)

constitute the clear majority of the total domestic EV sales.
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Figure 1.2 (a) Total EV sales in India (b) Category-wise sales of EVs in India (SMEV
2023)



1.3 Typical characteristics of an electric traction motor and their types and

comparison

An electric motor used to propel an EV should possess the following features (Bilgin
et al. 2015) (Ehsani et al. 1997):

a) A high torque at lower operating speeds for starting, obstacle negotiation, and
hill climbing. The electric motor must deliver a high starting torque to ensure
that the operating points with higher torque duty cycles at lower speeds are
achieved. The motor’s capacity to produce torque in these circumstances is also
known as its overload capability or the peak torque capacity.

b) A high torque density to ensure that the motor's average torque output rises
without increasing its overall mass. Any increase in motor mass adds to the
overall mass of the EV which affects their energy consumption and the driving
range

c) A high power at higher operating speeds for cruising.

d) Superior field weakening capabilities. This is vital to ascertain that the electric
motor has an extensive operating speed range to accommodate driving scenarios
on both urban and highway routes.

e) A high efficiency in most regions of the torque-speed envelope to elevate the
driving range.

f) A low torque ripple to enhance ride comfort and lower noise and vibration
levels.

g) High reliability and robustness for working under challenging working
environments.

h) Lower cost.

Currently, a large proportion of the E-2Ws and E-3Ws in India are propelled by
permanent magnet (PM) Brushless DC (BLDC) motors. Among BLDC motors, the
interaction between the magnetic fields of the rotor and stator aids in the production of
torque. The magnetic field in the stator is produced due to the excitation of the winding
whilst the PMs create the magnetic field within the rotor (Hughes and Drury 2013).
These traction motors hold an edge over others owing to a superior torque density and

efficiency, both of which are by virtue of rare-earth PMs. However, the price of these



materials (Dysprosium oxide/Neodymium oxide) used to manufacture PMs is
exorbitant and fluctuant (Figure 1.3), given the volatility of the world markets. Further,
the removal and processing of rare earth oxides have a negative environmental impact
(Widmer et al. 2015). A large share of the PM reserves is concentrated in China and
India must depend on Chinese imports which can be a constraint to localization in
indigenous motor manufacturing. BLDC motors showcase poor reliability owing to the
sensitivity of PMs to temperature and vibrations (Xuan et al. 2017). They also have a
limited constant power range because of their poor field-weakening capabilities (Bilgin
et al. 2015).
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Figure 1.3 Price variation of rare-earth materials like dysprosium oxide and
Neodymium oxide over the years (Statistica 2023)

To overcome all the shortcomings, particularly in the Indian context, it is
deemed essential to explore a magnet-free motor solution. At present, such alternatives
comprise induction motor (IM) and switched reluctance motor (SRM) amongst which
IM possesses lower efficiency and torque density in comparison to SRM (Turner et al.
1997). By virtue of its simplicity, ruggedness, fault tolerance, and capability to operate
at higher temperatures, SRM is apt for EV applications. Additionally, due to their
extended field weakening capabilities, they exhibit excellent power-speed

characteristics (Ehsani et al. 2003). However, they have lower torque density,



efficiency, and higher torque ripple in comparison to BLDC motors. A comparison of
various aspects between the BLDC and the SRM is enlisted (Table 1.1). A higher value
signifies that the device most effectively satisfies the requirements. The comparison
shows that SRM may still be improved in aspects like power density, efficiency,
controllability, noise, and torque ripple.

Table 1.1 Evaluation of BLDC and SRM for EV applications (Bilgin et al. 2015)
(Zeraoulia et al. 2006).

Parameter BLDC SRM
Power density 5 35
Overload 35 4
Efficiency 5 35
High-speed range 2.5 4.5
Controllability 4 3
Noise 4 3
Torque ripple 3.5 2
Size and weight 4 35
Ruggedness 35 4.5
Maintenance 4 4.5
Maturity 5 4
Cost 8 10
Total 52 50

1.4 Fundamentals of Switched Reluctance Motor

1.4.1. Torque production mechanism

SRM belongs to the category of special electrical machines that transform electrical
energy to mechanical energy, employing the principle of varying reluctance
(Vijayakumar et al. 2008). The stator and the rotor cores of doubly salient construction
consist of laminated electrical steel sheets which are welded or riveted to form
lamination stacks. The concentrated coils mounted on the diametrically opposite stator

poles are connected in series or parallel to form a phase (Figure 1.4). On energizing the



appropriate stator phase, the rotor pole tends to orient itself into a state of minimum

reluctance, thus producing torque (Figure 1.5) (Bostanci et al. 2017).

Direction of rotation

Stator

Figure 1.4 Structure of an SRM and its components

Magnetic flux

Maximum Rotational direction Minimum
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Figure 1.5 Torque production in an SRM

In Figure 1.4, when phase D (which constitutes the stator pole pair D1-D2) is

energized, a magnetic field is created which attracts the pole pair 3-6 and causes the

rotor to turn in the anti-clockwise direction. The reluctance pertaining to the flux path

will be least when stator pole pair D1-D2 aligns itself with the rotor pole pair 3-6. The

stator phases are successively energized accurately in accordance with the rotor position

in the sequences A, B, and C respectively to put the rotor into continuous motion in the

counter-clockwise direction. Based on this, it is evident that the phase energization

relies on the rotor’s angular position indicating that SRM necessitates the positional

information of the rotor for its effective operation.



An SRM is designated as Ns/Nr (Krishnan 2001), where Nsindicates the pole
count on the stator and N, denotes the pole count on the rotor. An SRM with eight stator
and six rotor poles (Figure 1.4) is designated as an 8/6 SRM. Figure 1.6 shows the
integral components of an SRM drive system (Rashid 2011). An inverter is used to
drive the SRM. The positional information of the rotor in the SRM is obtained using a
mechanical angle transducer or an encoder. The phase currents and voltages are
sampled using current and voltage sensors respectively. The control system employed
in the controller creates the driving signals for each phase to drive the switches in the
inverter based on the measured phase current and voltages, position feedback, and input
commands. Accordingly, the inverter regulates the phase currents of the SRM to follow
the desired waveforms and thus produce the necessary load torque. It is vital to design
and develop both the drive and motor in a consolidated mode to enhance the overall
performance of the system. The choice of specification/configuration of each
component is application-specific and needs to be chosen judiciously to achieve a trade-

off between various parameters enlisted in Table 1.1.
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Figure 1.6 Components of an SRM drive
1.4.2. Working principle of an SRM

To comprehend the working of an SRM, it is imperative to define the two positions in
the analysis of the SRM; Unaligned and the aligned position. An unaligned position
refers to the angular position while the rotor’s inter-pole axis aligns with the stator
pole’s center axis (stator pole pair A1 and A2 with rotor pole pair 1 and 4, 3 and 6)
(Figure 1.4). The axis positions of the rotor are indicated in Figure 1.7. Further, at this
position, the phase inductance is the least with no saturation in the magnetic circuit. An

aligned position refers to the angular position when the rotor pole’s center axis



coincides with that of the stator pole (stator pole pair C1 and C2 with rotor pole pair 2
and 5 in Figure 1.4). At this angular position, the phase inductance is maximum, and
the magnetic circuit is prone to significant saturation. A classic phase inductance
variation about the rotor position, L(0) is depicted in Figure 1.8. It is assumed that there
is no mutual inductance between the phases while constructing this curve. Further, the
magnetic circuit is assumed to be linear (phase inductance is independent of the current,
1) and the effects of flux fringing are also completely neglected. The phase inductance
profile depicted in Figure 1.8 is segregated into four segments. Each segment has a
peculiar inductance behavior based on relative positions between the rotor and the stator

pole.

Rotor pole )
center axis Inter-pole axis
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Figure 1.7 Axis positions in a rotor of an SRM
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Figure 1.8 Phase inductance and the corresponding torque variation for a constant
phase current
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Direction of rotation Direction of rotation

(b)

(d)

Figure 1.9 Positions of the rotor poles 1 and 4 (a) at the beginning of overlap with
stator poles Al and A2 (b) overlapped with Al and A2 (c) leaving the overlap region
of Al and A2 (d) completely leaving the overlap with Al and A2

a) Segment A

This segment spans from the rotor positions 61 to 6 (Figure 1.8 and Figure 1.9). The
rotor angle at the beginning of the overlap amidst the rotor and stator pole corners is
represented by 61 (Figure 1.9a). 82 corresponds to the rotor position when both the poles
are completely overlapped. The rotor positions are indicated in Figure 1.9b for an 8/6
SRM where the rotor poles 1 and 4 align with the poles A1 and A2. During this course,
it can be observed that the inductance linearly varies between 6, and 62 (Figure 1.8). At
the angular instance 6., the reluctance corresponding to the flux path is least thereby

correlating to a maximum phase inductance.
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b) Segment B

Segment B lies between the rotor positions 6, and 6s. In this segment, the phase
inductance is constant (Figure 1.8) as the overlap area between the corresponding rotor
and the stator pole is the same. At rotor position @3, the rotor pole starts to go away
from the overlap region leading to a decrease in the overlap area between the

corresponding poles (Figure 1.9c).
c) Segment C

In this region, the rotor pole moves beyond 3. Due to this, the overlap area between
the poles decreases causing a linear decrease in the phase inductance (Figure 1.8). At
rotor position ds, the rotor pole completely departs the overlapping region between the

poles (Figure 1.9d). At this angular instant, the phase inductance is the least.
d) Segment D

In this segment, the phase inductance remains the same (least throughout) till segment
A is approached once more as there is no overlap between the poles (Figure 1.8 and
Figure 1.9).

The torque output (T) of an SRM is expressed as (Krishnan 2001) (will be derived later

in the sub-section 1.4.3 of this chapter);

_1pdL
2 dé

Equation 1.1 is derived based on the assumption that the magnetic core is unsaturated,

T (1.1)

or the variation of flux linkage is linear with current for different positions of the rotor.
This leads to the observation that the output torque is directly correlated with the square
of the phase current (i) and the inductance change rate as a function of rotor position.
Further, the torque is unaffected by the polarity of the phase current and relies on the
sign of dL/dA. A positive torque is produced when the stator phase is energized in the
rising inductance region (it is assumed that the direction of the motor is in the direction
of rising 6). Contrarily, a negative torque is created when the phase is energized in the
decreasing inductance region. As a result, the rotor turns against the direction of the
motoring action. The change in torque with the rotor position at a constant phase current

12



excitation is depicted in Figure 1.8. The torque remains constant in the rising and falling
inductance region, while it is nil in the constant inductance region. In Figure 1.10, the
continuous total torque profile produced as a result of the successive phase
energizations (A, B, C, and D) of an 8/6 SRM according to the rising inductance regions

has been depicted.

L max A B C D

mi

inductance

of phase A

of phase B

of phase C

of phase D

Idealized current [Idealized current Idealized current Idealized current [dealized

Idealized
total torque

Rotor position (mech.deg.)

Figure 1.10 Idealized phase inductances, phase currents, and the total torque profile of
the SRM

1.4.3 Electromagnetic energy conversion

The analytical equations pertaining to the instantaneous torque output of an SRM (T)
can be derived based on the voltage equation applied to the SRM equivalent circuit and

the Co-energy principle. The same is elucidated as follows (Bilgin et al. 2019);

a) Voltage equation applied to the SRM equivalent circuit (no saturation of the SRM’s

magnetic circuit)

13



As depicted in Figure 1.11, the equivalent circuit for an SRM's single phase can be

modeled.
Ron L(6.) A
(YY) A
© W )

O

Figure 1.11 An SRM's single-phase equivalent circuit

According to Faraday’s law, the voltage V across the stator windings (as shown in
Figure 1.11) is expressed as

. dy
V=IR +— 1.2
ph dt ( )

where Rpn denotes the phase resistance, iindicates the phase current, and y signifies
the flux linkage of the coil. In SRMs, the phase inductance is dependent on the angular
position of the rotor for a specified phase current i. Also, the flux linkage is dependent
on both current (i) and rotor position (6) as per Equation (1.2). Neglecting motor
saturation (assuming that the change of s linear with I and é), the variation of flux

as:

y =L(0,0) (1.3)
Putting Equation (1.3) in Equation (1.2),

V:iRh+L(6,i)ﬂ+iM:iRh+L(9,i)ﬂ+imd—0 (1.4)
’ dt dt ’ dt do dt
Angular speed (@) is given as
do
=— 1.5
©= (1.5)
Substituting Equation (1.5) in Equation (1.4),
: di . dL(,i)
V=IiR +L(6,1)—+i——— 1.6
iR, +L( |)dt+| 40 @ (1.6)
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The first term is the resistive voltage drop, 2" term is the inductive voltage drop, and

3" can be interpreted as the back Electromotive Force (EMF) (&).

For simplification, L(#,i)being used in the above expressions is depicted as L.

Multiplying Equation (1.6) with the phase current i, we get

iV =iR, +iLﬂ+i2£a) (1.7
’ dt  dé
The energy stored in an inductor (E) is given as
1 .
E =Z=Lj? 1.8
> (L8)

Differentiating the above expression with respect to time,

de d(1,. 1.,dL . di
— =—|ZLi*|=| Zi*—+iL— ,
dt dt(z j (2 dt dtj (19)
di d(1, .,) 1.,dL
IL—=—|=-LiI" |-—=1I"— 1.10
dt dt[Z jz dt (1.10)

Writing the 2" term on the RHS in the form of angular speed,

1.,dL 1.,dL
it —=Zit— 111
2 dt 2 do” (L11)
Substituting this in expression (1.10),
di d(1,. 1.,dL
iL—=—| =Li*|-=i*— 1.12
dt dt[Z ] 2 do” (112)
Substituting in the Equation (1.7)
. . d(1l, . 1.,dL ., dL
iV=i"R+—| ZLi* |- 2" —=w+i*— 1.1
dt(z j 2 d0”" d0” (1.13)
S d(1,. 1.,dL
V=R +—| =Li’ [+=i"— 1.14
" dt(Z j 2 40" (1.14)

where iV = Input electrical power

iI“R, = Resistive power loss
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%(% Lizj = Magnetic power stored as magnetic field energy in the core

%iz %a) = Mechanical power (power in the air gap region transformed to mechanical

power)

Therefore, the Input electrical power is transformed to electrical, magnetic, and

mechanical power on the RHS. The Mechanical power (P,.., ) is given as

Pmech :Ta) (115)

Comparing the mechanical power in Equation (1.14) with the Equation (1.15), the

output torque
(T) is given as
polpd
2 dé
Equation 1.16 is applicable when the magnetic core is unsaturated, or the variation of

(1.16)

flux linkage is linear with current for different positions of the rotor. If the core is
working in the saturated region or the flux linkage variation is non-linear with current
for different positions of the rotor, the principle of magnetic co-energy is used to derive

the expression for torque output.
b) Co-energy (considers the effect of saturation in the magnetic circuit of the SRM)

The power supply equals the sum of the power dissipated through the resistor, the
output mechanical power from the SRM, and the stored power in the magnetic field (as

per the law of conservation of energy).

dw
ViR +Wi_pg W W (1.17)
T T T T

where, W, is the instantaneous mechanical power and W, corresponds to the stored

energy in the magnetic field.

Further, the instantaneous mechanical power is given as:
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dw, __ do

m

dt dt

(1.18)

where, T refers to the instantaneous torque produced, and Z—f indicates the rotational
speed. Next, the instantaneous torque can be expressed as:

da dw,

== 1.19
do do (1.19)

The equation depicting the association of the magnetic field energy storage W, = g) idy

and the co-energy W_ = :{z//di can be described as

W+ W =iy (1.20)

Differentiating the Equation 1.20, we get

dW, +dW. =idy +wdi (1.21)
Magnetic field energy storage
v (0, 1)
Magnetization curve
= W,
3
)
=1
<
-z
£
" Wc
=
=
Co-energy storage
0 Current (A) (6 y)

Figure 1.12 Magnetic field energy and co-energy storage with respect to current

Substituting the above differential field energy in Equation (1.21) into Equation (1.19),
we get
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_ —wdi+dW,

T 1.22
a0 (1.22)
Equation (1.18) can be simplified by employing a constant current to
dw,
T=—0f2 1.23
40 (1.23)

The aforementioned expression holds true regardless of whether the SRM’s magnetic

circuit is linear or non-linear.
1.4.4 Control Approaches for the SRM

As per the previous discussion, an ideal waveform of phase current for producing a
motoring torque is a square waveform of constant magnitude passing during the rising
inductance region (Figure 1.13b). However, it is practically difficult to generate such a
waveform of this nature as the current is provided through a fixed DC supply and the
phase inductance is known to retard the rise the fall of the current. A practically viable
current waveform produced using a hysteresis current control (HCC) method is
depicted in Figure 1.13c. It is observed that it closely approximates the ideal current
waveform. Practically, two kinds of waveforms for current approximate the ideal
current waveform. The waveforms can be categorized based on the operating speed of
the motor as follows: (a) Hysteresis current control (HCC) for low and medium

operating speeds and (b) Single pulse control (SPC) for high operating speed.
(i) Hysteresis current control (HCC)

The HCC is also termed chopping mode control (CCC) (Bilgin et al. 2019). This control
method is adopted for low and medium operation speeds of the SRM. The control
parameters associated with HCC are chopping current (also termed as the reference
current, lref), turn-on angle (6on), and turn-off angle (6otr) (commutation angles). During
the conduction period (i.e. between fon and Gosf), the current is managed between a
predefined hysteresis band (Figure 1.13c). This is incorporated by using an inverter that
switches OFF and ON the phase voltage whenever the phase current hits the highest
and lowest value of the set hysteresis band respectively. The illustration of the voltage
waveform corresponding to HCC is shown in Figure 1.13d. The DC voltage (V) is

subjected to a varied switching frequency during the conduction period owing to a
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rising inductance behavior of the corresponding phase which delays the ascent and
descent of the current. The HCC technique can be further divided into two categories:
soft chopping and hard chopping, which are covered in more detail in Section (1.4.5).
The voltage and current waveforms depicted in Figure 1.13 correspond to hard
chopping. As discussed previously, it is desired that the phase is energized in the
increasing inductance segment to create a motoring torque. To ensure this, fon is located
slightly prior to the location where the inductance begins to rise such that the current is
at the desired highest magnitude in the least inductance segment well prior to the
increasing inductance segment begins. Correspondingly, 6ot is located behind the
highest inductance segment in order to give enough time for the current to fall to zero
value prior to the start of the negative inductance segment. The angular position

corresponding to zero current is refereed as 6q (Figure 1.13).
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Figure 1.13 (a) Phase inductance linear variation (b) Ideal phase current waveform (c)
Hysteresis current control method (d) Chopped phase voltage (e) Variation of flux
linkage corresponding to HCC method.

(ii) Single pulse control (SPC)
At greater running speeds, the phase currents corresponding to the set hysteresis band
will never be reached, hence the HCC approach cannot be used. This is mainly due to
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a higher motor back-EMF at higher operating speeds. In the region of rising inductance,
the back-EMF is either equal to or higher than the supply voltage, which curtails the
growth in current and, consequently, the corresponding phase torque (Figure 1.14).
Consequently, it is necessary to position &on prior to the growing inductance zone to
ensure that the current has enough time to ascent prior to the back-EMF reaching a
higher level. Moreover, there is less time for the current to rise because of higher
operating speeds. With further increase in speed, there will be an instance when the
current cannot reach the chopping level. At this juncture, SPC comes into effect where
the current either drops or stays the same throughout the zone of increasing inductance
(Rashid 2011). This is seen in Figure 1.14. There are two control parameters related to
SPC: fon and Gotr. The motor back-EMF determines the magnitude of the maximum
current during SPC. When the power inverter switches turn on the phase (6on), a full
voltage (V) is applied across it. Consequently, when the phase is turned off (6of), -V is

thrown across it.
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Figure 1.14 (a) Linear variation of phase inductance (b) Phase current profile
corresponding to SPC (c) Phase voltage profile corresponding to SPC (d) Variation of
flux linkage corresponding to SPC.
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Therefore, it can be concluded that the HCC method is adopted to control the motor at
lower and medium operating speeds, while at higher operating speeds, SPC is

employed.
1.4.5 Hard chopping and soft chopping

There are two possible schemes within the HCC method. These are referred to as hard
and soft chopping (Bilgin et al. 2019). With the aid of the asymmetric half-bridge
(AHB) inverter topology, which is commonly employed to drive the SRM, the schemes
can be explained. The diagram of a four-phase AHB power inverter is depicted in
Figure 1.15. It can be seen that each phase consists of two switches and two diodes.
Under the hard-chopping approach, both switches are always in the same switching
state and are switched simultaneously. With both switches in the ON position (Q1 and
Q2), the phase winding sees the entire positive supply (Figure 1.16a). Furthermore, by
shutting OFF both switches, a full negative supply is supplied across the phase,
reducing the current in the phase winding (Figure 1.16b). During soft-chopping, one of
the switches is kept ON throughout the full conduction period (Figure 1.17a), and the
other switch is alternately turned ON and OFF to regulate the necessary current
magnitude. Figure 1.17b illustrates this. When both the switches are ON, the phase
experiences a full voltage while the phase encounters a zero-voltage freewheeling loop

that reduces the phase current while just one switch is ON.
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Figure 1.15 Four-phase SRM drive
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Figure 1.17 Soft chopping (a) Both Q1 and Q2 are ON (b) Q1 is OFF and Q2 is ON
1.5 Classification of SRMs

Like any other motor, SRMs are categorized as outer rotor and inner rotor type SRMs
based on how the rotor is positioned in relation to the stator. In an outer rotor type SRM,
the rotor is located outside the stator while the rotor in an inner rotor type SRM is
positioned inside the stator (Figure 1.18). There are various names for the outer rotor
motor, including external, hub, and in-wheel (IW) motor. An outer rotor-type motor
layout makes it possible to directly couple to the EV's wheel rim, preserving the space
and removing the need for a mechanical transmission system and the associated
mechanical losses (Xue et al. 2010). Conversely, among inner rotor-type motors, the

power is transmitted to the wheel via a mechanical transmission system such as the
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gearbox, chain and sprocket, belt and pulley, etc. Compared to an inner rotor type SRM,
an outer rotor type SRM has a higher torque output because its design permits a larger
airgap diameter, which raises the lever arm and, in turn, the torque output. In contrast,
the inner rotor type SRM’s maximum airgap diameter is limited by the area required
for the coils (Hennen and De Doncker 2007). One advantage of the outer rotor-type
SRM is that it has coils close to the shaft for improved cooling. Inner rotor-type SRMs
may need sophisticated cooling systems to control the heat produced by the motor since
the inner rotor design may restrict airflow (Howey et al. 2017).

ROTOR

A\ 4 = — ColL
a)

(a) (b)

Figure 1.18 Classification of SRMs (a) Internal rotor type SRM (b) External rotor
type SRM

1.6 Outline of the thesis

The thesis is grouped into 6 chapters. The present chapter provided a brief overview of
the working principle, components, control method, electromagnetic energy conversion
process, and classification of an SRM. In Chapter 2, the literature on the design of
SRMs is thoroughly and critically reviewed. Various topologies, optimization
techniques, and the use of SRMs for EV applications are all covered, along with a
variety of electromagnetic modeling approaches for studying the static and dynamic
behavior of SRMs. A gap in the research is highlighted at the end of this chapter.
Further, the scope of the work is established based on the unanswered questions from
the literature survey. A thorough parametric analysis examining the impact of
geometric design variable dimensions on an SRM's performance is presented in Chapter
3. The MEC model and a comparison of the flux densities have been used to identify
the key reluctance segments of an SRM that are responsible for the performance
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change. In Chapter 4, a novel procedure for implementing the multi-objective design
optimization (MODO) of an SRM based on a driving cycle is demonstrated. In Chapter
5, a comprehensive electromagnetic comparison is carried out between the four-phase
8/18 MT and the conventional 8/10 IW-SRMs. A summary of the work and

recommendations for further field research are included in Chapter 6.
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Chapter 2 LITERATURE SURVEY

2.1 Introduction

Amongst the traction motors available, SRMs show great promise for use in EVs owing
to certain benefits such as magnet-free construction, simplicity, mechanical robustness,
and a longer constant power range. Although the SRMs' structures are simpler than
those of other AC or DC machine designs, their extremely nonlinear behavior resulting
from both localized and substantial saturation in different segments of the rotor and
stator, respectively, makes the design process and analysis more difficult. A high
starting torque, torque density, and efficiency, with reduced torque ripple are some of
the electromagnetic performance metrics desirable for an SRM intended to be employed
for an EV application. Recent research has shown that the performance of the SRM is
competitive when compared to other permanent magnet-based motors while adhering
to the same volumetric (stator outer diameter and stack length) and electrical constraints
(battery voltage and peak phase RMS current) (Kiyota and Chiba 2012) (Zayed et al.
2021).

Successfully implementing an SRM for an EV application requires a thorough
understanding of its design and excitation control parameters and how they impact
electromagnetic performance metrics. A change in any of these design or excitation
control parameters has a specific impact on the performance metrics which may be
beneficial or detrimental, with varied strengths. Owing to this, many optimization
methods have been extensively used to optimize these design and excitation control
parameters within the SRM’s design and development framework.

This chapter contains a comprehensive and critical analysis of the existing
literature that has been done on the design and development of SRMs for EV
applications. The literature survey offers more information about SRM design and
control parameters, the development of SRMs for EV applications, the application of
optimization techniques in SRM design, and the topological characterization of in-
wheel (IW) SRMs. The results of the literature survey also provide the direction and
road map for the proposed study. The evaluation of the literature in this chapter is

divided into the general categories mentioned below.
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1. Influence of the design and excitation control parameters on the electromagnetic
performance metrics of the SRM.

