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Abstract

Brushless Doubly Fed Reluctance Machines (BDFRMs) have emerged as strong candidates for limited ac-
cessibility and sustainable applications such as wind energy conversion systems and variable speed pump
drives due to their characteristic advantages such as low maintenance, reduced converter cost, and indepen-
dence from rare earth magnets. However, the complex nonlinear characteristics of BDFRMs, coupled with
the presence of significant current and flux harmonics, make high performance current control particularly
challenging.

This thesis proposes the use of a Discrete Time Super Twisting Sliding Mode (DTSTSM) controller under
a Field Oriented Control (FOC) framework to address these issues. The DTSTSM controller provides fast
dynamic response, improved robustness, and reduced chattering, which are crucial for nonlinear systems
like BDFRMs. To ensure optimal performance, the controller parameters are tuned automatically using a
Particle Swarm Optimization (PSO) algorithm.

A detailed harmonic analysis of the BDFRM is carried out to study the influence of its inherent nonlin-
earity on control performance. Experimental validation is conducted using a conventional PI controller for
comparison. The results demonstrate that the proposed DTSTSM controller strategy significantly improves
current tracking accuracy and dynamic response while maintaining stability under varying operating con-
ditions. This work contributes to the ongoing development of effective control strategies for BDFRMs and

promotes their use in clean energy generation and consumption sectors.
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Chapter 1

Introduction

1.1 Background

Electrical energy plays a vital role in the modern society. Among all forms of energy, it is the most versatile
and easiest to convert from one form to another like mechanical, thermal, chemical, or light. Additionally,
it can be transported over long distances with minimal losses, especially through high voltage transmission
lines [1]. These characteristics make electrical energy the most dominant and preferred form of energy across
the globe.

With increasing industrialization, and urbanization the demand for electric energy has grown rapidly.
This electricity consumption is projected to rise significantly in the coming decades, as illustrated in [2],
which presents the long term outlook for electricity demand and generation in the Canadian province of
Alberta.

However, this surge in electricity demand has led to the excessive consumption of fossil fuels for power
generation which has not only accelerated the depletion of non-renewable resources but also contributed
significantly to greenhouse gas emissions, environmental pollution, and global warming. These detrimental
impacts have prompted governments, research institutions, and industries worldwide to prioritize sustainable
and green energy solutions, as shown by the Clean Electricity Regulations published by the Government of
Canada [3].

Consequently, there has been a global shift toward renewable energy sources such as solar and wind for
electricity generation. In terms of consumption, the focus has turned to electric vehicles, energy efficient
appliances, and electric motors that avoid the use of rare earth metals and permanent magnet resources that

are both expensive and environmentally degrading to extract and process.



1.2 Electric Machines in Energy Systems

Electric machines, particularly electric motors and generators, are fundamental to both the production
and utilization of electrical energy. They are found in almost every aspect of modern infrastructure from
transportation and manufacturing to small scale household appliances.

Historically, the development of electric machines began with Michael Faraday’s demonstration of elec-
tromagnetic induction in 1821, which laid the foundation for the first DC motors [4]. Despite their pioneering
significance, early DC motors were expensive and not commercially viable. This limitation prompted the
development, of AC motors, which are more robust, efficient, and better suited to modern AC power grids
[5]. Among these, the induction motor (IM) was the first widely adopted AC motor, followed by several
others. Today, electric motors can be broadly categorized into two main types: AC and DC motors. Figure

1.1 shows the broad classification of the electric motors.

Electric Motors

Y

Other Motors

DC Motors AC Motors
) )
Seperately Brushless Doubly -
—>| Excited DC Motor — Induction Motors — S conous Fed Reluctance Switched

Motors

Motor [Reluctance Motor

) )
Permanent q Conventional
> Magnet > Convgntlonal > Synchronous Brushless DC
Induction Motor Motor
DC Motor Motor

)

Permanent
N q Doubly Fed Magnet
Senes|DClMotoy > Induction Motor > Synchronous
Motor
Brushless Doubly Synchronous
—>{ Shunt DC Motor > Fed Induction >  Reluctance
Motor Motor

> Compound DC
Motor

——

Figure 1.1: Classification of Electric Motors

In terms of energy consumption, the industrial sector is the largest consumer of electrical energy, largely
through various electric motor driven variable speed drives employed in diverse applications such as electric
traction, CNC machines, pumps, fans etc. Achieving efficient and precise control over the speed and torque

of electric motors is important for the satisfactory operation of these drives. Hence, ongoing research has



focused on developing high performance electric motors. Additionally, designing effective control strategies
to ensure precise speed control, and robustness against disturbances has also been a major research priority.

Initially, separately excited DC motors gained popularity due to their inherent decoupling of torque
producing and flux producing current components, allowing for straightforward control [6]. In these motors,
the armature winding on the rotor generates torque, while the field winding on the stator produces the
magnetic field. This decoupling enables independent control of torque and flux. However, DC motors
have notable disadvantages, including low torque density, high copper losses, and frequent maintenance
requirements due to the presence of brushes and commutators, all of which reduce robustness and overall
reliability. Consequently, AC motors have become the preferred choice in most applications.

Among AC motors, Induction Motors (IMs) are the most widely used. Induction motors quickly became
widely adopted due to their simple and robust construction, self starting ability, low maintenance require-
ments, and lower cost [6]. Their self starting capability makes it possible to directly connect them to the
power supply without the need for power converters, making them convenient for constant speed operations.
However, induction motors also have certain drawbacks. These asynchronous motors operate at speeds below
synchronous speed. This leads to induced currents in the rotor that causes rotor losses, reducing the motor
efficiency [7]. Furthermore, an IM always operates at lagging power factor. These limitations paved the way
for the development of synchronous motors that have higher efficiency [7].

Synchronous Motors (SMs) operate at synchronous speed and typically use an external DC excitation
source for the rotor winding [6]. The configuration of the SM allows the motor to operate at varying power
factors depending on the rotor excitation. Additionally, synchronous motors have relatively simple control
algorithms based on supply frequency and voltage. Despite these advantages, the use of slip rings and
brushes in the rotor structure reintroduces mechanical complexity and maintenance issues increasing the
maintenance cost while also introducing rotor copper losses.

To resolve this, Permanent Magnet Synchronous Motors (PMSMs) were developed [8] by replacing the
DC excited rotor with permanent magnets, commonly using rare earth magnets like Samarium Cobalt
(SmCo) and Neodymium Iron Boron (NdFeB). PMSMs feature stator windings connected to an AC supply
and permanent magnets mounted on the rotor [6]. This configuration eliminates the need for external DC
excitation for the rotor and associated components like brushes and slip rings in the rotor structure, thereby
eliminating high maintenance cost, reducing rotor losses and allowing for a more compact and efficient
machine with high torque density. PMSMs also retain the advantages of synchronous motors and offer
simpler control schemes. Yet, their dependence on rare earth magnets introduces several critical limitations
like high cost and supply risk due to limited geographical availability [9], thermal demagnetization at high

operating speeds and temperatures [10] and environmental impact associated with mining and processing of

3



rare earth elements [11] that raise concerns about sustainability and long term viability.

In light of these limitations, research has increasingly focused on developing electric machines that main-
tain high performance while eliminating dependence on permanent magnets. Among the alternatives, re-
luctance based machines such as Switched Reluctance Motors (SRMs) and Synchronous Reluctance Motors
(SynRMs) have gained attention due to their simple rotor construction and absence of magnets [12, 13].
However, these machines often suffer from high torque ripple, poor power factor, increased acoustic noise,
and require complex control and converter topologies [14].

To achieve better performance while maintaining cost and material efficiency, Doubly Fed Machines
(DFMs) have emerged as a viable class of electric machines [15-17]. These machines offer greater control-
lability and flexibility in speed variation using partially rated power converters, which control only one of
the two windings. This results in reduced power converter cost and lower power electronics stress. However,
traditional DFMs use rotor windings, brushes, and slip rings bringing back issues of increased maintenance,
rotor losses and reduced reliability [18].

To overcome these problems, Brushless Doubly Fed Machines (BDFMs) were developed [19], incorporating
both windings on the stator and eliminating the need for brushes and slip rings in the rotor structure, leading
to reduced maintenance and operational costs. The most commonly used BDFM variant has been the
brushless doubly fed induction machine (BDFIM) [20], featuring two stator windings and a cage or wound
rotor. Despite improvements, BDFIMs still experience rotor losses, similar to those of conventional IMs.
Thus, to overcome this, the brushless doubly fed reluctance machine (BDFRM) was developed [21]. The
BDFRM stands out as a highly promising candidate for advanced applications due to its unique structural
and operational benefits.

A BDFRM consists of two stator windings, namely power winding and control winding and a reluctance
rotor [21-23]. This design leads to several advantages. The absence of brushes and slip rings leads to
low maintenance requirement. The two windings facilitates the use of a partially rated converter, reducing
converter costs. The reluctance rotor eliminates the wound or cage rotor in the IM counterpart, resulting in
minimal rotor losses, greater robustness, and no reliance on permanent magnets. Another distinctive feature
of the BDFRM is its ability to operate across a wide speed range including sub-synchronous, synchronous,
and super-synchronous speeds. Owing to the unique characteristics of a BDFRM, they can be operated as
both a synchronous and an asynchronous machine depending upon the implemented control strategy for the
energization of the stator windings.

The early development of BDFRMSs was hindered by the limitations of initial prototypes, which exhibited
low efficiency and poor power factor [22, 23]. However, recent research has shifted focus toward improving

the machine’s design to improve performance. As a result, newer prototypes have demonstrated significantly
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improved torque density [24]. In addition, various rotor topologies have been explored to further improve
overall performance [25-27]. Consequently, modern BDFRMs are now capable of operating across a wide
speed range while maintaining suitable torque density and performance [24]. The development of BDFRMs

over the years is further discussed in the next chapter.

1.3 Research Motivation

Electric motors account for a major portion of the global electrical energy consumption. Therefore, the
development of high performance electric motors along with the design of their effective control strategies
is essential. Over the years, several electric motor technologies have been developed, and investigated,
including Direct Current (DC) motors, Induction Motors (IM), Synchronous Motors (SM), Permanent Mag-
net Synchronous Motors (PMSM), Switched Reluctance Motors (SRM), Synchronous Reluctance Motors
(SynRMs), Doubly Fed Induction Motors (DFIM), Brushless Doubly Fed Induction Motors (BDFIM), and
Brushless Doubly Fed Reluctance Motors (BDFRMs). Among these, the BDFRM stands out by offering
several key advantages such as reduced rotor losses, low maintenance requirement, ability to operate with
partially rated converter which significantly reduces converter cost, enhanced robustness, and no reliance on
rare earth magnets.

