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Abstract

This thesis details the development of a four-quadrant proportional-integral (P1) pulse
width modulation (PWM) current controller for a switched reluctance motor (SRM)
drive, with distinct control strategies for both motoring and generating modes. In
the motoring mode, the controller was designed with gain-scheduling to provide re-
sponsive current tracking across the operating range. Conduction angle optimization
using a genetic algorithm was performed to balance the objectives of minimizing
torque ripple while maximizing average torque. The conduction angles were selected
in generating mode to minimize torque ripple and improve ampere-per-torque. Addi-
tionally, a synchronized switching methodology was explored to reduce supply current
ripple further enhancing drive e ciency and system reliability. The proposed current
controller was validated through numerous simulations and experimental testing on a
back-to-back dynamometer setup comprising an SRM and an induction motor. The
results con rm the controller’s ability to deliver high performance and demonstrate

its potential for SRM drive applications requiring four-quadrant operation.
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Chapter 1

Introduction

1.1 Background and Research Motivation

1.1.1 Introduction

As climate change continues to be a global issue of utmost importance, the world
is shifting away from greenhouse gas producing energy sources and toward cleaner
renewable resources as an essential part of the solution. Many of the world's coun-
tries are incentivizing electri cation initiatives and targeting signi cant reductions in
carbon emissions in the coming years.

The 21st century has witnessed a remarkable paradigm shift towards electri cation
in various sectors, driven by the growing concerns of environmental sustainability and
the pursuit of energy e ciency. From industrial automation to automotive propulsion,
electric motors are rapidly gaining popularity in a variety of applications providing
unparalleled versatility, reduced emissions, and higher e ciency compared to their

traditional internal combustion engine (ICE) counterparts.
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1.1.2 Electric Machines

Presently, permanent magnet synchronous motors (PMSMs) and induction motors
(IMs) are the most widely used classes of electric motors in electric propulsion systems
[1, 2]. PMSMs are popular in electric vehicles (EVs) as propulsion motors due to
their high power density and e ciency [3]. They contain permanent magnets (PMs)

in their construction as an independent magnetic eld source. However, the use of
permanent magnets for motor production can introduce challenges due to supply
chain volatility. China is the world's largest producer of rare-earth elements (REE)
accounting for 70% of global mined production and 87% of global re ned production
in 2022 [4]. Geopolitical issues and other supply chain complications can signi cantly
impact the production costs for acquiring the permanent magnet materials required

for manufacturing PMSMs [5].

Figure 1.1: World rare earth element mined production [4]

Induction motors (IMs) are another popular class of motors used in a variety of

applications. IMs contain conductors on the rotor and rotor currents are induced
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by the time-changing magnetic eld created by the stator current. IMs are an al-
ternative that automotive manufacturers like Tesla use and advantageously do not
require permanent magnets. However, rotor currents generate copper loss in the rotor
and this can create a challenge to extract heat from the rotor to avoid detrimental
high-temperature e ects. The use of permanent magnets provides low-loss operation,
however, permanent magnets are vulnerable to demagnetization at high temperatures,
which can reduce the e ciency and reliability of torque production.

Among the multitude of electric motor technologies, switched reluctance motors
(SRMs) have attracted considerable attention for their unique advantages and robust
operation for many applications. SRMs do not use permanent magnets, feature high
e ciency, simple rugged construction, and are capable of fault-tolerant operation.
Despite their inherent advantages, SRMs pose signi cant challenges in control and
operation, which must be addressed to achieve their full potential. Control of an SRM
can be complex due to their nonlinear characteristics, and the dependency of the
current waveform to the operating condition. Traditional control methods frequently
face challenges in achieving consistent performance across the full operating range of
an SRM, often resulting in issues like torque ripple, vibration, and acoustic noise.

As global industries turn to electric motor drive systems to meet increasingly
stringent emissions regulations and ambitious energy e ciency targets, the demand
for advanced control strategies for SRMs becomes ever more urgent. New control
algorithms that can mitigate the inherent challenges of SRMs while improving per-
formance and reliability are essential for unlocking their full potential in modern
electri ed systems.

This thesis endeavors to address this critical need by investigating and proposing
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approaches for enhancing the control of SRMs. Through a comprehensive analysis of
SRM dynamics, control algorithms, and system optimization techniques, this research
seeks to advance the state-of-the-art in SRM control and pave the way for their wider

adoption in various industrial and automotive applications.

1.2 Thesis Outline

This thesis presents the design and development of a four-quadrant current controller
for a switched reluctance motor (SRM) drive. Chapter 2 provides an overview of the
fundamentals of SRMs, including their electromagnetic and operational principles,
key components and construction, and modeling techniques.

Chapter 3 examines the existing control strategies of the SRM and compares
di erent current controllers. Advanced control strategies are discussed, along with
potential future directions and trends for SRM control.

Chapter 4 focuses on the design of a Pl PWM current controller and the op-
timization of conduction angles using a genetic algorithm. The conduction angles
are determined through multi-objective optimization to minimize torque ripple while
maximizing average torque.

Chapter 5 describes the experimental dynamometer setup used to verify the work
performed and highlights the role of each of its components. Experimental tests were
conducted to compare the results to those observed in prior simulation work.

Chapter 6 addresses supply current ripple reduction by implementing synchronized
switching during phase commutation. This approach aims to improve the current ow
between phases, reducing the need to send current back to the supply.

Chapter 7 introduces the generating mode of operation and compares it to the

4
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motoring mode. Control adjustments required for the new operational mode are
presented, along with the transition between motoring and generating modes. This
extends the operation of the SRM to include motoring and regenerative braking ca-
pabilities in both directions for full four-quadrant control.

Chapter 8 summarizes the work performed and proposes future work that can be

done to further enhance motor drive performance.



Chapter 2

Operating Principles of Switched

Reluctance Motor Drives

2.1 Electromagnetic Principles

In general, electric motors perform energy conversion from electric energy to mechan-
ical energy. This is achieved through the generation of a magnetic eld and the forces
that result from that magnetic eld. An electromagnetic eld can be generated by
a coil of current-carrying conductor. An external applied magnetic eld, referred to
as magnetic eld intensity and denoted byH, is applied to the material. Magnetic
ux density denoted as B is the quantity used to measure the magnetic eld inside
the material. Magnetic eld inside the material and magnetic eld intensity applied
to the material are correlated to each other based on the magnetic permeability of
the material denoted as . The permeability is a product of the permeability of
vacuum, o, and the relative permeability of the material, ;. To create stronger

magnetic ux density, coils of conductors are wrapped around materials that have

6
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higher magnetic permeability such as ferromagnetic materials. This phenomenon is
described in

B= A= o ,H (2.1.1)

whereB is the magnetic ux density in units of Tesla (T), A is the magnetic eld in-
tensity measured in units of Amperes/meter (A/m), o is the permeability of vacuum
measured in Henries/meter (H/m), and , is a unit-less quantity that describes the
relative permeability of the material the magnetic eld is applied to. Materials with
larger relative permeability generate stronger magnetic ux for an applied external

magnetic eld in a given cross-sectional area.