2. Different electromagnetic analysis techniques for SRMs

3. Employment of SRMs for EV applications

4. Implementation of optimization techniques to optimize the dimensions of the
geometric design variables to improve the overall performance of SRMs.

5. Topological characterization of In-wheel (IW) SRMs for E-2Ws

2.2 Influence of the design and excitation control parameters on the SRM’s

electromagnetic performance metrics.

The number of phases, pole count on the stator and rotor, lamination material’s
characteristics, the number of turns in each phase, and the dimensions of the geometric
design variables encompass the design parameters of an SRM. Further, their excitation
control parameters include the reference current, turn-on, and turn-off angles. The
present section is focused on the studies carried out to analyze the effects of the design
and excitation control parameters on the electromagnetic performance metrics of the
SRM.

2.2.1 Number of phases (Npn)

In the context of an SRM, a phase represents a distinct motor winding set within the
motor that is energized to produce torque. Apart from its influence on electromagnetic
performance metrics, they also affect the starting capability, directional capability,
fault-tolerance capability, and the overall cost and packaging size of the SRM drive.
Both the conventional single-phase and two-phase SRMs do not possess self-starting
and bi-directional capabilities (Miller 2002). Both these configurations have significant
torque ripple issues and require external assistance to start because there is no intrinsic
starting torque produced. These limitations can be overcome by employing SRM
configurations with three phases or more. The two-phase 4/6 SRM can only operate in
one direction, while the three-phase 6/4 SRM can operate in two directions (Krishnan
2001). An increase in the number of phases of an SRM improves the fault-tolerance
capability of the machine (Lin et al. 2015). A motor with more phases will have more

independent windings. If one of the phases experiences a malfunction, the motor can
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still run on the remaining phases. An increase in the number of phases improves the
average torque, and torque density and reduces the torque ripple without the loss of the
saliency ratio. The improvement is mainly due to an increase in the overlap region
between the successive phases during commutation. In comparison to the three-phase
6/4 and four-phase 8/6 SRMs, respectively, a five-phase 10/8 SRM produced a greater
average torque and a lower torque ripple (Petrus et al. 2010). For high-speed
applications, an increase in the number of phases reduces the efficiency. Due to a larger
iron core loss, the 10/8 SRM's efficiency was lower than that of the 6/4 and 8/6 SRMs,
respectively (Petrus et al. 2010). An increase in the number of phases elevates the
torque density. Compared to the four-phase 16/20 SRM, the five-phase 20/16 showed
a greater torque density (Anvari et al. 2016). The cost and package size of the SRM
drive rise as the number of phases increases (Miller 2002). This is because, the
requirement of the number of converter phase units, corresponding drivers, control

units, voltage and current sensors, etc. increase in proportion to the increase of phases.
2.2.2 Pole count on the stator (Ns) and rotor (Nr)

The number of poles on the stator (Ns) and rotor (Nr) has a significant influence on the
electromagnetic performance metrics of an SRM. The equation governing the selection

of the stator and the rotor pole count is expressed as (Lawrenson et al. 1980);

LCM(N,,N,)=N_N, (2.1)

where LCM represents the least common multiple. Equation 2.1 has been used to derive
some of the most widely used SRM configurations such as the 6/4 SRM (three-phase),
8/6 SRM (four-phase), and 10/8 SRM (five-phase). It is important to note that in these
configurations, there are fewer rotor poles than stator poles. Increasing the rotor pole
count of an SRM configuration lowers its saliency ratio, but increases the average
torque owing to a higher number of strokes per revolution and an increased number of
turns per phase (facilitated by an increased winding space). Furthermore, an increased
pole count on the rotor results in a reduced stroke angle, which decreases torque ripple.
In contrast to the 6/4 SRM design, the 6/10 SRM (both three-phase designs)
configuration (derived using the pole design formula, Nr = 2Ns -2) produced a higher
average torque and a reduced torque ripple (Desai et al. 2010) (Zhu et al. 2017a) within
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the same geometrical constraints. Similar findings were reported for four-phase designs
(Smaka et al. 2012), wherein the 8/14 SRM outperformed the 8/6 SRM considering the
torque ripple and average torque. Moreover, SRM configurations with more rotor poles
have higher torque densities because to their reduced core mass. Under conditions of
constant copper loss, the 6/10 SRM had a lesser core mass as compared to the 6/4 SRM.
Compared to the 6/4 SRM design, the 6/10 SRM's torque density was higher due to the
combined effect of a lower core mass and an increased average torque (as previously
explained) (Desai et al. 2010). The influence of the rotor pole count on the efficiency
of an SRM is dependent on the speed range of the intended EV application. From an
efficiency standpoint, adding more rotor poles to an SRM design is detrimental to high-
speed applications. A larger iron core loss because of a higher stator frequency resulting
from the incorporation of more rotor poles results in decreased efficiency. On the other
hand, low-speed applications (IW-motor applications) benefit from an SRM design
with more rotor poles. Copper loss decreases significantly with the increase in the
number of rotor poles owing to an increase in the winding space. Though an increase
in the number of rotor poles elevates the iron core loss, its influence on net loss is not
pronounced due to the low-speed nature of the application (Vandana et al. 2012). When
compared to the 8/6 IW-SRM design, the 8/10 design (derived using Miller’s formula,
Nr = Ns+2) demonstrated a higher efficiency (Zhu et al. 2017a). The overloading
capability of an SRM is reduced by increasing the rotor pole count. The SRM core is
prone to magnetic saturation because of the need to decrease the pole widths and yoke
thicknesses due to the rise in rotor pole count. The 12/28 IW-SRM demonstrated lesser
overloading capabilities than the 12/20, 12/16, and 12/8 IW-SRM designs, in that order,
because of magnetic saturation (Howey et al. 2020b). Moreover, the field-weakening
capabilities of an SRM are influenced by the number of rotor poles. Increasing the rotor
pole count of an SRM deteriorates its field weakening capabilities (Nikam et al. 2013).
Furthermore, to obtain the desired output power, the inverter VA rating grows in
tandem with the increase in rotor poles. The field-weakening capabilities of the 12/28
IW-SRM were found to be lower than those of the 12/20, 12/16, and 12/8 IW-SRM
designs, respectively (Howey et al. 2020b).
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2.2.3 Characteristics of the lamination material

Typically, the stator and rotor of the SRM are made of non-orientated soft magnetic
electrical steel. The lamination profile of the stator and rotor made up of electrical steel
is shaped using either laser cutting (for low-volume prototypes) or stamping (for mass
manufacturing). The laminations are then stacked axially and secured together via
lamination bonding, lamination interlocking, riveting, or welding. The electromagnetic
performance metrics of an SRM are known to be significantly impacted by the
properties of the lamination material such as the magnetic permeability, saturation flux
density, and core losses (Yu et al. 2016). To ease the process of magnetization and
demagnetization during the motor’s operation, the lamination material should have a
high magnetic permeability. As a result, efficiency rises, and energy losses are reduced.
Further, it is preferable to employ core material with a high saturation flux density to
boost the torque density since an SRM's torque production capability improves when it
is worked under saturation. A 15% increase in average torque was seen between the
lamination materials 10JNEX900 (Super Core with 0.1 mm steel thickness) and
35A300 (conventional silicon steel with 0.35 mm steel thickness) when utilized in a
three-phase 18/12 SRM arrangement. This was mostly caused by the 35A300's greater
saturation flux density than the 10JNEX900 (Chiba et al. 2011). The 12/8 SRM design
with M19 lamination material generated a higher average torque than those using M4
and TR66, due to its superior saturation flux density (Prabhu et al. 2023). An 8/6 SRM
design with Si 1010 produced a higher average torque than those using M43, JNEX,
JNF, Si 50H 100, and M19 due to its higher saturation flux density (Deepak et al.
2022). Additionally, employing a low core loss electrical steel ensures higher efficiency
and reduced heat generation in the motor, improving the overall performance, since the
stator and rotor cores of SRMs usually operate at higher frequencies. The primary
components of the iron core loss are the eddy current loss and the hysteresis loss. The
hysteresis losses generated by the core material are dependent on the concentration of
the silicon. For motor applications that operate at higher frequencies, a higher silicon
content in the core material lowers the hysteresis loss. However, this reduces the core
material's saturation flux density. Further, the eddy current loss can be lowered by
reducing the thickness of the electrical steel. But, because it takes longer to cut
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additional laminations, this comes at the penalty of higher costs. The lamination
material 10JNEX900 employed with a three-phase 6/4 SRM showed a roughly 5%
higher efficiency than the lamination material 35A300 at the maximum efficiency
point. The primary causes of this efficiency gain were a higher silicon content and
thinner laminations on the 10JNEX900 lamination material, which cumulatively
decreased the iron core loss. However, this caused the cost of the 10JNEX900 to rise
three times more than that of the 35A300 (Hayashi et al. 2009). Thus, it is evident that
choosing the appropriate lamination core material for a certain EV application is
important, considering the desired electromagnetic performance metrics across the

torque-speed envelope as well as the overall cost constraint.

The selection of lamination material in EV motors is not fixed and depends on
the specific application. Given the low-speed requirements of the E-bike application, a
lamination material with high magnetic saturation flux density was prioritized to
maximize torque output rather than focusing on minimizing core losses (Howey et al.
2020). M19 lamination material was chosen for the SRM core in the E-bicycle
application because of its higher saturation flux density (Lin et al. 2015). 10JNEX900
lamination material was employed in a high-speed inner rotor type SRM (Jiang et al.
2017). The selected lamination material provided the best balance between the torque
production capability and efficiency. The 35JNE300 lamination material was used in a
high-speed 12/8 inner rotor SRM (Zayed et al. 2021). The chosen lamination material

offered an optimal balance between torque production and efficiency.
2.2.4 Geometric Design Variables

The dimensions of the geometric design variables are known to have a substantial
impact on electromagnetic performance metrics as they alter the magnetic circuit.
Figure 2.1 shows the design variables of a four-phase inner rotor 8/6 SRM. The notation
along with the description of the design variables and the respective units are provided
in Table 2.1. Significant restrictions exist on the packing dimensions (stator outer
diameter and stack length for inner rotor type SRM) of an electric motor in EV
applications because of the presence of battery packs, electronic systems, and passenger
accommodations. The packaging dimensions of the SRM have an impact on its

electromagnetic performance metrics (Smaka et al. 2013a). A longer stack length
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enhances the average torque. An increase in the stack length increases flux linkage and
reduces reluctance for a given input magnetomotive force (MMF). An increased
average torque is produced by a higher rate of change of this flux linkage with respect
to the rotor position (Bilgin and Emadi 2012). The disadvantage of increasing the stator
outer diameter (Ds) and stack length (L) is that it increases the motor volume and, in
turn, the motor mass. The average torque and the torque density improved with an
increase in rotor diameter (Dr) because of a rise in the lever arm that extends from the
motor's center to the airgap (Jiang et al. 2017) (Bienkowski et al. 2004). Nevertheless,
this enhancement was at the expense of a smaller slot area, which raises copper loss
and may cause motor efficiency to decline. Increasing the stator pole arc angle (/%)
leads to a greater overlap region between the stator pole and the corresponding rotor
pole leading to a lower torque ripple and improved average torque (Mamede et al.
2019). The drawback of this is a smaller slot area (Miller 2002). Enlarging the rotor
pole arc angle () improved the average torque until the point where the saliency ratio
is high (Jiang et al. 2017). Further, providing a larger rotor pole arc angle (/) than the
stator pole arc angle (/) creates a dead zone around the aligned position which aids in
providing more time for the flux to nullify after commutation ensuring that no negative
torque is generated (Miller 2002). Also, the field weakening capabilities of the SRM
are significantly affected by the pole arc angles. This is mostly because changes in the
pole arc angles have an impact on the length of the dead zone and the minimum
inductance region of the phase inductance profile. A shorter minimum inductance zone
reduces the scope for advancing the turn-on angle at higher operating speeds, thereby
leading to a drop in the average torque. A 6/4 SRM design with a rotor pole arc angle
of 30.31° was found to have a larger extended constant power range (5.7) than one with
a rotor pole arc angle of 36° (4.7). The stator pole arc angles were set at 30° for both
designs. The design with the stator pole arc angle of 19° and the rotor pole arc angle of
21°in an 8/6 SRM displayed a greater extended constant power range (4.125) than the
design with the stator pole arc angle of 21° and the rotor pole arc angle of 23° (3.2),
respectively (Rahman et al. 2000). The average torque is enhanced by increasing the
yoke thicknesses of the rotor and stator (bry and bsy). It is critical to provide enough

thickness to the yoke sections to prevent magnetic saturation. Further, to strengthen the
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stator's stiffness against the ovalizing force and lower the acoustic noise levels, it is
imperative to maximize the stator yoke thickness (bsy) (Miller 2002). The drawbacks
are a reduction in the slot area and an increase in motor weight (Smaka et al. 2013a).
An SRM needs good concentricity and a constant airgap (lg) to guarantee balanced
phase currents and minimize acoustic noise. Setting the airgap to a low value maximizes
the torque density and average torque (Bienkowski et al. 2004). An enhancement in the
above performance metrics can be attributed to the decrease in airgap reluctance
(Mamede et al. 2019). Although minimizing the amount of airgap is important, the
process employed to manufacture the stator and rotor core limits the least value of
feasible airgap (Miller 2002). Furthermore, a very small airgap value is not appropriate
for EV applications since the drive train assembly is prone to increased mechanical
stress and vibrations depending on the operating circumstances (Bilgin and Emadi
2012).

Figure 2.1 Geometric design variables of the four-phase 8/6 SRM

Table 2.1 Notations of the design variables and their description

Notation Description Unit
S Stator pole arc angle °
S Rotor pole arc angle °
Dsy Stator yoke thickness mm
bry Rotor yoke thickness mm
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hs Stator pole height mm

hr Rotor pole height mm
Ds Stator outer diameter mm
D Stator bore diameter mm
Dr Rotor diameter mm
Dsh Shaft diameter mm
g Air-gap length mm

2.2.5 Number of turns per phase (N)

SRM comprises of concentrated coils that are wound around each stator pole. A phase
winding can be created by connecting these coils in various ways (Bilgin et al. 2019).
The coils consist of several turns wound using hand winding or an automated winding
process (Hughes and Drury 2013). The slot fill factor and current density are dependent
on the number of turns and the available slot area. An increase in the number of turns
per phase reduces the peak and root mean square (RMS) current rating of the inverter
to meet the peak torque requirements below the rated speed. However, because of an
increase in back-EMF, this lowers the SRM's power output at higher operating speeds
(Chiba et al. 2012) (Yu et al. 2016). The voltage equation for an SRM is given as;

Y =iRh+L(¢9,i)ﬂ+iMw
’ dt do

where Rph denotes the phase resistance and V indicates the phase terminal voltage. In

dL(8,i)
do

(2.2)

the above expression, i o corresponds to the back-EMF (&). It is evident that &

is a linear function of speed. Neglecting the resistive voltage drop and on re-arranging,

the above expression can be re-written as;

V—g di

b

L dt

(2.3)

The aforementioned expression suggests that if & is greater than V, % will become

negative, with V being a constant. This restricts the increase in current, thereby
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decreasing the motor's output power. As the number of turns per phase increases, j—;

term also increases (Equation 2.2). Consequently, there is a restriction on the output
power. This decrease in output at higher running speeds can be overcome by employing
the continuous current operation mode which elevates the RMS phase current
(Schofield et al. 2009). Because of increased copper loss from higher RMS current,
SRM operating in continuous current operation mode exhibits decreased efficiency
compared to discontinuous current operation mode (Chiba et al. 2012). As N increases,
the efficiency of the SRM running in continuous current operation mode falls at higher

operating speeds (Chiba et al. 2012).
2.2.6 Excitation control parameters

The excitation control parameters namely the reference current (lref), turn-on (don), and
turn-off angle (Qorr) (also referred to as the commutation angles) have a significant
influence on the electromagnetic performance metrics of an SRM over the entire
operating range. Larger reference currents have been shown to help reduce torque ripple
and increase average torque as well as average torque per RMS current (a measure of
efficiency for low-speed motors) (Xue et al. 2010a). The dwell angle (fon - Horr),
expressed in terms of rotor angular position, is the duration of time that each phase
winding carries current. The control of this dwell angle mainly determines the resultant
torque profile of the SRM drive. A correct choice of commutation angles is essential
since they may be beneficial or detrimental to the aforementioned performance metrics
with varied strengths. Although a set of carefully considered commutation angles might
maximize average torque, they could also minimize average torque per RMS current
and increase torque ripple, or vice-versa (Xue et al. 2010a). When conducting at the
rotor positions where the inductance is flat (near the unaligned and the aligned rotor
position), torque is not produced; instead, the copper loss is increased, which lowers
motor efficiency (Mademlis and Kioskeridis 2003). Further, conduction in the falling
inductance region produces a generating torque (negative torque) which could reduce
the magnitude of the average torque and average torque per RMS current (Jiang et al.

2016). Conduction in the falling inductance region creates a large amount of oscillations
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in the dynamic torque waveform which could deteriorate the torque ripple
(Bhuvaneswari et al. 2008).

2.3 Different Electromagnetic Analysis Techniques for SRMs

An electromagnetic model is necessary for the design and performance analysis of an
SRM (Mousavi-Aghdam et al. 2016). Owing to its doubly salient construction and
operation under magnetic saturation, the flux linkage characteristics have extremely
nonlinear interactions with the rotor angular position and phase current, making the
modeling and analysis of SRMs challenging. Thus, a highly accurate model is necessary
to realize a superior design and make accurate performance predictions. The model is
used to predict several significant electromagnetic performance characteristics
including magnetic flux density, flux linkage, and electromagnetic torque.
Additionally, the model can be used to estimate electromagnetic losses such as iron-
core and copper losses. Furthermore, it can be employed in an optimization procedure
to accomplish several objectives like reducing torque ripple, increasing efficiency, and
minimizing motor weight. Electromagnetic modeling in the context of SRMs has three
main subcategories: analytical modeling, numerical modeling, and magnetic equivalent
circuit (MEC) modeling (Yilmaz and Krein 2008). Depending on the required level of
accuracy and available computation time, the designer needs to choose a suitable
electromagnetic modeling technique.

Most analytical models are built on the basis of Maxwell's equations. In these
models, the partial differential equations are solved analytically to determine the
magnetic scalar potential or the magnetic vector potential inside the SRM (Bianchi
2005). These models ignore the leakage flux, the impact of mutual coupling, and local
saturation. Therefore, these techniques face challenges in approximating complex
geometries, modeling the end-winding inductance, approximating iron-core losses, and
comprehending core saturation thereby reducing its accuracy and practicality.
However, in terms of computing cost, analytical models are less expensive than
numerical models.

Electromagnetic modeling of SRMs uses a variety of numerical techniques,
including the Finite Element Method (FEM), Boundary Element Method (BEM), and
Finite Difference Method (FDM). Owing to its high accuracy, FEM is the most widely

35



used numerical technique (Bianchi 2005). Taking into account the nonlinearity of the
core materials, complexity in motor geometries, and three-dimensional (3D) effects, it
can accurately estimate a variety of electromagnetic characteristics. Further, it is also
useful for accurately predicting machine losses. However, there's a higher
computational cost associated with this technique. It is possible to employ BEM as a
substitute for FEM because it requires less computational time. In BEM, the problem
domain is lowered to 2D from 3D. However, it is challenging to use BEM to solve
electromagnetic fields under saturation, because the coefficient matrices are not fully
populated, or symmetric (Li et al. 2019). Therefore, to model SRMs, BEM and FEM or
BEM and MEC are frequently coupled (Omekanda et al. 1997). For the nonlinear
regions, the magnetic fields are estimated by the FEM or MEC, whereas the linear
regions' magnetic fields are solved by the BEM. Another method for modeling SRMs
is FDM. However, it has problems simulating complex geometries.

The MEC modeling creates an electric circuit model of the SRM geometry to
evaluate the magnetic properties of a system by drawing comparisons between
magnetic and electric circuits (Vahedi and Ganji 2021). Through the magnetic circuit's
solution, the flux distribution inside the machine is determined. The electromagnetic
torque, phase flux coupling, flux density, and magnetic field intensity can then be
ascertained. Depending on how the MEC method is used, it might be classified as either
an analytical or numerical technique. When used in conjunction with other analytical
modeling approaches like Maxwell's equations, it is regarded as an analytical technique.
When considering a magnetic material’s nonlinearity, the MEC model is utilized in
combination with numerical approaches (Watthewaduge et al. 2020). The MEC
technique can be improved to fairly accurately reflect the saturation, leakage flux, and
other electromagnetic losses in comparison to FEM. In comparison to FEM, this
method is faster. Increasing the number of reluctance elements improves the accuracy
of the MEC model (Li et al. 2019). Nevertheless, this makes the model more difficult.
Further, the flux paths within the machine must be specified well in advance of the
modeling process (Krishnan 2001). Furthermore, modeling any SRM design with
intricate geometries is challenging.

Static analysis (constant current analysis) and dynamic analysis are the two
forms of analysis used to assess an SRM's performance. The static and dynamic

36



performance of SRM obtained from these analyses respectively must be carefully
analyzed during the design phase before the lamination profile is finalized for mass
production (Srinivas and Arumugam 2005). The performance of SRMs in both static
and dynamic scenarios can be evaluated using the electromagnetic methods discussed
above. The terminology “static” refers to the state in which the phase current remains
constant during the whole electrical cycle. The initial runs of these static simulations
serve as the foundation for dynamic analysis. The output of this static simulation
includes the flux linkage curves, instantaneous torque profiles, magnetic flux density,
etc (Watthewaduge et al. 2020). 2D electromagnetic static finite element analysis (FEA)
is regarded as the most widely used modeling technique for SRMs out of all of them
owing to its accuracy (Bostanci et al. 2017). Using this, SRMs are designed, analyzed,
and optimized. The initial step in the procedure is to discretize the machine domain into
a finite number of elements for a certain geometry. Then, the material properties are
assigned to the various machine domain segments. After the boundary conditions are
applied, the magnetic vector potential at every element node is calculated using the non-
linear Poisson's equation. From the computed magnetic vector potentials, three
electromagnetic parameters namely the flux linkage, torque, and flux density are then
post-processed (Dawson et al. 1987). While static characteristics can partially reflect
certain SRM performances, these performances are predicted based on the assumption
of a constant current, which is insufficient and not entirely consistent with reality given
that it is typically difficult to maintain a constant current, particularly during the
commutation process. Therefore, static analysis cannot be used to model certain
important aspects such as the field weakening capabilities and iron core loss.

The dynamic analysis is used to estimate the overall performance characteristics
of the SRM. The dynamic simulation considers the SRM's transient behavior,
accounting for elements like excitation control parameters, rotor and load inertia, and
the impact of actual voltage and current waveforms on the motor's operation
(Vijayakumar et al. 2008). It provides information on how the motor responds
dynamically to unexpected changes in load or input parameters as well as during
startup, acceleration, and deceleration. Circuit-coupled transient-finite element
methods and circuit-based simulations are often utilized for transient analysis to capture

the motor's response under changing operating conditions. The procedure of transient
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FEA possesses a higher computational cost since it involves the simultaneous
calculation of the motor's motion equations and the time-varying electromagnetic field
equations (Srinivas and Arumugam 2005). The modern FEM-based software package
makes accurate analysis of SRMs possible because of the significant advancements in
computer technology, including the development of highly efficient, high-speed
processors and improvements in computer memory technology. The transient FEA
simulation yields a steady-state torque waveform, phase current, and voltage
waveforms. Tuning the excitation control parameters using transient FEA simulations
necessitates running these simulations several times, which takes considerable time. On
the other hand, circuit-based simulations use simpler circuit models, which are usually
easier and faster to solve, to simulate the dynamic behavior of the motor. Furthermore,
this methodology accounts for the nonlinearity of the magnetic characteristics within
the simulation (Vijayakumar et al. 2008). In these simulations, a system of differential
circuit equations and the mechanical equations for suitable switching conditions are
solved to estimate the dynamic behavior. Circuit-based simulations for SRMs have
been carried out widely in the MATLAB/Simulink environment due to its flexible
modeling framework, faster simulation development times, and availability of several
libraries. In these simulations, the dynamic characteristics are determined based on the
static characteristics imported in the form of look-up tables (LUTS) (Soares and Branco
2001). Despite being computationally efficient, the circuit-based simulations are not as
accurate as the transient FEA simulations because they do not capture the complex

magnetic interactions more precisely.

2.4 Employment of SRMs for EV applications

The design procedure for an electric traction motor is different from that of industrial
motors. The main distinction between the performance specification and the load
requirement of the traction and industrial motors is outlined below (Mehrdad et al.
2018);

e For short-term acceleration and hill climbing, the maximum torque produced by
the traction motors should be four to five times the rated torque; in contrast, the
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maximum torque produced by the industrial motors is typically double the rated

torque.

e For highway cruising, traction motors must reach four to five times the base

speed. Industrial motors can attain twice the base speed.

e The design of traction motors has to take into account the driving profiles of the
vehicles and the habits of the drivers, whereas industrial motors are typically

built around a standard operating zone.

e Traction motors require elevated power density and high-efficiency maps
(superior efficiency across a wide range of torque and speed duty cycles) to
reduce overall vehicle weight and increase the range per charge, while with
industrial motors, efficiency is usually optimized at a rated operating point.
Further, a trade-off between their power density, efficiency, and cost is
necessary.
It is clear from the aforementioned pointers that traction motors have different
performance requirements than industrial motors. Consequently, when designing an
electric traction motor, a different methodology needs to be adopted. Using previously
released publications as references, the steps involved in designing SRMs are described.