These characteristic advantages offered by the BDFRM, makes it particularly suitable for variable speed
applications with limited accessibility. Consequently, BDFRM has emerged as a highly attractive candidate
for integration into wind energy conversion systems (WECS) and large scale variable speed pump drives.
The doubly fed characteristic of the BDFRM is preferred for WECS application since it facilitates the
variable speed operation of the wind turbine. Furthermore, the ability to operate with partially rated
converters significantly reduces converter cost in a high power large scale WECS. Furthermore, BDFRM
directly replaces the currently used Doubly Fed Induction Machine (DFIM) in the WECS as BDFRM is
brushless, requires low maintenance and is more robust which is particularly more advantageous for offshore
wind turbine generation systems with limited accessibility. Additionally, BDFRM can be directly coupled to
the wind turbine as compared to the DFIM that requires a high ratio gear box. Lastly, the reluctance rotor
used in BDFRM as compared to cage or wound rotor in DFIM, eliminates induced rotor current resulting in
minimal rotor losses and reduced heating. Therefore, BDFRM proves to be a strong candidate for application
in WECS.

As previously discussed, the negative environmental impact of electricity generation through conventional
methods has led to a global paradigm shift towards greener electricity generation and consumption. WECS

plays a significant role in this green transition. Since the BDFRM has demonstrated strong potential for use



in this domain, advancing research into its design, modeling, and control is increasingly important.

However, current BDFRM designs also present several challenges. These include lower efficiency and
torque density compared to permanent magnet synchronous machines, poor operating power factor, and
the presence of inherent nonlinearities and harmonic interactions that complicate control. Due to these
limitations, BDFRMs have not yet been commercially adopted and remain primarily in the research and
development stage.

Furthermore, since BDFRMs are relatively more recently developed, the control strategies for BDFRMs
have not yet been explored as extensively when compared to more conventional machines. In particular, there
has been very limited investigation into nonlinear control strategies for BDFRM control. Additionally, the
impact of the inherent nonlinearities stemming from the unique operational characteristics of the BDFRM
on various control strategies remains largely unexplored. Motivated by these gaps, this thesis aims to analyze
the nonlinearities present in the BDFRM system and contribute to the development of advanced nonlinear

control methodology for its effective operation and precise speed control.

1.4 Thesis Contribution

The main objective of this thesis is to investigate the challenges in the control of the BDFRM when using
conventional linear controllers, and to subsequently evaluate the effectiveness of a nonlinear control strategy
to regulate BDFRM current and achieve precise speed control across sub-synchronous, synchronous, and

super-synchronous speed regions. The main contributions of this thesis include:

e Development of a Field Oriented Control (FOC) Strategy: This thesis develops a Field Oriented Control
(FOCQ) strategy designed for a Brushless Doubly Fed Reluctance Machine (BDFRM). This approach
employs a two converter based framework to ensure flexible and precise control of the machine’s op-
eration across the sub-synchronous, synchronous, and super-synchronous speed regions. A key aspect
of this work involves a thorough analysis of the inherent nonlinearities and harmonics within the BD-
FRM system and a detailed investigation into how these factors influence the ultimate performance

and stability of the designed control system.

e Implementation of DTSTSM Current Control: The research in this work further includes the design
and implementation of Discrete Time Super Twisting Sliding Mode (DTSTSM) controllers specifically
for the control of the BDFRM’s secondary winding current. This advanced nonlinear control strategy is
chosen for its superior robustness. The DTSTSM controller’s effectiveness is evaluated and compared

against the performance of more conventionally used Proportional Integral (PI) controllers. This



comparison focuses on validating the DTSTSM controller’s enhanced ability to maintain precise current

tracking and robustness in the presence of system nonlinearities.

e Optimization of DTSTSM Controller Gains via PSO: Finally, to enhance the performance of the
implemented DTSTSM control, this thesis employs the Particle Swarm Optimization (PSO) algorithm.
This metaheuristic optimization technique is used to automatically tune the DTSTSM controller gains
with the objective of achieving minimal current tracking error. The effectiveness of this automated
approach is validated by conducting a comparison between the performance of the PSO optimized

controller and the manually tuned controller.

1.5 Thesis Organization
To achieve the objectives outlined above, this thesis is structured as follows:

e Chapter 1 serves as the foundation of the thesis. It begins by presenting the motivation for the study,
followed by a broad overview of electric machines and their evolution. The chapter then introduces the
Brushless Doubly Fed Reluctance Machine (BDFRM) as the subject of this Thesis. It then highlights
the existing research gaps in the development of BDFRM control strategies. The chapter then concludes

by outlining the original contributions this thesis makes in addressing these identified gaps.

e Chapter 2 reviews background research in BDFRM operation and control. It starts by explaining
the physical structure and basic working principles of the BDFRM. The chapter then briefly reviews
existing mathematical models of the BDFRM followed by the development of a complete Space Vector
Model that serves as the basis for the control scheme. Existing BDFRM control strategies are reviewed
and explained, this literature survey is then used to identify the gaps remaining in existing BDFRM

control strategy research.

e Chapter 3 describes the proposed two converter based operational setup of the BDFRM used in this
work. The mathematical torque expression based on the space vector model is developed and com-
plete Field Oriented Control (FOC) scheme is presented. Discrete Time Super Twisting Sliding Mode
(DTSTSM) controller is introduced and specific implementation for BDFRM current control is devel-
oped. Finally, the methodology for integrating the Particle Swarm Optimization (PSO) algorithm to

automatically fine tune the DTSTSM controller gains is presented.

e Chapter 4 documents the experimental validation of the proposed control strategy. The experimental

testrig and hardware implementation is described. The test cases and operating conditions under which



the proposed strategy was rigorously evaluated are presented. A thorough discussion of the results
obtained, includes detailed analyses and performance comparisons that validate the effectiveness and

robustness of the developed control scheme.

Chapter 5 provides a clear and concise summary of the contributions made by this Thesis and presents
the key points from the experimental results. Suggestions for possible future research directions are of-
fered, outlining potential research opportunities for further exploration and detailing how the proposed

BDFRM control system could be improved upon or extended in subsequent studies.



Chapter 2

BDFRM: Background and Theory

This chapter presents the fundamental principles of the BDFRM, emphasizing its unique structural and op-
erational characteristics. The chapter then provides a brief overview of the evolution of BDFRM technology,
starting from its early 20th-century origins to its most recent developments to utilize it’s potential in the
late 20th century. Following this historical development context, this chapter then shifts to mathematical
modeling of the BDFRM where various approaches, such as steady state, dynamic and space vector models,
are reviewed, followed by detailed space vector modeling of the BDFRM.

Finally, this chapter explores and provides an overview of various previously studied BDFRM control
strategies such as scalar control, vector control, direct torque control, direct power control and sliding mode
control methodologies. This overview is then followed by a discussion on alternative control approaches,
highlighting recent research and innovations. Finally, based on the review of these already developed strate-
gies and their limitations, a research gap is identified, setting a stage for the control strategy proposed in

this research work, which will be presented in the next chapter.

2.1 BDFRM: Fundamentals

The BDFRM is a unique electrical machine that boasts the characteristic traits of a doubly fed machine
and a reluctance machine. The unique structure and operational characteristics of the BDFRM makes it a
potential solution for applications that require low maintenance and variable speed operation. Figure 2.1

shows a conceptual diagram for a typical BDFRM.
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Figure 2.1: Conceptual diagram of a Brushless Doubly Fed Reluctance Machine

2.1.1 Structure of BDFRM

e The stator of the BDFRM consists of two windings, namely the Primary Winding (Winding 1) and the
Secondary Winding (Winding 2). Typically the primary winding of the machine is connected directly
to the grid supply and is responsible for providing the power needed to drive the machine and hence it
may also be called the power winding, while the secondary winding is fed via a power converter that
modulates the supply to the secondary winding in order to control the speed of the machine, and hence
it is often called the control winding.

The primary winding is wound with p; poles while the secondary winding is wound with py poles. It
is necessary for the two windings to be wound with different number of poles to ensure that there is

no direct coupling between the two windings.

e The rotor in a BDFRM is a salient pole reluctance rotor. If the two stator windings are wound with
different pole pairs, ideally there would be no coupling between them if the rotor has a round rotor
structure. However, for the operation of BDFRM it is necessary for the two stator windings to be
indirectly coupled through the rotor, which can be achieved through a reluctance rotor. Figure 2.2

shows the electromagnetic coupling concept between the two stator windings.
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Figure 2.2: Electromagnetic Coupling between the two stator windings

This indirect coupling between the two stator windings occurs under the following condition [22]:

1+ P2 w1 + wo
pr:p 2p y  Wm = 1p (2'1)
R
1— P2 w1 — Wa
pr =+ 2p ) wmziip (2.2)
T

Here, p1, p2 and p, are the primary winding, secondary winding and the rotor pole numbers respectively,
w1 and wq represent the electrical angular frequencies of the primary and secondary stator currents,
and w,, denotes the mechanical rotor speed. The relation in equation (2.2) has been shown to not
provide desirable coupling between the two stator windings for certain pole combinations [28] and hence

resulting in impractical design for those cases. Thus, we consider the relation outlined in equation (2.1).

2.1.2 Operating Principle

The basic principle of operation of a BDFRM is relatively simple and is similar to that of many flux
modulating machines, including Vernier machines and flux switching machines. Two excitation sources are
placed on the stator of the machine, with different pole numbers to ensure no direct coupling. These two

excitation sources produce their respective MMF's. The salient pole reluctance rotor structure creates variable
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reluctance paths for the magnetic flux in the machine, thereby modulating the stator mmf waveforms which
results in the creation of flux density harmonics that link the two stator windings [22]. This indirect coupling

and interaction between the two excitation sources produces torque on the rotor.

2.2 History of BDFRM

The fundamental concept of the BDFRM dates back to the early 20th century where the initial idea was
introduced in the 1920s, primarily as a doubly fed machine with two stator windings operating at different
frequencies [21]. Early developments were hindered by the limitations of materials and the complexity of
controlling such machines.

Interest in BDFRM was revived in the 1970s and 1980s when advancements in power electronics, control
theory, and materials allowed researchers to improve the machine’s efficiency and performance [29, 30].
Over the following decades, BDFRM’s unique attributes, such as the absence of brushes and slip rings and
the ability to control power flow, made it a viable candidate for applications in wind energy conversion and
variable speed drives. Thus, its development continued, with a number of papers [22, 23, 28, 31-53] published

on analyzing the prototypes of the machine well into the 21st century.