2.1.1 Magnetic Saturation and Hysteresis

Materials can become magnetically saturated when an incremental increase in mag-
netic eld strength does not result in the same proportional increase in magnetic ux
density as previous incremental increases. It occurs when magnetic domains within a
material are aligned with the applied magnetic eld and increasing the eld strength
cannot increase the material's magnetization state. As illustrated in Figure 2.1, the
magnetic ux density increases signi cantly with an incremental increase at low mag-
netic eld strength. However, as the applied magnetic eld strength increases, the

magnetic ux density begins to saturate and increases are diminished.
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Figure 2.1: Typical magnetization (B-H) curve of a magnetic material

Magnetic hysteresis is a property of materials where the change in magnetization
lags behind the change in applied magnetic eld strength. It is the result of interac-
tion between atomic magnetic moments and the surrounding lattice structure of the
material. In Figure 2.2, it can be seen that after an external magnetic eld is ap-
plied and then reduced, the magnetic ux density does not follow the same trajectory
when becoming magnetized. The magnetic domains in material provide resistance to
change in magnetization and some remain aligned even in the absence of an external
magnetic eld. As a material becomes repeatedly magnetized and demagnetized, the
hysteresis loop is traversed multiple times and this leads to energy dissipation as heat.
This energy dissipation creates ine ciencies in the system and is represented by the

area enclosed within the hysteresis loop.
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Figure 2.2: Typical magnetic hysteresis on a magnetization curve

2.1.2 Magnetic Circuit

The ow of magnetic ux through a material in a magnetic circuit can be modeled
similarly to electrical current in an electrical circuit. In an SRM, the magnetic circuit

is composed of the di erent components that make up the motor including the core,
the windings, and the air gap. Figure 2.3(a) shows a depiction of a simple magnetic
circuit consisting of these components. Magnetic ux () is generated using a coll
wrapped around the core, and it closes its circuit through the core and the air gap.

The analogous electrical circuit representation is shown in Figure 2.3(b).
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Figure 2.3: A typical magnetic circuit with an air gap: (a) magnetic circuit, (b)
magnetic circuit electrical representation

2.2 Operational Principles of Switched Reluctance

Motors

2.2.1 Construction, Design, and Components of a Switched

Reluctance Motor

An SRM features a simple construction shown in Figure 2.4. A typical SRM is made
of three main components: a stationary outer body called the stator, a rotating center
assembly called the rotor, and several coils that are wrapped around the stator poles
to generate magnetic elds referred to as the windings. The stator is typically a
cylindrical core made of electrical steel with a hole in the center. It features a series
of poles radially distributed on its inner surface toward the center and slots where
coils are wound around the poles. The rotor assembly also includes an electrical steel
cylindrical core but with a series of poles radially distributed away from the center
and a shaft in the center to transfer the rotational motion to the load. SRMs can be

described by the number of stator and rotor poles they have. For example, a 6/4 SRM

10
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describes a con guration of 6 stator poles and 4 rotor poles. Pole con gurations vary
between SRMs and are often designed to generate torque more e ciently and meet
various design objectives including the number of phases, current density, and torque
requirements. Both the rotor and stator feature salient pole structures which facilitate

the energy conversion and torque production but can also introduce complications in

control.

Figure 2.4: Cross-section view of 6/4 SRM

Electrical steel is an alloy of silicon and iron used in electric motor core production
to improve the ux generated by the current excitation applied to the coils and,
hence, improve torque production. Both the rotor and stator are typically constructed
from electrical steel laminations which are stacked and joined through various means
including welding, bonding, and mechanical interlocking. The use of electrical steel

laminations in this manufacturing process is essential to reduce eddy current losses.

11
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Eddy currents result from induced circulating currents that form in core materials
when exposed to a changing magnetic eld.

Unlike other classes of electric motors, SRMs do not contain magnets or conductors
on the rotor. The windings are typically copper wires wound in a concentrated manner
to Il the slots around the stator poles. The concentrated windings provide the
magnetic eld excitation to produce magnetic ux in the stator poles and attract the
rotor poles for torque production. SRMs operate using the concept of alignment or
reluctance torque, where the torque is generated to allow the magnetic ux density
to ow in the path of least reluctance. Reluctance in a magnetic circuit is analogous
to resistance in an electrical circuit and determines the opposition for ux to ow
through a material. Reluctance in a magnetic ux path can be calculated with

I

R = 2.2.1
A (2.2.1)

wherel is the ux path length in a material, and A is the cross-sectional area the
magnetic ux ows through. Magnetic ux paths through air have a larger reluctance
due to their lower relative permeability. Thus, aligning the rotor poles with the
excited stator poles shortens the magnetic ux path length through air decreasing

the reluctance of the magnetic circuit.

2.2.2 Magnetic Flux Path and Torque Generation

Stator poles are magnetized by energizing the concentrated windings wrapped around
them. Applying voltage draws current through the windings which magnetizes the
stator poles and generates magnetic ux. The magnetic ux tends to ow in the path

of least reluctance and torque is produced when the rotor poles are attracted to the
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stator poles and align to achieve lower reluctance. Figure 2.5 shows the typical ow

of magnetic ux within an SRM with its rotor in an aligned position.

Figure 2.5: Typical magnetic ux lines in an SRM at an aligned position

The magnetic ux path in the air gap applies forces in both the radial and tangen-
tial directions. These forces can be modeled using Maxwell Stress Tensors as shown
in (2.2.2) and (2.2.3), which de ne the force per unit area in the tangential and radial
directions, respectively.B, is the magnetic ux density in the radial direction, B; is
the magnetic ux density in the tangential direction, and g is a constant represent-
ing the permeability of the vacuum. To obtain the forces, the Maxwell stress tensors
need to be integrated over the radial surface of a pole calculated as in (2.2.4) and
(2.2.5) where the surface elements are calculated @S = rd dl in the cylindrical co-
ordinate system. The tangential forces are responsible for torque production, whereas

the radial forces are undesirable and can create unwanted noise and vibration during
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operation.

F

2.2.3 Electrical Angles and Phase Excitation Sequence

During the operation of an SRM, there are many stages each rotor pole repeats for

(B2

BZ)dS

BZ)dS

(2.2.2)

(2.2.3)

(2.2.4)

(2.2.5)

torque production and continuous rotation. As shown in Figure 2.6, the distinct

rotor positions used to describe an SRM are the unaligned, mid-aligned, and aligned

positions.
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Figure 2.6: Typical rotor positions and electrical angles in an SRM

Depending on the relative position of the rotor pole to a stator pole, positive or
negative torque can be produced when a given phase is excited. The relative position
of the rotor pole to a given stator pole can be described by its electrical angle. By
convention, a rotor pole in the fully unaligned position between two adjacent stator
poles is denoted as O degrees electrical, and a fully aligned position is denoted as 180
degrees electrical.

The stator poles and windings are organized into phases distributed around the
circumference of the stator. The stator poles and their associated phases must be
excited in a speci c order to achieve continuous rotation of the rotor. The order of
phase excitation depends on the desired direction of rotation. In Figure 2.7, for the
motor to rotate in the clockwise (CW) direction, the phase excitation order is Phase
1, Phase 3, and then Phase 2. To rotate the SRM in the counterclockwise (CCW)

direction, the phase excitation order is Phase 1, Phase 2, and then Phase 3.
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Figure 2.7: Typical phase sequencing in a 12/8 SRM

2.3 Modeling of Switched Reluctance Motors

2.3.1 Power Electronic Converter

The common converter typology used in the control of an SRM is an asymmetric half-

bridge converter shown in Figure 2.8. Each branch controls a single-phase winding
and contains two legs with one switch and one diode on each leg. Many other di erent
typologies that can alternatively be used include full-bridge, C-dump, bi lar, and H-

bridge converters [6].
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Figure 2.8: Circuit diagram of a three-phase asymmetric half-bridge converter