Determining the desired performance specifications and the necessary torque-
speed performance curve is the first step in developing an SRM for an EV application.
According to earlier published research, there are two approaches to accomplish this:
by applying the vehicle dynamics model based on a driving cycle and vehicle
parameters (Lin et al. 2015), or by taking into consideration the torque-speed
performance curve of a different competitive benchmark motor (Kiyota and Chiba
2012). Secondly, the space limits for the traction motor in the EV mostly determine the
stator diameter and stack length (geometrical constraints) of the SRM. The electrical
constraints such as DC-link voltage and the peak RMS phase current are fixed based
on the performance requirement (required peak power at the maximum speed and
maximum torque at the rated speed). Thirdly, the number of phases is chosen by
weighing the SRM drive's cost against the performance required. An electromagnetic
performance comparison was carried out between an outer rotor 16/20 SRM (four-
phase), 20/16 SRM (five-phase), and 24/20 SRM (six-phase) for a target torque-speed
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performance curve to verify the suitability for an EV application. The comparison was
carried out under the condition of similar electrical and geometric constraints, air gap,
and slot fill factor. The four-phase 16/20 SRM was found to be suitable for the EV
application since it provided the best trade-off between electromagnetic performance
and SRM drive cost (Anvari et al. 2016). The pole count on the stator and rotor is
determined in the fourth stage after the number of phases has been established. It is
necessary to choose the pole count taking into account several electromagnetic
performance metrics. A performance comparison of numerous three-phase IW
topologies, including 12/8 SRM, 12/16 SRM, 12/20 SRM, and 12/28 SRM, was
conducted based on overloading capabilities, efficiency, torque ripple, and field
weakening capabilities. The comparison was conducted using identical geometric and
electrical constraints, air gap, and slot fill factor. The 12/16 SRM configuration was
chosen above alternative solutions because it provided the best possible balance
between the aforementioned electromagnetic performance metrics (Howey et al.
2020a). Once the number of phases and pole count have been determined, the fifth stage
entails determining the dimensions of the geometric design variables. Typically, the
power output equation is used to calculate the stator bore diameter (D) (Terzic et al.
2018). The number of turns per phase (N) is adjusted to satisfy the target torque-speed
envelope within the constraints of maximum RMS phase current and battery voltage
(Chiba et al. 2012) (Zayed et al. 2021). The ranges of dimensions of the geometric
design variables are constrained according to the empirical equations provided to
prevent geometrical conflicts between the structures of different motor components
(Anwar et al. 2001). Any alteration to one of these design variables will specifically
affect the performance metrics, with varying degrees of potential benefit and drawback.
Therefore, the dimensions of the geometric design variables are optimized by
employing optimization techniques within the constraints of the slot fill factor and
current density (Uddin et al. 2016).

Owing to its accuracy in predicting electromagnetic characteristics, FEA is the
most commonly used modeling technique to assess the performance of SRMs. 2D
electromagnetic FEA is preferred over 3D electromagnetic FEA due to its faster
computation time. However, in the analysis of SRMs where the effects of end-turns and

axial field fringing are predominant, 3D electromagnetic FEA is employed (Oksiiztepe
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2017a). To perform a preliminary analysis, 2D electromagnetic static FEA is typically
utilized to predict a reasonable approximation of certain performance aspects such as
average torque, torque density, copper loss, torque ripple, and overloading capabilities.
Electromagnetic static FEAs are widely used in the design of IW-SRMs (low-speed
motors) because they provide a good representation of low-speed shaft torque (Xue et
al. 2010b) (Howey et al. 2020a). Nevertheless, electromagnetic static FEA cannot
estimate other important performance aspects like iron core loss and field weakening
capabilities. These aspects can be obtained using circuit-coupled time-stepping 2D
transient FEA. The reference current (lrer), and the commutation angles (excitation
control parameters), for a constant motor speed are inputs to the transient FEA
simulation (Madhavan and Fernandes 2013). Transient FEA simulations are known to
require multiple runs to adjust these excitation parameters at different operating speeds,
which is known to take a significant amount of time. Instead, to hasten this, the steady-
state characteristics of the SRMs is commonly analyzed in the circuit-based
MATLAB/Simulink environment (Sun et al. 2019). Further, for different values of
reference currents, the commutation angles are optimized for the full operating range
to find the best balance between the performance metrics (Jiang et al. 2016). Using the
optimized values of the commutation angles, the iron core loss is estimated using the
transient FEA simulation. The motor efficiency is estimated using the results of the
calculations for the iron core and copper losses.

2.5 Implementation of optimization techniques to optimize the dimensions of the

geometric design variables to enhance the overall performance of SRMs.

Design optimization, a crucial stage in the design process of an SRM is aimed to
improve its overall performance. It has been previously determined that the
electromagnetic performance metrics of an SRM are significantly influenced by the
dimensions of the design variables as they influence the magnetic circuit. Any alteration
to one of these design variables will specifically affect the performance measurements,
with varying degrees of potential benefit and drawback. As a result, estimating the
optimum motor dimensions forms a typical optimization problem. The optimization

techniques can be broadly classified into deterministic and stochastic optimization
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techniques (Rao 2009). Deterministic optimization techniques use the objective
function’s gradient information obtained by a predefined set of guidelines to find the
optimal solution. The Lagrangian approach, sequential quadratic programming, and
interior point method are examples of deterministic optimization techniques
(Abdalmagid et al. 2022). These techniques quickly yield a unique and optimal solution
as compared to the stochastic optimization techniques. However, the determined
solution is not guaranteed to be the global optimal solution for nonconvex functions.
Further, several conditions must be met to apply these techniques effectively: the
objective functions must be continuous and derivable; both the constraints and the
objective functions must be analytically defined; the implementation requires the
Hessians matrix (Sun et al. 2020). On the other hand, stochastic optimization techniques
obtain the optimal solution at random. Some of the popular stochastic optimization
techniques include genetic algorithms, evolutionary algorithms, particle swarm
optimization, etc (Bramerdorfer et al. 2018). Owing to the inherent randomness of these
techniques, the optimal solutions are obtained at varied speeds during successive runs.
They are usually used for non-convex, noisy, or complex optimization scenarios where
deterministic techniques may have trouble covering large search spaces or have the
chance of becoming stuck at the local optima. The choice between stochastic and
deterministic optimisation approaches in real-world applications depends on a number
of factors, such as the problem's nature and the requirements for the quality of the
solution.

SRM design optimization is typically a nonconvex problem with numerous
local solutions. Employing deterministic optimization techniques is not desirable as
these techniques find it difficult to arrive at a global solution. Moreover, the
electromagnetic analysis model for SRMs relies on FEA and there are no analytical
equations within the optimization formulation. Owing to these circumstances,
stochastic optimization techniques are preferable and are being widely employed for
the design optimization of SRMs. In order to maximize the static average torque, a
three-phase 6/4 SRM's stator bore diameter and pole arc angles were optimized using
the genetic algorithm, a stochastic evolutionary method (SEM) (Raminosoa et al. 2010).
The optimization problem formulation included constraints on the current density and

geometrical relations for pole arc angles. A multi-objective optimization of a 4-phase
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8/14 SRM was carried out by employing an SEM namely the genetic algorithm (GA)
with 2D FEA (Smaka et al. 2013b) The study intended to maximize the chosen
electromagnetic performance metrics by optimizing the pole arc angles, and taper
angles. Geometric relations were used to constrain the limits of the pole arc and taper
angles. In these studies, the design optimization was carried out using SEMs in
conjunction with a computationally expensive FEA solver. To reduce the
computational burden of the FEA during the optimization, SEMs were coupled with
surrogate models like the response surface model, kriging model, radial basis function,
etc. A multi-objective design optimization of a three-phase 6/10 SRM was performed
by coupling the particle swarm optimization with 3-order response surface models to
improve the electromagnetic performance metrics (Ma and Qu 2015). The suggested
approach significantly lowers the amount of FEA iterations, which in turn significantly
lowers the time and cost of calculation. In all the above-considered research studies,
the multi-objective optimization was typically handled by a single objective function
by considering the normalized weighted average of the objective functions, which
reduced the flexibility since the optimization algorithm produced only one solution.
Additionally, determining the weights for each design objective is a laborious process.
Rather, it is preferable to have a collection of optimized designs from which a final
design can be chosen. As a result, the designer has a choice of several optimal solutions.
This approximation is termed Pareto-based multi-objective optimization (Tekgun et al.
2022). Oksuztepe demonstrated a Pareto-based multi-objective design optimization
framework for a 3-phase 18/12 in-wheel SRM. The multi-objective design
optimization was implemented by coupling an SEM namely the differential evolution
algorithm with the magnetic equivalent circuit method (static performance) to calculate
the performance metrics. The study intended to maximize the starting torque, torque
per motor lamination volume, and efficiency by optimizing the stator bore diameter,
pole arc angles, and yoke thicknesses (Oksliztepe 2017b). Recently, research studies
have focussed on system-level multi-objective optimization of SRM drive, which
optimizes the SRM’s dynamic performance by taking into consideration both its design
and control variables (Diao et al. 2020). Anvari et al. conducted a Pareto-based multi-
objective system-level optimization of a 16/20 IW-SRM by considering both the design
and the control variables within the optimization formulation. The average torque and
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efficiency increased by 6.78% and 7.2%, respectively, while the torque ripple decreased
by 61.2% when the optimized design was compared to the original design (Anvari et
al. 2017). In a recently published study on the design optimization of SRM, the motor
and the generating modes of operation were taken into consideration when optimizing
the SRM drive (Diao et al. 2021). In all the aforementioned optimization studies
intended to be used for EV applications, the variables of the SRM were only optimized
at the rated/base speed for the defined design objectives. The machines that are
optimized at these points demonstrate an improved performance around these points
only. However, it is well known that the load operating points (LOPS) of a traction
motor are dynamic and widely spread within the torque speed envelope. Considering
the LOPs in the motor design optimization process can improve the machine's
performance comprehensively over the whole torque-speed operating range.
Following this, research on electric motors for EVs in the recent past has
concentrated on the assessment of motor performance and their optimization across a
driving cycle. A permanent-magnet motor (PMM) whose design variables were
optimized over the New European Driving Cycle (NEDC) indicated a greater cycle
efficiency (1.1 % improvement) than the design optimized at the rated point (Lazari et
al. 2014). Compared to the scenario when the design variables were optimized at a
single rated point, the authors reported that integrating the LOPs into the optimization
formulation increased the driving cycle efficiency (Carraro et al. 2016). The first step
in the driving cycle-based design optimization process is typically to use the vehicle
dynamics model to determine the LOPs based on a driving cycle and the vehicle
parameters. Since the FEA solver has a greater computing cost, it is not computationally
efficient to evaluate the performance metrics of each design candidate at every LOP.
Hence, to approximately represent the driving cycle, representative points (RPs) are
formed by clustering. It has been demonstrated that the improvement in electromagnetic
performance metrics (post-optimization) is directly correlated with the number of RPs
taken into account during the optimization process (Salameh et al. 2019). However, this
comes at a higher computing cost as the performance metrics need to be evaluated at
each of these RPs. The best trade-off between computational cost and performance
metrics improvement must be taken into account while determining the suitable number

of RPs. The clusters and, thus, the RPs can be found using a variety of methods, such
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as visual inspection, the arbitrary split method, energy density distribution, and the k-
means algorithm. However, the number of clusters that the visual inspection method
yields based on the user-judgment may not be optimal. Using the arbitrary range split
approach, the LOPs cannot be flexibly clustered according to their distribution density
in the torque-speed plane. The energy density distribution method relies on the user's
evaluation and visual inspection to ascertain the number of obtained clusters.
Conversely, the k-means clustering algorithm employs a systematic approach, with the
resulting clusters being determined by the distribution density of the LOPs. Further,
within the optimization formulation, the optimization weights for each of the design
objectives are determined based on the methodology used to obtain the RPs (Salameh
et al. 2019).

A methodology to carry out the design optimization of a permanent magnet
synchronous motor (PMSM) based on a driving cycle was laid down (Sarigiannidis et
al. 2017). An adaptive differential evolution technique was employed to optimize the
design variables of the two PMM topologies over NEDC. Several representative points
(RPs) were extracted with regard to the fluctuation of the energy in the torque speed
envelope. According to the energy distribution of the points inside a cluster,
optimization weights were computed. At each RP, the design optimization was intended
to improve the electromagnetic performance metrics. A driving cycle-oriented design
optimization of an 18-slot 16-pole spoke-type permanent magnet motor was presented
for an EV application (Fatemi et al. 2018). The representative points (RPs) were
obtained using the k-means clustering algorithm. The study focused on maximizing the
power density and efficiency by optimizing the design variables within the constraints
of torque ripple and excessive demagnetization of the rotor PMs. A driving cycle-based
design optimization study of an outer rotor PMSM was reported for an EV application
(Sun et al. 2020). The four clusters and the corresponding representative points (RPS)
were obtained using the visual inspection method based on the driving conditions. The
study focused on maximizing the chosen electromagnetic performance metrics by
optimizing both the design and control variables within the constraints of minimum
required efficiency, current density, and slot fill factor. The optimization weights were
derived based on the frequency of operating points at the different clusters. The multi-
objective optimization of the PMSM was carried out by using the non-dominated

45



sorting genetic algorithm Il (NSGA Il) in conjunction with the constructed kriging
models to determine the Pareto-optimal solution set. Between the optimized and initial
designs, there was a 34.96% reduction in torque ripple, a 0.1% reduction in efficiency,
and a 7.72% improvement in average torque.

After examining the body of research on driving cycle-based design
optimization for electric traction motors, it is noticed that most studies have mostly
focused on permanent magnet motors (PMMs), and permanent magnet synchronous
motors (PMSMs) in particular. Not much work has been reported in this regard for
SRMs. This is because PMSMs have well-established modeling techniques to assess
their dynamic behavior. FEA in conjunction with the d-q (direct-quadrature) electrical

models has been well integrated within the optimization framework in these studies

2.6 Topological characterization of In-wheel (IW) SRMs for E-2Ws

Using an IW outer rotor motor configuration in an EV facilitates direct coupling to the
wheel rim saving space and eliminating the requirement for a reducer and thereby the
mechanical losses incurred (Xue et al. 2010b). However, because a reducer is not used,
working circumstances and design constraints are more challenging for IW motors.
Additionally, IW motors need to be lightweight since their mass influences the
unsprung mass and, in turn, the ride comfort of the EVs. IW motors should possess a
high torque density (due to limited space inside the wheel hub), high starting torque
(for acceleration at lower speeds), superior efficiency over a vast range of speeds (for
improved driving range), and a low torque ripple (for better ride comfort) (Sun et al.
2020). BLDC traction motors are highly suitable and are being widely employed for
IW-EV applications due to superior torque density and efficiency, both of which are by
virtue of rare earth (Tuncay et al. 2011). However, as compared to BLDC motors,
SRMs have lower torque density, efficiency, and larger torque ripple (within the same
volume constraints) due to high magnetic saturation in the core.

To address these issues among SRMs, several IW-SRM topologies have been
evaluated and proposed to be employed for EVs and E-2Ws in particular. Amongst
these, an 8/6 SRM with fewer number of rotor poles (N:) lesser than the stator poles
(Ns) was proposed to be used in an E-scooter (Singh et al. 2021). It has been reported
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that SRM configurations with N > Ns demonstrate improved efficiency and are highly
suitable for E-2W applications (Vandana et al. 2012). The 6/10 N; >Ns SRM
configuration exhibited higher torque density (due to an increase in the average torque
and a drop in the motor’s overall mass), efficiency (due to an increased slot area) with
reduced torque ripple (due to an increased number of strokes per revolution) in contrast
to the 6/4 SRM (Desai et al. 2010). The 6/10 IW-SRM was adopted for the E-bicycle
application and the merit of the proposed idea was illustrated for the whole torque-
speed range (Lin et al. 2015). Increasing the rotor pole count improves the slot area,
which lowers copper loss and boosts efficiency (Vandana et al. 2012). Though an
increase in N; elevates the iron core loss, its influence on net loss is not pronounced due
to the low-speed nature of the application. However, the Ny >Ns SRM configurations
have reduced peak torque and field weakening abilities due to higher levels of magnetic
saturation and reduction in the saliency ratio respectively. Numerous three-phase IW-
SRM designs, specifically 12/8, 12/16, 12/20, and 12/28, were examined based on peak
torque capacity, efficiency, and torque ripple to ascertain the suitability for the E-bike
under the same geometrical and electrical constraints(Howey et al. 2020a). The 12/28
IW-SRM design demonstrated a higher efficiency than the 12/20, 12/16, and 12/8
designs due to a lower copper loss. Additionally, even though its iron core loss was
greater than that of previous designs, the efficiency remained unaffected. Compared to
the other designs, the 12/28 SRM exhibited reduced torque ripple due to its higher
number of strokes per revolution. However, because of its thinner yoke and narrower
pole, it was more susceptible to magnetic saturation and had a lower peak torque
capacity. A novel configuration of the three-phase 12/8 SRM with segmented rotors
(SRSRM) was published in 2002 (Mecrow et al. 2002). An SRSRM's rotor is made up
of several discrete segmented rotors, each of which is fixed in a nonmagnetic isolator.
On phase excitation, this configuration allows magnetic flux to flow down one stator
tooth, via the two rotor segments, and return through the adjacent stator tooth. The flux
then returns via the portion of the stator core back between the two teeth. As a result of
having double the active airgap area of a conventional SRM, the flux linkage per turn
is almost twice as high, enhancing the machine's magnetic utilization (Mecrow et al.
2004). Additionally, since the rotor's yoke is eliminated, the topology has increased
efficiency (Asgar and Afjei 2016). This lowers the weight of the rotor and shortens the
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magnetic field's flux pathways, which lowers the MMF requirement. Under the same
geometric limitations, the performance of the SRSRM arrangement was compared to a
conventional 12/8 SRM. According to the authors' findings, the proposed SRM
structure showed an average torque of 40% higher than the conventional SRM (Mecrow
et al. 2004). Because of these advantages, a 12/26 SRSRM topology was suggested for
an E-scooter (Nikam et al. 2012). A 12/10 multi-teeth (MT) SRM topology with a high
torque density (Nr < Nm, where, Nm is the total number of MT) was initially proposed in
1995 (Miller 2002). The MT arrangement resulted in a larger flux variation over a
shorter variation period, which led to a higher torque production per electrical cycle.
Though this topology required lesser MMF to produce the desired torque, it was not
further investigated due to a smaller slot area and a high iron core loss, which resulted
in an inferior efficiency. A 6/16 IW-MTSRM (N>Nm) topology with high torque
density was proposed for an EV application (Zhu et al. 2017b). Its performance was
compared with that of conventional 6/8 and 6/10 SRM configurations under
comparable volume constraints, current density, and slot fill factor. As compared to the
6/10 SRM, the proposed configuration showed a greater torque of 29.2%, a specific
torque of 27.981%, and an 86.1% reduction in torque ripple.

Further, in recent studies PMs were incorporated between the adjacent stator
poles in the 48/50 MTSRM topology (Hybrid SRM; HSRM), the addition of which
boosted the torque density and efficiency (Farmahini Farahani et al. 2020). The
principal reasons for the improved performance were the reduction in stator pole
saturation levels and the enhancement of flux density in the air gap rendered by the
PMs. Owing to these benefits, a 48/50 IW-HSRM topology for an E-bicycle application
(Farahani and Mirsalim 2020). The authors used a variety of MTs to analyze various
MTSRM and HSRM topologies to assess their suitability for the proposed application.
Further, a comparison was also presented with their respective PM-less counterparts.
For lower excitation currents, it was observed that an increase in the MTs led to an
increase in average torque. However, because of tooth saturation (caused by decreased
tooth width), their average torque was lower at higher excitation currents. Furthermore,
by adding PMs to the 48/50 SRM topology, the average torque, torque per motor
volume, and efficiency all increased by 65.22%, 65.22%, and 13.44%, respectively.
Though the inclusion of PMs in this topology improved their performance, their total
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cost was up by 17.6%. A unique SRM structure with U-shaped modular rotors was
proposed (Chen and Yan 2018). Utilizing a modular rotor boosted the average torque
and reduced the iron core loss in contrast to the conventional SRM owing to a shorter
flux path.

Among the topologies described above, SRSRM, HSRM and modular SRMs,
apart from being expensive and difficult to manufacture, have a complicated design
thereby sacrificing the simplicity of the traditional SRM structure. Additionally,
including PMs in the SRM produces cogging torque, which deteriorates the motor
performance. Therefore, the MTSRM (with N >Nm) topology is a potential candidate
for IW motor applications as it retains the inherent simplicity and cost-effectiveness

offered by traditional SRM designs.

2.7 Summary of Literature Survey

An SRM’s electromagnetic performance metrics are significantly influenced by the
number of phases, pole count on the stator and the rotor, characteristics of the
lamination material, dimensions of the geometric design variables, number of turns per
phase, and excitation control parameters. SRM configurations with three phases or
more demonstrate both self-starting and bi-directional capabilities. The average torque,
power density, torque ripple reduction, and fault tolerance are all enhanced by
increasing the number of phases. Nevertheless, this makes the drive becoming bulkier
and more expensive. Increasing the pole count on the rotor improves the average torque
and lessens the torque ripple. However, the diminished overload and field weakening
capabilities are of major concern. Moreover, adding rotor poles increases the core loss
and decreases the efficiency for high-speed applications. Key characteristics of the core
material, including saturation flux density, magnetic permeability, and core losses, are
known to have a major impact on an SRM's electromagnetic performance metrics.
Considering both the torque-speed performance requirements and the total cost
constraint for an EV, an appropriate lamination core material should be selected for an
SRM. The magnetic circuit of an SRM is modified when the dimensions of the
geometric design variables are altered. The impact of this may vary in degree and be

either positively or negatively correlated with the performance indicators. Increasing
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the number of turns per phase lowers the peak and RMS current requirement of the
inverter to meet the peak torque requirements at operating speeds below the rated speed
in an EV application. However, the rise in back-EMF reduces the SRM's power output
at higher operating speeds. The choice of commutation angles for a definite reference
current at an operating speed is crucial to attaining the required balance among the
performance metrics.

To achieve a superior design and predict performance with a high degree of
accuracy, a very accurate electromagnetic model of an SRM is required. The developed
model can be used to predict numerous important electromagnetic performance
characteristics, such as electromagnetic torque, magnetic flux density, flux linkage
curves, electromagnetic losses, etc. In the literature, there are three primary
subcategories of electromagnetic modeling related to SRMs: analytical modeling,
numerical modeling, and MEC modeling. The analytical models based on Maxwell's
equations are computationally efficient but provide a less accurate prediction of the
electromagnetic performance. The electromagnetic performance characteristics can be
precisely estimated by using numerical methods like FEM, BEM, and FDM. FEM is
the most extensively used method among these methods as they account for the
nonlinearity of the core material and 3D effects. Nevertheless, this approach has a
significant computational expense. Even though the MEC approach has a lesser
computational cost and reasonable accuracy when compared to FEM, simulating
complex geometries is difficult. Additionally, this approach necessitates establishing
the flow paths well in advance of the modeling procedure. It has been noted from the
literature that the FEM is the most popular approach for creating an SRM's
electromagnetic model. The two types of analysis that are used to evaluate an SRM's
performance are static analysis and dynamic analysis. Electromagnetic static FEA is
mostly used to evaluate the static performance of an SRM. However, the static analysis
cannot be used to predict the field weakening capability and the iron core loss of an
SRM design. The overall performance of an SRM is mostly evaluated using transient
analysis. Predicting the transient performance using transient FEA involves a higher
computational cost since tuning the excitation control parameters requires several
iterations. To overcome this, circuit-based simulations have been carried out widely in
the MATLAB/Simulink environment.
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The peak torque, maximum speed, power density, and efficiency demands of
traction motors are contrasting from industrial motors. Therefore, distinct
considerations must be made when designing electric motors for traction purposes
compared to industrial uses. According to the performed literature survey, SRMs have
been proposed as motor solutions for EVs with both inner rotor and outer rotor
configurations. ldentifying the necessary torque-speed performance curve and
performance parameters is the first step in designing SRM, which is intended for usage
in EV applications. This is accomplished by using the vehicle dynamics model that is
based on the specifications of the vehicle and a driving cycle, or by using the torque-
speed performance curve of an alternative competitive benchmark motor. The stator
outer diameter and stack length (geometrical constraint) along with the DC-link voltage
and the peak RMS phase current (electrical constraint) have been fixed based on the
space limits in the EV and the performance requirements demanded by the EV
respectively. Next, the SRM's design parameters such as the number of phases, the
number of poles on the stator and rotor, the lamination material, the dimension of the
geometric design variables, and the number of turns per phase have been determined
based on the performance criteria mandated by the EV. 2D electromagnetic FEA, owing
to its accuracy, has been mostly employed to finalize the aforementioned design
parameters and evaluate the performance of SRMs. Further, the steady-state
performance has been analyzed using the circuit-based MATLAB/Simulink
environment since it is faster than the transient FEA. Consequently, it has been used to
optimize commutation angles (excitation control parameters) at various operating
speeds.

It has been previously established that altering the dimensions of each of the
geometric design variables of an SRM has a distinct effect on the performance metrics,
with varying degrees of potential benefit and drawback. Therefore, determining the
optimum motor dimensions for a constitutes a multi-objective design optimization
problem. Considering the context of electric motor design optimization, stochastic
optimization techniques are preferred over deterministic techniques because of the
complex and nonlinear nature of the optimization problem. Numerous studies on the
design optimization of SRMs for EV applications have been realized in the literature.