2.3 BDFRM: Modeling

Over the years, various modeling approaches for BDFRM have been proposed. Early models, dating back to
the early 1990s, focused on steady state performance. [54] introduced a steady state model of the BDFRM
based on several approximations. Later, more detailed transient models emerged, such as those in [31, 39].
Building on this work, [22] proposed a dynamic model based on space vectors. Recently, advanced models
using magnetic equivalent circuits [55] and reluctance networks [56] have also been introduced.

In this study, a space vector model will be employed for simulations, and hence, detailed space vector
modeling for a BDFRM is discussed in this section. Furthermore, a brief overview of the mathematical frame
transformations used while modeling the BDFRM is first presented. These same transformations are also
used while employing the Field Oriented Control (FOC) strategy later discussed in the next chapter about

the proposed control approach.

2.3.1 Mathematical Transforms

The process to transform three phase, time varying stator currents in the stationary a — b — c reference frame

(Ia,p,c) into time invariant stator currents in the orthogonal d — g rotating reference frame (14 4) involves two
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key steps:

1. Clarke Transform:
This step converts the three phase, time varying system in the stationary a — b — ¢ reference frame into
a two coordinate, time varying system in the stationary o — 8 reference frame. The Clarke transform
takes the three phase time varying currents currents, i,,1%p,%., and maps them onto two orthogonal
components, i, and ig, in the stationary frame. i, and ig are also time varying. This transformation
simplifies the representation of the three phase system by reducing the degrees of freedom from three
to two, while preserving the system’s time varying nature. Assuming that axis a and axis « are in the

same direction, as seen in figure 2.3, we obtain:

lo = iq

ig = —1i,+ —=1p

=
<

b BA
B
B A \
H |
| R
ia a=a
(¢

Figure 2.3: Clarke Transform

2. Park Transform:
The second step involves converting the two coordinate, time varying current in the stationary o — (8
reference frame into a two coordinate, time invariant current in the d — ¢ rotating reference frame.
Generally while employing field oriented control, the d axis represents the flux producing component
of the stator current, and the ¢ axis represents the torque producing component. Considering the d

axis of the d — q reference frame to be at angle 6 from the a = « axis, as seen in figure 2.4, we obtain:
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iq = iq cos(0) + igsin(h)

iqg = —iqsin(@) + ig cos(9)

q BA

ip A

!__I_-_- .

Figure 2.4: Park Transform

By using the knowledge of these frame transformations, space vector modeling of the BDFRM can be

performed and field oriented control can be subsequently employed to control the speed of the motor.

2.3.2 Space Vector Modeling

A mathematical model for the Brushless Doubly Fed Reluctance Machine (BDFRM) using space vector mod-
eling technique was first developed in [22]. This model provides a comprehensive framework for simulating
and analyzing the dynamic behavior of BDFRM, making it a crucial step in the study of BDFRM control
strategies and performance. The present research builds upon this foundational model, and hence, a detailed
review of the approach taken by [22] is provided in this section.

To begin developing the model, it is first necessary to write the space vector voltage equations for the

primary and the secondary winding in a stationary reference frame.

)
Uy = T1lys T ;tls (2.5)
Cdh,
Ugs = T2lys + ;752 (2.6)

here, the subscripts ’ 1 " and ’ 2 ’ are used to denote the primary and the secondary windings respectively,

the sub-subscript ’ s ’ is used to denote stationary reference frame and the underline ’ _’ is used to denote a
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space vector. v, i, A represent the voltage, current and the flux linkage space vector respectively. r represents
the phase resistance.
Any space vector z can be obtained from it’s respective instantaneous three phase a — b — ¢ reference

frame values (z45.) by applying the appropriate transformation in the following manner:

2
T = g(;ra + axp + a’z.) (2.7)

2m jam
3 and a® =73

Here, a = €7
Now to derive the flux linkage expressions in three phase A-B-C reference frame, it is first necessary to
establish an expression for the rotor electrical angle. The following equation defines the rotor electrical angle

(0;) in terms of the rotor poles (p,) and the rotor mechanical angle (6,,):
0, = p,.0,, (2.8)

Now, with the knowledge of the rotor electrical angle , we can write the flux linkage expressions in the

three phase a — b — ¢ reference frame for the primary (A14s.) and secondary winding (Azqp.) as follows:

AMa Ligia Lias  Liate Ula Lia2a  Lia2v  Lia2e 124
Av | = | Lwia Lisw  Lipie ite | T | Liza Liv2s  Lipoe i2p
Ae Licta Licie  Licie 11c Licaa  Lic2v  Licace 12¢

L4 Lo

(2.9)

A2a Loaza  L2a2v  Lo2a2e 124 Loata  L2a1v  Loaie lla
Aav | = | Lavza  Lovos  Lopoc iop | T | Lovia Lovis  Lopic i1p
A2e Locza  Locap  Lacace i2¢ Lacia  Locip  Lacie e

Lo Loy

Here, 7145 and ig4p are the three phase a —b— c reference frame primary and secondary winding currents

respectively.
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The matrices [L1_1] and [La_s] are given as:

_ Lim+Lu —%Lim —3L1m _
[ L1 } = | —iLim Lim+ Ly —3Lin

I —3L1im —2Lim Lim + Lu |

| Lom + Loy —%L2m _%L2m ]
[ Ly o } = *%Lzm Lam + Loy *%Lzm

i *%LQm *%L2m Lo, + Lo |

(2.10)

here, L1,, and Ly; are the primary winding magnetizing and leakage inductances respectively, and Ls,, and

Lo are the secondary winding magnetizing and leakage inductances respectively.

The matrices [L1_s] and [Ly_1] are given as:

1 a2 a 1 a a2
1 . 1 _
[L1_2] = [Laq] = 51112max 2 a 1 |7+ §L12mx a a2 1 |ed”
a 1 a? a2 1 a

Here, Lo is the peak mutual inductance between primary and secondary winding.

max

(2.11)

Substituting equations (2.10) and (2.11) in (2.9) and subsequently simplifying the equation we obtain:

Ma Liira + %LlQ [l;sejer +12367jer]
At - Luiry + %LlQ [QZi;sejer + a’l’2seijer]
Ate Lyire + 3 Lys [ai},e?% + a2ip,e 0]
Aza Laiza + 5Lz [i7,7% + iy e77%"]
Ao | = | Laigp + %le [azﬂsejar + al'lse—jéh]
Aze Laige + %le [aﬁsejer + agilse—jer]

here, 47,15, are the complex conjugates of i, 5, respectively,

3
L= §L1m + Ly;

3
Lo = §L2m + Lo
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3

L12 = 5[/12 (215)

max

Applying the expression in equation (2.7) to obtain the primary and secondary winding flux linkage space
vectors, we get:

Are = Ludy, + Lagis e/ (2.16)

Ags = Loy, + Luoif e/ (2.17)

Substituting equations (2.16) and (2.17) in (2.5) and (2.6) and performing the appropriate derivation,

we obtain:

A ‘
Vig = T124 + ;tl + jwpéls (218)
0, const
. d)s, .
Uz, = Talz, + + jwsAo (2.19)
6sconst

Here, 0,0, are the electrical angular positions and wp,ws are the electrical angular frequencies of the
primary and secondary winding current space vectors in the stationary reference frame (i;,,i5,) respectively.

These can be visualized in the figure 2.5 which details all the reference frames considered.

ql\

qrR Q2

\(.L)2=(.Ur-(.01
2

02=6r-61 o
d

Figure 2.5: Reference frames and primary and secondary current vectors

Now that we have primary and secondary winding flux linkage and voltage space vectors in the stationary

reference frame, we can convert them to rotating dq reference frame. Mapping the equation (2.16) to the diq1
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reference frame which is assumed to be at an angle 61, by applying conventional reference frame conversion

formulae, we obtain:

Alr = (Als)e_je1 (220)
er = (le)e_jel (221)

in = (Z;sejgr )e—j91
_ i3, ei (00 (2.22)

[igee =0V

)

Here, subscript ’ r ’ is used to denote rotating reference frame. Now by strategically selecting the angle of
dsqs reference frame as 0 = 6, — 61, onto which all the secondary winding space vectors are to be mapped,

we obtain:

121” = Z2s€7j(eriel) (223)

Using this relation, i, in equation (2.22) can be rewritten as:

iy, = 05, (2.24)

Now, by substituting (2.20), (2.21) and (2.24) in (2.16), the primary winding flux linkage in the primary

winding d;q; rotating reference frame can be written as:
A17‘ = lelr + L12Z§r (225)

Similarly, the secondary winding flux linkage in the secondary winding dsgo rotating reference can be
derived to be:

Ao, = Loy, + L2y, (2.26)

Using these flux linkage expressions, we can derive the primary and secondary winding voltage expressions

in their respective arbitrary rotating dq reference frame as follows:

4 , d 4
ylreﬂel — lelrejel + — @”6391)
dt (2.27)

A L d , ’
= 7'11.17.6']61 + eﬂel g;r + jwl)\lrejel
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Therefore,

. d\ )
Vip = T2, + ﬁlr + jwl&lr (228)
In a similar way, the voltage expression for the secondary winding in the dogo reference frame can be

derived as:

) dXsy, .
Vop = T2lyy gj (wr — w1 )AQT (2.29)

The voltage equations for the BDFRM in the dg form can be obtained by breaking equations (2.28) and

(2.29) into their real and imaginary parts. The final dg equations for the BDFRM are given as follows:

v1g = r191d + 3 (L1i1g + Ligiaq) +wi (Li2izg — Liiig)

(2.30)

Liing — Ligtag) + wi (L1d1a + Li2t2q)

& (

VUaq = 1ai2q + & (Latisq + Li2i1g) + (wr — wi) (Li2i1g — Loiag)
Vg = T1t1q + (
& (

)
Vag = Taloq + 5 (Latag — Logtig) + (wr — wi) (Latoq + Li2iiq)

In this research work, the equations in (2.30) are used to construct the BDFRM model in Simulink. This
model is then incorporated into the overall BDFRM drive model in Simulink, upon which the particle swarm
optimization algorithm is applied to perform the required evaluations for obtaining the optimal results.

It is important to emphasize that the equations in (2.30) are derived after the assumption in equations
(2.18) and (2.19) that the primary and secondary current space vectors contain only a single fundamental
angular frequency component and rotate at that frequency in the stationary reference frame. In reality,
however, the BDFRM currents include additional harmonic components due to inherent machine nonlin-
earities. Consequently, these equations do not capture the full dynamics of the machine, and the resulting
Simulink based BDFRM model does not fully represent the real time behavior of the system. Therefore, the
evaluations performed using this model and the optimal results produced by the optimization algorithm are

not entirely accurate or fully reflective of the actual machine response.