Table 2.1 summarizes the switching states of the asymmetric half-bridge converter.
With two switches per branch, there are four total combinations of switching states
possible with two combinations creating similar circuits for three unique operating
states. With both switches closed, the DC-link voltage is connected across the phase
winding, and positive Vpc is applied. When only either the top or bottom switch
is closed, the phase winding is connected in a loop to one of the diodes. This mode
is called freewheeling and the current in the winding circulates within the loop. In
the freewheeling state, zero voltage is applied and the current dynamics are primarily
in uenced by the induced voltage in the phase and the mode of operation. When
both switches are open, the phase winding is connected to the DC-link through the

diodes, and negative/pc is applied. This is typically used to demagnetize the phase.
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Table 2.1: Asymmetric half-bridge converter switching states

Switching State

Switch 1 | Switch 2

Applied Voltage

Magnetization
Freewheeling
Freewheeling

Demagnetization

Figure 2.9 shows the ow of current in each of the switching states detailed in
the previous section. The switches can change the path the current can ow through
but the direction of the phase current in the winding is always in the same direction.
Figure 2.9(a) shows both switches closed and positive DC-link voltage is applied
to increase phase current and magnetize the phase winding. Figure 2.9(b) shows
both switches open and negative DC-link voltage is applied to demagnetize the phase
winding and decrease the phase current. Figure 2.9(c) has one single switch closed
and the current circulates within the loop created by the closed switch, the diode, and
the phase winding. As an alternative to Figure 2.9(c), the asymmetric half-bridge

converter can also have the top switch open and the bottom switch closed in the

freewheeling mode.

Closed
Closed
Open
Open

Closed
Open
Closed
Open
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(@) (b) (c)

Figure 2.9: Asymmetric half-bridge converter switching states with the path of
current ow: (a) Magnetization: both switches on, (b) Demagnetization: both
switches o, (c) Freewheeling: one switch on

The application of voltage to the phase windings determines the dynamics of the
current. The common switching strategies are hard switching and soft switching.
Hard switching involves applications of only positive and negative DC-link voltage to
phase windings to regulate the phase current. Soft switching introduces a freewheeling
state where the phase winding is short-circuited. This allows for the current to reduce
at a slower rate than with the application of negative DC voltage.

Hard switching is performed by simultaneously turning on or o both switches
in a given phase branch. With both switches closed, positive DC-link voltage is
applied to the phase winding. With both switches open, the diodes are forward-
biased, connected to the power supply, and, hence, negative DC-link voltage appears
across the phase winding. The negative DC-link voltage reduces the current in the
winding and demagnetizes the phase. Using soft-switching, the freewheeling mode is
introduced where only one switch is closed to create a short circuit with the phase
winding. In the motoring mode, the current circulates in the loop created and slowly

reduces due to resistive losses in the winding.

19



M.A.Sc. Thesis { Alex Tsao; McMaster University { Electrical and Computer Engineering

2.3.2 Single Phase Equivalent Electrical Circuit

Each phase of an SRM can be described by an equivalent electrical circuit. The voltage

and current dynamics in a single phase of an SRM can be described by (2.3.1)

d ph(iph; )

i (2.3.1)

where Vy, is the voltage applied to the phase windingR,y, is the phase resistance,
iph is the phase current, ana% is the rate of change of ux linkage.

The ux linkage of an SRM phase can described by
ph(iph; ) = Lpn(iph; )iph (2.3.2)

where pn(ipn; ) is the phase ux linkage andLn(iph; ) is the phase inductance.

Substituting (2.3.2) into (2.3.1) and expanding gives (2.3.3)

dLpn(ipn; ) dipn ri dLpn(iph; )

dign e * e d (2.3:3)

Vph = Rphiph"'[Lph(iph; )+ iph

If inductance is assumed to be only a function of position, (2.3.3) can be simpli ed

to (2.3.4):

dign . dLon( )
et et 7

The last term in (2.3.4) is referred to as the induced voltage, counter-electromotive
force (EMF), or back-EMF. It is voltage that is induced in the circuit due to the

changing magnetic eld. Back-EMF can oppose the applied voltage on the windings
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and reduce the rate of change of current.

= ipp! d";“( ) (2.3.5)

Substituting (2.3.5) into (2.3.4), the equation becomes the following:

dign

o4 (2.3.6)

Vph = Rphiph + I—ph( )

From the current dynamics described by (2.3.6), the equivalent electrical circuit for

a single phase of an SRM can be shown as in Figure 2.10.

Figure 2.10: SRM equivalent electrical circuit model

2.3.3 Electromagnetic Characteristics and Torque Genera-
tion

The static characteristics for ux linkage and torque are used to characterize an SRM.
When the detailed internal design of an SRM is available, it can be modeled in nite
element analysis (FEA) software to generate static characteristics.

If the motor construction speci cations are not known, static characteristics can
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be experimentally measured. The rotor of the SRM is incrementally locked in various
positions and voltage is applied to the motor. Phase voltages and currents can be
measured to calculate the ux linkage according to (2.3.8). The derivative in ux

linkage can be calculated with (2.3.7) as below:

d pn(ipn; )

To calculate the ux linkage, (2.3.7) can be rearranged as (2.3.8)

YA t
ph(iph; ) = . (Mon(t)  Rpnipn(t))dt (2.3.8)

The phase ux linkage characteristics as a function of position (electrical angle) for

various levels of phase current excitation are shown in Figure 2.11.

Figure 2.11: Flux linkage characteristic of an SRM

The torque produced by an SRM at each electrical angle is shown in Figure 2.12
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for di erent phase current excitation levels. An SRM can generate positive or negative
torque depending on the rotor position and timing of the phase excitation. Positive
torque is produced when a rotor pole approaches the aligned position and the phase
is magnetized for it to move toward the aligned position. Negative torque is gener-
ated when a rotor pole is moving away from an aligned position, and the phase is
magnetized to pull the pole back toward alignment. This occurs when the produced

torque opposes the current direction of rotation.

Figure 2.12: Torque characteristic of an SRM

SRMs can also operate as generators by energizing the stator poles in di erent
positions to generate negative torque. The kinetic energy of the rotor is then converted
to electrical energy that is delivered back to the power supply. The power in an SRM

can be described by (2.3.9).

dipn
dt

. . ., dL

I + ipthh( ) (2.3.9)
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The last term of the (2.3.9) can be expanded using the product rule and simpli ed

into (2.3.10).

. L, 1,dLg(), d,1 .
Voniph = Rpni2, + éugh g“ Lt Gl )iZy) (2.3.10)

In (2.3.10), the rst term describes the copper losses in the circuit, the last term
describes the magnetic energy stored in the system, and the middle term describes
the mechanical power that is produced. The mechanical energy term is a product of
torque (T) and speed [). As such, the torque can be determined as a function of

current in (2.3.11).

(2.3.11)

2.4 Summary

Chapter 2 outlines the basic construction, operational principles, and modeling of
an SRM. An SRM is constructed with a stator, rotor, and coil windings. Magnetic
ux is generated when the stator pole windings are excited with current. Torque is
generated in an SRM as the magnetic ux path changes to reduce the reluctance in the
magnetic circuit. SRM rotor pole positioning relative to the stator poles is essential
to the operation of an SRM and can be described by the electrical angles of each
phase. SRM modeling consists of the equations that govern its dynamics combined

with the static characteristics obtained through FEA or measured experimentally.
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Chapter 3

Overview of Current Control In a

Switched Reluctance Motor Drive

3.1 Switched Reluctance Motor Control Methods

The main types of control strategies for SRMs involve regulating one or more of the
desired motor performance parameters either directly or indirectly: current, torque,
and/or speed. Each control strategy has di erent objectives and the selection of
control parameters depends on the application. For SRM control, the timing of inputs
is essential and position information is required for operation. Position information
can be estimated using sensorless control methods or measured from sensors including

an encoder, Hall e ect sensor, or resolver.
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3.1.1 Current Control

The current controller regulates the phase current in the stator windings. The block
diagram of a typical PWM current controller is shown in Figure 3.1. A current
reference and the measured phase currents are used to generate the switching signals
in order to track the reference accurately. Current controllers maintain the current at

a given reference by modulating the voltage applied to the windings. It can be used
as an inner control loop for torque or speed control to ensure reliable and e cient

operation of the motor.