It has been determined by the completed literature review that employing a Pareto-
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based multi-objective design optimization (MODO), combining FEA with surrogate
models, and integrating the excitation control parameters in the motor design
optimization improves the flexibility, computational speed of the optimization process,
and overall performance of the motor drive respectively. Additionally, it has been
proven that a traction motor's performance can be fully enhanced throughout the torque-
speed operating range by taking the load operating points (LOPS) into account (obtained
from a driving cycle) within the motor design optimization formulation process.
Following a review of the literature, it is observed that most studies on driving cycle-
based design optimization for electric traction motors have concentrated on PMSMs.
This is because the dynamic behavior of PMSMs can be evaluated using well-
established modeling techniques. In these investigations, within the optimization
framework, FEA and the d-q (direct-quadrature) electrical models have been well
integrated.

The space constraints inside the wheel hub make it challenging for IW motors
to meet the requirements for superior performance metrics. Also, IW motors must be
lightweight because their mass affects the EVSs' unsprung mass and ride comfort.
Because BLDC traction motors have better torque density and efficiency, they are
extremely appropriate and frequently used for IW-EV applications. On the other hand,
SRMs have poorer torque density, efficiency, and larger torque ripple (all within the
same volume limitations) as compared to the BLDC motors because of their higher
levels of magnetic saturation in the core. Several IW-SRM topologies have been
assessed and suggested for use with EVs and E-2Ws in particular to overcome these
problems among SRMs. N:>Ns SRMs, SRSRMs, MTSRMs, HSRMs, and modular
SRMs are a few of the IW topologies reported in the literature. SRM topology with
N:>Ns shows potential benefits in regard to efficiency and torque ripple as compared to
Ns>Nrand is widely employed for E-2W applications. The aforementioned topologies—
SRSRM, HSRM, and modular SRMs—have complex designs that undermine the
simplicity of the traditional SRM structure in addition to being expensive and difficult
to construct. The MTSRM (with Nr >Np,) topology is an attractive choice for IW motor
applications since it preserves the inherent simplicity and cost of traditional SRM

designs.
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2.8 Motivation and Scope of the Present Work

Design and development of an SRM for an EV application necessitates a thorough
comprehension of design and excitation control parameters, design optimization
techniques, and topology characterization.

The electromagnetic performance metrics of an SRM are influenced by the
dimensions of the geometric design variables. The impact of geometric variables on
performance has been documented in research in the past, but the underlying causes
have mostly gone unexplored. This is an observed gap in the conducted review of the
existing literature.

After examining the body of research on driving cycle-based design
optimization for electric traction motors, it is noticed that most studies have mostly
focused on PMSMs. Not much work has been reported in this regard for SRMs. This is
because PMSMs have well-established modeling techniques to assess their dynamic
behavior. However, due to variations in the working principle, motor construction,
design analysis, and control excitation procedure when compared to PMSMs, distinct
modeling techniques are needed to understand the dynamic behavior of SRMs. A
different methodology incorporating these techniques should be framed accordingly to
accurately carry out a driving cycle-based design optimization for SRMs.

The MTSRM (with Nr >Nm) topology is a potential candidate for IW traction
motor applications as it retains the inherent simplicity, cost-effectiveness, and
robustness offered by traditional SRM designs. However, there is a lack of adequate
literature detailing the design of MTSRM topologies and their electromagnetic
performance. The MTSRM and conventional SRMs have not been subjected to a
thorough electromagnetic performance comparison investigation that covers the
complete torque-speed range for an EV application. Further, the performance of
MTSRMs at higher speeds has not been explored. Most of the research on MTSRM has
been restricted to three-phase machines. Four-phase machines are known to produce
higher average torque, power density, reduced torque ripple, and relatively higher fault
tolerance. Hence, the analysis of four-phase MTSRM is necessary and a valuable

addition to the existing literature.
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To address these aspects, the work being done aims to accomplish the following

specific objectives.

= To investigate the influence of geometrical design variables on the
electromagnetic performance metrics of an SRM and investigate the reasons

responsible for the change in the performance metrics (Objective I).

= To demonstrate a procedure for realizing the multi-objective design

optimization (MODO) of an SRM based on a driving cycle (Objective II).

= To carry out a performance comparison between MTSRM and conventional
SRM topologies for the full torque-speed range within similar geometrical and

electrical constraints (Objective I11).
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Chapter 3 INFLUENCE OF GEOMETRICAL DESIGN
VARIABLES ON SRM PERFORMANCE

3.1 Introduction

A review of the past literature indicated that the electromagnetic performance metrics
of an SRM are significantly influenced by the dimensions of the geometric design
variables. While the effects of geometric variables on the performance of an SRM have
been previously reported, the underlying causes for these influences have largely
remained unexamined. A detailed analysis to study the effect of various important
design variables on the performance of an SRM is essential for its improved design. In
this chapter, the dimensions of the various geometric design variables like the rotor
diameter, stator and rotor pole arc angles, and stator and rotor yoke thickness are
subjected to a change, and their influence on the static characteristics (flux linkage and
static torque) and the electromagnetic performance metrics is investigated (Objective
). The electromagnetic performance metrics such as the average torque and torque
ripple have been evaluated. The outline of the procedure to accomplish this is depicted
in Figure 3.1. In the first step, the SRM designs are generated as per empirical relations
available in the literature. Static torque and flux linkage are obtained using 2D
electromagnetic FEA in the second step. Further, the analytical-based magnetic
equivalent circuit (MEC) model is employed to determine the reluctance of each
segment in the SRM design. In the third step, a correlation between the FEA and MEC
models employed in this study is established initially. Further, the variations in the static
characteristics of the designs due to the changes in the dimensions of the geometric
design variables are analyzed. Significant reluctance segments that have contributed to
the change in the static characteristics have been identified by comparing the flux
densities/flux paths and using the MEC model. Following this, the electromagnetic

performance metrics namely average torque and torque ripple have been evaluated.
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START

SRM design synthesis
e Usage of empirical relations available in the literature to
generate SRM designs

Static analysis of the generated designs
¢ 2D-Finite element analysis (FEA)
e Magnetic Equivalent Circuit (MEC) model
e Calculation of average torque and torque ripple

Results andtiscussions

e Correlation between FEA and MEC model
e Comparison of static torque waveform obtained from FEA
e Comparison of flux densities/flux paths obtained from FEA

e Comparison of reluctances of each segment of the SRM
obtained from MEC model

e Comparison of average torque and torque ripple

Figure 3.1 Outline of the procedure to study the influence of geometrical design
variables on the electromagnetic performance metrics of an SRM

3.2 Theoretical background
3.2.1 Torque output of an SRM

The torque output of an SRM is quantified in terms of the variation in magnetic co-
energy (0W) due to saliency in the design when the rotor traverses to the aligned
position from its unaligned position (Krishnan 2001). The shaded area in the flux
linkage v/s current graph indicates the total magnetic co-energy (6Wm) (Figure 3.2).

The instantaneous torque (Te) (Nm) for a constant phase current (1) (A) is given by the

expression;

T _ow

-y (3.1)

This expression indicates the instantaneous torque is equal to the rate of change of co-

energy with respect to the angular state of the rotor (6).
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Figure 3.2 Flux linkage vs current characteristics

3.2.2 Magnetic Equivalent Circuit (MEC) of an SRM

The MEC model can be effectively used to analyze the variation of instantaneous torque
with the rotor positions based on reluctance variation (Krishnan 2001). The reluctance
of a flux tube in each segment is portrayed in the form of resistance. Magnetic

reluctance (R) (AT/Wb) for any segment in the circuit is given by the expression;

|
R= A (3.2)

where | is the length of the magnetic path, o is the permeability of free space, u is the

relative permeability of the magnetic material and A is the area of the cross-section.

The MEC of a flux path (Figure 3.3a) is depicted in Figure 3.3b. The equivalent

reluctance (Req) of the circuit can be expressed as;

R.,=2[R +R + Rm]+%[RSy +R ] (33)

For any angular position of the rotor, at a constant magnetomotive force (MMF), the

flux established in the circuit is dependent on the equivalent reluctance.
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(a) (b)
Figure 3.3 (a) Flux path (b) MEC for the flux path

The description corresponding to the reluctances of the flux path in each segment of the
SRM has been tabulated (Table 3.1).

Table 3.1 Description of Reluctance

Notation Description
Rsp Reluctance of the stator pole
Ry Reluctance of the airgap
Rrp Reluctance of the rotor pole
Rsy Reluctance of the stator yoke
Rry Reluctance of the rotor yoke

The MMF (AT) required to build the flux in the circuit is expressed as;

MMF = NI = ¢R, (3.4)

where NI (product of the number of turns, N, and phase current, 1) is the MMF and ¢ is
the flux.

3.2.3 B-H characteristics of the core material

The core material used in the present study is M270_35A (Cogent 2023). From Figure
3.4, itis observed that the material offers the least reluctance for operating flux densities
in the linear region due to the higher value of relative permeability. Beyond this, it
exhibits nonlinear characteristics due to magnetic saturation leading to an increased

reluctance owing to a drop in the relative permeability.
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Figure 3.4 B-H curve of M270_35A (Cogent, 2023)
3.3 Methodology

This study intends to investigate the influence of change in the dimensions of the
geometric design variables on the electromagnetic performance of an SRM. 2D-FEA is
carried out to determine the static characteristics. The reluctance in different segments
has been calculated by using the analytical-based MEC model. Based on the results
obtained, electromagnetic performance metrics such as average torque and torque
ripple are calculated. A four-phase 8/6 inner rotor type SRM configuration (Figure 3.5)
is used in this study. The four-phase 8/6 inner rotor SRM was intended to be employed
for an E-2W application. The power train unit for the considered application consists
of the 8/6 inner rotor SRM coupled with a continuously variable transmission (CVT).
This configuration led to the SRM exhibiting characteristics of a low torque, high-speed
machine, with specifications of 9 Nm and 9000 rpm. Due to the high-speed
requirements of the application, it is preferred to select an SRM configuration with
fewer rotor poles. Configurations with a greater number of rotor poles tend to have
increased iron-core losses, which negatively impact the efficiency. The notations of
each design variable with their respective description have been provided in Table 3.2.

Table 3.3 shows the entities that have been predetermined.
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Ds

Figure 3.5 Geometric design variables of an 8/6 SRM

Table 3.2 Description of the geometric design variables

Notation Description
Dr Rotor diameter
hr Rotor pole height
bry Rotor yoke thickness
b Rotor pole arc angle
Bs Stator pole arc angle
Ds Stator outer diameter
D Stator bore diameter
hs Stator pole height

Dsy Stator yoke thickness
g Airgap
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Table 3.3 Predetermined design entities

Motor design variable Value Unit
Number of phases, Npn 4 -
Number of stator poles, Ns 8 -
Number of rotor poles, Nr 6 -
Stator outer diameter, Ds 160 mm
Stack length, L 40 mm
Number of turns per phase, N 16 -
Airgap, lg 0.4 mm
Shaft diameter, Dsn 25 mm
Rated speed 5250  rpm
Maximum speed 9000  rpm
Battery voltage 48 \/
Peak phase current 250 A

3.3.1 Design of SRM

The procedure for the design of SRM follows those outlined in (Miller 1993) (Krishnan
2001) (Bilgin et al. 2019). Based on this, the empirical relations governing each

geometric design variable are enlisted below:

(1) Rotor diameter (Dr): According to (Miller 1993), the ratio of Dy to the Ds is 0.5~0.55.
Based on this, for a fixed Ds of 160 mm, Dy is varied from 80-88 mm with an increment
of 2 mm. Here, S = 22.5°, S = 23.5°, bsy = 0.85axp, and bry = 0.85Wr, where Wsp and

W/, correspond to the stator and rotor pole width respectively.
(ii) Pole arc angles (Ssand £):

(a) Stator pole arc angle ()

04<=—=<05
0 (3.5)
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& is the stator pole pitch (45°). As per the above constraint, S is varied from 18° to 23°
in steps of 1°. Here, Dr = 84mm, f = f+1, bsy = 0.85Wsp and bry = 0.85Wip.

(b) Rotor pole arc angle ()

B
10<2 <12
<3 (3.6)

S

S is varied from 22.5° to 27° in steps of 1.5°. For each trial, f = 22.5°, Dy = 84mm, bsy
= 085Wsp and bry = 085er

(iii) Yoke thicknesses (bsy and bry):
(a) Stator Yoke thickness (bsy)

o, >b, 2050, (3.7)
bsy varies from 11 to 17 mm with an increment of 1Imm. For each trial, fs = 22.5°, S =
23.5°, Dr = 84 mm and by = 0.85W;p .

(b) Rotor Yoke thickness (bry)

b, >0.50, (3.8)
Based on this, byy is increased from 9 to 19 mm with a step size of 2mm. Here, fSs =
22.5°, fr=23.5° Dr= 84 mm and bsy = 0.85Wisp.

It is to be noted that the above-mentioned empirical relationships are based entirely on

considerations of electromagnetic performance.
3.3.2 2D-Finite-element analysis

Using the electromagnetic FEA-based ALTAIR FLUX software (ALTAIR 2023), a 2D
magneto-static simulation is carried out to determine the static characteristics. The
geometry of SRM is modeled using AutoCAD and then exported to the FEA software.

A non-linear B-H curve is assigned for ferromagnetic materials. Following this, a finite
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number of elements are obtained after discretizing the SRM model (Figure 3.6a). A fine
mesh is employed in the core regions which are prone to magnetic saturation (stator
and rotor pole tips) and in the air gap region since the airgap varies with the angular
position of the rotor (Figure 3.6b). In regions away from the airgap, a coarse mesh is
employed. A total of 93982 second-order triangular elements were used in the finite
element model. The mesh in all the regions of the model was created using the same
element type. The quality criteria of the triangular surface elements are based on their
smallest angle (). The quality of the element is classified as excellent if 6> 30°, good
if 5€ (15°,22.5°), average if 5€ (22.5°, 30°), and low if 5€ (0°, 15°) (ALTAIR 2023).
Details of the mesh for one of the simulations conducted have been mentioned in Table
3.4.

(a) (b)

Figure 3.6 (a) FEA model of the SRM (b) Mesh quality in the airgap region
Table 3.4 Mesh details

Description Value
Number of nodes 1,87,897
Number of surface elements 93892
Mesh order 2nd

Number of excellent-quality surface elements  99.92%
Number of good-quality surface elements 0.08%
Number of average-quality surface elements 0.01%
Number of poor-quality surface elements 0%
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The non-linear Poisson’s equation governing the 2D magneto-static field problem in

the X, y coordinates is expressed as (Bianchi 2005);

)2, 39
ax\” ax 8y7/6‘y_z (3.9)

where J; corresponds to the current density comprising the component normal to the

plane (x,y), A; is the magnetic vector potential in the z-axis, and y is the magnetic
reluctivity. The value of magnetic vector potential at the outer circumference of the
SRM (homogenous Dirichlet’s boundary condition) is fixed to zero (A; = 0). Also, the
distribution of the magnetic field in the axial direction of the SRM within the motor is
constant. An excitation current is provided to stator windings. Equation 3.9 is solved to
determine the magnetic vector potential at each node. Electromagnetic quantities
namely torque, flux linkage, and flux density are then post-processed from the
calculated magnetic vector potentials. In this study, the FEA model is solved to
determine the static characteristics for 30 mechanical degrees (unaligned to aligned
rotor position) with the phase being energized with a constant MMF of 4000 AT (N =
16 and | = 250 A). The magnetic flux density plot and the flux paths at the aligned

position obtained from FEA are shown in Figures 3.7a and 3.7b respectively.
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(a)
Figure 3.7 (a) Flux density plot (b) Flux paths at the aligned position

b)

3.3.3 MEC Model

The reluctance in different segments of the motor in both the unaligned (€= 0°) and

aligned positions (6= 30°) is calculated at 250 A using the MEC model (Krishnan
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2001) in MATLAB R2020b. In the present model, seven flux paths have been
considered (Figures 3.8a and 3.8b). For the unaligned position, the process is initiated
by assessing a flux path with an assumption of an elementary value of flux density at
the stator pole (Bsp). Using this, flux densities are evaluated at different segments.

Ampere’s circuital equation is applied and expressed as;

F =NI=XHI (3.10)

where NI is the applied MMF and ZHI is the computed total MMF. The resultant error

ensuing between applied (F1) and calculated MMF (F¢) is given as;

AF=F-F (3.11)

To reduce the error (AF) to a minimum value, Bsp is reconsidered. Based on this, Req iS

calculated (Equation 3.3). Further, the inductance is calculated using equation 3.12.

(3.12)

Similarly, the inductances corresponding to other flux paths are calculated and summed
to obtain the total inductance. The procedure is repeated for the aligned position.

(a) (b)

Figure 3.8 Flux paths at the unaligned position (a) 1-5, (b) 6-7

3.3.4 Performance metrics

Based on the static characteristics obtained, the following electromagnetic performance

metrics have been calculated:;
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(i) Average torque (Taverage): The average torque for one revolution is calculated using
the expression (Miller 1993);

N
= oW (3.13)

average 2 m
T

In this study, since Npn and Ny are both constant, Taverage IS @ function of the magnetic
co-energy (0Wm).

(ii) Torque ripple (Trip): The torque ripple is calculated using the expression (Sheth and
Rajagopal 2003):

Ty =" (3.14)
——
Tmax, Taverage, aNd Tmin are the maximum, average, and minimum torques respectively
corresponding to the best 15° in the static torque characteristics. While considering the
static torque profile for an 8/6 SRM design, of the 30 mechanical degrees, a single phase
is theoretically energized for only 15 mechanical degrees. Hence, these best 15
mechanical degrees around the Tmax ought to be approximately constant to maximize

Taverage and thereby minimize Trip.
3.4 Results and Discussions

A correlation between FEA and MEC models was established following which the
static torque characteristics for a given change in the design variable were obtained
using FEA. The resulting differences due to the change in the dimensions of
geometrical design variables are explained by investigating the reluctances in each
segment of the motor. Subsequently, the electromagnetic performance metrics are

calculated.
3.4.1 Correlation between FEA and MEC model

The correctness of the developed model is depicted by comparing the inductance values
at the unaligned and aligned rotor positions for one of the designs. The results are
tabulated in Table 3.5. A good correlation was found to exist between FEA and the

MEC model with an error of about 4%.
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Table 3.5 Inductance (mH) comparison

6 (°) FEA MEC % error
0 0.0313 0.0326 4.15
30 0.0807 0.0832 3.09

3.4.2 Influence of geometric design variables on the performance indicators

(i) Rotor diameter (Dy)

With an increase in Dy, the instantaneous torque (Figure 3.9a) was found to increase.
The difference in torques was more enhanced at and above 7° (i.e. at the start of overlap
between the stator and rotor pole corners). This is evident from the co-energy plots of
the two extremities of 80 and 88 mm (Dy) at 250A (Figures 3.9b and 3.9c). At and
above 7°, the dominance of Rgdecreases due to its reduced mean path length and total
flux path reluctance constitutes a larger segment of core material (Bilgin et al. 2019).
Hence, this scenario necessitates an analysis of Rsp which was subject to variation
corresponding to a change in Dr. For instance, Rsp at 14° was compared to understand
the variation of co-energy between 7°-30°. The operating flux densities for the 88 mm
design were found to be lower than those for 80 mm (Figures 3.9d and 3.9e) in the stator
pole signifying an increased relative permeability (Figure 3.4). This in conjunction with
a shorter length (due to reduced stator pole height) and a higher cross-sectional area (/s
= 22.5° in both cases) of the flux path in the stator pole cumulatively decreases Rsp
(Equation 3.2) and thereby Req. The above findings are also corroborated by results
obtained with the MEC model (Table 3.6, &= 30°). This augments the available MMF
to drive the flux across the airgap thus increasing the rate of co-energy. Hence, the
improvement in the instantaneous torque is mainly dictated by Rsp whose influence is
pronounced between the start and full overlap condition. This caused the co-energy of
the 88mm design to be higher than the 80mm design.

Following this, the performance metrics have been calculated. The increase in
Dy resulted in an increase in the average torque (Figure 3.9f) due to a higher co-energy
which has been detailed in the previous paragraph. Similar findings were also reported
in the literature (Jiang et al. 2017). With an increase in rotor Dy, the torque ripple slightly

decreases, which is primarily due to less magnetic saturation in the stator pole for
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designs with higher Dy. Due to this, designs with higher values of D had utilizable 15
mechanical degrees that were broader, which decreased the torque ripple compared to

designs with lower values of D.
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Figure 3.9 Influence of change in Dy; (a) Static torque profile, (b) and (c) Co-energy
comparison between 80 and 88 mm designs (d) and (e) Flux density comparison (f)
Average torque and torque ripple

Table 3.6 Reluctance variation with the change in Dy

00 D Ry Rep Ry Rep Rry Req
(mm) (AT/Wb) (AT/Wb) (AT/Wb) (AT/Wh) (AT/Wh) (AT/Wh)
80 2900 1900 3921000 500 700 7847000
0 88 3200 1800 4181000 600 800 8371000
o 8 40600 921000 551200 40600 2400 3048000

88 41000 788000 536000 42000 2400 2754000
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(ii) Pole arc angles
(a) Stator pole arc angle (5s)
SRM designs with enlarged S has ameliorated instantaneous torque for rotor positions
below 15° (Figure 3.10a). This contrast is apparent in the 18° and 23° fs designs from
their flux linkage characteristics (Figures 3.10b and 3.10c). The unaligned flux linkage
at 250 A was higher in the 23° £ design in comparison to the former mainly due to a
lower value of Rq (Table 3.7). This can be attributed to the reduced length and increased
cross-sectional area of the flux path in the air gap caused by the decrease in angular
clearance between the rotor and stator pole corners (Mamede et al. 2019). An instance
of this is evident from flux linkage distributions at the 8° rotor position obtained from
FEA (Figures 3.10d and 3.10e). This phenomenon led to a sharp rise in the static torque,
causing an increase in the length of the torque production zone which is noticeable from
the static torque profiles of designs with higher g (Figure 3.10a).

This behavior caused an enhancement in the average torque (also observed in
the co-energy plots, Figure 3.10b, and 3.10c) and a considerable reduction in the torque
ripple (Figure 3.10f) which can be ascribed to the best utilizable 15 mechanical degrees

during commutation approximating the maximum torque value in the static torque

graph.
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Figure 3.10 Influence of change in fs; (a) Static torque profile, (b) and (c) Co-energy
comparison between 18 and 23° designs (d) and (e) Flux paths at 8° rotor position (f)
Average torque and torque ripple

Table 3.7 Reluctance variation with the change in S

0 B Rsy Rsp Rg Rrp Rry Reg
©) () (ATWb) (ATWb) (AT/Wb) (AT/Wh) (AT/Wb) (AT/Wh)
18 4300 2700 5306000 800 1000 10620000
° 23 2700 1800 3899000 500 800 7806000
18 51900 1150000 704500 51900 2600 3849000
R 45100 833000 535000 47100 2500 2855000

(b) Rotor pole arc angle (5)

With enlargement in the £, the static torque profiles show quick rise and fall (Figure
3.11a). This behavior can be appreciated from the co-energy plots for designs with S
equalling 22.5° and 27°(Figures 3.11b and 3.11c). The design with 27° £ had a higher
flux linkage between the rotor position of 0° and 10° than the 22.5° £ which was vice-
versa between 10° and 30°. The former is due to the difference in Rq (due to reduced
angular clearance between rotor and stator pole corners) between the designs which is
evident from the flux distributions at the 5° rotor position (Figures 3.11d and 3.11e).
Unaligned flux linkage of the 27° design was higher due to decreased Req Which in effect
is due to a lower value of Rg (Table 3.8). Also, its flux linkage for the aligned position
was higher owing to lower Req which is marginally contributed by a lower value of Rp.

Following this, with an increase in £, the average torque marginally increased
up to 24° and decreased thereafter (Figure 3.11f) which was mainly influenced by the
reduction in saliency caused by an enhancement of the unaligned flux linkage. From the
static torque profiles, it is observed that the 15 mechanical degrees around the maximum
torque point to be utilized during commutation is nearly a constant between all the SRM
designs with varied f. Hence any change in S has minimal influence on the torque

ripple which can also be deciphered from the graph (Figure 3.11f).
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Table 3.8 Reluctance variation with the change in S

0 B Rsy Rsp Rg Rrp Rry Req
©) °) (AT/Wb) (AT/Wb) (AT/Wb) (AT/Wb) (AT/Wb) (AT/Whb)
22.5 2900 1800 4135000 500 700 8278000
° 27 2600 1700 3543000 400 700 7093000
22.5 31900 854000 564000 43200 2400 2923000
%0 27 32000 855000 552000 15000 1400 2886000
(iii) Yoke thicknesses

(a) Stator yoke thickness (bsy)

Static torque characteristics with different bsy have been plotted in Figure 3.12a. The
instantaneous torques at and below 14° were nearly the same for all the designs. Beyond
14°, designs with higher bsy showcased increased instantaneous torques in contrast to
those with lower bsy which can also be demarcated in the co-energy plots (Figures 3.12b
and 3.12c). Designs with 17 mm bsy displayed lower operating flux densities (reduced

magnetic saturation) than those with 11 mm at 21° rotor position in the stator yoke
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segment (Figures 3.12d and 3.12e) indicating an increased relative permeability. Also,
the former possesses a shorter length and a higher cross-sectional flux path area in the
yoke section which collectively decreased Rsy (Equation 3.2) and thereby Req. The results
obtained from the MEC model validated the above findings (Table 3.9). This resulted in
increased instantaneous torque above 14° for 17 mm in comparison to the 11 mm bsy
design.