2.4 BDFRM: Control

Effective control of the Brushless Doubly Fed Reluctance Machine (BDFRM) is essential for achieving de-
sirable machine performance across various applications. Control of BDFRM systems primarily involves
adjusting rotor speed and torque by manipulating the stator winding supply. Figure 2.6 shows a typical

BDFRM drive system traditionally implemented.
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Figure 2.6: Typical BDFRM Drive

The control strategies for BDFRM have advanced considerably over the years, primarily driven by the
demand for efficient and adaptable performance in variable speed applications, especially within renewable
energy systems like wind turbines. Numerous studies, including [57-59], have reviewed and compared these
evolving control strategies in detail. The following sections outline the various control strategies that have

been proposed over the years.

2.4.1 Scalar Control

Scalar control is a straightforward control approach commonly employed in variable speed electric machines,
including the Brushless Doubly Fed Reluctance Machine (BDFRM). In BDFRM, scalar control operates
by adjusting the voltage and frequency applied to the machine without managing phase relationships or
controlling individual magnetic field components, as would be done in vector control. This simplified ap-
proach is particularly suitable for applications where precise torque control and dynamic performance are
not essential.

To implement scalar control in BDFRM, the voltage and frequency supplied to the secondary winding are
adjusted to regulate the machine’s speed, while the primary winding frequency remains fixed and synchro-
nized with the grid. As the desired rotor speed changes, the frequency of the secondary winding is varied
accordingly, as defined by equation (2.1). To prevent magnetic core saturation and ensure stable opera-

tion, the volts-per-hertz (V/f) ratio in the secondary winding is maintained constant. The basic schematic

20



l
000
b

{

Grid

Surpuipy Arewrig oy,

\
DOLiRy To Secondary Winding

Grid Side Machine Side /
Vs ot Power Converter T T
—
Ws ref AW w
VA |« © i PI - Shaft Sensor

Wmref

Pr. wm = wp

Figure 2.7: Scalar Control Schematic Diagram for BDFRM

diagram of a BDFRM drive system utilizing scalar control is shown in Figure 2.7.

As depicted in the schematic, the rotor’s mechanical speed is measured using a speed sensor, which is then
compared to a reference speed to produce a speed error. This error signal is processed by a Proportional-
Integral (PI) controller to generate the required change in the reference frequency for the secondary winding.
This required change is then combined with the current frequency of the secondary winding, derived from
the measured rotor speed and the fixed frequency of the primary winding according to equation (2.1),
to determine the new reference frequency for the secondary winding. To maintain a constant V/f ratio,
the secondary winding reference voltage magnitude is also varied accordingly. These reference voltage and
frequency values are then used to drive the inverter circuit.

Applications of scalar control in BDFRM for pump and wind energy systems are discussed in [60]. A
sensorless approach to scalar control in BDFRM is presented by [61], providing an alternative for applications
where speed sensors are not feasible. Additionally, an enhanced scalar control technique for wind driven
BDFRM systems, aimed at improved performance, is proposed in [62]. In [63], scalar control is adapted
for maximum power point tracking (MPPT) in wind driven BDFRM. Lastly, a closed loop scalar control

strategy is explored in [64].
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Figure 2.8: Vector Control Schematic Diagram for BDFRM

2.4.2 Vector Control/Field-Oriented Control

Vector control, also referred to as Field Oriented Control (FOC), is a widely used approach for controlling
AC machines, including the BDFRM. In BDFRM applications, FOC enables independent control of torque
and magnetic flux by decomposing the stator currents into two orthogonal components (direct-quadrature
(d-q) axis). Typically, the primary winding of the BDFRM is connected directly to the grid, while the
secondary winding receives variable voltage and frequency via a power converter. To control the BDFRM
effectively, it is therefore necessary to regulate the current in the secondary winding. To implement FOC in
a BDFRM, the three phase secondary winding current in the stationary a-b-c reference frame is transformed
into a two coordinate rotating reference frame(d-q reference frame).

In the d-q frame, the magnetic flux producing component of the secondary current aligns with the
direct axis (d-axis), while the torque producing component aligns with the quadrature axis (g-axis). This
decoupling allows for independent manipulation: adjusting the g-axis current directly controls the torque

without affecting the magnetic flux, while the d-axis current can adjust the magnetic flux independently of
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the torque.

Through this independent control of d and ¢ axis components, vector control facilitates precise torque
control, smoother operation, and improved dynamic performance. The fundamental block diagram for vector
control of the BDFRM is illustrated in figure 2.8.

Building on the advantages of vector control, a comparative analysis with scalar control for BDFRM is
presented in [65], where the authors detail the underlying principles and performance distinctions of each
approach. Further developments in vector control methods for BDFRM are proposed in [66—69], including
the introduction of a novel sensorless FOC approach in [70]. Additionally, vector control techniques in grid-
tied BDFRM systems, aimed at achieving Maximum Power Point Tracking (MPPT), are explored in [71].
This research work uses FOC to implement the proposed control strategy, and hence FOC will be further

elaborated in Chapter 3.

2.4.3 Direct Torque Control
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Figure 2.9: DTC Schematic Diagram for BDFRM

Direct Torque Control (DTC) is an advanced control method that offers rapid torque and flux control without

the need for coordinate transformations or pulse width modulation (PWM). Instead, DTC directly regulates
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the machine’s stator voltages and currents by selecting optimal voltage vectors to apply to the BDFRM’s
secondary winding in real time. This method, based on instantaneous feedback, achieves fast and efficient
control with minimal computational requirements. DTC selects these voltage vectors to bring the machine’s
torque and flux closer to their reference values, ensuring responsive and precise machine performance. Figure
2.9 shows a schematic diagram of a BDFRM drive with DTC.

In a BDFRM, Direct Torque Control (DTC) operates by first estimating flux and torque in real time
based on voltage and current measurements from the primary and secondary windings. These estimated
values are then compared with the reference values, generating error signals for both flux and torque. Using
these error signals, DTC consults a predefined lookup table containing voltage vectors that can either increase
or decrease torque and flux. Based on the signs and magnitudes of the errors, the control algorithm selects
the most appropriate voltage vector from this table and applies it to the secondary winding through a
power converter. To ensure stable operation, DTC utilizes hysteresis controllers that establish allowable
error bands for torque and flux, maintaining the machine’s operating point within a specified range. This
minimizes unnecessary switching and helps sustain smooth performance.

Several studies have focused on advancing the practical implementation of DTC for BDFRM. For instance,
[72, 73] provided a detailed exploration of the fundamental principles and implementation techniques of DTC.
Building on this, [74] introduced an encoderless version of DTC, designed for applications with limited
speed ranges. Additionally, to improve flux prediction during DTC, [75] proposed the use of a Sliding Mode
Observer. Further refinements to DTC strategies, particularly for optimizing the performance of wind driven

BDFRM systems, were presented in [76, 77].
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2.4.4 Direct Power Control
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Figure 2.10: DPC Schematic Diagram for BDFRM

Direct Power Control (DPC) for Brushless Doubly Fed Reluctance Machines (BDFRM) is an advanced
control strategy that directly regulates active and reactive power, in contrast to traditional methods like
Vector Control or Direct Torque Control (DTC), which control torque and flux indirectly. DPC offers several
advantages, such as improved dynamic performance and a simpler control structure. Similar to DTC, DPC
manipulates the stator voltages and currents; however, its focus is on controlling the machine’s active and
reactive power consumption. This is achieved by selecting the appropriate voltage vectors to be fed to the
secondary winding in real time, based on instantaneous feedback. The voltage vectors are chosen to adjust
the machine’s active and reactive power consumption toward the reference values. The fundamental block
diagram for DPC of the BDFRM is illustrated in figure Figure 2.10.

In practice, DPC is implemented by first estimating the active and reactive power in real time using
measurements of primary and secondary winding voltage and current. These estimates are then compared
with the reference power values, and the resulting errors are calculated. A switching table (or lookup table)
is then used to select the optimal voltage vector based on the power errors and flux position. The selected
voltage vector is applied to the secondary winding by switching the inverter, which adjusts the magnetic

field in the control winding and moves the active and reactive power closer to their reference values.
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DPC offers the advantage of directly controlling the power exchanged between the machine and the
grid, making it particularly beneficial for applications such as wind energy systems, where effective active
and reactive power management is essential for optimizing energy capture, maintaining power quality, and
supporting grid stability.

The concept of DPC for BDFRM was first introduced in [78, 79]. A model predictive approach to DPC

was later explored in [80], and DPC for open winding BDFRM was further investigated in [81, 82].

2.4.5 Sliding Mode Control

Sliding Mode Control (SMC) is a robust nonlinear control strategy that is widely used in systems dominated
by nonlinearities, model uncertainties, parameter variations, and external disturbances. The use of linear
controllers like PI controllers in these kinds of systems yields very poor performance with the possibility of
control system even going unstable. Thus nonlinear controller like SMC based controller provides a good
alternative. The main idea behind SMC is to force the system trajectories i.e. drive the states of the system
to reach and subsequently remain on a predefined surface in the state space, known as the sliding surface or
switching surface. This sliding surface is chosen in a way such that, once the systems states or trajectories
are on this surface, the system exhibits the desired dynamic behavior in presence of the system nonlinearities
that is independent of the model uncertainties and disturbances. Following subsection details the controller

equations and structure for a basic first order Sliding Mode Control [83].

First Order Sliding Mode control

Consider a dynamic system of the form:

&(t) = f(x,t) + gz, t)u(t) (2.31)

where z(t) € R™ is the state vector, u(t) € R is the control input, and f(z,t) and g(z,t) are function of z, .
The objective of the SMC is to design a controller output u(t) such that the system states x(t) track a

desired reference z,.¢(t). A sliding surface s(z,t) is defined as:

s(x,t) = eg) = x(t) — Tref(t) (2.32)

where e,y = 2(t) — Trey(t) is the tracking error.
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The controller output according to the SMC control law is given by:

U = Ueq + Usw (233)

where:
e u., (equivalent control) maintains the motion on the sliding surface.
e ug, (switching control) drives the trajectories toward the surface.

To ensure that the system states will move toward the sliding surface, the following condition must be
satisfied:

$6<0 (2.34)

When this condition is satisfied, the system trajectories are guaranteed to reach the surface in finite time.