Figure 3.1: Typical block diagram for current control

3.1.2 Torque Control

Torque control focuses on the regulation of rotational force exerted on the motor
shaft. Torque can be estimated using a lookup table (LUT) to model the relationship
between current, position, and torque. Torque control is primarily divided into two
categories: indirect torque control and direct torque control (DTC). Indirect torque
control methods regulate the output torque by controlling the phase current. Fig-
ure 3.2 describes the typical layout of an indirect torque controller. A reference current
pro le is generated according to a given torque reference and the motor position. The

reference current pro le is then tracked using a current controller. Conversely, DTC
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uses torque and ux linkage feedback to generate the appropriate voltage reference
and the corresponding switching signals are applied by the inverter to regulate the
torque output. A controller for DTC is shown in Figure 3.3. The objective of torque
control is to improve torque tracking accuracy, minimize torque ripple, and ensure re-
liable motor operation under varying load conditions. It is used in applications where
fast and precise torque output is required including electrical vehicles and industrial

machinery.

Figure 3.2: Typical block diagram for indirect torque control

Figure 3.3: Typical block diagram for direct torque control

3.1.3 Speed Control

Speed control involves regulation of the rotational speed of the motor shaft by adjust-

ing the frequency, magnitude, and duration of current. The typical block diagram of a
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speed controller is shown below in Figure 3.4. A closed-loop speed control system in-
corporates speed feedback which is measured from the rate of change of position of the
measured rotor position. The speed feedback is compared with the speed command.
The controller adjusts the current reference and conduction timing and duration to
maintain the desired speed. Speed control is used in applications where constant or
variable speed is required including devices such as conveyors, fans, compressors, and

pumps.

Figure 3.4: Typical block diagram for speed control

3.2 Current Control Methods

Current control involves the regulation of phase currents to track a desired current
reference. The reference can be shaped with various methods to achieve a variety
of operational objectives. A common current pro ling technique is torque sharing
functions (TSF). TSFs generate torque pro les by dividing a torque reference between
the multiple phases of an SRM to keep the total torque constant and reduce ripples
created during phase commutation. In the literature, a number of studies have been

performed to reduce torque ripple and improve current tracking [7{9]. Analytical
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TSFs are typically divided piecewise into sections as described in (3.2.1)

Tret ( ) = (3.2.1)

Tcmd on T ov < off

Tcmd]c fall off off t ov

8
0 < on
Tcmdfrise on < ot o

-0 off ¥ ov

where represents the rotor position expressed as an electrical anglg,y is the
commanded torque requirementf ;e and f¢;; are functions that describe how the
torque is distributed between commutating phases,, and . are the turn-on and
turn-o conduction angles, and , is the overlap region between the incoming and
outgoing phases.

Analytical TSFs are classi ed by the type of transition that allocates how the total
torque is shared between phases, which are denotedflhy. andfy, . The most widely
used analytical TSFs are linear, cubic, and exponential. Figure 3.5 shows an example
of a quadratic torque sharing function. From a desired TSF, a current reference
can be generated using an inverse LUT with torque reference and position inputs.
Theoretically, if the phase currents can perfectly track this pro le, constant output
torque would be achieved. However, due to the nonlinear current dynamics and limits
of the system, it can be challenging to track the reference perfectly. Current pro les
can also be generated for the ful liment of other objectives such as the reduction of

noise and vibration by minimizing the amount of radial force generated by the SRM.

29



M.A.Sc. Thesis { Alex Tsao; McMaster University { Electrical and Computer Engineering

Figure 3.5: Example of a quadratic torque sharing function (TSF)

3.2.1 Hysteresis Current Control

The typical current control scheme used in an SRM drive is hysteresis current control
(HCC). It involves the de nition of a reference current level and a hysteresis band

where the phase currents are maintained within. When the current is below the lower
limit of the hysteresis band, positive DC-link voltage is applied to the winding allowing

the current to rise. Once the current surpasses the upper limit of the hysteresis band,
zero or negative voltage is applied to allow the current to reduce. Applications of zero
or negative voltage depend on the type of switching used. The duty cycles that can
be applied in hysteresis control are limited to the nite set of -1, 0, and 1. Figure 3.6

shows an example of HCC maintaining the phase current within a speci ed hysteresis
band. The current reference is 10 A with a hysteresis band of 10% and the controller

is attempting to regulate the current between 9 and 11 A.
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Figure 3.6: Typical operating waveforms for hysteresis current controller: (a) phase
current, (b) phase voltage

HCC is a simple and e ective control method that can be quick to respond to
changes in current due to its operational mechanics. Its responsiveness is advanta-
geous for adapting to changes in load or system disturbances, but results in a variable
switching frequency. Variable switching frequency is not desirable as it can lead to

increased switching losses and di culty in Itering the output ripple.

3.2.2 Pulse Width Modulation Current Controller

Pulse Width Modulation (PWM) current control adjusts the width of pulses to apply

di erent average voltages to the motor windings and regulate the phase currents. The
on-time or duty cycle of the pulses is modulated based on current feedback to maintain
a desired current set point or track a desired reference. To illustrate the di erences
between HCC and PWM control, typical PWM current controller waveforms can be

seen in Figure 3.7. Compared to HCC, PWM control requires a more complex control
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algorithm for implementation. With more exibility in the average voltage applied,
PWM controllers can reduce current ripple compared to HCC. The duty cycle is
calculated to reduce the current error and smooth variations in current. Lower current

ripple can improve motor performance and reduce mechanical vibrations.

Figure 3.7: Typical operating waveforms for PWM current controller: (a) phase
current. (b) phase voltage

3.2.3 Single Pulse Operation

At higher operational speeds, current control is more complicated as the induced
voltage generated by the SRM can surpass the phase voltage applied to the phases
during a conduction period. The current attempts to rise, but the applied voltage is
unable to overcome the induced voltage. When this occurs, the current is not able to
rise to track the reference e ectively and results in a single pulse current waveform

as shown in Figure 3.8.
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Figure 3.8: Typical operating waveforms for single pulse operation: (a) phase
current, (b) phase voltage

3.3 Advanced Control Techniques for SRM Drives

3.3.1 Model Predictive Control

Figure 3.9 shows a typical block diagram used for model predictive control (MPC).
MPC uses a mathematical model of the various system dynamics to predict how
the system behaves in response to a set of control inputs over a set time horizon
[10]. It formulates an optimization problem that aims to maximize or minimize
desired performance criteria over the next time steps [11]. This process is repeated
at each control time step to compute the control inputs that achieve the optimal
performance metrics. MPC can also take into account any constraints in the system
during optimization to provide control input solutions that are within the constraint

space [12]. Several works have applied MPC to various systems to demonstrate its
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versatility and e ectiveness in improving performance [13{17]. MPC can typically

be used to control either torque or current which are classi ed as model predictive
torque control (MPTC) and model predictive current control (MPCC), respectively.

MPC relies on solving multiple optimization problems at each time step making it
computationally intensive. MPC also requires an accurate mathematical model of the
system and performance can be impacted signi cantly if the model does not re ect
system dynamics correctly. The resulting control action can be applied directly to

the plant or using a modulator for xed switching frequency [18].