Based on this, it was noted that enlarging the bsy enhanced the average torque
output (Figure 3.12f). Consequently, the designs with higher bsy due to decreased Rsy (as
explained above) caused the utilizable 15 mechanical degrees in the static torque profile
to be as flat as possible near the maximum torque point which resulted in decreased
torque ripple. This was in contrast to the designs with lower bsy which displayed higher

torque ripple due to increased magnetic saturation in the stator yoke (Figure 3.12f).
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Table 3.9 Reluctance variation with the change in bsy

0 Dby Ry Rsp Rg Rrp Rry Req

©) (mm) (AT/Wb) (AT/Wb) (AT/Wb) (AT/Wb) (AT/Wb) (AT/Wh)
11 3600 2000 4045000 500 700 8098000

0 17 2400 1700 4241000 600 700 8487000

11 49900 796000 653300 37500 2900 2999000
17 24700 781000 649000 38000 2800 2947000

30

(b) Rotor yoke thickness (bry)

An increase in byy increases the instantaneous torques above the 19° rotor position
(Figure 3.13a). However, this improvement is marginal and not significant. This is
evident from co-energy plots for bry with 11 and 19 mm (Figures 3.13b and 3.13c). For
a given fixed Dy, increase in rotor yoke thickness shortens the height of the rotor pole.
This causes a dilution in the flux density from the rotor pole to the yoke (Figures 3.13d
and 3.13e, bry = 9 mm and 19 mm at 21° rotor position) reducing the reluctance of the
segments Ryp and Rryand causing an improvement in the instantaneous torques. These
observations are also corroborated by the results obtained from the MEC model (Table
3.10).

Also, with the increase in by up to 17 mm the average torque was found to
increase followed by a drop (Figure 3.13f). For designs with by greater than 17 mm, the
increase in unaligned flux linkage impacted the saliency remarkably causing a
decrement in average torque. Designs with varied bry, showed minimal effect on the
torque ripple since the static torque profiles showed only a marginal change with varied
bry (Figure 3.13f).
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Figure 3.13 Influence of change in byy; (a) Static torque profile, (b) and (c) Co-energy
comparison between 9 and 19 mm designs (d) and (e) Flux density comparison (f)
Average torque and torque ripple.

Table 3.10 Reluctance variation with the change in byy

) bry Rsy Rsp Ry Rrp Rry Req
(°) (mm)  (AT/Wb) (AT/Wb) (AT/Wb) (AT/Wb) (AT/Wb) (AT/Wb)
0 9 3100 1900 4151000 700 1100 8308000
19 2500 1700 4012000 400 500 8029000
9 42000 855000 565500 46700 3000 2958000
% 19 41200 855000 565700 44800 1000 2946000
3.5 Summary

In this chapter, a comprehensive parametric study focussed on analyzing the influence
of the dimensions of geometric design variables on the performance of an SRM was
carried out. The empirical relationships available in the literature were used to generate
the SRM designs. Using 2D electromagnetic FEA, the static characteristics of each
design, such as static torque and flux linkage were generated. Key reluctance segments
contributing to the change in the static characteristics have been determined by
comparing the flux densities and by using the MEC model. The veracity of the
developed MEC model has been verified by correlating their results with FEA. Various
geometric design variables like the rotor diameter, stator and rotor pole arc angles, and
stator and rotor yoke thickness have been analyzed based on changes in static

characteristics. Electromagnetic performance metrics namely the average torque and
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torque ripple were calculated. The major findings and significant conclusions of this

chapter are detailed in Section 6.2 under Chapter 6.
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Chapter 4 DRIVING CYCLE-BASED DESIGN OPTIMIZATION
OF AN SRM

4.1 Introduction

Design optimization is an essential step in an SRM's design process that improves its
overall performance. The literature survey in Chapter 2 revealed that in order to
increase their performance comprehensively, the LOPs (obtained from a driving cycle)
have to be included in the design optimization process. A novel procedure for
implementing the multi-objective design optimization (MODO) of an SRM based on a

driving cycle is described in this chapter (Objective 11).

The flowchart of the proposed optimization strategy is depicted in Figure 4.1.
In the first step, the LOPs and the target torque-speed envelope for the SRM are
estimated based on the driving cycle and vehicle parameters using the vehicle dynamics
model. To simplify the optimization process, a k - means clustering algorithm is
employed to divide the LOPs into a finite number of representative points (RPs) in the
second step. In the third step, the number of phases, pole count on the stator and rotor,
and an initial design of the inner rotor type SRM are determined using empirical
formulae available in the literature. In the fourth step, MODO is performed to obtain
the Pareto-optimal set. An optimal design that provides the best balance between the
design objectives is chosen from the Pareto-optimal set and the dimensions of design
variables are used to build a prototype. In the fifth step, the static along with the
dynamic performance of the prototype SRM is evaluated. The SRM prototype and the
experimental setup for evaluating the static and dynamic performance has been
developed in-house. The experimental results of the prototype SRM are compared with

those of FEA simulations.
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Investigated electric vehicle (EV) application and estimation
of motor specifications

e Parameters of the EV - Total mass, rolling resistance,
Coefficient of drag, etc

e Usage of the vehicle dynamics model to calculate the load
operating points and desired torque-speed envelope

Determination of repretentative points (RPs)
e k-means clustering
e Calculation of energy weights

SRM initial design
e Selection of number of phases and pole combination
e Determination of initial geometry
Multi-objective design optimization (MODO) |
Performance evaluation of the selected design candidate
¢ Experimental static and dynamic performance evaluation of the
optimal prototype SRM model and its comparison with FEA

( sToP )

Figure 4.1 Outline of the MODO of an SRM based on a driving cycle

4.2 Investigated EV application and estimation of motor specifications

The EV under investigation in this study is an E-rickshaw (a three-wheeled vehicle),
with the ability to ply in suburban environments with a power output of ~2 kW and a
maximum speed of around 25 km/h. The E-rickshaw is a popular choice of paratransit
in metropolitan India owing to its cost-effectiveness and flexibility. A review of the
Indian E-rickshaw market reveals that inner rotor-type BLDC motors dominate the
sales of electric traction motors in this category (Tsuyo 2023) (RetroEV 2023)
(Ecomotors 2023). Table 4.1 summarizes the performance specifications of a few
popular inner rotor-type BLDC machines used in Indian E-rickshaws with a power
output of ~ 2 kW. Furthermore, these machines are integrated with a gearbox and a
differential to transfer power to the wheels.
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Table 4.1 Performance comparison between commercial E-rickshaw BLDC motors
and the prototype machine

Mechanical )
Manufacturer / Torque power Maximum Speed
Product user (Nm) output (rpm)
(kW)
Tsuyo (Tsuyo 2023) 24 1.96 2850
Mahindra Treo Yaari 29 1.95 2700"
(RetroEV 2023)
Eco motors (Eco - 2.2 3000
motors 2023)
Prototype SRM 22 2 3000
(Present)

*Estimated from references

In the present work, the LOPs and required motor performance specifications have been
determined based on a driving cycle and vehicle parameters by using the vehicle
dynamics model (Ehsani et al. 2018). Figure 4.2 illustrates the schematic of an E-
rickshaw and the forces of the vehicle dynamics model. The parameters of the E-
rickshaw are enlisted in Table 4.2. The driving cycle established in a Tier Il city in India
by the Council of Scientific and Industrial Research - Indian Institute of Petroleum
(CSIR-IIP), India (Figure. 4.3(a)) for an E-rickshaw has been employed (Pathak et al.
2017). A driving cycle often depicts a vehicle's driving characteristics over time and
accurately elucidates the actual operating conditions of the vehicle. The driving cycle
in Figure 4.3(a) represents driving conditions in a Tier Il city in India. It depicts an
18.75-minute, 4.31-kilometer trip with 1.95 stops per km, an average speed of 13.79
km/h, and a top speed of 28.43 km/h. Using Equation 4.1, the motor torque is calculated
based on the traction force F, which is obtained by adding the inertia force Fj, rolling
force Fr, drag force Fw and climbing force Fy (Ehsani et al. 2018).
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F =ma

]

F. =fmgcosa

F- % C.AV (4.1)
F =mgsina

F=F+F +F +F

In the above equations, m represents the total mass of the E-rickshaw, a is the vehicle
acceleration, g is the acceleration due to gravity, fr denotes the rolling resistance
coefficient, « indicates the gradient of the road, p is the density of air, As specifies the
frontal area, Cq signifies the air drag coefficient and v represents the velocity of the E-
rickshaw. It is important to mention that the vehicle dynamics model is conducted on a
flat route. With the specified wheel radius (r) and differential gear ratio, the motor speed
is calculated using the velocity (v) of the E-rickshaw. The regenerative area is not

considered in this analysis since the machine is intended for a motoring application.

Figure 4.2 Forces acting on an E-rickshaw

Table 4.2 Parameters of the E-rickshaw (RetroEV 2023) (Sreejith and Rajagopal
2017)

Parameter Value

Mass (kerb load / pay load) oo (276/312) kg

(m)
Rolling resistance (fr) 0.015
Drag coefficient (Cq) 0.5
Frontal area (Ar) 2.09 m?
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Density of air (p) 1.25 kg/m?®

Acceleration due to gravity

@ 9.81 m/s?

Wheel radius (r) 0.2475 m
Differential gear ratio 10:1
Efficiency of differential 0.98

Figure 4.3(b) depicts the distribution of operating points along the motor's torque speed
range for the investigated driving cycle. The idealized target peak torque profile is
shown, assuming a hyperbolic variation above the base speed to create an idealized
constant power range. It can be noted that the performance requirements of the SRM
thus obtained are similar to BLDC motors used to power some of the popular E-
rickshaws in the Indian E-rickshaw market (Table 4.1). Further, from Figure 4.3(b), it
can be observed that the LOPs are dispersed across the torque-speed envelope, with the
focus being the high-speed, low-torque region. This unduly emphasizes the significance
of locating the motor's best efficiency zone in this region.
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Figure 4.3 (a) CSIR-IIP driving cycle speed profile (Pathak et al. 2017) (b) Operating
points of the E-rickshaw obtained from CSIR-1IR driving cycle

Based on the analysis, Table 4.3 summarises the design targets along with constraints
for the inner rotor type SRM design. The designed SRM ought to, at the very least,
achieve the peak average torque-speed envelope. Owing to hill climbing and
unexpected overload situations during driving, and inaccuracies in motor
manufacturing and assembly, it must be ensured that the peak average torque produced
by the motor is adequately greater than the target torque (Ehsani et al. 2018) (Diao et
al. 2022). In the present study, a current restriction (~20A RMS) is imposed by the
asymmetric half-bridge (AHB) inverter (SEMIKRON - 08470082AA) which is used to
drive the SRM. For SRMs, the ratio between the RMS current and peak current lies in
the range of 0.3~0.75 (Howey et al. 2020) (Jiang et al. 2017). Considering a value of
0.57 in the present case, the rated peak phase current is accordingly set to 35 A. The
DC-link voltage is fixed to 144V. The stator outer diameter (Ds) and the stack length
(L) in the present study are fixed to 160 mm and 190 mm respectively based on the
space limitations. Because of the constraints imposed by manufacturing, the SRM's air-
gap length (lg) is fixed to the lowest possible value of 0.4 mm. Consequently,
considering all the above-mentioned limitations, the maximum torque of the designed
SRM for the E-rickshaw must exceed 22 Nm at the base speed of 868 rpm and 6.36 Nm

at the maximum speed of 3000 rpm respectively.
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Table 4.3 Target performance specifications and design restrictions for the SRM

Parameter Value
Maximum torque >22 Nm
Peak power 2 kW
Maximum motor speed 3000 rpm
Base speed 868 rpm
Stator outer diameter (Ds) 160 mm
Stack length (L) 190 mm
DC-link voltage (V) 144V
Peak phase current (lpeak) 3BA
Peak RMS phase current (Irms_lim) ~20 A
Air-gap length (lg) 0.4 mm
Shaft diameter (Dsnh) 22 mm

4.3 Implementation of the k-means algorithm to determine the representative
points (RPs)

Ideally, in an electric traction motor design optimization process that considers a
driving cycle, the performance of each design candidate at each of the operating points
(indicated in Figure 4.3b) needs to be evaluated. However, this approach is not
computationally effective owing to the complications of the executed FEA-based
design optimization algorithm. Alternatively, torque-speed data points can be split into
various clusters based on the location and density of the operating points by employing
data mining techniques like the k-means clustering algorithm (Fatemi et al. 2018). The
k-means clustering algorithm has been selected in the current study over other methods
since it uses a systematic approach and the number of final clusters obtained using this
method is dependent on the distribution density of the LOPs (Salameh et al. 2019).
More information about the different methods used to obtain the clusters and

corresponding RPs, along with an evaluation of their advantages and disadvantages,
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can be found in Section 2.4 of Chapter 2. The k-means clustering algorithm is an
unsupervised machine learning algorithm employed for clustering the data points into
'k' number of clusters (Selim and Ismail 1984). It has several advantages, including
flexibility (ability to work with different types of data), simplicity (as it is based on
simple mathematical ideas), fast convergence, high efficiency in clustering big data
sets, and ease of implementation (Salameh et al. 2019). Owing to these benefits, k-
means clustering is widely used in segmentation and recommendation engines, health
care, fault detection and diagnosis of rotating machines, power system analysis, etc
(Nandapala and Jayasena 2020) (Ravuvar et al. 2020) (Wang et al. 2020) (Green et al.
2014). This method is categorized under partitional clustering, where each cluster
consists of a centroid. As per the equation given below, the algorithm seeks to minimize
the total intra-cluster variance or the within-cluster sum of squares (J) defined for n data

points and k clusters:

J=1%
j=li=l

(1) 2
X" —c |l (4.2)

where, || x” —c, |I* is the distance between the centroid c; of cluster j, and the data point

X . The primary indicators of good clustering are low intra-cluster variance and high

inter-cluster variation (Salameh et al. 2019). The tightness of the representative points
within a cluster is denoted by the intra-cluster variance, while the distance between
clusters is indicated by the inter-cluster variation. Both these indicators are dependent
on the choice of k. To assist the user in selecting the k, methods like the elbow approach
and silhouette analysis have been widely followed (Fatemi et al. 2018) (Mahmood et
al. 2023). The elbow approach is used to estimate the intra-cluster variation of
clustering using the J v/s k curve. As per this approach, the appropriate value of k is
indicated at the point where the curve forms an elbow. Silhouette analysis can be used
to assess both the inter-cluster and intra-cluster variance (Salameh et al. 2019). A high
average silhouette width calculated from the silhouette analysis indicates the goodness
of clustering. The average silhouette width value falls between -1 and 1. An average
silhouette width of 1 indicates that data points are relatively compact within the cluster
to which it belongs and separated from adjacent clusters. The necessary formulas and

84



the steps involved in calculating the average silhouette width are described in
(Mahmood et al. 2023).

Using the k-means algorithm described above, the operating points within the
torque-speed envelope obtained in Subsection 4.3 are grouped into a finite number of
clusters, thereby yielding the RPs (Fig. 4.4). Each RP, which is the centroid of a cluster
is associated with a value of torque and speed respectively (Table 4.4). From the elbow
approach, the appropriate number of clusters has been determined to be four as seen in
Fig. 4.5a. An elbow is formed at k = 4 as there was no significant variation in J for k >
4. Additionally, the findings of the silhouette analysis (Fig. 4.5b) corroborated with the
elbow analysis and showed that four clusters were appropriate since the average

silhouette width was found to be at its maximum for k = 4.
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Figure 4.4 Determination of representative points (RPs) using k-means algorithm
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Figure 4.5 Selection of the appropriate number of clusters (a) Elbow approach (b)
Silhouette analysis

Using the torque output and speed values depicted in Fig. 4.3b, the absolute
value of the energy spread over the full torque-speed envelope is determined from the
product of the torque, speed along with the time spent at every load operating point.
The ratio of the total energy consumed across all points in each cluster to the total
energy consumed across all clusters can be used to calculate the energy weights (W)
for the RPs. This is expressed as (Salameh et al. 2019);

STTE (4.3)

where, E;is the energy distribution of the points within the cluster and E; is the total
energy distribution of the points in all the clusters. The RPs along with their computed
energy weights (WEg,) are enlisted (Table 4.4).

Table 4.4 Representative points (RPs) and Energy weights

Energy
Speed Torque .
RP (ki) . _ weight
(@) (rpm) (T (Nm) " 5
1 947.45 10.66 0.1611
2 161.26 2.11 0.0135
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3 1340.26 2.81 0.1544
4 2405.41 2.93 0.671

4.4 SRM initial design
4.4.1 Selection of number of phases (Npn) and stator/rotor pole (Ns/Nr) combination

The number of phases (Npn) is known to have a substantial impact on the performance
and cost of the SRM drive system (Miller 1993). It has been demonstrated that four-
phase SRMs have an enhanced average torque, torque density, and lower torque ripple
as compared to the three-phase SRM (Krishnan 2001). However, the number of
converter phase units, drivers, voltage, and current sensors required for four-phase is
higher which raises the cost. After weighing the trade-offs between all the criteria,

performance is chosen over cost and the number of phases is fixed to four.

To limit the iron core loss to a minimum value, a four-phase configuration with
the least stator pole count (Ns = 8) is selected. The rotor pole count (Ny) is set to 6 based
on Miller's equation (Miller 1993), Nr = Ns -2, thereby resulting in an 8/6 SRM
configuration. Though increasing N further may reduce the torque ripple, their
efficiencies for high-speed applications are lower owing to an elevated iron core loss
(Krishnan 2001).

4.4.2 Initial sizing

Within the spatial and electrical constraints, it is proposed to develop a 2 kW four-phase
inner rotor type 8/6 SRM that can satisfy the on-road operational requirements of an E-
rickshaw. Figure 4.6 shows the design variables of the 8/6 SRM. Initially, using the
output power equation provided below (Krishnan 2001), the stator bore diameter (D) is

calculated.
Pout = kekd k1KZBsA5D2Lnn (44)

where Poyt represents the output power; ke and kq are the efficiency and the duty cycle
respectively (initially, both are fixed to 1); ki= 7?/120; k; is a variable, whose value is

dependent on the ratio of the unaligned and aligned inductance; Bs specifies the
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saturation flux density (2T); nn is the base speed; As represents the specific electric

loading which is expressed as;

2NI
A — peakq

=== (45)

where N signifies the number of turns per phase, Ipeak indicates the limit of the chopping
current and q denotes the number of phases conducting concurrently (considered as 1).
Considering the motor to be naturally cooled, the value of Asis set to 25000 A/m. An
initial value of N has been estimated by using Equation (4.5). Based on the empirical
relations given in (Miller 1993), the initial values of the pole arc angles and pole
heights, have been chosen. The procedure of initial designing is iterative and is
accomplished using ALTAIR FLUX electromagnetic FEA (ALTAIR 2023). The initial
dimensions of the design variables are enlisted (Table 4.5). Each SRM phase in the 8/6
topology under consideration comprises two coils wound on the two diametrically
opposed poles of the stator, and these coils are connected in series. M270_35A has been

chosen as the core material for the stator and rotor (Cogent 2023).

Dy

Figure 4.6 Design variables of the four-phase 8/6 SRM
Table 4.5 Initial SRM dimensions

Design variable Value

Stator bore diameter (D) (mm) 83.01
Stator pole arc angle (5s) (°) 19.09
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Rotor pole arc angle (5) (°) 21.68
Stator slot depth (hs) (mm) 26.96
Rotor slot depth (hr) (mm) 10.94

Further, the value of N has been refined to satisfy the target torque-speed
envelope within the set electrical constraints. The procedure put forth using the SRM
drive mode (Bilgin et al. 2019) is used to achieve this. The static characteristics of the
initial design with a varied number of turns per phase (N=60-66) are obtained using
electromagnetic static FEA. These characteristics (i.e. static torque and flux linkage),
as lookup tables (LUTSs) are then provided as an input into the SRM drive model to
determine the optimized commutation angles (6on and Gosf). The optimized Gon and Host
are obtained using a search algorithm-based single objective optimization intended to
maximize the average torque at various speeds within the Iims iim. The static and
dynamic results are shown in Figure 4.7. For operating speeds lesser than the base
speed, it is noted that with the increase in N, the dynamic torque also improves (owing
to an increase in the MMF which is also indicated in Figure 4.7a). Beyond the basic
speed, these trends, however, reverse because of an increased effective back-emf
(Figure 4.7b) (Chiba et al. 2012). The number of turns per phase is fixed to 66, as the
motor displayed an optimum behavior i.e., high average torque and power below and
above the base speed respectively.
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Figure 4.7 Influence of the number of turns per phase on the (a) Static torque and (b)
Dynamic torque

Subsequently, the phase voltage (Vm) with N = 66 is calculated (Krishnan 2001) using

Equation 4.6 to ascertain that the calculated value is lower than the dc-link voltage
(144V).

T
V =-——nk DLNB 4.6
m 60 n "2 ( )

4.5 Multi-objective design optimization (MODO)

The different steps of the developed MODO process are outlined in the flowchart
(Figure 4.8). Each step has been detailed in the following sub-sections.

90



START

Identification of design objectives and design variables

v

Generation of design candidates based on LHD

v

Calculation of performance metrics using SRM dynamic drive
model and transient 2D FEA

v

Construction of kriging models

'

Multi-objective optimization using NSGA 11

v

Correlation analysis

v

Choice of final design and its performance analysis

v

Verification of kriging models

Figure 4.8 Flowchart of the Multi-objective design optimization (MODO)

4.5.1 Identification of design objectives

The choice of the appropriate performance metrics to be utilized in the formulation of
the optimization model should be based on the application demands of the EV.
According to a literature review on traction motors for E-rickshaws, high starting
torque, torque density, and improved efficiency are the performance metrics to be
prioritized for a successful deployment (Vaidehi et al. 2020) (Arun et al. 2021). A high
starting torque is needed to guarantee that the large torque magnitude working points
at lower operating speeds are met. E-rickshaws are intended to transport people,
occasionally goods. In practical situations, the motors could experience temporary
overload circumstances owing to an unexpected acceleration, hill climbing, or towing
extra weight. Hence, to ensure that the motor can manage these transient loads, a high
starting torque is essential (Vaidehi et al. 2020). Another crucial optimization target to
be considered is torque density, whose maximization simultaneously increases the
torque and/or reduces motor mass. In the current study, LOPs obtained from the driving

cycle are taken into consideration while calculating electromagnetic losses. The
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electromagnetic losses are estimated as total weighted losses by considering the sum of
the copper and iron core losses as well as the energy weights assigned to each of the
RPs (Fatemi et al. 2018). Therefore, maximizing the average torque (Tavg) during
starting (i.e. at the base speed), maximizing the torque density (Tm), and minimizing the
total weighted losses (Pw) over the drive cycle are chosen as the design objectives in

the formulation of the optimization model for the SRM.

4.5.2 Design Variables for Optimization

The SRM, as depicted in Figure 4.6, comprises many design variables, and each one
affects the performance metrics. The design variables such as the stator diameter (Ds),
stack length (L), and air gap (lg) had been fixed for the chosen application considering
the geometrical and manufacturing constraints specified in Section 4.3. The remaining
design variables such as the stator bore diameter (D), stator pole arc angle (/5%), rotor
pole arc angle (4), stator pole depth (hs), and rotor pole depth (hr) are the design
variables considered for optimization. These variables are known to have a significant
influence on the performance metrics as established previously in Chapter 2 and
Chapter 3 respectively. The ranges of each of these five chosen variables are
constrained according to the empirical equations provided by (Miller 1993) (Xue et al.
2010b) to prevent geometrical conflicts between the structures of different motor

components and increase the optimization efficiency (Table 4.6).

Table 4.6 Design variables and their ranges for optimization

Design variables Range
Stator bore diameter (D/mm) 80 -92
Stator pole arc angle (5/°) 17-225
1 3 <12
Rotor pole arc angle (5/°) < g
D D
Stator slot depth (hs/mm) h = 25 5 b,
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where, b =(0.7 ~ 1)@, and

o, =Dsin [%j is the stator

pole width
o2 Dy
2 2 7

where, b, = (0.7 ~1.2)®_and
Rotor slot depth (h/mm)

o, =D, Sin(%j is the rotor

pole width

4.5.3 Generation of design candidates based on LHD and the evaluation of their
performance metrics

A Latin hypercube design (LHD) sampling method (a type of DoE) (Ma and Qu 2015)
owing to its flexibility and effective space-filling properties was used to obtain the
design candidates. The number of turns per phase (N), as established previously in
Section 4.4, was fixed at 66 for each design candidate. The methodology used to
compute the performance metrics for each design candidate is described in this section
and depicted in Figure 4.9. In this study, the performance metrics are evaluated based
on their dynamic characteristics by giving due importance to fon and forr. It is known
that tuning them using transient FEA simulations necessitates carrying out these
simulations several times, which takes considerable time. Instead, to hasten the process,
a computationally efficient SRM drive model (Jiang et al. 2017) (Bilgin et al. 2019) is
developed in MATLAB/Simulink. The SRM drive model is developed based on the
hysteresis current control (HCC) strategy detailed (Rashid 2011). Unlike the commonly
used traditional models based on closed-loop speed control with HCC, the SRM drive
model does not require a speed controller. This eliminates the complexities associated
with the adjustment of the tuning parameters. According to LHD, the periodic FEA
models in ALTAIR FLUX are established. The static characteristics (static torque and
flux linkage) were determined using the electromagnetic static FEA. These
characteristics in the form of lookup tables (LUTS) are fed into the dynamic SRM drive

model to assess the performance metrics. The coupling between ALTAIR FLUX and
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MATLAB/Simulink is automated using Python scripting. The number of parallel
strands is maximized for each design candidate (with N = 66) to achieve a slot fill factor
(sf) of 0.6 (Howey et al. 2020) and the corresponding phase resistance (Rpn) is
calculated.