A commonly used switching control u,, to reach this condition is:

Ugw = —k sign(s) (2.35)

where k > 0 is the switching gain and sign(s) is given as:

1 if s>0
sign (s) = 0 if s=0 (2.36)
-1 if s<0

The equivalent control u., can be obtained by considering $ = 0 and solving for u(t) as shown in the
following equation:

$(z,t) = @(t) — dpes(t) =0 (2.37)

‘T(t) = f(fL‘,t) +g(x’t)ueq = j;ref(t)

While the trivial first order Sliding Mode Control (SMC) provides robustness against system nonlinearities
and model uncertainties, it also suffers from a major limitation known as the chattering phenomenon [84, 85].
This chattering arises due to high frequency switching of the control signal as the system state oscillates
around the sliding surface. To overcome this chattering phenomenon, Higher Order Sliding Mode (HOSM)
techniques were developed [85]. The basic idea of HOSM is to apply the first order SMC concept to higher

order time derivatives of the sliding surface. For standard first order SMC, sliding surface s = 0 while § is
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discontinuous. For an 7" order SMC, the equalities are given as:

s=§=§=-.=5""V=0 (2.38)

By employing higher order SMC, the control action becomes continuous in the first derivative, thereby
significantly reducing chattering. Higher order sliding mode control techniques have been investigated in
[86] and [87]. Second order SMC with s = 0 and $ = 0 according to equation (2.38), is employed in [86]
while continuous time super twisting algorithm is employed in [87]. SMC with super twisting algorithm is
further discussed in detail in the next chapter since the research done in this thesis also uses super twisting

algorithm with SMC.

2.4.6 Other Control Strategies

Over the past two decades, a wide range of control strategies and controllers have been developed to enhance
the performance of Brushless Doubly Fed Reluctance Machine (BDFRM) drives, catering to the specific
needs of various applications.

A notable approach is Reactive Power Control, which focuses on improving the control of reactive power
to enhance system stability and efficiency. This method was proposed for BDFRM control in [88] and [89],
where the authors explore techniques to regulate reactive power and improve the overall power factor of the
system.

In the context of wind energy, Variable Structure Control (VSC) technique along with Lyapunov’s theory
is used to design a non linear Multi-Input Multi-Output (MIMO) controller for Brushless Doubly Fed Re-
luctance Generator based wind energy conversion systems in [90] as a means of ensuring robust performance
despite system uncertainties and external disturbances.

Additionally, flatness based adaptive fuzzy control has been proposed in [91] as a method to address the
uncertainties and nonlinearities in BDFRM systems. This control strategy leverages fuzzy logic principles
to adapt to changing operating conditions and improve system performance by adjusting control parameters
in real time.

These diverse control strategies underscore the growing interest in optimizing the performance of BDFRM
for various applications, particularly in renewable energy and industrial systems, where reliability, robustness

and precision are critical.
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2.4.7 Limitations

The studies mentioned above exploring Scalar Control, Vector Control, Direct Torque Control, Direct Power
Control and Reactive Power Control predominantly employ linear controllers like PI controllers for current
control in their control structure, owing to their simplistic design, ease of implementation and low compu-
tational cost. However, PI based controllers struggle while dealing with the machine’s nonlinearities and
dominant harmonics in the stator currents leading to poor performance and control [92, 93]. Thus non
linear control techniques provide an alternative solution to deal with the challenges imposed by linear con-
trol. However, the non linear control techniques including Variable Structure Control and Adaptive Fuzzy
control discussed in studies mentioned above impose a heavy computational burden on the control system
making their use not advisable. For this purpose, Sliding Mode Control technique emerges as the top non
linear control technique. Furthermore, to overcome the issue of chattering imposed by sliding mode control,
higher order sliding mode control techniques are used in practice. However, it is noteworthy that the studies
mentioned above, which investigate higher order sliding mode control, primarily focus on the application of
BDFRMs in large inertia wind energy systems and are limited to simulation studies. These works neither
provide experimental validation nor examine the performance of the developed control strategies on low
inertia BDFRM systems, such as BDFRM drives. Furthermore, the controllers developed in these stud-
ies are formulated in the continuous time domain, whereas practical implementations using Digital Signal
Processors (DSPs) require discrete time controllers.

Therefore, to address the challenge of controlling a BDFRM, analyzing the difficulty in control caused by
system harmonics and filling the research gap outlined above, the research work of this thesis will analyze
the harmonics in the BDFRM system, analyze their impact on PI controller performance, investigate the
performance and efficacy of a PI controller operating with a low pass filter, implement a discrete time super
twisting sliding mode controller with optimally tuned gains from a particle swarm optimization algorithm
as current controllers and compare and validate it’s performance experimentally to the conventionally used

PI controllers.
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Chapter 3

Proposed Control Strategy

This chapter presents the proposed control strategy for employing an optimally tuned DTSTSM controller
for the speed control of BDFRM. The chapter begins by discussing the two converter based operation theory
employed in this research work, detailing the two distinct operational modes of the BDFRM achieved from
the two converter implementation. These modes, namely open loop cascade induction mode and conventional
BDFRM mode provide flexibility in operating the BDFRM and are suitable for different applications.

The chapter then explores the proposed control approach based on the BDFRM model developed in
the previous chapter, focusing on achieving a linear relationship between torque and the control current to
enable precise torque control, thereby enabling precise speed control. This proposed speed control involves a
detailed Field Oriented Control (FOC) based control strategy to better facilitate the machine’s torque and
flux regulation by decoupling them, allowing for more precise speed control.

Following this, Discrete Time Super Twisting Sliding Mode (DTSTSM) controllers are discussed and
their integration within the current control loops is discussed further in the chapter. This high order sliding
mode controller provides smoother control and enhances reliability under nonlinearities and disturbances.

The final section of this chapter focuses on optimizing the controller gains of the DTSTSM controllers
using Particle Swarm Optimization (PSO). By minimizing tracking errors in the current control loops, PSO
ensures an optimal balance between fast response time and stability. The formulation of the optimization
problem, as well as the algorithmic steps of PSO, are described in detail, providing a complete framework

for the control strategy proposed in this research.
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3.1 Two Converter based Operation Theory

In a two converter based operation of the BDFRM, the primary winding (Winding 1) and secondary winding
(Winding 2) are powered by two separate power converters. This configuration allows for independent control
of the voltage and frequency applied to each winding, enabling the BDFRM to operate in two distinct modes
[94]:

1. Open Loop Cascade Induction Mode
This mode is used for starting the BDFRM like a cascade induction motor. In this mode, the secondary
converter is controlled to output zero voltage at its terminals, thereby effectively short circuiting the
secondary winding. The primary winding is then energized with a gradually increasing frequency and

voltage ramp using a constant V/f control scheme. This enables safe acceleration from standstill.

2. Conventional BDFRM Mode
This mode is used to control the speed of the BDFRM. An FOC strategy is employed in this mode
to achieve the speed control. After reaching a steady speed following startup of the BDFRM in the
previous mode, it transitions into a closed loop speed control mode, where the primary winding remains
energized by a fixed frequency and fixed voltage source, and the secondary winding supply is actively
modulated to achieve precise speed regulation. The fixed frequency for the primary winding typically
matches the grid frequency, while the secondary winding’s frequency varies according to the motor’s

speed.

In this research, the BDFRM is always started using the open loop cascade induction mode wherein there
is a set target speed but no closed loop speed control, and once the BDFRM reaches a steady speed, the
machine is then transitioned into the closed loop standard BDFRM mode, in which the closed loop speed
control is enabled to achieve precise speed control. This speed control is achieved by the control strategy

proposed in this research work, which is outlined in detail in the next section.

3.2 Torque Expression and Control Approach

To show the control approach for BDFRM proposed in this research work, it is first crucial to develop
the torque expression for the BDFRM. The torque expression gives important insights into the interaction
between the stator currents and the magnetic field, which is necessary to develop a control strategy. [22]
has developed the torque expression for the BDFRM in the rotating reference frame by employing space
vector modeling. This subsection will continue on the review of the work done in [22] to derive the torque

expression of a BDFRM in the rotating reference frame.
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The generalized matrix Torque expression can be given as [22]:

T. = ipr[i]T[G] [i] (3.1)

here, T, is the developed electrical torque in the three phase reference frame, [i] is the instantaneous current

vector and [G] = %ij] where [L;;] is the machine inductance matrix. For a BDFRM:

[ = [i1a, i1bs 1es 1245 G2bs G2¢) = [[T1abe] s [12abe]” ] (3.2)
a] = [0] 2o [L1-2] (3.3)
7o~ [La1] [0]

Substituting these in (3.1) we get,

) d )
Te = Pr [zlabc]TW[Llfﬂ[ZQabc] (34)

Now substituting (2.11) in (3.4) and then solving the equation, we obtain:

3 . o g L
T, = ]ZpTLu[f{sl;sejer — Lislost JGT] (35)
This developed electromagnetic torque expression is in terms of space vector quantities in the stationary
reference frame. By mapping the primary winding space vectors to the diq; rotating reference frame and
secondary winding space vectors to the dsgo rotating reference frame, the torque can be represented in the

rotating reference frame as follows:

.3 I .
T, = ijT’le[zlrl%" - 217"127‘] (36)

This equation can be further simplified by using the flux linkage expressions in equations 2.25 and 2.26 and

the torque can be represented as:

Te =] ZPT (A1,37, — ALy, (3.7)

On expanding 3], from the equation 2.26 and using that, the torque equation can be represented in the

rectangular form as follows:
3 Lo

Te = 5Pr

5Pr T, [Adizg + A1gl2d] (3.8)

In the proposed control strategy, the primary winding voltage v, is applied along the g-axis of the stator
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primary winding reference frame, thus, by first approximation, the resulting primary winding flux A; will
align with the d-axis. This simplifies the torque equation in (3.8) as follows:
3 Lo

Te — iprflAldqu (39)

This simplified expression indicates that the torque T, is directly proportional to the primary winding
flux linkage (A14) and the secondary winding q axis current (izq). Thus, controlling the machine’s torque
output can be achieved by modulating either A4 or ia4,. The control approach taken by this present research
work involves modulation of iy, while, \;4 is maintained constant.

To achieve a linear relationship between torque and the control current io,, the proposed strategy involves
maintaining \14 as a constant. This can be accomplished by recognizing that A4 is a function of both primary

and secondary winding currents, given by:
Mg = Liirg + Li2iag (3.10)

It can be observed from (3.10) that to maintain \14 as a constant, i;4 and isq must remain constant.
Since, the primary winding is supplied with fixed voltage and fixed frequency, 714 is ensured to be constant,
and therefore, by setting a steady isq in the secondary winding (iog is set to 0 in this research work), the
primary winding d-axis flux linkage A14 is maintained to be constant, which in turn allows the torque T, to
be linearly proportional to the g-axis secondary winding current iaq.