Figure 3.9: Typical block diagram of Model Predictive Control

3.3.2 Sliding Mode Control

Sliding mode control (SMC) is a robust control technique that ensures the system
reaches and maintains a desired state. It de nes a sliding surface and the control
laws are applied to drive the system toward the surface and stay on it. Figure 3.10
presents the typical block diagram of SMC. The surface is selected to exhibit desirable
behaviors such as stability or error minimization. Once the system state reaches the

surface, SMC is independent of model uncertainties and robust against variations

34



M.A.Sc. Thesis { Alex Tsao; McMaster University { Electrical and Computer Engineering

in parameters and external disturbances. Conventional implementations of SMC
may result in chattering creating high frequency and amplitude oscillations due to
the discontinuous nature of its control laws [19]. Chattering in the control signals
propagates into oscillations and increases ripple in output current and voltage. For
a motor drive, this can lead to higher switching losses in the power converter due
to higher frequency switching and higher torque ripple leading to more strain on the
mechanical system and generating additional noise. Higher-order SMC and smoothing

techniques can be used to overcome chattering as presented in [20].

Figure 3.10: Typical block diagram of Sliding Mode Control

3.3.3 Fuzzy Logic Control

Fuzzy logic control (FLC) is categorized as an intelligent, model-independent control
method and utilizes the branch of arti cial intelligence focused on reasoning with
uncertainty and imprecision. The typical block diagram of FLC can be seen in Fig-
ure 3.11. It is useful to handle ambiguous and vague information using linguistic
variables and fuzzy sets [21]. Unlike traditional control methods that utilize precise
measurement thresholds and binary logic, fuzzy logic provides more exible and adap-
tive responses by creating more loosely de ned categories and responses/behaviors

that are e ective in each set of conditions. FLC consists of three distinct stages:
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fuzzi cation, inference, and defuzzi cation. Fuzzi cation involves evaluating input
variables using membership functions to determine how well they t into a linguistic
descriptor on a continuum of values between 0 and 1. Examples of linguistic de-
scriptors to describe current could be "high current”, "medium current”, and "low
current.” Inference is used to evaluate the current inputs using a set of rules and
determine the appropriate fuzzy outputs that represent the desired system response.
The set of fuzzy outputs is then converted to quantitative output values using de-

fuzzi cation. Fuzzy logic rule and member function de nition can be complex to

determine based on the control system and desired responses.

Figure 3.11: Typical block diagram of Fuzzy Logic Control

Comparing the current control techniques, Table 3.1 summarizes the advantages,
disadvantages, computation complexity, and switching frequencies for each control

method.
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Table 3.1: Comparison of control techniques

Control Advantages Disadvantages Switching Computational
Technique Frequency Complexity
Hysteresis Fast dynamic response; Higher ripple and switching | Variable Low; simple control
Control simple to implement; losses law

robust to disturbances
PWM High e ciency; precise Slower dynamic response; | Fixed Low to medium,
Control control of average output | susceptible to harmonic depending on

with minimal ripple distortion; complex for modulation scheme

advanced modulation
schemes

Model Handles multi-variable Computationally intensive; | Variable/Fixed High; optimization
Predictive systems with constraints; | requires accurate model; and system model
Control optimizes performance; performance sensitive to calculations
(MPC) predictive in nature modeling errors
Sliding Mode Robust to system Chattering due to Fixed Low to medium;
Control uncertainties and discontinuous control; need depends on
(SMC) disturbances; low smoothing techniques to smoothing techniques

computational reduce chattering

requirements
Fuzzy Logic Robust to system Complex rule base design | Variable Medium; complexity
Control uncertainties; does not for large systems; does not increases with larger
(FLC) require accurate guarantee stability or rule sets

mathematical model; performance

exible

3.4 Summary

SRMs can be controlled to regulate a number of parameters including torque, speed,
and phase current. Each control strategy has di erent goals and is used to achieve
a variety of performance aspects. Current control regulates the current in the phase

windings using various techniques. Traditional hysteresis control provides a simple
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and responsive approach but may exhibit higher current ripple due to the variable
switching frequency and application of a limited set of duty cycles. Linear controllers
are widely adopted for industrial applications but lack robustness without additional
modi cations. MPC is a model-based method following an optimization approach
that can account for nonlinearities and varying operating conditions. SMC is a ro-
bust, model-independent control scheme that involves generating control actions to
follow a trajectory toward a desired operating point. FLC does not require model in-
formation and is exible in its responses by managing uncertain or vague inputs. The
more advanced control methods discussed, including MPC, SMC, and FLC, provide
potential advantages to SRM performance, but at the cost of higher system intri-
cacy and higher computational complexity. As computing technologies and controller
techniques continue to advance in the future, state-of-the-art control strategies can be
applied to SRM control for unique advantages, but may result in higher complexity

and system cost.
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Chapter 4

Development of Pulse Width
Modulation Current Controller for
a Switched Reluctance Motor

Drive

4.1 Modeling of a PWM Current Controller

A Proportional-Integral (PI) Pulse Width Modulation (PWM) controller with gain-
scheduling was implemented and studied for its exibility and capability to operate
at a xed switching frequency. To model the PI PWM current control for an SRM,
a model was created in MATLAB Simulink as shown in Figure 4.1. It is organized

into discrete modular blocks with speci ¢ tasks. This structuring allows for exible
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implementation as blocks can be swapped depending on the requirements of the ap-
plication. For example, when conducting simulations, an SRM electrical model is
included as the plant. For experimental testing, the electrical model is removed and

replaced with the switched reluctance motor used in the experimental testing setup.

Figure 4.1: MATLAB Simulink SRM Full Model

4.1.1 Command Input Blocks

Command input blocks in the green-colored areas are used for inputs to the controller.
As discussed in Chapter 3, there are a number of control variables that can be used
to operate an SRM. For current control, command inputs include current reference
command, enable, and switching frequency. The outputs include reference current
and conduction angles. The commands are sampled at a xed rate of 100 Hz as they
change slowly compared to the circuit dynamics of the motor.

All the calculations related to signal conditioning, excitation signals, look-up ta-
bles, and command signals are performed within the controller subsystem in gray.

The components within the subsystem are shown in Figure 4.2 below.
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Figure 4.2: MATLAB Simulink SRM Controller Subsystem

Signal conditioning blocks in the cyan-colored areas are used for processing the
readings from the plant or system under control. From the SRM, the phase cur-
rents, position, and torque are measured to ensure that the desired performance is
demonstrated.

Motor control related blocks within the yellow-colored areas are used for opera-
tions involving the motor controller. It includes lookup tables (LUTSs), the PI con-
troller, and processing of the signals that need to be used for control calculations

including the excitation signals generated from the positional readings.

4.1.2 Inductance Modeling

Inductance can be modeled from the ux linkage using (4.1.1) and (4.1.2). Both are
calculated from the ux linkage characteristics which can be obtained through elec-
tromagnetic FEA or experimental measurements. The incremental inductance di ers

from the inductance by incorporating the e ects of the change in current. This is

dL (ign ; )

Gy Incre-

shown as the coe cient of the second term in (2.3.4)L (ipn; ) + ipn

mental inductance can be approximated by the inductance if the e ects of changes in
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current are considered to be negligible.

L(iph; )= (iipphh; - L(ip?;h)iph R

oy d (ipn; ) _ (iphs )
Linc('pha )_ dipph - ipph

(4.1.2)

Figures 4.3 and 4.4 show the inductance and incremental inductance pro les as a
function of rotor position. Each pro le represents the inductance at a given current
level. An important di erence between inductance and incremental inductance is the
incorporation of magnetic saturation e ects. The incremental inductance shows the
e ects of the ux linkage characteristic slope attening as the current rises and the
core saturates. This phenomenon can be observed as a decrease in inductance near

the aligned position at 180 degrees.