START

/o Input the design candidate /é

o Perform 2D electromagnetic static FEA to generate torque and flux
look-up tables

o Determination of average torque (7av) at the base speed using SRM
dynamic drive model

Calculation of
Tavg and T m

I e Calculation of torque density (7m)

/ ® Read the load RP (ki) é

v

o Using the SRM drive model, determine the combinations of Ire, Gon
and 6orr producing the required torque and speed at the RPs.

v

® Select the combination of /s, Bovand Gorr resulting in the lowest
value of L

Calculation of Py

o Output the set of combination of I e, Gon, Gorr with minimum s
for all the load RPs

'

 Calculation of copper loss (Pcu)
 Calculation of iron coreloss (Pionkss.i) using transient 2D FEA
e Weighted loss (Pw) calculation

|

STOP

Figure 4.9 Flowchart indicating the calculation of the performance metrics of the
design candidates

The maximum average torque (Tavg) Of each design candidate at the base speed (lpeak =
35 A and 868 rpm) is computed based on the optimized commutation angles. A search
algorithm-based single objective optimization to maximize the average torque is
implemented in the SRM drive model to obtain the optimized commutation angles (Xue
et al. 2010a). Accordingly, Tavg is calculated using the following expression (Jiang et
al. 2017);
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1 02
T =——|T(0)déo 4.7
"=a-gT® (4.7)
where T (6) is the torque profile over the rotor position and (61 — ) is equivalent to an
electrical cycle. During the optimization of commutation angles, the RMS phase current

(Irms) is limited to 20 A and is one of the constraints (non-linear) considered.
Irms S Irmsﬁlim (48)

The boundaries of the commutation angles (linear constraint) are listed below (Jiang et
al. 2017);

__@_

1 -1[e, N,, .o
<

“1 16, | | 360l (4.9

N

ph

where, | is constant governing the higher limit of the dwell and is limited to 1.33 in this
work. As per this equation, the minimum dwell angle is set to 90 electrical degrees such
that there is an overlap between the phase torques of the adjacent phases during
commutation. Further, the maximum value of dwell is fixed to 120 electrical degrees.
This ensures that, within this defined maximum dwell and for the determined values of
Hon and Horr, there is no current flowing in a phase in the decreasing inductance region.
Both of these conditions are essential for reducing torque ripple and ensuring that the
SRM operates smoothly (Miller 1993). Further, constraining the value of | to 1.33
ensures consistency in the calculation of the performance metrics of each of the design
candidates. The design candidates that do not produce the required Tayg at the base and
the maximum speed are excluded from the study.

The torque density (Tm) of each design candidate is calculated by considering the ratio

of average torque to total mass (Ma and Qu 2015), which is expressed as;

Tavg
T =—"— (4.10)
m. +m

Steel Cu
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where, Tayg is the average torque calculated previously and msteer and mey are the mass

of the steel core and copper of each design candidate respectively.

For the calculation of the weighted loss (Pw) of each design candidate, the
associated electromagnetic losses need to be evaluated at the RPs. This necessitates the
careful determination of the excitation control parameters, namely the reference current
(Iref), Bon and Borr that produce the required torque and speed value at each RP (Table
4.4). This is achieved by implementing a search algorithm in the SRM drive model. lims
constraint and boundaries of the commutation angles are defined by utilizing Equations
(4.8) and (4.9) respectively. The combination of Irf, Gon and Gorr that produced the
desired torque and speed values at each RP with the least Iims is determined. Based on
this, the copper loss (Pcu,i) at each load RP is calculated using the expression (Howey
et al. 2020);

P =N IR (4.11)

Cu,i ph rms ph

Iron core losses (Pironcoreloss;i) at each RP are computed by using the transient
FEA (ALTAIR 2023) based on the obtained excitation control parameters. In the
transient FEA, an AHB converter is used to supply currents to the phases and these

currents are controlled through HCC.

The total weighted loss (Pw) per output power for each design candidate, using the
estimated values of Pironcoreloss,i @nd Pcy,i is calculated as (Fatemi et al. 2018);

(P. +P_ YW
PW — Z Cu,i ironcoreloss,i E,i (4.12)
| (Tw)

where, Weiand @ is the energy weight and the rotor speed at the i load RP respectively
(enlisted in Table 4.4).

4.5.4 Construction of Kriging models

As an alternative to FEMSs given their high computing cost, the Kriging model is used
to comprehensively and quickly ascertain the variation in trends between the
optimization objectives and design variables (Diao et al. 2020). As compared to the
response surface model and radial basis functions, the Kriging model is more effective

at modeling local nonlinearities since it considers both the mean trend and variations of
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the responses. They have been extensively employed in the modeling of
electromagnetic devices (Diao et al. 2020) (Diao et al. 2021) . For the provided n sample
points [X1, Xo, ..., xn] and their corresponding responses [y(X1), Y(X2), ..., y(xn)], the
response y(x) of the kriging model for an input x is given by the equation;

y) = F(X)" B+2(X) (4.13)

where, f(x) indicates the approximation model which is mostly assumed a polynomial
and is in the form f(x) = [f1(x),..., fq(X)]", where q corresponds to the dimension of the
polynomial. g is the model parameter vector to be estimated. It is assumed that z(x) is
a vector with zero mean, variance of o2 along with a covariance matrix covij which can

be expressed as;
cov, = o’R[R(x, x,)] (4.14)

where R corresponds to the correlation matrix and R denotes the user-specified
correlation function. In the current study, the performance metrics Tavg, Tm, and Pw have
been determined for 600 design candidates produced by LHD to construct the Kriging
models.

4.5.5 Multi-objective optimization using NSGA |1

In most design scenarios, there is a conflict between the objectives in multi-objective
optimization (Ma and Qu 2015). An improvement in one objective may lead to a decline
in the other objectives. The Pareto front serves as an invaluable resource for decision-
makers, offering a range of solutions that cater to various trade-offs between competing
objectives. Numerous optimization techniques, including the multi-objective
differential evolution algorithm (Oksliztepe 2017), NSGA, and their improved version
NSGA Il (Diao et al. 2020), have been used to solve multi-objective optimization
problems. NSGA-II stands as a cornerstone in the domain of multi-objective
optimization, providing a robust and efficient framework for solving complex problems
characterized by conflicting objectives (Deb et al. 2002). The selection process in
NSGA-II is crucial, as it involves ranking the candidate solutions based on non-
dominance and diversity within each front. Crowding distance sorting measures the

solution density within the Pareto front, favoring diversity by assigning higher distances
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to less densely clustered solutions. Solutions for the next iteration are chosen to be both
elite in terms of fitness and diverse to ensure that the resulting set of parent solutions
for the next generation represents a well-distributed approximation of the Pareto front.
This process effectively explores and exploits the trade-offs between multiple
conflicting objectives in an optimization problem. Owing to these advantages, NSGA

Il is used as the optimization method in this study.

The multi-objective optimization model has been developed as follows;

f.(-T,)
Min:d f,(-T.) (4.15)
f,(R.)

J_ <6A/mm’
Subjectto:y sf <06 (4.16)
Iy

where the current density, denoted by Je, is the ratio of the RMS value of the current
waveform over the bare copper area. The upper bound of the selected current density
restricts the SRM's working temperature for a specific cooling type. In the present
study, under the conditions of natural air cooling, Jc is restricted to less than 6A/mm?
(Diao et al. 2020). The ratio of wire area to slot area is termed the wire slot fill factor
(sf). Their maximum value is chosen based on practical considerations like the wire's
cross-sectional shape and manufacturability (Bilgin et al. 2019). Given that the winding
is being carried out using an automatic universal stator coil winding machine with round
conductors, the maximum sf is limited to 0.6 (Howey et al. 2020) (Bilgin et al. 2019).
Further, it is preferred to maintain the S larger than the fs because it increases the
aligned flux linkage and hence the average torque output of the SRM (Miller 1993).
However, the increase in average torque is only effective up to the value of £, at which
the saliency ratio is high (Jiang et al. 2017) (Howey et al. 2020). Also, providing a
larger 5 than the /% creates a dead zone around the aligned position which aids in
providing more time for the flux to nullify after commutation ensuring that no negative
torque is generated (Krishnan 2001). Designs that fail to deliver the desired torque (22

Nm) within the electrical constraints are consequently penalized. It should be noted
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that the objectives that need to be maximized are negated because maximizing an
objective f equals minimizing -f. Using a population size of 125, the NSGA 1l algorithm
was run for 250 generations. The machine response within the NSGA Il algorithm in
the task of searching the optimal designs was predicted using the previously constructed
Kriging models for each performance metric. The parameters used in the NSGA 1l

optimization model are listed in Table 4.7.

Table 4.7 NSGA 1l Optimization model parameters

Parameter Value
Population size 125
Number of iterations 250
Percentage crossover 0.7
Mutation rate 0.02
Mutation step size 1
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Figure 4.10 Pareto-optimal set obtained from NSGA I
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The Pareto-optimal set obtained from the multi-objective optimization for the three
objectives is shown in Figure 4.10, and it can be deciphered that the convergence and
diversity are better in the spatial distribution. Each design from this solution set is
optimum because of which, a preferred design can be chosen from the optimal solution
set. According to the Pareto-optimal set, the average torque, torque density, and
weighted loss range between 23.33 and 27.52 Nm, 1.09 and 1.28 Nm/kg, and 0.088 and
0.103 respectively. A comparison of the motor performances has been drawn between
the initial and the three optimized designs D1, D2, and D3 (indicated in Figure 4.10) to
demonstrate the effectiveness of the proposed MODO process. Table 4.8 displays the
dimensions of the design variables and performance metrics for the initial and the three
optimized designs. Torque ripple (Tripple) calculated from their respective dynamic
torque waveforms for each design at the base speed is also enlisted. The torque ripple
was calculated using Equation 4.17 where Tmax and Tmin correspond to the maximum
and minimum torque values respectively in the dynamic torque waveform.
Tome = T’“”T_ L (4.17)

avg

Among the four design cases, it can be discerned that the initial design exhibits

an inferior performance compared to others.

Table 4.8 Design variables and Performance metrics of the initial and the optimized

designs
Parameter Initial design D1 D2 D3

Stator bor(‘indr;a)meter (0 83.01 8240 8853 9154
Stator pole arc angle (%) (°) 19.09 19.23 19.35 21.38
Rotor pole arc angle (5) (°) 21.68 20.11 20.13 22.12
Stator slot depth (hs) (mm) 26.96 26.36 23.11 20.88
Rotor slot depth (hr) (mm) 10.94 1414 1541 183
Maxmzf]‘g] (ijlrr;er':]tz)densny 451 447 522 596
Average torque (Tavg) (Nm) 22.98 2333 2558 27.52
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Torque density (Tm)

(Nm/kg) 1.07 1.09 1.20 1.29
Total weighted loss (Pw) 0.099 0.088 0.094 0.103
Torque ripple (Trippe) (at the 39.62 3821 3214 3012

base speed) (%)

4.5.6 Correlation analysis between the design variables and the performance
metrics

To decipher the correlations linking the design variables and the performance metrics,
Pearson coefficient correlations are determined for the Pareto-optimal set. Pearson

coefficient correlation is expressed as (Fatemi et al. 2018);

_ Cov(X,Y)

Pxy Tﬁy (4.18)
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Figure 4.11 Pearson’s correlation coefficient of the design variables
where X and Y represent the variables between which Pearson's correlation coefficient
is determined. Cov and ¢ denote the covariance and standard deviation, respectively.
Figure 4.11 shows the estimated Pearson's coefficients for the objective functions. The
results indicated that design variables related to the stator core had a stronger correlation
with the performance metrics as compared to the rotor core design variables. It can be
noted that an increase in D, fsand reduction in hs enhanced the Tayg. An increase in D
causes an increase in the lever arm that extends from the motor’s center to the airgap.

Increasing fs leads to a greater overlap region between the stator pole and the
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corresponding rotor pole. Further, a reduction in hsreduces the reluctance of the stator
pole owing to a shorter stator pole height. These observations corroborate the findings
reported in (Jiang et al. 2017) (Mamede et al. 2019). Moreover, a detailed study
investigating the influence of these geometric design variables on the average torque
has been described in Chapter 3. The improvement in torque density with the rise in D,
S and fall in hs followed a similar trend. Also, any change in the stator design variables
was shown to significantly impact Pw. A decrease in hs and an increase in D and fs
decreased the slot area. Decreasing the slot area reduces the space for parallel strands,
resulting in an elevated copper loss (Howey et al. 2020). It is well-known that among
conventional SRMs, the stator core experiences more iron core loss than the rotor core
due to the larger flux reversals in the stator core (Krishnan 2001). Therefore, it is
evident that the changes in the stator design variables account for the major variations
in the Pw. The contrasting correlations between the performance metrics and design
variables interpreted from the above analysis also underline the significance of
performing MODO to achieve the optimal design with the required trade-off.

4.5.7 Choice of final design and its performance analysis

The design D2 was chosen from the Pareto-optimal set, as it offered an optimum
balance between average torque, torque density, total weighted loss and torque ripple
(Table 4.8). The Tayg and Tm of the design D2 have been improved by 11.31% and
12.15% respectively, while the P is 5.1% lower in comparison to the initial design. At
the base speed, the torque ripple for this design was 32.14%. By optimizing the
commutation angles and the dwell, the torque ripple can be minimized further.
Additionally, torque-sharing functions can be employed at lower speeds to reduce the
torque ripple (Xue et al. 2010). However, this is beyond the scope of the present work.

Table 4.9 Excitation control parameters and the average output torque of the optimal
design D2 at the RPs

Oon

Operating  lref (elec Oorr (elec. Irms Average
point (A) deg). deg.) (A)  torque (Nm)
RP1 23 54 144 10.72 10.79
RP 2 9 60 150 451 2.13
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RP 3 10 54 144 4.89 2.84
RP 4 11 36 132 5.47 3.07

Table 4.9 indicates the control excitation parameters for the selected design D2
at the four RPs determined by emulating the procedure outlined in sub-section 4.5.3.
The corresponding average torque that was obtained from transient FEA is also
indicated. It can be noted that the design D2 for the computed control excitation
parameters satisfies the desired torque and speed requirement at each RP. Further, the
correlation between the transient FEA and the SRM drive model used in the present
work is validated by comparing the dynamic torque waveforms for the design D2
corresponding to all the RPs (Figure 4.12). It is discernible that the instantaneous torque

values exhibit a good agreement.
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Figure 4.12 Comparison of dynamic torque waveforms obtained from FEA and SRM
drive model at (a) RP1 (b) RP2 (c) RP3 and (d)RP4

Further, the analysis of the motor performance across the whole speed range for
the design D2 has been accomplished from the perspective of torque-speed
characteristics. Optimized values of fon and Horr Over the entire speed range are
determined from the SRM drive model by formulating a search algorithm-based single

objective optimization to maximize the average torque (Xue et al. 2010). The reference
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phase currents are swept between 1 and 35 A, while speeds are swept between 1 and
3000 rpm. Emphasis is placed on maximizing the average torque to prioritize the
torque-producing capability of the motor. The respective reference phase current (A)
and speed (rpm) instances are mentioned below;

Reference phase current = [35 30 25 20 15 105 1]

Speed=|1 200 400 600 800 867 1200 1500 2000 2500 3000]

Equations (4.8) and (4.9) depict the constraints that are applied during the
optimization process. Figure 4.13 illustrates the optimized Gon and éorr LUTS for the
design D2 over the full torque speed range. Here, O electrical degree refers to the
unaligned position of the rotor pole with respect to the stator pole. About this reference

point, the don and Horr have been specified.
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Figure 4.13 (a) Optimized Turn-ON angles LUT (b) Optimized Turn-OFF angles
LUT

Figure 4.14 shows the torque-speed characteristics for the design D2 for different values
of the reference phase currents. It can be observed that, within the constraints listed in
Table 4.3, the chosen design satisfied the torque-speed envelope demanded by the E-

rickshaw.
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Figure 4.14 Torque-speed characteristics of the design D2

Additionally, the analysis of the motor performance across the whole speed
range for the design D2 has been accomplished from the perspective of motor
efficiency. The power loss analysis of the AHB converter, its efficiency, and
consequently the overall system efficiency, are not taken into account in this study. The
commutation angles obtained for various values of phase currents at different operating
speeds determined previously are fed into the transient 2D FEA to determine the iron
core loss (Pironcoreloss). Correspondingly, the copper loss (Pcu) is computed using
Equation 4.11. Following this, the efficiency (7) at each operating point is calculated

using the expression;

P
n=——>>>—x100 (4.19)
where, Poyt denotes the output shaft power. The loss component (Pioss) includes both
the copper (Pcu) and iron core (Pironcoreloss) 10Sses expressed as;

P

loss

= PCu + Pironcoreloss (420)

Figure 4.15 shows the motor efficiency map for the design D2. The high-efficiency
region (= 90%) roughly ranges from 1500 to 3000 rpm across the full torque range, and
it can be noted that most of the LOPs depicted in Figure 4.3(b) lie in this region.
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Figure 4.15 Motor efficiency map

Before prototyping the optimized design D2, fillets were added to the bottom of
the stator and rotor poles to lessen magnetic saturation at the junction of the poles and
the yoke and to increase the average torque. In addition, the inclusion of fillets at these
locations reduces the effects of mechanical stress concentration (Miller 1993). Figure
4.16 depicts the ready-to-prototype design's magnetic flux distribution at the base point.
It can be observed that the SRM works close to the knee point in this working condition.
Further, the stator and the rotor yokes are not in deep saturation; an imperative
consideration in the design of SRM (Mamede et al. 2019). The maximum flux densities

were observed at the tips of the poles.
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Figure 4.16 Flux density map of the optimized design at the base point
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4.5.8 Verification of the Kriging Model

It is vital to corroborate the veracity of the Kriging model to guarantee the
optimization's effectiveness. For this, the Pareto-optimal set's designs D1, D2, and D3
have been chosen. The results obtained from the FEA of these designs and the Kriging
model are compared to ascertain the accuracy of the approximation model. The values
of the three optimization objectives are enlisted (Table 4.10). As shown, the maximum
errors of Tavyg, Tm, and Py for the three optimal designs are only 0.88%, 1.58%, and

2.83%, respectively. This verifies the accuracy of the constructed Kriging models.

Table 4.10 Comparison between FEM and Kriging model results

Performance

. D1 D2 D3
metric

FEA Krig. FEA Krig. FEA Kirig.

Tag(Nm)  23.181 23.335 25.364 25.588 27.661 27.518
Tm(Nm/kg) 1.078 1.094 1.188 1.200 1.26 1.28

Pw 0.090 0.088 0.096 0.094 0.106 0.103
Tavg €rror 0.67 % 0.88 % 0.52 %
Tmerror 1.48 % 1.01 % 1.58 %
Pwerror 2.22 % 2.08 % 2.83 %

4.6 Prototyping

A prototype of the optimum design D2 has been manufactured to experimentally verify
the preceding simulation results. The drawings pertaining to the stator and rotor core of
the optimal design D2 are shown in Figure 4.17. The exploded view of the SRM
assembly is shown in Figure 4.18. The different assembled views of the SRM assembly
are shown in Figure 4.19. The drawings pertaining to each of the child parts are shown
in Appendix I. The purpose, material used, and manufacturing technique of each part
are enlisted (Table 4.11). Figure 4.20 shows the prototyped primary components of the
SRM prototype. M270_35A is the lamination material for the core. Figure 4.20a and
Figure 4.20b depict the stator with the phase coil and the rotor assembly respectively.
The winding is carried out with 2 parallel strands of SWG 17 resulting in a Rpn of 0.1902
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Q and sf of 0.55. Figure 4.20d depicts a four infrared (IR) sensor array and associated
PCB for rotor position estimation. The PCB is mounted on the rear cover of the motor
and is made to sense the position of the target plate, a miniature geometric shape
resembling the rotor. The target plate is attached to the motor shaft. The sensor module
consists of four optical reflective IR sensors spaced 20 degrees apart to detect the
reflection of infrared beams from the rotor poles. Each sensor's output is assigned one
of two digital values: 0 or 1, depending on the analog output of the sensor and a
threshold. As the rotor rotates, the sensors generate a series of digital outputs i.e. logical
lows (“0”) and highs (“1”). The output of each sensor is translated into a 4-bit binary
code for a given state. Further, the binary representation is converted to its
corresponding decimal equivalent. Based on this, a sensor state map is created by
mapping the rotor position with respect to the sensor output. The controller then
examines the sensor state map and phase excitation sequence based on the desired
rotation of the direction of the motor to apply the appropriate phase commutation
sequence. The photograph of the assembled prototype SRM mounted on the fixture is
shown in Figure 4.20e.

1

(a) s b 2>

> \ R7

150

22

160

Figure 4.17 Drawings for fabrication (a) Stator and (b) Rotor core
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Figure 4.18 Exploded view of SRM components

Figure 4.19 Views of the assembled SRM model (a) Isometric view (front) (b) Right
side view (c) Isometric view (Rear)
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Table 4.11 Different parts of the motor assembly, their purpose, material used, and
manufacturing process employed.

Manufacturing

Part name Purpose Material process/ Heat
treatment
eTO facilitate motor
assembly and ensure the Aluminium Casting and
Front cover  safety of the motor. 2
7075 machining
e To protect the motor from
dust, water, chemicals etc
e A shaft is used to support
the different structures of Machining, oil
Shaft the machine and transmit EN-24 steel guenching and
torque and speed to the Hardening
external load.
Machining, oil
Stud oa'ls';)emzlljpport ihe motor EN-24 steel quenching, and
y Hardening
e Insulators are wused to
prevent contact between the
lamination steel and the
Insulator winding. Nylon PA 6 Injection moulding
¢ Acts as slot wedges to keep
the windings intact and
prevent from slipping.
e The stator is the stationary
part of the motor assembly. M270_35A Laser cutting,
Stator e Windings are  non-oriented stacking, and
accommodated in the stator  electrical steel riveting
poles.
. . M270_35A Laser cutting,
Rotor ';Qﬁé%‘gtgt:;g;%ﬁ'ng part non-oriented stacking, and
Y- electrical steel riveting
eToO facilitate motor
assembly and ensure the
safety of the motor.
e To protect the motor from Aluminium Casting and
Rear cover dust, water, chemicals etc 7075 machining
e To facilitate mounting of
the IR sensor module for
rotor position sensing
e A target plate mounted on L
Eggt the motor shaft is used for Alu6n(1)|6n1|um Machining

rotor position sensing
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_._sensors

Bearing Insulator Stud

Figure 4.20 (a) Stator core with the phase windings (b) Rotor assembly (c) Basic
components of the motor assembly (d) IR sensor array with target plate (e) Prototype
SRM mounted on the fixture (top view)

4.7 Experimental validation
4.7.1 Static Performance Validation
Using the DC excitation method (Song et al. 2015), the flux linkage characteristics of

the SRM prototype are experimentally determined. The schematic and photograph of
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the experimental setup for this are depicted in Figure 4.21a and Figure 4.21b
respectively. A mechanical locking system is used to clamp the rotor at various angular
instances between the unaligned and the aligned positions, and a DC power source
(Aplab 3260 regulated dc power supply) is used to inject a current pulse into one of the
phases at various amplitudes. A stepper motor (KOLLMORGEN make) which is
mechanically connected to the SRM shaft is used to incorporate the parking of the rotor
at evenly spaced angular instances between the unaligned and aligned state. The
accuracy of this procedure is ensured by measuring the angular position of the rotor
using an absolute rotary encoder (with 2500 ppr) installed on the stepper motor shaft
and connected to NI-9401 DAQ. Phase resistance (Rpn) is accurately measured using
the voltmeter-ampere method since any error in the measurement of the phase
resistance impacts the flux linkage (Song et al. 2015) (Reddy et al. 2022). The rising
current and the corresponding phase voltage (Figure 4.22a and Figure 4.22b) are
measured using a current probe (Tektronix A622) connected to the NI-9215 and NI-
9227 voltage DAQs, respectively, for each angular position of the rotor (6) and the
respective phase current. The flux linkage () is computed using Equation 4.21. The

numerical integration of this equation is performed using Simpson’s 1/3 rule.

t
w(0,1) = (j)(\/ —iR,); 0 is fixed (4.22)
(a)
Switch Current probe (connected to
NI- 9215 DAQ)
o_
.
o &
+ =
DC Supply (—) i é 'g ]/ Phase voltage measurement
32V ~E using NI - 9225 DAQ
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1. Mechanical rotor locking system, 2. Prototype SRM, 3. Stepper motor, 4. Absolute encoder, S. Personal
computer, 6. DC power supply, 7. Current probe, 8. NI Chassis and DAQ, 9. Stepper motor driver

Figure 4.21 (a) Schematic and (b) Photograph of the experimental setup for
determining the static performance of the SRM prototype

where V denotes the instantaneous voltage measured across the phase winding, ti
indicates the instantaneous time at which the phase current's magnitude reaches the
value i. A comparison between the static FEA simulated and measured y at various
@ for different values of i is shown in Figure 4.22c. The measured w near the aligned
position for higher values of i are lesser than that of FEA values. This could be because
of manufacturing and assembly deviations of the prototype motor. Moreover, the
leakage and the end-winding flux are not accounted for in the FEA model. However,
the maximum percentage error of the FEA compared to the measured y is less than

6.51%, which confirms the veracity of the FEA model employed in this study.
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Figure 4.22 Measured phase current and voltage at (a) Unaligned (b) Partially aligned
position and (c) Comparison between FEA and measured flux linkages.