To implement this control approach effectively, it is essential to decompose the stator current into its
d-axis and g-axis components within a rotating reference frame. By breaking down the current into these
orthogonal components, we can control each axis current independently, enabling precise regulation of torque
and flux in the machine. This approach leverages Field Oriented Control (FOC), a widely used technique in
motor control systems. Thus, the present research work employs FOC to implement the proposed control
strategy. This FOC based control strategy in this two converter based framework is discussed thoroughly in

the upcoming section of this chapter.

3.3 FOC based Control Strategy

3.3.1 FOC Fundamentals

FOC is a widely used control technique in AC machines. The basic principle of FOC revolves around trans-

forming the stator currents into a rotating reference frame through specific mathematical transformations,
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allowing independent control of the flux and torque components.

The logic behind FOC is to replicate the behavior of a DC motor, where the torque producing and
flux producing currents are the rotor current and the stator excitation respectively. These two currents are
decoupled and can be controlled independently. However, in an AC machine, this decoupling is not naturally
present. The stator current in an AC machine inherently includes both torque producing and magnetic flux
producing components, preventing direct independent control of torque and flux.

FOC overcomes this issue by decomposing the stator current into two separate components: one for
torque production and the other for magnetic flux. This decomposition inherently decouples torque and
flux control, enabling independent adjustment of each. To achieve this, the mathematical transformations
outlined in the previous chapter namely, the Clarke and Park transforms are applied. These transformations
convert the three phase time variant stator current in stationary a — b — c reference frame to a time invariant
space vector in orthogonal two coordinate d— g (direct - quadrature axis) rotating reference frame, mimicking
the control and operational characteristics of a DC motor. The q axis component of the stator current is
generally responsible for torque production while the d axis component sets up the magnetic field in the

machine.

3.3.2 Generalized FOC Control Scheme

The following block diagram depicts how FOC can be implemented on any machine:

SVPWM J L [ @
L |\ OV

N
Ia,b,c -
3 Phase -
Power Converter AC Machine
Vu.B
Va rer lg et Clarke
PI Transform
Inverse Park [€ Iy los
Transform €
Vv I Park
9 ret d ref Transform
PI = — sfo
la la lq

Figure 3.1: Generalized FOC Block Diagram

As shown in the figure, the first step in implementing Field-Oriented Control (FOC) is to measure the
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phase currents of the motor, denoted as I, and I,. These phase currents are then fed into the Clarke and
Park transform modules to map them to the d — ¢ rotating reference frame: Iy and I,.

The I; and I, components represent the flux producing and torque producing current components,
respectively. These currents are compared with their corresponding reference values: the flux reference for
I; and the torque reference for I;,. The comparison results in error signals, which are then fed to corresponding
PI controllers. These controllers subsequently compute the reference stator voltages Vg and V; in the d — ¢
reference frame.

Once the reference voltages V; and V; are determined, they are then fed to the inverse Park transform
module to obtain the reference stator voltage vector in the stationary (a — §) reference frame V,,, V3. This
reference voltage vector is then fed to the SVPWM module which subsequently generates the gate signals for
the three phase inverter that supplies the machine stator winding to control the motor’s operation, ensuring
precise control of torque and flux.

This process, involving Clarke and Park transformations, the control of current components, and the
inverse transformations to generate the appropriate reference voltages, forms the core of Field Oriented

Control, enabling effective and efficient operation of the motor.

3.3.3 FOC for BDFRM

The FOC based control strategy for BDFRM proposed in this work is detailed in the block diagram presented

below in figure 3.2

Primary winding control loop

The primary winding frequency (fi,.,) is fixed, the d-axis reference voltage (v14) is set to 0 and the g-axis

ref
reference voltage (v14) is determined based on the Volts-per-Hertz (V/ f) ratio of the BDFRM. These reference
voltages are then transformed via the inverse park transformation modules to obtain primary winding voltage
vector (vi4 ), in the stationary reference frame. This voltage vector is then fed to the primary space vector

pulse width modulation (SVPWM) module, which generates gate signals for the primary converter, supplying

power to the primary winding of the BDFRM.

Secondary winding control loop

Secondary winding currents (iz,p) are measured through LEM current sensors, and passed through the
Clarke and Park transformation modules to obtain the secondary winding d and ¢ axis currents (izq,q)-

In case of operation without low pass filter, these currents are then compared with their corresponding
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Figure 3.2: Block Diagram of the proposed control strategy

references (i2q,., and iz, ,) directly. In case of operation with low pass filter, these currents are first fed
to a filter, and the resulting filtered outputs are then compared with their corresponding references. The
i2d,,, value is set to 0. Rotor speed is measured via an encoder and compared to the reference speed. The
resulting error is input to the speed PI controller, which outputs ig,,,, i.e. torque component reference.
The resulting current errors are fed to either PI or DTSTSM current controllers, depending on the one being
implemented. The outputs from these current controllers serve as voltage references (vaq,4), which are again
transformed back into the stationary frame voltage vector (veq,g) via inverse park transformation module
and used by the SVPWM module to drive the secondary converter.

Electrical Angle Calculation:

It is important to note that the calculation of the electrical angles 6 and 0, for each winding’s reference
frame is essential for the Clarke and Park transform modules. These angles can be derived from the measured

mechanical speed and position of the rotor by the following equations:
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0, = /w1 « dt (3.11)
O = /wm «dt (3.12)
0, = prOy, (3.13)

0y =0, — 6y (3.14)

Here, 01,05 are the reference frame angles for the primary winding (d;¢;) and the secondary winding (dags2)

reference frames respectively. The reference frames are shown in figure 2.5.

3.4 Discrete Time Super Twisting Sliding Mode Controller

Given the highly nonlinear dynamics of a BDFRM due to the harmonics present in the stator current, the
use of traditional linear controllers, such as PI controllers, is not advisable because of their poor performance
and instability in the face of the the non linear dynamics of the machine.

To better handle these dynamics while ensuring low computational cost, a nonlinear controller like the
Sliding Mode Controller (SMC) can be employed to control the BDFRM stator current. SMCs are particu-
larly advantageous in handling systems with significant nonlinearities because they force the system to follow
a sliding surface, providing robustness against disturbances and parameter variations. However, despite their
benefits, SMCs are notorious for a phenomenon known as chattering. Chattering refers to oscillations of fi-
nite magnitude and frequency that appear in the control output. This unwanted behavior arises due to the
abrupt switching action of the controller and can lead to various issues such as reduced control accuracy,
mechanical wear and tear, and noise, all of which degrade the system’s performance, and hence, mitigating
the chattering effect becomes essential.

To address this challenge, high order sliding mode control technique is employed in this research. Specif-
ically, the Super Twisting Algorithm (STA) is used. The STA is a higher order sliding mode technique that
smooths the control action thereby significantly mitigating the chattering effect. Furthermore, to support
digital signal processor based implementation of the controller, the proposed controlloer is developed in
discrete time domain.

Therefore, to summarize, this research work proposes and investigates the implementation of Discrete

Time Super Twisting Sliding Mode (DTSTSM) controller for the control of BDFRM stator currents.
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3.4.1 Generalized Controller Structure

This subsection presents the generalized DTSTSM controller structure detailing the sliding surface, and the
control action taken from [95]:

The sliding surface s; (where, k is the given sample instant) is given as,
Sk =€) =i — ip* (3.15)

here, ey, is the current tracking error, i; the measured current, and ¢}, the reference current.

Thereby, the control law of the DTSTSM controller is given as follows:

ye = — Ky | s |V sign(sy) + ug (3.16)
ug = Yug—1 — KoT sign(sg) (3.17)

here, yj is the controller output, uy is an auxiliary variable, v is a fixed gain with a value between 0 to
1, K1, K5 are controller gains and T is the sampling time period.

The signal function (sign(sg)) can be obtained as follows:

1 if s >0
sign (sy) = 0 if s,=0 (3.18)

-1 if s,<0

The DTSTSM controller gains (K7, K3) have to be tuned so as to obtain the desired response from
the controller and hence the overall system. In this research work, the DTSTSM controller is initially
manually tuned and then later the controller gains K; and K are selected using an offline Particle Swarm
Optimization (PSO) algorithm. The performance of the controller with both these sets of gains is then

subsequently compared. The next section will detail the process of PSO based DTSTSM gain tuning.

3.5 PSO based DTSTSM Controller Gain Design

The choice of controller gains directly influences the system’s response characteristics, including the speed of
response and the stability of the control action. A higher controller gain results in a faster system response.
While this may seem advantageous, it comes at the cost of introducing larger peak overshoots and increased
ripples in the current signal which can lead to increases error and instability. Therefore, a balance must be

struck between the desired fast response time and the acceptable level of peak overshoot and ripple.
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Achieving this balance is not straightforward, as it requires careful consideration of the trade-offs between
system dynamics and performance. To address this, an optimization algorithm is employed to determine the
optimal controller gains that satisfy the performance criteria. In the present research, the Particle Swarm
Optimization (PSO) algorithm is utilized to tune the Discrete Time Super Twisting Sliding Mode (DTSTSM)

controller gains.

3.5.1 Particle Swarm Optimization

Particle Swarm Optimization (PSO) is a metaheuristic inspired by the collective intelligence observed in
nature, such as in bird flocking and fish schooling [96]. The underlying principle of PSO draws parallels
to other evolutionary algorithms, such as Genetic Algorithms (GA) and Evolutionary Programming (EP).
However, PSO distinguishes itself through its simplicity and ease of implementation, requiring relatively few
parameters. Furthermore, PSO is highly versatile, capable of being applied to both discrete and continuous
optimization problems. It is particularly well suited for tuning nonlinear controllers like DTSTSM.

PSO works by placing a swarm of N particles (candidate solutions) at random positions in the search
space and computing the objective function for each particle. Over successive iterations, the positions of

these particles are updated based on the following equations:

Vgg1 = avg + 0171 (Ppest — k) + bara(Grest — k) (3.19)
InertiaFactor  CognitiveComponent SocialComponent
Th41 = Tk + Vg1 (3.20)
where, v;, and xj, are the velocity and position of the particle at the k" iteration, a is the inertia weight, by

and by are the cognitive and social coefficients, respectively, r; and ro are random numbers between 0 and 1,
Pryest, Gpest are the best known position of the particle and the entire swarm respectively up-to the current

iteration[97].