Figure 4.3: Inductance characteristic pro les for di erent current levels
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Figure 4.4: Incremental inductance characteristic pro les for di erent current levels

The inductance pro les also dier as a function of current. To visualize this,
Figures 4.5 and 4.6 show the 3D plots of the inductance as a function of rotor position
and current. Compared to the inductance plot shown in Figure 4.5, the incremental
inductance in Figure 4.6 is shown as a atter surface and the inductance decreases

more rapidly as the current increases and the SRM saturates. This e ect is more

prominently seen in the region of 20 A to 70 A.
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Figure 4.5: Inductance characteristic

Figure 4.6: Incremental inductance characteristic
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4.1.3 Induced Voltage Compensation

Induced voltage decoupling has shown positive e ects on current tracking as explored
in works such as [22, 23]. The induced voltage is dependent on the amount of current
in the phase windings, the rotor speed, and the change in the phase inductance.
The change in inductance is nonlinear and to reduce the e ects on the control, it
is decoupled with a feed-forward branch. The induced voltage is calculated from
a look-up table (LUT) with electrical angle and phase current as inputs. Due to
the experimental ux linkage characteristic measurement discretization, the resulting
induced voltage characteristic in Figure 4.7 contains large uctuations that are more
sensitive to position. As a solution, the induced voltage characteristic was smoothed
using the robust local quadratic regression method of the MATLAB Smooth Data

toolbox as shown in Figure 4.8.

Figure 4.7: Induced voltage characteristic
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Figure 4.8: Smoothed induced voltage characteristic

Figure 4.9 shows a comparison of the PI controller without induced voltage com-
pensation and with induced voltage compensation. The induced voltage compensation
is shown to improve the current tracking by showing less of a current dip near the
mid-aligned rotor position. The steady-state error in the phase current is also lower

compared to the current controller without compensation.

(a) (b)

Figure 4.9: Comparison of phase current control with induced voltage
compensation: (a) no compensation, (b) induced voltage compensation
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4.1.4 LUT Size Reduction

The characteristics stored in the LUTs exhibit symmetry. Utilizing this property, the
size of the LUT can be reduced by half and allow for e cient memory usage. For
example, the ux linkage characteristics are symmetric about the aligned position so
the information from the rst unaligned position (O deg) to the aligned position (180
deg) in the increasing ux linkage region can be used to estimate the information
in the decreasing ux linkage region. As such, the positions in the decreasing ux
linkage region can be converted to the corresponding position in the increasing ux
linkage region.

For the inputs to the LUTS, the electrical angles are adjusted according to (4.1.3)

when they are larger than 180 degrees.

8
2 ; 180

ad — (413)
3 360 ; > 180

where is the rotor position in electrical degrees and,q is the modi ed rotor position
used as input to the LUTSs.

For induced voltage characteristics, which are symmetric with respect to both the
x- and y-axis, a similar principle applies but the values after the aligned position
should be negative, and a negative gain is applied accordingly. The gain of negative

one is applied to the output of the induced voltage LUTs according to (4.1.4).

8
. 2 (iphs ad); 180
(iph; aq) = 5 (4.1.4)
(iph; adj) = (i ph 360 ); > 180
Any blocks related to the actual system or plant are in the areas colored in red.
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The inverter used to deliver the power to the SRM and the SRM electrical model are
the main components included here. The inverter takes the duty cycles calculated by
the controller and applies them to an asymmetric half-bridge converter. The currents
follow the dynamics de ned by the ux-linkage characteristics of the SRM and the

relationship de ned by (2.3.6).

4.1.5 Electrical Circuit Model of SRM

A simpli ed plant model shown in Figure 4.10 can be used for the current dynamics
calculations but it is limited in the quantities that can be represented and analyzed.

It is based on a rearrangement of Equation (2.3.1) for ux linkage calculation.

Figure 4.10: SRM plant model

A more detailed electrical circuit model can be seen below in Figure 4.11. To better
model the electrical circuit dynamics, an electrical circuit model was developed with
the SimScape library to include all the necessary system components as described
in Figure 2.8. The windings of the SRM were modeled with a controlled current
source that has outputs according to the current dynamics in (2.3.1). Compared to
a simpli ed plant model, the electrical circuit model incorporates estimates for the
power supply parasitic components, values for the DC-link capacitor of the inverter,

and allows for modeling and measurement of the supply current.
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Figure 4.11: SRM electrical circuit model

4.2 Development of PWM Current Control

Pulse width modulation (PWM) involves the manipulation of the on-time of a xed
pulse period to achieve a desired duty cycle. The duty cycle is de ned as the fraction
of the period that the signal is on. For a signal with a 30% duty cycle, the signal is
on for 30% of its period and o for the remaining 70%.

PI control is a widely used regulation technique in various control systems. It is
a type of closed-loop control that involves calculating the di erence (error) between
a given reference signal and a measured signal. Proportional and integral gains are
applied to the error signal and the results are summed together to calculate the desired
command signal. The proportional and integral gains should be tuned in a way such
that the resulting command signal reduces the di erence between the reference and
measured signal and the system behaves as desired. With xed Pl gain parameters,
the controller is considered to be linear. Linear PI controllers are used in a variety of
applications. However, due to the nonlinear nature of an SRM, linear PI controllers
are limited in their performance. Figure 4.12 shows the PI controller block diagram
used in the current controller. To account for nonlinear SRM properties and make

the controller more robust, Pl control with variable parameters and gain-scheduling
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is used. This can help improve the responsiveness of the controller under di erent
operating conditions. The SRM model in the diagram is the detailed electrical circuit

model created using the SimScape library discussed in 4.1.5.

Figure 4.12: Proportional-Integral (PI) controller block diagram

4.2.1 PI Controller Design

To obtain the transfer function of the SRM in the s-domain, the Laplace transform
is performed on (2.3.6) and the result is rearranged with voltage as the input and

current as the output resulting in

iph(S) _ 1
Vpn(S) Rph + SLpn( )

G(s) = (4.2.1)

whereip is the phase current,V,, is the phase voltageRp, is the phase resistance,
and Lpn( ) is the incremental phase inductance. The induced voltage (back-emf)
term is decoupled from the transfer function and added to the output afterward. In

general, the closed-loop transfer function with a controller is de ned as in (4.2.2):

C(s)G(s)

T = 16960

(4.2.2)
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where G(s) is the plant transfer function and C(s) is the transfer function of the

controller. A PI controller is used and has the form of (4.2.3):

S

K.
C(s)= Kp+ ?'

(4.2.3)
whereK, is the proportional coe cient and K; is the integral coe cient. The error is
scaled and integrated by the corresponding coe cients and then summed to calculate
the desired command output. Substituting (4.2.3) and (4.2.1) into (4.2.2), the closed-

loop transfer function becomes (4.2.4).

sKp+ K 1
_ S Rph+S|—ph( )
T(s) = {7 &K ] (4.2.4)

S Rph+SLph( )

Multiplying the numerator and denominator by s(R+ sLpn( )), the equation becomes

(4.2.5).
SKp + Kj

T = S(Rph + SLpn( ) + (sK, + Kj)

(4.2.5)

The parameters ofK, and K; can be selected to achieve di erent responses. If phase
resistance is considered negligible or is decoupled in the control loop, the (4.2.5) be-
comes (4.2.6) which resembles a second-order transfer function in the form of (4.2.7).