4.7.2 Dynamic performance validation

Figure 4.23(a) depicts the experimental setup developed for assessing the dynamic
performances of the SRM prototype. An eddy-current dynamometer, torque transducer
(HBM T22), and the SRM prototype are mounted on the test bed and connected by two
couplings. An AHB inverter (SEMIKRON make) is used to drive the SRM (Figure
4.23b). According to the closed-loop HCC method (with hard chopping) (Rashid 2011)
implemented in the WAVECT WCU300 controller (WAVECT 2023), the inverter
regulates the phase currents of the SRM to follow the desired waveforms. Figure 4.24
depicts the control diagram of the closed-loop HCC scheme. Based on various sensor
states obtained by processing the outputs of the IR sensors in the controller, the
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positional information of the rotor in the SRM is obtained. The controller suitably
transmits the pulses to the converter with the use of a LUT that holds the data
corresponding to the appropriate phase to be energized. An incremental encoder
(Baumer optoPulse - EIL580P-SC, 1024 ppr) interfaced with the controller measures
the motor's actual speed. The control strategy is briefly explained as follows; The PI
controller compares the actual speed to the target speed to control the speed and
determine the reference current. A 40 kHz sampling frequency is used by the voltage
and current sensors to sample the phase voltages and currents. The hysteresis width was
setto 2 A. The SRM is loaded using an eddy-current dynamometer. Using a DC power
supply, the load applied by the dynamometer on the motor is controlled. The output
average torque of the motor is measured using the torque transducer and the load cell-
moment arm arrangement which are interfaced with the NI 9215 voltage DAQ and the
NI 9237, respectively. LabVIEW 2017 is then used to process the data.

odos ao0o:

1. Load cell, 2.Eddy current dynamometer, 3. Torque transducer, 4. SRM,
5. Sensor target plate, 6. Increamental encoder, 7. NI Chassis and DAQ, 8. DC
power supply for torque transducer, 9. Personal computer with LabVIEW,
10. DC power supply for Eddy current dynamometer.
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\ 4

11. Current probe, 12. Inverter stack, 13. WAVECT Controller, 14. Personal
computer , 15. Auto-transformer

Figure 4.23 (a) Experimental setup for determining the dynamic performance of the
SRM prototype (b) AHB inverter controlled by WAVECT controller

_Yde Converter ———»| SRM
Phase voltage
A

E Switching signals E
Hysteresis
' current .
controller ,
E(Desired speed) '
' wref Speed Iref & I (Phase currents) :
; controller N |
E (Rotor angular E
: _ position) :
: speed) do/dt i« 0 :
: WAVECT Controller E

Figure 4.24 Closed loop hysteresis current control (HCC) block diagram

With this setup, the dynamic performance of the prototype SRM is assessed at
the four RPs. The corresponding lrer, 6on and éorr Were obtained from Table 4.9. The

experimentally recorded waveforms of the current and voltage for one of the phases
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that correspond to RP1 are shown in Figure. 4.25. It can be observed that hard chopping

is implemented since the phase voltage traverses both the positive and negative in the
current control region.
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Figure 4.25 Experimental phase current and voltage waveforms at RP1 (Iref = 23 A,
Oon = 54 elec. deg. and Horr = 144 elec. deg.)

Figure 4.26 compares the waveforms of the transient FEA simulation and the
current waveform of the prototype SRM measured through experiments for the RP1.
The simulated and experimental waveforms are observed to be very similar. The small
deviations between them can be attributed to the negligence of end-winding leakage in

the transient 2D-FEA model and the manufacturing and assembly imperfections of the
prototype.

117



30+

Experimental

----FEA
25

20

Phase Current (A)

0.000 0.002 0.004 0.006 0.008
Time (s)
Figure 4.26 Experimental phase current comparison with transient FEA at RP1
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Figure 4.27 Average torque comparison between experiments and FEA at the 4 RPs

Figure 4.27 shows the comparison of the average torque determined from
experiments and the transient FEA at the four RPs. It is observed that there is a minimal
difference between the experimental and the FEA results (8.5-9.4% error) which may
be due to the manufacturing and the assembly deviation which have not been considered

within the FEA model. Additionally, friction and windage losses of the system are not
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accounted for in the FEA model (Currie 2003). Figure 4.28 shows the experimental
current waveforms for the four phases of the SRM prototype at the four RPs. The
discussion above suggests that the dynamic experimental results are in close agreement
with the transient FEA model employed.
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Figure 4.28 Experimental phase current waveforms at (a) RP1 (b) RP2 (c) RP3 (d)
RP4

4.8 Summary

This chapter presented a methodology for realizing the Pareto-based MODO of an SRM
(designed for usage in an E-rickshaw) by taking into account a driving cycle. The
performance requirements and the load operating points of the SRM were estimated
using the vehicle dynamics equations over the CSIR-1IP driving cycle. The desired
motor performance metrics such as maximizing the starting torque, torque density, and
minimizing the electromagnetic loss calculated across the load representative points in
the driving cycle were set as the design objectives for the MODO. k-means machine
learning algorithm was utilized to split the load operating points into a finite number of
clusters and subsequently the RPs. Design objectives were accurately evaluated by
running dynamic simulations in the computationally efficient MATLAB/Simulink

SRM drive model and transient 2D-FEA considering the effect of control variables.
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Kriging models built by carrying out the design of experiments were used to accurately
depict the relationship between the design variables of the SRM and the design
objectives to eliminate the computational cost of FEA during the optimization process.
An NSGA Il multi-objective optimization algorithm was performed based on the
generated kriging models to obtain the Pareto-optimal set. From the generated Pareto-
optimal set, an optimal design that provided the best balance between the design
objectives was chosen and the dimensions of design variables were used to build a
prototype for experimental static and dynamic performance verification. The results
showed a close correlation between the static and dynamic performance of the
prototype with the electromagnetic FEA simulations utilized with a minimum error.
The major findings and significant conclusions of this chapter are outlined in Section
6.2 under Chapter 6.
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Chapter 5 COMPARATIVE ASSESSMENT OF AN 8/18 MULTI-
TEETH WITH CONVENTIONAL 8/10 IN-WHEEL SRM FOR AN
E-SCOOTER

5.1 Introduction

As discussed in Chapter 2, the MTSRM (with Nr >Nm) topology is a potential choice
for IW traction motor applications since it maintains the inherent robustness,
affordability, and simplicity of traditional SRM designs. However, there is limited
literature regarding the design of MTSRM topologies and their electromagnetic
performance. A comprehensive electromagnetic performance comparison study
covering the entire torque-speed range for an EV application has not been conducted
between the MTSRM and traditional SRMs. In this chapter, a comprehensive
electromagnetic comparison is carried out between the four-phase 8/18 MT and the
conventional 8/10 IW-SRMs (Objective I1). The 8/18 IW-MTSRM is novel and has
not been reported in the literature so far. The considered topologies have been evaluated
over the entire torque-speed range within the same electrical and geometrical
constraints (current, voltage, and motor volume) for an E-scooter (E-2W) application.
Based on the results obtained, the present work aims to establish the most apt SRM

configuration for the E-scooter application.

An outline of the procedure to accomplish this objective has been depicted in
Figure 5.1. In the first step, the target torque-speed envelope for the SRM is estimated
based on the World harmonized motorcycle test cycle (WMTC) driving cycle and
vehicle parameters using the vehicle dynamics model. In the second step, a design
formula governing the selection of the number of MT and rotor poles for MTSRMSs has
been proposed. Using this formula, a four-phase 8/18 IW-MTSRM has been derived.
Among the conventional SRM topologies, an 8/10 IW-SRM has been chosen for
comparison. Initial designs of the considered topologies have been analyzed using
electromagnetic FEA. For a fair comparison, the design variables corresponding to the
SRM topologies have been optimized by applying the multi-objective particle swarm
optimization (PSO). A search algorithm-based single-objective optimization (SOO)
model has been implemented in the SRM drive model to determine the optimized
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commutation angles across the entire driving range. In the third step, under the results

and discussions section, the topologies have been compared based on their static and

dynamic characteristics. The dynamic torque-speed efficiency maps, which are critical

from the standpoint of an industrial application point have also been provided. Based

on the comparative evaluation conducted, a configuration that provided the best balance

between the electromagnetic performance metrics has been proposed for an E-scooter.

In addition, a thermal analysis is carried out for the proposed configuration in the final

stage to ensure its thermal reliability and safety.

( START )

Coefficient of drag, etc

Estimation of motor specifications
e Parameters of the E-scooter - Total mass, rolling resistance,

e Usage of the vehicle dynamics model to calculate the load
operating points and desired torque-speed envelope

e Selection of pole combination
e Initial design

e Transient 2D FEA

Electromagnetic design process of the two configurations

e MODO using Particle Swarm Optimization (PSO)
e Single objective opimization (SOO) of the commutation angles

Results and discussions
e Magnetic characteristics
e Dynamic performance

v

Thermal analysis

»

Figure 5.1 Outline of the procedure to carry out the comparative assessment of 8/18
MT with conventional 8/10 SRM

5.2 Theoretical Background

The torque output of an MTSRM at any angular instant can be theoretically calculated

by using the magnetic equivalent circuit model

(Prasad et al. 2022). The

electromagnetic torque output (T) of an SRM operating in the magnetic linear condition

(no magnetic saturation in the core) is given by;
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_1.duo.)
2 do

T (5.1)

where, i is the phase current, L is the phase inductance, and &is the rotor position.

The phase inductance (L) is expressed as

(5.2)

where, N is the number of turns per phase and Req is the equivalent reluctance of the

SRM magnetic circuit as provided by the expression;

Req = Rcore + Rg (53)

Rcore and Ry indicate the reluctances of the flux path in the core (stator and rotor) and
airgap respectively. Since Reore << Rg,

R, #R, (5.4)

Ry is expressed as
S 5.5
" luo LstkLoI (e)n ( . )

where lg is the magnetic path length of the airgap, o is the permeability of free space,
Lsw is the stack length of the motor, Lo is the overlap length between the rotor and stator
pole and n is the number of teeth per stator pole.

From Equations (5.1), (5.2), (5.4) and (5.5), the torque output (T) can be now expressed
as;

_1'21 Nz/uoLstkLol (e)n
iy dH{ I } (5.6)

From Equation 5.6 it is evident that, for any given motor size having the same overall
dimensions (Dor and Lsi) with a fixed g and magnetomotive force (MMF), the torque
output can be enhanced by increasing the value of n. SRM configurations with n =1 and

n = 2 and their corresponding flux patterns have been shown in Figure 5.2. The
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difference in the geometry of the IW-MTSRM, as depicted in Figure 5.2 (b) (each stator
pole is bifurcated into two teeth and N is increased accordingly) causes the flux to
distribute through each tooth. Further, these flux lines cross the airgap and flow into the
corresponding rotor poles. This arrangement results in a larger flux variation over a
shorter variation period leading to a higher torque production per electrical period (Zhu
et al. 2017b).
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Figure 5.2 Flux path comparison of SRM configurations with (a) n = 1 (Conventional
SRM) (b) n =2 (MTSRM)

5.3 Investigated EV application and estimation of motor specifications

This section deals with the determination of the target motor specifications for the
considered E-scooter (E-2W) application. Some of the popular E-scooters in the Indian
E-scooter market (maximum speed of around 50 km/h) employing IW-BLDC motors
along with their performance specifications are enlisted in Table 5.1. E-scooters are
mainly employed for short-distance commutes within the city limits. The vehicle
dynamics equations described in Chapter 4 are utilized and simulated over the WMTC
to obtain the load operating points of the E-scooter (Ehsani et al. 2018). The WMTC
(maximum speed of 50 km/h) has been extensively adopted by automotive
manufacturers to determine the energy consumption and driving range of E-scooters
(Steven 2002) (Bandivadekar 2021). Figure 5.3a illustrates the schematic of an E-
scooter and the forces of the vehicle dynamics equations. Figure 5.3b represents the
WMTC driving cycle. The parameters of the E-scooter are given in Table 5.2. Figure
5.3c depicts the torque-speed envelope and the LOPs of the E-scooter obtained by
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simulating the vehicle dynamics equations over the WMTC driving cycle. The
idealized target peak torque profile consisting of all the LOPs is also depicted, assuming
a hyperbolic variation above the base speed to establish an idealized constant power
range. From Table 5.1, it is observed that the performance requirements of the SRM
thus obtained are similar to IW-BLDC motors used to propel some of the popular E-
scooters in the Indian E-scooter market.

Table 5.1 Comparison between the specifications of the commercially available IW-
BLDC motors and the proposed IW-SRM considered in the present work

Battery =~ Maximum speed Peak Peak
E-Scooter name voltage of the E-scooter Torque power
V) (kmph) (Nm) (W)

BGauss B8 (BGauss,
2023) 57.6 50 94.6 1900

Okinawa Ridge Plus
(RIDGE+, 2023) 60 45 NA 1600

Hero Electric Photon
(Photon, 2022) 48 4 NA 1800

Piaggio 1+ (Piaggio 1,
2023) 48 45 85 1200
Proposed IW-SRM 48 50 90 1900

(Present)
(a)
-
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Figure 5.3 (a) Forces acting on an E-Scooter (b) WMTC driving cycle speed profile
(Steven 2002) (c) Torque-speed envelope and load operating points of the E-scooter
obtained from the vehicle dynamics equations.

Table 5.2 Parameters of the E-scooter (Andrada et al. 2016)

Parameter Value
Mass (kerb load / payload)
200 (100/100) k
(M) ( ) kg
Rolling resistance (fr) 0.01
Drag coefficient (Cq) 0.7
Frontal area (Ar) 0.6 m?
Density of air (p) 1.23 kg/m®
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Acceleration due to gravity

(9)
Tire size 90/90 R12

9.81 m/s?

Based on this, the design targets with the constraints used for the SRM design are
summarized in Table 5.3. The SRM designs should primarily target to meet the torque
speed trajectory with a peak torque of at least 90 Nm until the base speed of 200 rpm
and above 30 Nm at 600 rpm. Within a 12” rear wheel of the E-Scooter, the motor
dimensions having an outer diameter of 278 mm with a stack length between 50-70 mm
is a suitable and popular choice in the market (Sundaram et al. 2022) (Singh et al. 2021).
For the proposed IW-SRM, the stack length is fixed at 65mm. It is a challenge in the
SRM design process to attain such a high peak torque considering the limited space
available inside the 12" wheel. Given the manufacturing constraints, the air-gap length
(Ig) of the SRM is set to the lowest attainable value of 0.4 mm in the present study. The
battery supply voltage is fixed to 48 V. Based on the demand peak load torque at the
base speed, the required RMS phase current is calculated and constrained to 75 A
(electrical constraint). For SRMs, the ratio between the RMS phase current and the
maximum peak phase current lies in the range of 0.3~0.75 (Jiang et al. 2017) (Howey
et al. 2020). Considering a value of 0.53 in the present case, the maximum peak phase
current for chopping is accordingly set to 140 A.

Table 5.3 Design and electrical constraints for the SRM

Parameter Value

Peak motor torque >90 Nm
Mechanical power output >1900 W
Maximum motor speed 600 rpm
Base speed 200 rpm

Rotor outer diameter (Dor) (12" wheel) 278 mm

Stack length (Lst) 65 mm

Battery voltage 48V
Maximum peak phase current (Ipeak) 140 A

Maximum RMS phase current (Iims im) ~ ~75 A
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Air-gap length (lg) 0.4 mm
Shaft diameter (Dsh) 35 mm

5.4 Electromagnetics design process of the two configurations

This section discusses the design procedure for the 8/18 MT and the 8/10 SRM
topologies. This section also includes some results for the 8/18 MTSRM wherever
relevant.

The process employed in the design of the SRM topologies is defined in five
discrete stages in the flowchart shown in Figure 5.4. Further, the design principles and
analysis corresponding to each stage are also discussed. In both the SRM designs
considered for comparison, the coils on the diametrically opposite stator poles are
connected in series. Four-phase SRMs have been chosen in this study over the lower-
phase configurations as they are known to demonstrate improved average torque, torque
density, and lowered torque ripple (Krishnan 2001). As SRMs exhibit considerable
nonlinearity due to magnetic saturation, FEA is used in this study to accurately analyze

their electromagnetic characteristics (Watthewaduge et al. 2020).
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Figure 5.4 SRM design methodology

5.4.1 Stage I: Selection of pole combination and core material:

(i) Selection of Ns/N; pole combination: The equation governing the selection of the
total number of multi-tooth (Nm), number of multi-tooth per stator pole (n), and the
rotor poles (N;) for the MTSRM is distinct from that followed for the conventional
SRMs and is expressed as;

Nm
n

LCM (==,N,)=N_ N (5.7)

ph™ "r

where LCM denotes the least common multiple and Npn is the number of phases.

Equation 5.7 can be applied for SRM configurations irrespective of Npn and n.
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According to the above expression, for four-phase MTSRMs, the number of rotor poles
can be any of these values, viz. 12, 14, 18, 22, 26, 30. The configuration with Ns= 8, n
=2 (Nm = 16) and Nr=18 was chosen. Among the conventional SRM designs, the 8/10
SRM (based on Miller’s equation, Nr = Ns+2) was chosen as it displayed an improved
average torque, efficiency, specific torque, and lower torque ripple when compared to
8/6 SRM (Zhu et al. 2017a). An increase in the number of rotor poles boosts the slot
area available for the winding. This reduces the copper loss and elevates the efficiency.
The stator/rotor pole combinations were chosen such that N:>Nm, Ns for both the
topologies respectively. Further, Ny is kept close to Nm and Ns. Any further increase in
N is known to reduce both their peak torque capacity and field weakening ability
correspondingly (Howey et al. 2020). Accordingly, the dynamic results of the 8/14 and
8/22 MTSRM at different operating speeds are provided in Appendix Il. Configurations
with » >3 have not been considered due to their reduced torque production capabilities

and reduced efficiency owing to elevated core loss (Zhu et al. 2017b).

(i1) Selection of core material: M270_35A has been chosen as the core material for both
the SRM topologies as it possesses an elevated saturation flux density (2T) and lower
core loss (Cogent 2023). The B-H curve of the M270_35A is illustrated (Figure 5.5).
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Figure 5.5 B-H curve of M270_35A (Cogent 2023).
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5.4.2 Stage Il: Initial design

(i) Generation of initial design: The classical analytical techniques put forth (Krishnan
2001) (Miller 1993)and 2D electromagnetic FEA were used to develop and analyze the
initial designs for both the SRM topologies (Figures 5.6a and 5.6b). Constraints to this
process include spatial limitation (Dor and L) and lq. The different design variables
corresponding to both the SRM topologies are indicated in Figure 5.6. A description of
the design variables has been provided in the nomenclature section of this thesis.

Figure 5.6 Initial design of (a) 8/18 MT (n = 2) and (b) 8/10 (n = 1) SRM
configurations

(i) Fixing the number of series turns per phase (N): The number of turns per phase for
both the SRM topologies was adjusted to satisfy the peak torque-speed envelope within
the constraints of maximum RMS phase current and battery voltage. The procedure put
forth (Bilgin et al. 2019) was used to achieve this, and it has been illustrated for the
8/18 MTSRM. The static characteristics of the initial design of the 8/18 MTSRM with
a varied number of turns per phase (N=38-44) are obtained using FEA (ALTAIR 2023).
These characteristics (i.e. static torque and flux linkage), as lookup tables (LUTS) are
then put into the SRM drive model to determine the optimized commutation angles (€on
and Gof). The optimized Hon and Hosr are obtained using a search algorithm-based single
objective optimization (SOO) intended to maximize the average torque at various

speeds within the Irms_im. The dynamic results are shown in Figure 5.7b. For operating
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speeds lesser than the base speed, it is noted that with the increase in N, the dynamic
torque also improves (owing to an increase in the MMF, which is also indicated in
Figure 5.7 (a)). Beyond the basic speed, these trends, however, reverse because of an
increased effective back-EMF (Chiba et al. 2012). Although, it is preferable to use N=
38 or 40 (as the motor exhibited an optimum behavior i.e., high peak average torque
below and above the base speed respectively), N = 42 was selected; the rationale for

this is discussed in Section 5.5.1.
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Figure 5.7 Influence of the number of turns per phase on the (a) Static torque and (b)
Dynamic torque of the 8/18 MTSRM

5.4.3 Stage Ill: Multi-objective design optimization (MODO) using Particle
Swarm Optimization (PSO)

For a fair comparison, MODO was performed for both the SRM topologies to determine
the optimized values of the design variables. This was executed by coupling the PSO
with a Kriging model constructed using the design of experiments (Figure 5.8) (Ma and
Qu 2015). In the present study, the optimization was intended to maximize the static
average torque and minimize the copper loss. Considering a practical range of
dimensions of the design variables for an optimal design (Table 5.4), a Latin hypercube
design (LHD) was employed in designing the experiments. With the number of turns
per phase fixed for each design candidate, the number of strands is maximized to attain
a practically attainable slot fill factor of 0.6 (Howey et al. 2020). The static average
torque (Taverage) for each design candidate at the maximum peak phase current (Ipea) iS
evaluated using 2D electromagnetic static FEA. Taverage 1S expressed as (Miller 1993);
T = NN, oW (5.8)

average zﬂ_

where, oW is the magnetic co-energy.
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Peak copper loss (Losscu) is calculated using the expression (Xue et al. 2010b);

eak ph

Loss,, =ml_°R (5.9)

where, Rph is the phase resistance for each design candidate. Based on the results

obtained, Kriging models were generated for both Taverage and LoSscu respectively.

Start

Determine the limits of the design variables,
constraints and objective function

!

Generate designs based on LHD

!

Determine machine response using FEA solver

Construct kriging model

Determine the optimum value based on PSO and
constructed kriging model

Design confirmation by 2D FEA

|

End

Figure 5.8 Flowchart of the MODO

Table 5.4 Optimization limits of the design for the 8/18 MTSRM

Parameter Range
bry 19-25 mm
hr 6.5-11 mm
B 6-10°
Dsy 39-50 mm
B 6-9°
hs1 7.5-9.5 mm
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The constraints adopted for design variables in the optimization (mentioned below)
were based on SRM design principles provided (Zhu et al. 2017b) (Krishnan 2001).
The constraints were also used to eliminate the unfeasible designs.

B2p (5.10)
sf <0.6 (5.11)

The slot fill factor was constrained to 0.6. The MODO model was formulated, wherein

the objective function consists of the weighted sum of individual objectives given as;

Loss,,
“ Loss,,

averageb

min_z(x)=w (5.12)

average
where, w1 and w» are the weight factors for average torque and loss such that wi+w, =
1; Taverage and Losscy indicate the average torque and copper loss respectively. Taverageb
and Losscun correspond to the baseline values of the average torque and copper loss
respectively. wi and w2 were assumed to be 0.6 and 0.4. A slightly higher weightage is
given to average torque as compared to copper loss, to account for the high starting
torque requirement in low-speed hill climbing and urban start-stop traffic for the E-
scooter application. PSO was employed to determine the optimal solution of Equation
5.12 (Eberhart and Kennedy 1995). The population size of the PSO was set to 35 and
the maximum number of iterations to 1000. The inertia of the particles and the
acceleration coefficients were set to 0.6, 2, and 2 respectively. The convergence

characteristic of the PSO is shown in Figure 5.9.
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5.4.4 Stage 1V: Single-objective firing angle optimization

In order to obtain the dynamic characteristics namely the average torque (Tavg),
efficiency (7)) and torque ripple (Trippie) Of the optimized SRM, it is important to
accurately determine the optimized values of commutation angles (fon and 6off) across
the torque-speed range (Bilgin et al. 2019). The static characteristics of both the SRM
topologies (optimized in Stage Ill) from FEA were fed into the SRM drive model
developed in MATLAB/Simulink. More details regarding the SRM drive model can be
seen in (Bilgin et al. 2019). The optimized values of 6on and Gofr were determined from
the SRM drive model by formulating a search algorithm-based SOO to maximize the
Tavg (Xue et al. 2010a). To fully characterize the SRM’s dynamic torque-speed profile,
the process was repeated for all the evenly spaced reference current and speed points

within the torque-speed range.

During optimization, an RMS phase current limit (Irms_iim) of 75A (Table 5.2) was one

of the constraints (non-linear) considered.

e <1 (5.13)
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An additional constraint of maintaining a positive Taygmagnitude at all operating speeds

for various phase currents was also incorporated.
T,>0 (5.14)
The boundaries of the commutation angles (linear constraint) are also listed below;

__@_

1 -1y6, Py N,, £ 15
-1 116 3601 (5.15)
N

ph

In the present study, the maximum phase conduction angle is set to 120 electrical
degrees for both topologies to have an appropriate comparison. The LUTs showing the
optimized 6 and G obtained from the above optimization for the 8/18 MTSRM are
depicted in Figure 5.10.
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Figure 5.10 LUTSs of optimized (a) fon (b) fott Of the 8/18 MTSRM
5.4.5 Stage V: Transient 2D FEA

The optimized commutation angles (6on and 6off) Obtained for various values of
reference currents at different operating speeds determined in stage 1V for both the
SRM topologies were fed into the transient 2D FEA to determine the Tavg,, 77 and Tripple
respectively. The procedure described in Section 4.5.7 (Chapter 4) is followed to

calculate the Tavg, 7 and Tripple.
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5.5 Results and Discussions

The optimized design variables and other parameters of both, 8/18 MT and 8/10 SRMs
are provided in Table 5.5. It should be noted that the number of turns per phase (N) for
the 8/18 MTSRM is 42 while that of the 8/10 SRM is 72. The significant reduction in
N for the 8/18 MTSRM was mainly due to the MT geometry (n = 2) which produced
the desired target torque at a lower MMF (as discussed in Section 5.2) and is evident.
In this section, a comprehensive performance comparison between the two models is

drawn based on the results obtained using 2D electromagnetic static and transient FEA.