3.5.2 PSO based Gain Design

The objective of the optimization problem is to minimize the sum of the current tracking error of the
secondary winding currents, as shown in (3.21), by tuning the controller gain parameters:

Objective Function:
t=T

Minimize »  ex(r,,) + €x(1ay) (3.21)
t=0

where, €x(1,,), €x(1,,) are the secondary winding d and ¢ axis current tracking errors respectively. This aims
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flowchart.

to achieve minimum current tracking error between the secondary winding current reference and the actual

secondary winding current.

Decision Variables:

The decision variables of this optimization problem are the controller gains for each current controller i.e

e Controller Gains for Iy current controller: Kz, ), Ka(r1,,)

e Controller Gains for I, current controller: Kiy(z,,), Ka(1,,)

Constraints:

These controller gains are limited by upper and lower bounds.
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optimization problem via constraints.

K1 (1yg.ymin < Ki(1ha,) < Ki(1hg.g)ymaz (3.22)

Ko (1,9 ymin < Ko(1y.,) < Ko(lhg,y)maz (3.23)

Optimization Algorithm:

Figure 3.3(a) illustrates the steps undertook to solve the optimization problem. First, a BDFRM simu-
lation model is loaded onto MATLAB/Simulink software. This model is based on the d — ¢ reference frame
BDFRM model equations derived in Chapter 2, with the machine parameters given in the next chapter.
Next, the optimization parameters are set, them being: swarm size N = 20, inertia weight a = 0.8, and both
cognitive and social coefficients by = by = 2. Then, the iterative PSO algorithm is executed, as shown in
Fig. 3.3(b).

In the initial iteration (k = 1), the algorithm starts by assigning a random initial position within the
solution space for each particle, while setting initial velocities to zero. The Simulink model is then run,
and the fitness value for each particle is evaluated. Using these fitness values, each particle’s Personal Best
(Pyest) and the Global Best (Gpest) for the entire swarm are determined and updated.

Following this, the algorithm checks whether the termination condition has been met. If the condition
is not satisfied, the iteration counter is incremented by one, and the process continues. From the second
iteration onward, the position and velocity of each particle are updated based on the Pyesr and Gpest values
from the previous iteration according to the equations (3.19) and (3.20).

The algorithm continues iterating, incrementing the counter after each cycle, until the termination condi-
tion i.e. either reaching k,,, iterations or achieving the desired fitness threshold is met. Once the termination
criterion is satisfied, the algorithm concludes, and the best position known by the swarm is stored as the

optimal controller gains.
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Chapter 4

Experimental System and Results

This chapter provides an overview of the experimental setup used to perform the tests to validate the
proposed control strategy outlined in the previous chapter. This chapter begins with providing the details
of the experimental system and then moves towards discussing the various tests that have been performed,

the results that were obtained and the subsequent observations that were made.
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4.1 Experimental Setup
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Figure 4.1: Experimental test rig

Figure 4.1 illustrates the experimental setup used for testing the BDFRM system. The rig features a
BDFRM designed as per specifications in [25], with stator winding poles p; = 8, ps = 4, and rotor poles
pr = 6. Both stator windings are rated for 63 V (rms) phase voltage and 4.2 A (rms) current, with the
primary side operating at a rated frequency of 100 Hz and overall power rating of 630 W. The electrical
parameters of the machine are as follows: Ry = 2.8 Q, Ry = 4.05 Q, L; = 0.0827 H, Ly = 0.0398 H, and
mutual inductance Lis = 0.0284 H. The BDFRM shaft is mechanically coupled to a 1 kW permanent magnet
synchronous machine (PMSM). To vary the load imposed by this PMSM on the BDFRM drive, the stator
of this PMSM is connected to a 3 phase variable resistor bank and this resistance is varied.

The system is driven by two IGBT based Semikron Semiteach three phase converters (750 V DC max,
20 kW rating, 4400 uF DC-link capacitance) switching at a frequency of 10k Hz, controlled via a DSP based
PwrCon platform from Denkinetic Pty Ltd. This control unit includes the Texas Instruments TMS320F28335

microcontroller. Key internal variables such as motor speed n,,, speed reference n,.f, secondary winding
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g-axis current iz, secondary winding g-axis reference current is,, ., secondary winding d-axis current izg
and secondary winding d-axis reference current isq,,, can be monitored in real time on an oscilloscope using

DAC interface of the microcontroller..

Table 4.1: Test cases for Speed and Secondary Winding Current Controllers

Test Case | Section | Mode | Speed Secondary LPF | Load (N.m) Speed
Con- Winding (RPM)
troller Current

Controllers
1 4.2 Cascade | X X X No load 0—600
2 4.3 BDFRM | PI PI X No load 600
3 4.3 BDFRM | PI PI X No load 400—800
4 4.3 BDFRM | PI PI X 0.77—1.65—2.55 | 1200
5 44 BDFRM | PI PI v No load 600
6 44 | BDFRM | PI PI v | Noload 400—800
7 44 | BDFRM | PI PI v | 0.7751.65-2.55 | 1200
8 4.5 BDFRM | PI DTSTSM X No load 400—800
(Manually
tuned)
9 45 | BDFRM | PI DTSTSM x| 0.77—1.65—2.55 | 1200
(Manually
tuned)
10 4.5 BDFRM | PI (re- | DTSTSM X No load 400—800
tuned) (Manually
tuned)
11 4.5 BDFRM | PI (re- | DTSTSM X 0.77—1.65—2.55 | 1200
tuned) (Manually
tuned)
12 4.5 BDFRM | PI (re- | PI X No load 400—800
tuned)
13 4.5 BDFRM | PI (re- | PI X 0.77—1.65—2.55 | 1200
tuned)
14 4.6 BDFRM | PI  (re- | DTSTSM X No load 400—800
tuned) (PSO tuned)
15 4.6 BDFRM | PI  (re- | DTSTSM X 0.77—1.65—2.55 | 1200
tuned) (PSO tuned)

Each test performed on the BDFRM drive is described as a Test Case. In total 15 tests are performed
on the test rig and hence total 15 Test Cases are detailed in this chapter along with their results and the
observations made from those results. These test cases are classified amongst five broad categories with
each category being dedicated to an individual section in the chapter. Thus, this section is followed by five
sections, and each section entails certain number of test cases described, with total test cases amounting

to 15. Each section is distinguished by mode of operation and the controller used for secondary winding
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current control. Section 4.2 entails the tests run on the BDFRM test rig in open loop cascade induction mode,
Section 4.3 includes the tests run on BDFRM in BDFRM mode, while using PI based current controllers
for secondary winding current control without an LPF, Section 4.4 includes the tests performed on BDFRM
in BDFRM mode, with PI based current controllers along with LPF implementation for secondary winding
current control, Section 4.5 mainly consists of tests performed on the BDFRM test rig in BDFRM mode,
with manually tuned DTSTSM based current controllers for secondary winding current control, and finally
Section 4.6 details the tests performed on the BDFRM in BDFRM mode, with PSO tuned DTSTSM based
current controllers for secondary winding current control. Lastly, this chapter ends with Section 4.7 that
provides a summary of the results obtained from all test cases. An overview of the different test cases
included in each section is presented in table 4.1. Complete details of each test case along with how the test

is performed is described in detail in each section.

4.2 Open Loop Cascade Induction Mode: BDFRM Start-up

This section includes Test Case 1, where the BDFRM is operated under open loop cascade induction mode

to start the motor from standstill and brought to a speed of 600 RPM under no-load condition.

4.2.1 Test Case 1

In this test case, the BDFRM is operated in open loop cascade induction mode. Thus, no speed control is
employed. The secondary winding is short-circuited by controlling the secondary winding converter output
to zero. On the primary winding, a frequency ramp ranging from 0 to 60 Hz along with a voltage ramp
scaled according to the V/f ratio is applied to reach the target speed of 600 RPM through the primary
winding converter. The speed response of the BDFRM from 0 to 600 RPM, during this startup, operating
in the open loop cascade induction mode is shown in Figure 4.2.The machine speed (n,,) settles below the
reference speed (n,.s) since it is an open loop operation and no speed control is employed. Furthermore,
figure 4.3 illustrates the primary and secondary winding phase ’a’ currents at 600 RPM reference speed.

Significant harmonic content is evident in the secondary winding current.
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Figure 4.2: Test Case 1 - Speed Tracking: Channel 3 = n,.s (scale: 100 RPM =1V = 0.5 division), Channel
4 = ny, (scale: 100 RPM =1V = 0.5 division), (Time scale: 1 division = 4 s)
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Figure 4.3: Test Case 1 - Phase a currents: Channel 1 = i1, (scale: 2 A = 1 division), Channel 2 = is,

(scale: 1 A =1 division), (Time scale: 1 division = 10 ms)
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4.3 BDFRM Mode: PI based Current Controller without LPF

This section includes Test Case 2, 3 and 4, where the BDFRM is operated in BDFRM mode and PI based
current controllers are used for secondary winding current control without LPF implementation. These tests
are performed to establish a baseline and benchmarks to which the subsequent test cases and their results
will be compared. PI controller performance results are taken as benchmark for comparison because they

are the conventionally used linear controllers in most applications.

4.3.1 Test Case 2

In this test case, the BDFRM is operated in BDFRM mode, and hence speed control is enabled. PI based
controller is used for speed control. The gains of this speed PI controller are as follows: K, = 0.006 and
K,; = 0.00025. The primary winding is supplied with a constant voltage and constant frequency through
the primary winding converter. The constant voltage and frequency applied to the primary winding are
as follows: Viq = 0,Viy = 87 and fi = 60. The secondary winding supply is regulated to control the
BDFRM speed. PI based current controllers are used to control the secondary winding current without LPF
implementation in the current control loop. The gains of these PI based current controllers are as follows:
K1, = 75 and Kj(g,, ) = 50. In this test case the BDFRM is operated at constant speed of 600 RPM.
Thus, the frequency applied to the secondary winding is fo = OHz to satisfy the condition in the equation
2.1. Lastly, in this test case the BDFRM is operated under no-load.