T(s) = K _ (4.2.6)
Lph( )(Sz+ SI—ph’E ) + Lp}:l( ))

21 s+ 12
$+2 1 s+12

T(s) = (4.2.7)

Kp and K; are selected as (4.2.8) and (4.2.9) for the transfer function to resemble the

second-order transfer function with a left half plane (LHP) zero [24]. The LHP zero
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adds dynamics for a faster rise time but also adds overshoot.

Ko=2Lopn( ) ! n (4.2.8)

Ki=Lpn( )2 (4.2.9)

For second-order transfer functions, the step response has been extensively studied
and parameters such as rise time, overshoot, and settling time can be determined by
parameter selection for damping ratio and natural frequency.

4
Tsettie = ' (4.2.10)

= n

To further simplify the analysis, the damping ratio, , was selected to be 1. This
results in a critically damped system with to balance the response time of an under-
damped system and the stability of an over-damped system.

The time for an electrical cycle to be completed was calculated as the time required
to cover 360 degrees electrical at a given speed. It is calculated as the inverse of

rotations per second using (4.2.11) below:

1 60

N =
N, =8 N; Nrpm

Teycle = (4.2.11)

The target settling time was selected as settling within the rst tenth of an electrical

cycle.
T s = Tcycle = 60 = 0
settle;desired 10 10N, Ngpm N Nrpm

(4.2.12)
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For the SRM under study, there are 8 rotor poles and, hence, (4.2.12) becomes

6
8 Nrpm

(4.2.13)

Tsettle:desired =

Equating the settling time in (4.2.10) to the desired settling time based on the elec-

trical cycle time in (4.2.13) gives

2
| = %NRPM (4.2.14)

The coe cient of (4.2.14), % is dependent on the desired settling time and it
is denoted ask, . For a smaller settling time, the denominator can be adjusted to
be smaller but this can result in a controller more sensitive to noise. Typically,
faster motor speeds require higher bandwidth to respond e ectively. As a result,
k, scales the speed in RPM to calculate the bandwidth in radians per second. The
calculated bandwidth is then used in the Pl parameter calculations. For low speeds,
the bandwidth calculated using (4.2.14) was insu cient for current control so it was
adjusted to a piece-wise function as shown in (4.2.15).

8
2 32(200) = 1066667, Ngrpm < 200

|, = (4.2.15)

B32

: gNRPM ; Nrpwm 200

From the above parameters, the Pl parameters were calculated according to the
following:

Kp = 2|—ph( ) k! NRPM (4216)
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Ki = Lpn( )(ki Nrpm )? (4.2.17)

The range of theK , and K; was large and enabled exible adaptation to di erent
operating conditions. TheK, and K; parameters varied from minimum values of
approximately 0.0853 and 4.53 to maximum values of 85.3 and 18193.3 respectively.
These values were calculated from the observation that the inductance varies from
approximately 0.4 mH to 8 mH in the inductance characteristics and the calculated
bandwidth varied from 1066.67 rad/s to 5333.33 rad/s based on motor speed.

Alternatively, the K, and K; parameters can be selected in a way to eliminate
the plant pole and implement a pole at a desired bandwidth as shown in (4.2.20) and
(4.2.21).

Kp= Lpn( )!'n (4.2.18)

Ki = Rph! n (4219)

whereL( ) and Ry, are the inductance and phase resistance ang is the desired

bandwidth of the controller.

SI—ph( )! nt Rph! n
S(Rph + SI—ph( ))+(S|-ph( )! nt Rph! n)

T(s) = (4.2.20)

If L( ) and Ry, estimate the actual inductance and phase resistance accurately, the
pole-zero cancellation will result in the rst-order transfer function in (4.2.21).
|

)= oo (4.2.21)
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In the MATLAB Simulink model, a discrete PI controller is used with external inputs
for the Pl parameters, an external reset, and anti-windup clamping. The output of
the PI controller is the desired command voltage required from the inverter. The
controller output is limited to the maximum DC-link voltage that can be applied to
the SRM. The desired voltage is converted to a duty cycle by dividing by the DC-link

voltage.

4.2.2 Comparison of Pl Parameters

Two controllers were prepared to compare the performance of the two sets of PI
parameters. Both controllers were con gured for the same bandwidth and simulations
were performed under various operating conditions.

For di erent speeds and control bandwidth values, the phase current responses
were compared for each controller. One controller has a set of Pl parameters to
cancel out the plant pole and create a rst-order transfer function response. The
other controller uses Pl parameters selected to form a second-order transfer function.

As observed in Figures 4.13, 4.14, and 4.15, the parameters corresponding to the
second-order response had a faster rise time and better current reference tracking, but
larger initial overshoot compared to the Pl parameters for the rst-order response.
Based on the comparison, the set of Pl parameters that correspond to the second-

order response were selected.
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(a) First-Order Pl Parameters (b) Second-Order Pl Parameters

Figure 4.13: Simulations of rst and second-order responses for 70 A @ 250 RPM

(a) First-Order Pl Parameters (b) Second-Order Pl Parameters

Figure 4.14: Simulations of rst and second-order responses for 70 A @ 500 RPM

(a) First-Order Pl Parameters (b) Second-Order Pl Parameters

Figure 4.15: Simulations of rst and second-order responses for 70 A @ 750 RPM

A set of xed gain parameters forK, and K; were also compared with the gain-
scheduled parameters proposed. Fixed Pl parameters were selected as 1& foand

0.1 for K; by manual tuning at 250 RPM. Figures 4.16, 4.17, and 4.18 show the
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simulation phase currents for the same operating points as the rst-order and second-
order parameters. At 250 RPM, the current tracks the reference initially, but does
not regulate around the reference until near the end of the conduction period. As the
speed increases to 500 RPM, the tracking is worse than 250 RPM and shows a larger
drop in current. Finally, for 750 RPM, the current shows more di culty tracking the
reference with a large dip and steady-state error appearing. Overall, compared to
the rst-order and second-order Pl parameters investigated, the xed Pl parameters
showed di culty regulating the current as the motor speed increased. Performance
could be improved with more robust parameter tuning, but it is expected that similar
trends would be observed without gain-scheduling to adapt to changes in operating

conditions.

Figure 4.16: Simulation with xed gain Pl parameters for 70 A @ 250 RPM
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Figure 4.17: Simulation with xed gain Pl parameters for 70 A @ 500 RPM

Figure 4.18: Simulation with xed gain Pl parameters for 70 A @ 750 RPM

4.3 Conduction Angle Optimization

Conduction angle selection is essential to the successful operation of an SRM and

their optimization controls the torque production. Conduction angles were optimized
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using a Genetic Algorithm (GA).

Due to the nonlinear properties of an SRM, traditional optimization methods
might not be able to provide reliable solutions in a reasonable amount of time. GA
optimization generates a set of candidate solutions that are evaluated based on ob-
jective functions for their tness [25]. Members with higher tness persist into later
rounds where more candidates are introduced and the process of selection is contin-
ued until a set of best candidate solutions that meet the optimization parameters are
obtained. The end of optimization can be de ned in many di erent ways depend-
ing on the requirements. Examples include a maximum number of generations or a
minimum percentage improvement in objectives between generations.

The advantage of GA optimization is that it is able to avoid the redundancy of
testing every single possible candidate and instead search for candidates that exhibit
desirable performance that are iteratively re ned and improved over many gener-
ations. However, GA optimization can result in di erent optimal solutions if run
multiple times due to the nature of its random generation. Consequently, it is im-
portant to select appropriate optimization parameters and check the results of the

optimization for validity.