Table 5.5 Parameters of the two optimized SRMs

Parameter 8/18 8/10
MTSRM SRM
Rotor outer diameter (Dor) (mm) 278 278
Stack length (Lsw) (mm) 65 65
Air-gap length (g) 0.4 0.4
Rotor yoke thickness (bry) (mm) 23.1 20.5
Rotor pole arc angle (/) (degree) 7.9 15.1
Stator bore diameter (Dos) (mm) 218.6 215.5
Stator yoke thickness (bsy) (mm) 40.5 35.5
Stator pole arc angle (/%) (degree) 6.7 14.1
Slot depth in stator pole (hs1) (mm) 8.51 -
Number of turns per phase (N) 42 72
Wire gauge 18 SWG 18 SWG
Number of parallel strands 8 9
Slot fill factor (sf) 0.59 0.58
Phase resistance (Rpn) (€2) 0.019 0.031

5.5.1 Magnetic characteristics
(i) Static torque

The static torque curves obtained from electromagnetic static FEA for the two

topologies at varied phase currents are illustrated in Figure 5.11. In this simulation, the
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currents are maintained constant between the unaligned (O electrical degrees) and
aligned positions (180 electrical degrees). It can be noted that 8/10 SRM produces
higher instantaneous torques for a current of 20 A in comparison to the 8/18 MTSRM.
The instantaneous torques for 60 A were similar in both designs. However, at higher
currents i.e., 100 A and 140 A, 8/18 MTSRM produced higher instantaneous torques.
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Figure 5.11 Static torque of the 8/18 and 8/10 SRM at varied currents (a) i =20 A (b)
i=60A(c)i=100A (d)i=140 A

The average static torque per revolution is calculated using Equation 5.8. The
calculated co-energies (o) from the flux linkage curves of the 8/10 and 8/18 MTSRMs
were 18.8 J and 11.65 J respectively (Figure. 5.12). Though the co-energy represents
the mechanical output per stroke, average static torque is dependent on the number of
strokes per revolution (m X Ny) in Equation 5.8). Accordingly, the comparison of
average static torque for both designs at varied phase currents is depicted in Figure.
5.13. The 8/10 design was observed to produce a higher average torque for all values

of currents until 50 A. However, a reversal in the trend is noted when the current is
above 50 A.
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Figure 5.13 Average static torque of the 8/18 MT and 8/10 SRMs

An assessment of the flux densities associated with the magnetic core of both
the SRM topologies at the partially overlapped rotor positions at 20 A and 140 A can
be used to explain this behavior (Figure. 5.14). It is known that adequate saturation of
the SRM magnetic core, particularly the corners of the stator and rotor poles is essential
to enhance the co-energy increment and thereby boost its torque production capability
(Jiang et al. 2006). At 20 A, the average operating flux densities in the stator pole of
the 8/10 SRM were higher (~1.38 T) than the 8/18 MTSRM (~0.73 T) (Figure. 5.14a).
The reduced flux density in the 8/18 MTSRM was due to lower MMF (
42 % 20 = 840AT ) which was insufficient to cause an adequate saturation of the pole

corners in contrast to the 8/10 model (72x 20 =1440AT ). The 8/18 MTSRM is thus
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led to operate in the linear region (0.1 — 1.2 T) of the B-H curve (Figure. 5.5) resulting
in decreased co-energy increment and the average static torque subsequently owing to
ineffective use of the iron (Rahmani et al. 2021). This can also be deciphered in the flux
linkage curves wherein the 8/18 MT and 8/10 SRM begin to saturate at a current of 30
A and 20 A respectively (Figure 5.12). Hence, to improve the saturation level of the
8/18 MTSRM, the number of turns per phase had been maximized to 42 (to maximize
the MMF) as compared to 38 and 40 in Section 5.4.2, also ensuring that the desired
torque-speed envelope is satisfied. At 140 A, 8/10 SRM is under deep magnetic
saturation (Figure 5.14b, led to operate in the ineffective use of the current region in
the B-H curve) in comparison to the 8/18 MT design thereby resulting in decreased
average static torque. The higher average magnetic flux density in the stator pole of
8/10 SRM causes a major part of the MMF to be utilized to push the flux through this
segment (due to increased reluctance). This depletes the MMF available to push the
flux through the airgap thereby arresting the increase of average torque with increasing
current (Rahmani et al. 2021). On the other hand, compared to the 8/10 design, the 8/18
MTSRM at 140 A produced a higher average torque due to lower magnetic saturation
levels in the stator pole (Figure. 5.14b), indicating that they can demonstrate higher
peak torque capacity. The characteristic of MTSRM showing resistance to magnetic
saturation as compared to conventional SRM at higher excitation currents was also
reported (Prasad et al. 2020). A reduced magnetic saturation in the 8/18 MTSRM at 140
A indicates that it can be downsized. This can enhance the torque density, a very

important consideration for IW motor applications (Xue et al. 2010b).
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5.5.2 Dynamic Performance

Though the comparison of the static performance as elucidated previously can indicate
the performance to a certain extent, it is imperative to assess the dynamic performance
for a comprehensive understanding of the overall characteristics. Moreover, the static
analysis considers the phase currents to be constant throughout the half electrical cycle
which is not in accord with the practical scenario. In this section, the dynamic
performance of the two SRMs is presented.

(i) Efficiency

The efficiency maps along with their respective copper and iron core losses and RMS
currents for both the SRM topologies are depicted in Figures 5.15 - 5.18. It was
observed that both the designs satisfy the torque-speed envelope as demanded by the
E-scooter (Figure 5.3c) within the constraints mentioned in Table 5.2. The 8/18
MTSRM produced a higher peak torque at lower speeds i.e. below 250 rpm, as they
showed higher resistance to magnetic saturation. However, their peak torque output was
lower at higher speeds (>250 rpm) as compared to the 8/10 SRM. This was mainly due
to the higher number of turns per phase considered (N = 42) for the 8/18 MTSRM which
led to an increase in the effective back-EMF (Figure 5.7). This limited the rise of the
RMS phase current and correspondingly the peak torque above this speed (Chiba et al.
2012). 8/18 MTSRM exhibited the best efficiency i.e., > 90 % between 300 - 600 rpm
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above 15.5 Nm. The efficiency at the base speed of 200 rpm for the 8/18 SRM was
81.9% while that of the 8/10 SRM was 72.1%. This difference was mainly due to the
higher peak average torque (94.1 Nm) and reduced copper loss (363 W) of the 8/18
MTSRM in comparison to the 8/10 SRM (90.9 Nm, 671 W). The phase resistance of
the 8/10 SRM was higher (Table 5.4) owing to a higher number of turns per phase
considering the available slot area, which led to a higher copper loss. Throughout the
envelope, the iron core loss of the 8/18 MTSRM was higher as compared to 8/10 SRM
due to an increased stroke frequency. The iron core loss did not have a pronounced
effect on the efficiency at the base speed. The 8/18 MTSRM demonstrated superior
efficiency than the 8/10 SRM for higher torques for speeds lower than 400 rpm
primarily owing to a reduced copper loss.

On the other hand, the 8/10 SRM exhibited its maximum efficiency i.e. > 90%
in the operating region of 350 - 600 rpm and 11-55 Nm. In comparison to the 8/18
MTSRM, the 8/10 SRM exhibited superior efficiencies in the lower torque ranges (<
11 Nm) across a wide operating speed range. The inferior efficiency of the 8/18
MTSRM in this torque range can be ascribed to its reduced output average torque for
lower currents because of inadequate magnetic saturation as discussed previously in
Section 5.5.1 and shown in Figure. 5.14. It is well known that SRMs perform best in
terms of output power and efficiency when the stator and rotor poles are sufficiently
saturated (Rahmani et al. 2021). An inadequate pole saturation in the 8/18 SRM
augmented the RMS current requirement (Figure. 5.18) to obtain the desired output
average torque, significantly elevating the copper loss. An increased copper loss
coupled with a higher iron core contributed to a decrease in the efficiency of the 8/18
MTSRM in this operating range. The above discussion suggests that, within the torque-
speed envelope, the 8/10 SRM exhibits favorable efficiencies for lower torque duty
cycles whereas the 8/18 MTSRM is more efficient for operating points with larger

torque requirements.
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Figure 5.17 Comparison of Iron loss maps (a) 8/18 MTSRM and (b) 8/10 SRM
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Although the 8/18 MTSRM showed higher efficiencies than the 8/10 SRM in most
regions of the torque-speed range, a comparison of their drive cycle efficiencies is
necessary to discern the suitable SRM topology from an efficiency standpoint for the
E-Scooter. The drive cycle efficiency (7cyce) can be evaluated by dividing the
summation of the output power and the summation of the input power at each operating

point (j) of the driving cycle, which is expressed as (Carraro et al. 2016);

K
P
1 outj
4
)

Mo = % (5.15)

=
P

j=1  ou loss,j

where, K indicates the number of operating points, Poutj and Piossj indicates the output
and the total loss at each operating point j. Accordingly, the 7cycle are calculated by
running both the SRM topologies over the WMTC (Figure. 5.3c). A gridded
interpolation is carried out in MATLAB over the operating speed, phase current, and
losses to determine the losses at each operating point. The drive cycle efficiency of the
8/18 MTSRM was calculated to be 89.75% while that of 8/10 SRM was 87.94%.
Although the difference in the 7cycle is not particularly substantial, an improvement of

just 1.81% can significantly reduce energy consumption.
(i) Steady-State characteristics of the motors

In this segment, the steady-state characteristics of the two motors have been compared
at 200 and 600 rpm using transient FEA simulation. The vital performance parameters
of both the motors obtained are enlisted (Table 5.5). The torque and current waveforms
for both the SRM configurations with current chopping control (CCC) at the speed of
200 rpm are depicted in Figure 5.19. The chopping current was set to 140 A and the
optimized commutation angles determined previously (Section 5.4.4) were used for
simulation (6n=0.15°,0.71° and &= 6.82°,12.71° mechanical angles for the 8/18 MT
and 8/10 SRM respectively). The conduction angles of the two SRMs were set to 120
electrical degrees for a fair comparison. Of the two design topologies evaluated, the
average torque (Tavg) Was higher in the 8/18 MTSRM (~3.52% higher) due to a lower
saturation which also corroborates the static performance trends described in Section
5.5.1. Figure 5.20 shows the torque and current waveforms with single-pulse control

(SPC) at the maximum speed of 600 rpm (6n = -2.35°-5° and G = 4.32°,7°
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mechanical angles for the 8/18 MT and 8/10 SRM respectively). The 8/18 MTSRM
produced a lower average torque owing to an increased effective back-EMF as
compared to the 8/10 SRM (delineated in Section 5.5.2). A drop in the RMS phase
current and the corresponding torque, caused by an increased effective back-EMF for
the 8/18 MTSRM can be noted (Table 5.6). The 8/18 MTSRM exhibited higher power
and specific torque at lower speeds. While, at higher speeds, the 8/10 SRM showcased
better power and specific torque characteristics. Further, the 8/18 MTSRM
demonstrated a lower torque ripple (Tripple) (25.46%) as compared to the 8/10 SRM
(41.61%). The decreased torque ripple exhibited by the 8/18 MTSRM is mainly due to
the increased number of strokes per revolution which reduces the torque dips during
commutation between the phases (also evident from instantaneous torque profiles in
Figures 5.19 and 5.20).
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Figure 5.19 Torque and current waveforms operating on CCC at 200 rpm
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Table 5.6 Comparison of steady-state performance of two SRM topologies

8/18 MTSRM 8/10 SRM
CCC SPC CcCC SPC

Control method

Speed (rpm) 200 600 200 600
Averagetorque, Taw 949 3942 009 3432
N | . . |
?A'\;'S current, lms 669 308 7119 3321
Torque per ampere

Nl 137 099 127 104
Specific torque

ke 388 126 369  1.39

Output power (W) 1972 1911 1904 2156

Torque ripple, Tripple

(%) 2546 1237 4161 127.1

For the E-scooter application, the 8/18 MTSRM was chosen as it offered an
optimum balance between starting torque (higher peak torque at lower speeds), drive
cycle efficiency, and torque ripple. Although its peak torque output is lower at higher
speeds (>250 rpm) as compared to the 8/10 SRM, it satisfied the desired torque-speed

envelope as demanded by the E-scooter.

147



5.6 Thermal analysis

The thermal capability is the second most vital constraint following their
electromagnetic performance. The thermal performance of the chosen 8/18 MTSRM
configuration has been determined by using a 2D FEA thermal model built in ALTAIR
FLUX (ALTAIR 2023) at the base speed (200 rpm) for the maximum operating current.
The stator slot in the FEA model comprises slot liners, impregnation, and copper wire
along with its insulation (Figure 5.21). Their respective material properties namely
thermal conductivities and volumetric heat capacities are correspondingly assigned in
the analysis (Table 5.7). Cooling of the motor is accomplished by the flow of air around
the rotor and convection in the airgap. The heat sources namely the copper loss (being
dominant) and iron loss obtained from the transient FEA carried out previously are the
load inputs for this simulation. The initial motor temperature is fixed at 40 °C (ambient
condition). The temperature constraint of the windings is set to be 120 °C (“Class E”
wire is considered in this analysis) (Howey et al. 2017). The simulation result presented
in Figure 5.22 shows the time required for the windings of the chosen 8/18 MTSRM to
attain the peak temperature of 120 °C at the base speed. Under such highly loaded
conditions, the peak temperatures of the windings in the motor can remain below 120
°C for about five minutes which is quite adequate (usage of the motor at these operating
conditions is for a shorter duration which is discernible from Figure 5.3c) (Howey et
al. 2017). Considering this, the thermal performance of the 8/18 MTSRM can be
concluded to be satisfactory. The temperature field model of the 8/18 MTSRM after
five minutes of running at 200 rpm at the maximum phase current is shown in Figure
5.23. It can be observed that the temperature of the windings was the highest among all
the machine segments. Since the stator pole is affected directly by the heat generated
and transmitted by the winding, its temperature was higher than the rotor. The rotor

temperature is lesser owing to lower iron loss.
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Table 5.7 Material properties of the different components (ALTAIR 2023)

Thermal Volumetric
Component Material conductivity heat capacity
(Wm*'C?) (Im3°CH
Air gap Air 0.025 1012
Coil Copper 394 3518000
Stator and rotor core M270_35A 55 4600000
Impregnation Epoxy 0.22 15000000
Insulator Nomex 410 0.14 13000000
Liner Nylon 0.24 16000000
Shaft EN24 steel 52 4600000

Stator

Liner

Stator air
Wire
‘ nsulation
. ‘ +«——Impregnation

Figure 5.21 2D FEA thermal model of the 8/18 MTSRM
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Figure 5.22 Temperature rise of the windings for peak torque condition at 200 rpm
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Figure 5.23 Temperature distribution of the 8/18 MTSRM after five minutes of
running at 200 rpm

5.7 Summary

In this chapter, a thorough comparison of the electromagnetic performance of a four-
phase 8/18 MT and conventional 8/10 SRMs operating under the same geometrical and
electrical limitations over the whole torque-speed range was provided. A comparison
analysis was performed to evaluate the two configurations' suitability for an E-scooter
application. Using the vehicle dynamics model, the target motor specifications were
determined based on the E-scooter parameters and the WMTC driving cycle. The
SRMs' design variables were optimized by multi-objective PSO to ensure a fair
comparison. Furthermore, a computationally efficient SRM drive model was used to
precisely optimize the commutation angles across the torque-speed plane. The two
SRM designs were evaluated based on their respective efficiency, magnetic
characteristics, and steady-state performance. The findings showed that, in comparison
to the 8/10 SRM, the 8/18 MTSRM was more suitable for the E-scooter application
because it offered the best balance possible between peak torque capacity, drive cycle
efficiency and torque ripple. Further, it is also observed that the chosen 8/18 MTSRM
demonstrated an acceptable thermal performance. The major findings and significant

conclusions of this chapter are provided in Section 6.2 under Chapter 6.
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Chapter 6 SUMMARY AND CONCLUSIONS

6.1 Summary

The impact of the dimensions of the geometric design variables on the electromagnetic
performance of an 8/6 SRM was presented in Chapter 3 (Objective I). The SRM designs
were generated using the empirical relationships available in the literature. The static
characteristics of each design, including static torque and flux linkage, were obtained
using 2D electromagnetic FEA. By comparing the flux densities and applying the MEC
model, the key reluctance segments responsible for the change in the static
characteristics were identified. The veracity of the developed MEC model was
validated by comparing their results with FEA. The influence of numerous geometric
design variables, such as the rotor diameter, stator and rotor pole arc angles, and stator
and rotor yoke thickness, have been investigated in terms of the corresponding
differences in static characteristics and electromagnetic performance metrics (average

torque and torque ripple).

A novel technique for performing a MODO based on a driving cycle of a 2 kW
four-phase 8/6 SRM to be used as a traction motor for an E-rickshaw was presented in
Chapter 4 (Objective Il). The proposed methodology aimed to optimize the design
variables of an SRM while considering a practical driving cycle, which is often ignored
in conventional design optimization studies. The LOPs and the target motor
specifications were estimated based on the CSIR-1IP driving cycle and E-rickshaw
parameters by employing the vehicle dynamics model. To simplify the optimization
process, the LOPs were divided into four clusters and the corresponding RPs using the
k -means clustering algorithm. The elbow approach and the silhouette analysis were
used to determine the appropriate number of clusters. The electromagnetic performance
metrics, which included maximizing the starting torque, torque density, and minimizing
the electromagnetic losses at the RPs were set as the design objectives and were
accomplished using the SRM drive model and transient FEA. Further, to reduce the
computational burden of FEA during optimization, the multi-objective NSGA 1l

optimization method was coupled with the Kriging models. The Pareto-optimal designs
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were compared in terms of design objectives, and the design that provided the best

balance between them was selected for prototyping.

In Chapter 5, a comprehensive electromagnetic performance comparison was
carried out between a novel four-phase 8/18 MT and the conventional 8/10 SRMs
within the same geometrical and electrical constraints across the full torque-speed range
to evaluate their suitability for an E-scooter application (Objective 111). The target motor
specifications were estimated based on the WMTC driving cycle and E-scooter
parameters by employing the vehicle dynamics model. Both the SRM designs were
compared based on magnetic characteristics, efficiency, and steady-state operation. For
a fair comparison, the design variables of the SRMs were optimized using multi-
objective PSO. Further, to accurately optimize the commutation angles across the

torque-speed plane, a computationally efficient SRM drive model was employed.
6.2 Conclusions

From Chapter 3 (Objective 1), the following conclusions are made; Both the stator and
rotor pole arc angles influence the rise of static torque profiles due to variations in
airgap reluctance. Further, a thorough analysis of stator pole reluctance is necessary
while fixing the dimension of the rotor diameter. Average torque improves significantly
with an increase in rotor diameter and stator pole arc angle. The average torque is
improved by 15.67% with the increase in the rotor diameter from 80 to 88 mm. Further,
an increase in stator pole arc angle from 18° to 23° improved the average torque by
24.4%. Arise in stator pole arc angle remarkably decreases the torque ripple. The torque
ripple was reduced by 52% when the stator pole arc angle was increased from 18° to
23°. Both average torque and torque ripple are minimally affected by the increase in
the rotor pole arc angle and rotor yoke thickness. To minimize the effect of magnetic
saturation, it is imperative to set an adequate thickness for the stator and rotor yokes.
FEA and the MEC model employed in this study showed a strong correlation, with a

maximum error of roughly 4%.

From Chapter 4 (Objective Il), it was observed that the average torque and
torque density of the design candidate optimized based on a driving cycle were

enhanced by 11.31% and 12.15% respectively, while the weighted loss was 5.1% lower
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than the initial design. According to the correlation analysis, the stator core design
variables (stator bore diameter, stator arc angle, and stator height) showed a substantial
association with the performance metrics, in contrast to the rotor design variables.
Based on the determined efficiency plot, it was seen that the optimized design exhibited
a high-efficiency region (> 90%) approximately between 1500 and 3000 rpm
throughout the whole torque range. The majority of the obtained LOPs in the torque-
speed curve were within this region. Further, the designed and optimized 8/6 SRM met
the torque-speed envelope as demanded by the E-rickshaw within the set electrical and
geometrical restrictions. Experimental testing of the static and dynamic performance of
the SRM prototype revealed good agreement with the FEA simulations employed in
this study. The maximum percentage errors for the static and dynamic performance,
respectively, between the findings of the FEA simulation and the experiment, were less
than 6.51% and 9.4%.

From Chapter 5 (Objective Il1), based on the results obtained, the following
conclusions are drawn. The number of turns per phase required to satisfy the torque-
speed envelope for the 8/18 MTSRM was significantly lesser compared to the 8/10
SRM (71.45 % lesser). A reduction in the number of turns per phase indicated that the
8/18 MTSRM required a lower MMF to produce the target torque. These findings
corroborated the concept of MT topology. Owing to a reduced MMF, the average static
torque of the 8/18 MTSRM in comparison to the 8/10 SRM was lower for phase
currents below 50 A majorly due to inadequate magnetic saturation of the pole corners.
Above 50 A, a reversal in the trends was observed. At the maximum phase current (140
A), 8/18 MTSRM exhibited a higher average static torque (11.21% higher) which was
attributed to lower magnetic saturation levels in the stator pole as compared to the 8/10
SRM, thus indicating higher peak torque capacities. This indicates that the proposed
design can be downsized to boost its torque density, a design consideration paramount
for an IW motor. Within the geometrical and electrical constraints, both the proposed
8/18 MT and the conventional 8/10 SRMs satisfied the torque-speed envelope
demanded by the E-scooter application. Since the 8/18 MTSRM was highly resistant to
magnetic saturation, the topology produced a higher torque at lower speeds (below the
base speed). Above the base speed, their torque output was lower owing to a higher
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effective back-emf. The 8/18 MTSRM exhibited superior efficiencies at operating
points with higher torque duty cycles while the 8/10 SRM demonstrated its highest
operating efficiencies in the lower torque range. 8/18 MTSRM illustrated a greater drive
cycle-oriented efficiency (~1.81 % higher) than the 8/10 SRM. Results from the steady-
state analysis indicated that the 8/18 MTSRM exhibited higher average torque (3.52%
higher) and specific torque (5.15% higher) at the base speed. While at the maximum
speed, it produced a lower average torque (7.17% lower) and specific torque (5.18%
lower) due to a higher effective back-emf. The above results indicate that the 8/18
MTSRM s suitable for greater torque drive cycles and lower speeds while the 8/10
SRM is favored for lowered torque requirements and higher speeds. Further, the 8/18
MTSRM demonstrated a lower torque ripple percentage (38.8% lower) at the base
speed. For the E-scooter application, the 8/18 MTSRM was chosen as it provided an
optimum balance between peak torque capacity, drive cycle efficiency, and torque
ripple along with acceptable thermal performance. The obtained results indicate that
the 8/18 MTSRM is a novel solution as it exhibited a higher peak torque capacity,
torque density, and superior efficiencies in most operating regions with a reduced

torque ripple. This makes it a strong contender for in-wheel applications in the future.
6.3 Scope for Future Work

In the present study, a 2kW SRM was designed and developed for the E-
rickshaw application considering the electrical constraints imposed by the laboratory-
based inverter (DC link voltage of 144 V and a peak RMS current of 20 A). However,
commercially available BLDC motors are typically powered by electronic converters
with varying voltage and current ratings, which also adhere to regulatory standards. To
be considered a viable alternative to BLDC motors, SRMs must demonstrate
performance that is either higher or comparable to BLDC motors within the same
electrical and geometric constraints. Incorporating this factor into the design and

development of an SRM offers a potential avenue for further investigation.

It has been reported in literature that SRMs generate inferior noise levels as
compared to other traction motors. The noise is mainly produced by structural
vibrations in the stator's outer surface caused by electromagnetic air-gap forces acting

on the stator. The vibration and noise levels of the motor are influenced by
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modifications to the geometric design variables and the excitation control variables.
The electromagnetic air-gap forces operating on the stator are impacted by changes in
these variables. Additionally, altering the geometric design variables related to the
stator modifies its natural frequency. Therefore, a thorough analysis to determine how
these factors affect the behavior of noise and vibration should be taken into

consideration during the design phase of the SRM.

The thermal management of an SRM is the second most vital constraint
following their electromagnetic performance. A detailed thermal analysis is essential to
improve the motor’s performance and ensure reliable motor operation should be

considered in the future scope of the study.

The multiobjective design optimization technique described in this thesis does
not account for the thermal and structural (noise and vibration) analysis. A multiphysics
multiobjective design optimization incorporating electromagnetic, thermal, and

structural analysis based on a driving cycle needs to be implemented in future studies.

In the present study, it has been established that the MTSRMSs are less prone to
magnetic saturation as compared to the conventional SRMs at higher excitation phase
currents. This suggested that it is possible to downsize the MTSRMs, which will
increase their torque density — a crucial aspect for IW-EV applications. For the MTSRM
to be suggested as a possible replacement for the BLDC motor, a performance
comparison with a commercially available BLDC motor must also be made under the
same geometric and electrical limitations. Future work scope may take this into

account.
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Appendixes
Appendix |

This section contains the drawings for the child parts of the SRM assembly, such as the

target plate, cover, shaft, insulator, and stud. All the dimensions are in millimeters. The
angles are in degrees.
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Appendix 11
Dynamic performance of the 8/14 SRM and (b) 8/22 MT SRM configurations

(b)

Figure 6. Initial designs of (a) 8/14 SRM and (b) 8/22 MT SRM configurations
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Figure 7. Influence of increase in rotor pole number on the dynamic torque
The initial designs of both the 8/14 and 8/22 MTSRM are shown (Figure 6). The
number of turns per phase for both the design topologies was adjusted as per the
methodology presented in Section 5.4.2 to meet the desired torque-speed performance
envelope. However, from the graph (Figure 7), it is observed that the peak average
torques at 200 rpm of both the 8/14 and 8/22 MTSRM s are lower than the desired value
as they are prone to magnetic saturation in comparison to the 8/10 and 8/18 MTSRMs

respectively.
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