4.3.1 Objective Functions

Objective functions are performance metrics used to evaluate alternative solutions. A
number of objective functions can be selected for the optimization problem depending
on the application and desired performance. Multiple objective functions can also be
used to consider other preferred aspects but they result in a number of candidates that

all attempt to achieve the selected metrics. Selection between resulting candidates
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then requires further investigation and other operational considerations.

Average torque is a measure of the torque produced during the operation of the
motor. Average torque is calculated using (4.3.1) wherge and , are electrical angles
corresponding to the start and the end of an electrical cycl&,( ) is the instantaneous
torque at the electrical angle and d is an in nitesimal change in electrical angle
used for integration.

Z

1 T()d (4.3.1)

Tavg =
1

Torque ripple quanti es the variation in the torque over a period. It can be used
to measure the "smoothness" of the torque and can be analyzed with the root mean
square (RMS) quantity. It is computed according to (4.3.2) using the average torque

calculated in (4.3.1).

ya

L mae TO)R (4.3.2)

2 1,

Trus =

The supply current is measured to quantify the energy transferred from the power
supply to the motor. It can be calculated in a number of ways and each has di erent
uses. The average supply current can be calculated as the typical value:

1 fo

| supply;avg = T | supply () dt (4.3.3)
t, 11

wheret; and t, are the start and the end of the averaging periodl gy (t) is the
instantaneous supply current at timet. In essence, this is the sum of all supply
current measurements between two points in time and divided by the time di erence

between the rst and last measurement.
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The RMS supply current can also be used to quantify the magnitude of the supply
current without the consideration of signs. The RMS supply current is calculated

using s

— 1 2 2
| supply;rms  — t, t; . I supply
1

(t)dt (4.3.4)

The supply current ripple assesses the variation in supply current over a period.
Its magnitude can be evaluated using the RMS quantity as calculated in (4.3.5). As
higher supply current ripple can have negative e ects on the reliability and lifetime of
a system, techniques that reduce supply current ripple can be bene cial to the overall

performance.

I supply;RMS = t t [I supply;avg | supply (t)]zdt (4.3.5)
2 1

4.3.2 Constraints
Linear Constraint

Constraints were implemented to limit the operation of SRM within the designed
ratings. These limits prevent over-current conditions. The phase currents were limited
by the rated current of the SRM at 81.7 A. The conduction angles were also limited
in the range of -90 to 90 degrees electrical for turn-on and 90 to 180 degrees electrical
for turn-o of motoring mode. The conduction period was also constrained according

to the linear inequalities presented in:

2 32 3 2 3
360

g1 Z§ NI § L (4.3.6)
1 1 OFF 3?11&
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wherem is the number of phases for the SRM, ank is a parameter that de nes the
upper limit of the conduction period. The values used wenm = 3 for a three-phase

SRM andk = 1:5 for a maximum conduction period of 180 degrees electrical.

Nonlinear Constraint

A nonlinear constraint imposed on the GA optimization was the RMS current limit

of the motor. The RMS current can be determined using

S

Z

1

2 1,

lrms = IZ( )d | rated (4-3-7)

where |l ( ) is the instantaneous current at electrical angle and |,4eq is the rated

current limit of the motor.

4.3.3 Selection of Solutions

Multi-objective genetic algorithm optimization results in a number of solutions that
attempt to satisfy all objectives together in the form of a Pareto front. Moving
along the Pareto front and changing the variables might not be bene cial for all
optimization objectives and compromises need to be made. To select a solution from
the many obtained candidate solutions, a weighted calculation was performed to score

the solutions using the equation below:

Y = Wi X (438)

i=1
wherew; is the weighting for a given objectivey; is the score for a given objective, and

Y is the total score. An equal weighting was selected to balance the importance of the
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two objectives. Alternative weightings can be assigned depending on the importance
of di erent objectives in a given application.

Figure 4.19 illustrates the optimization results, highlighting the trade-o between
average torque production and torque ripple. An increase in the conduction period

enhances the average torque, but concurrently ampli es the torque ripple.

Figure 4.19: Average torque for di erent sets of conduction angles
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Figure 4.20: RMS torque ripple as average torgue increases

A plot of candidate solutions and their corresponding values for each objective
can show a curve called a Pareto front. This is where solutions along the curve are
optimized for both objectives simultaneously and are generally superior to solutions
within the area of the curve [26]. Figure 4.21 shows the Pareto front generated for
the optimization of conduction angles for the operating point of 600 RPM and 40 A.

The Pareto front also shows the trade-o between the average torque and the torque

ripple.

Figure 4.21: Pareto front for GA optimization at 60 A and 400 RPM
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4.3.4 Optimization Results

The GA conduction angle optimization was performed over a speed range of 0 to 1000
RPM and a current range of 0 to 80 A. Figure 4.22 shows 3D plots of the turn-on

and turn-o angles as a function of speed and current.

(a) Turn-on angles (b) Turn-o0 angles

Figure 4.22: Optimized turn-On and turn-o angles for motoring mode

Figure 4.22 reveals general trends in the conduction angles. As the speed increases,
the conduction angles shift earlier for an earlier start of the conduction period. At
higher speeds, the rotor completes each revolution more rapidly, reducing the time
available to energize each phase for torque production. As a result, the phase current
must be switched on earlier and turn-on angles are advanced to reach the reference
before the mid-aligned position. Similarly, the turn-o angles are advanced to allow
rapid demagnetization of the phase current before the aligned position, minimizing
the generation of negative torque.

For comparison, Figures 4.23 and 4.24 show two sets of conduction angles with a
motor speed of 500 RPM and a current reference of 40 A. The rst set was selected

as a base case withy, and s at -10° and 150 respectively. The second set was
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the results of the GA optimization giving o, and ¢ at-0.5°and 17T. The overlap

in commutation shown in the rst set of conduction angles creates a dip in the total
torque and produces a notable torque ripple. However, when the overlap is optimized
as demonstrated by Figure 4.24, the phase torques overlap in such a way to minimize

the torque ripple and maximize the average torque.

Figure 4.23: Phase current and torque for,, = -10°and o = 150° (40 A @ 500
RPM)
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Figure 4.24: Phase current and torque for,, = -0.5°and o =171° (40 A @ 500
RPM)

4.4 Summary

SRM modeling was performed with MATLAB Simulink software. It was organized

in a modular fashion with blocks that perform specic functions for exibility and
reliability. An analysis was performed for the SRM transfer function to determine
how to select the Pl parameters for the current controller. Two sets of Pl parameters
schemes were compared and one was selected due to advantages in rise time and cur-
rent tracking. Conduction angle optimization was performed with GA optimization

to maximize average torque and minimize torque ripple.
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Chapter 5

Experimental Validation Setup

5.1 Experimental Setup

This chapter focuses on the experimental testing of a switched reluctance motor with
a back-to-back dynamometer setup. An experimental dynamometer setup with a 5.5
kW switched reluctance motor (SRM) and an 11 kW induction motor (IM) was used
to validate the current control of the SRM. For the experiments conducted, the SRM
was operated with indirect torque control while the load IM was speed-controlled.

An overview schematic shows the layout of the experimental setup in Figure 5.1.

Figure 5.1: Experimental dynamometer testing setup diagram
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Figure 5.2 shows an annotated photo of the experimental setup. The SRM and
IM were both mounted on a T-slot table and the shafts of the two motors connected

with mechanical couplings and a torque transducer.

Figure 5.2: Experimental dynamometer testing setup

Figure 5.3 shows the laser alignment tool used to perform shaft alignment for the

experimental setup prior to testing to mitigate any misalignment issues.
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