Figure 4.4 shows the primary and secondary winding phase ’a’ currents for test case 2, when the machine
is at the steady state speed of 600 RPM. As seen in this figure, harmonic content still persists in the secondary
winding current. To examine this further, the secondary winding current transformed into the rotating dg

reference frame is analyzed.
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Figure 4.4: Test Case 2 - Phase a currents: Channel 1 = i;, (scale: 2 A = 1 division), Channel 2 = iy,

(scale: 1 A = 1 division), (Time scale: 1 division = 10 ms)

el

Tekstp [

: : : : ~ (T.oos 1.00kS/s 7 W ; :
S00mY €y coomy 10k points 2724 ; ;

Yalue Mean Min Max Std Dev 13 May 2025
IEan 434my 484m 484m 484m 0.00 [ 13:33:05 l
Iean S03mY 503m S03m 503m 0.00

Figure 4.5: Test Case 2 - Secondary Winding ¢ axis current: Channel 3 = iy, (scale: 1 A =1V =2

divisions), Channel 4 = i, (scale: 1 A =1V = 2 divisions), (Time scale: 1 division = 1 s)

As depicted in Fig. 4.5, the measured iy, shows significant ripples around its mean value, which ideally
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should be constant DC under steady-state operation. This ripple is a result of harmonics, which degrade the
quality of the current control and adversely affect machine performance and speed response. These harmonics
make the controller’s objective to maintain 79, at a constant reference, difficult to achieve. Furthermore, these
fluctuations complicate PI controller tuning using conventional methods such as Ziegler-Nichols or manual
adjustment, and the resulting tuned parameters are often not robust across different operating conditions.
In some cases, the controller may even become unstable, potentially causing system faults.

Thus, it is very important to curb the negative impact of these harmonics on the control system by
employing a low pass filter in conjunction with the PI controllers, or replacing the PI controllers altogether by
non linear controller like a discrete time super twisting sliding mode controller. However, before employing
these solution strategies, it is first essential to thoroughly inspect these harmonics and the subsequent
challenges they impose on the control strategies of BDFRM. Therefore, the next subsection dives deeper

into the harmonic analysis of the BDFRM.

4.3.2 Harmonic Analysis

To analyze the unwanted harmonics present in the secondary winding current of the BDFRM, spectral
analysis of the io, waveform obtained in the BDFRM mode, under no load condition is performed at different
speeds over the entire desired speed range of 400 to 800 RPM. Figure 4.6 shows the dominant harmonic

components in iz, current at different speeds ranging from 400 to 800 RPM. It can be observed that at
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Figure 4.6: BDFRM Mode, with PI based current controller without LPF: Dominant harmonic components
in igq
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each speed, the dominant harmonics appear at multiples of the rotor electrical frequency (f, = E=z=), i.e.

harmonic frequencies f, = nf,, where n = 2,4,8,16... etc. The 4** multiple of the rotor electrical frequency
harmonic component (4f,) is the most dominant, followed by 2 f,. component. Thus, the remaining harmonic
analysis is focused on these two components. Comparing with Figure 4.5 where the desired secondary winding
current has a peak of 0.5 A, the magnitudes of the unwanted harmonics in Figure 4.6 are approaching 1/3 of
the control value. It is also worth noting that these harmonics are in the secondary winding d — ¢ reference
frame which is rotating at fo frequency. Thus, these harmonic components when observed in the secondary
winding phase current in the stationary a — b — ¢ reference frame (as in figure 4.4) will appear at frequencies
nfr — fa, where n = 2,4, 8,16... etc.

Figure 4.7 shows the secondary winding control frequency (|f2|) in the stationary reference frame, the
1t and 2"¢ significant harmonic component present in the secondary winding current, in both dq reference

frame (2f, and 4f,) and stationary reference frame (2f,. — fo and 4f, — f2) as functions of rotor speed.
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Figure 4.7 BDFRM Mode, with PI based current controller without LPF: Dominant harmonic components

in i9 in dg frame and stationary reference frame.

The secondary winding control frequency is always 0 Hz in the dq reference frame irrespective of the rotor
speed. It can be noticed that for lower speeds, i.e. 0 to 200 RPM, in both reference frames, the unwanted
current harmonic components in the secondary winding are at frequencies very close to the fundamental

control frequency, with the harmonic frequencies being exactly equal to the control frequency (0 Hz in dg
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frame, and 60 Hz in stationary frame) at 0 RPM or standstill condition. Thus, speed control of a BDFRM
using a linear controller like a PI controller at lower speeds proves to be very difficult. However, for BDFRM
speed in a band around the synchronous speed (400 to 800 RPM in our case), there is a significant gap between
the control frequency and the harmonic frequencies, making it feasible to use a PI controller in conjunction
with a low pass filter to attenuate the unwanted current harmonics before feeding it to the controller, thereby
improving controller performance, aiding BDFRM speed control. Lastly upon the analysis of the harmonics
present in secondary winding current of the BDFRM, it can be concluded that the harmonics make the use of
linear controllers like PI controllers very difficult over the entire speed range, especially at the lower speeds.
Thus, to affectively control the BDFRM without any additional filters, the use of a non linear controller like
the DTSTSM controller offers an excellent alternative.

The following subsections further explore the test cases where the BDFRM is run in BDFRM mode, with
PI based current controllers used for secondary winding control without LPF implementation to analyze the

speed response with PI based current controllers.

4.3.3 Test Case 3

In this test case, the BDFRM is operated in BDFRM mode, and hence speed control is enabled. PI based
controller is used for speed control. The gains of this speed PI controller are as follows: K, = 0.006 and
K; = 0.00025. The primary winding is supplied with a constant voltage and constant frequency through
the primary winding converter. The constant voltage and frequency applied to the primary winding are
as follows: Vig = 0,Vi4, = 87 and f; = 60. The secondary winding supply is regulated to control the
BDFRM speed. PI based current controllers are used to control the secondary winding current without LPF
implementation in the current control loop. The gains of these PI based current controllers are as follows:

Ky =75 and Kjy(r,,,) = 50. In this test case the BDFRM is operated under no-load. Lastly, in this

I2d,q)
test case, the speed of the BDFRM is varied from 400 RPM to 800 RPM. Thus, the frequency applied to
the secondary winding is varied from fo = —20 Hz to fo = +20 Hz to satisfy the condition in the equation
2.1.

Figure. 4.8 presents the speed and current tracking performance of the BDFRM when subjected to this

speed change.
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Figure 4.8: Test Case 3: Channel 1 = n,¢y (scale: 100 RPM =1V = 0.5 division), Channel 2 = n,, (scale:
100 RPM =1V = 0.5 division), Channel 3 = ig,,__, (scale: 1 A =1V = 1 division), Channel 4 = iy, (scale:
1 A =1V =1 division), (Time scale: 1 division = 2 s)

The results clearly show that the speed response while employing PI controllers is very poor, with settling
time exceeding 12 seconds, thereby highlighting the limitations of PI controller under harmonic dominant

system.

4.3.4 Test Case 4

In this test case, the BDFRM is operated in BDFRM mode, and hence speed control is enabled. PI based
controller is used for speed control. The gains of this speed PI controller are as follows: K, = 0.006 and
K; = 0.00025. The primary winding is supplied with a constant voltage and constant frequency through
the primary winding converter. The constant voltage and frequency applied to the primary winding are
as follows: Vig = 0,Vi4 = 87 and f; = 60. The secondary winding supply is regulated to control the
BDFRM speed. PI based current controllers are used to control the secondary winding current without LPF
implementation in the current control loop. The gains of these PI based current controllers are as follows:
K154, = 75 and Kj(z,, ) = 50. In this test case the BDFRM is operated at constant speed of 1200 RPM.

Thus, the frequency applied to the secondary winding is fo = +60 Hz to satisfy the condition in the equation
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2.1. Lastly, in this test case, the load on the BDFRM is varied from No-load (0.77 N-m)—1.65 N-m—2.55
N-m by varying the resistance value of the 3 phase resistor bank connected to the PMSM stator.
Figure. 4.9 presents the speed and current tracking performance of the BDFRM when subjected to this

load change.
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Figure 4.9: Test Case 4: Channel 1 = n,.s (scale: 200 RPM =1V = 1 division), Channel 2 = n,, (scale:
200 RPM = 1 V = 1 division), Channel 3 = iy,,,, (scale: 1 A =1V = 1 division), Channel 4 = iy, (scale:

1 A =1V =1 division), (Time scale: 1 division = 20 s)

It can be observed that on changing the load on the BDFRM while employing PI based current controller,
the speed of the machine drops by over 300 RPM, and it takes over 65 seconds for the machine to recover
and for the speed control to bring the machine back to it’s original speed of 1200 RPM. Thereby further
proving that the use of PI controller results in extremely poor performance for both constant load, speed

change condition and constant speed, load change condition.

4.4 BDFRM Mode: PI based Current Controller with LPF

In this section, test cases 5,6 and 7 are presented. These test cases describe the tests performed on the
BDFRM test rig in BDFRM mode, while PI based current controllers are used for secondary winding

current control in conjunction with low pass filter implementation in the secondary winding current control
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loop. The following subsection presents the details of the second order low pass filter implemented in the

secondary winding current loop. This subsection will then be followed by the test cases.

4.4.1 Second Order Low Pass Filter Implementation

In this research work, to tackle the challenges imposed by harmonics present in the secondary winding
current, a second order infinite impulse response (ITR) low pass filter (LPF) is implemented in the feedback
path of the secondary winding current control loops, while still using PI controllers as the current controllers.

The standard form of second order IIR LPF is given as [98]:

y[n] =Box[n] + Biz[n — 1] + Bax[n — 2]
(4.1)
— Ayyln — 1] — Agyln — 2]

where, z[n] is the current input, y[n] is the current output, By, By, Bs are the feedforward coefficients and
A; and As are the feedback coefficients. These coefficients are designed so as to implement the desired cut-off
frequency.

The lowest significant harmonic in the operating range occurs at 80 Hz, corresponding to 400 RPM. To
effectively attenuate this harmonic, the filter cutoff frequency must be set below 80 Hz. Filter performance
was evaluated at cutoff frequencies of 70 Hz, 60 Hz, 50 Hz, 40 Hz, 30 Hz, and 20 Hz. A cutoff frequency
of 30 Hz was selected, as it successfully attenuates all lower frequency harmonics observed at 400 RPM.
Frequencies above 30 Hz failed to fully suppress these harmonics, while lower value added unnecessary delay
without significant benefit.

The following subsections will present the test cases in which the BDFRM is operated in BDFRM mode,
with PI based current controllers for secondary winding current control along with second order low pass

filter implemented in the secondary winding current control loop.

4.4.2 Test Case 5

In this test case, the BDFRM is operated in BDFRM mode, and hence speed control is enabled. PI based
controller is used for speed control. The gains of this speed PI controller are as follows: K, = 0.006 and
K; = 0.00025. The primary winding is supplied with a constant voltage and constant frequency through
the primary winding converter. The constant voltage and frequency applied to the primary winding are
as follows: Viq = 0V , Vi, = 87V and f; = 60 Hz. The secondary winding supply is regulated to control
the BDFRM speed. PI based current controllers are used to control the secondary winding current with

LPF implementation in the current control loop. The gains of these PI based current controllers are as
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follows: K = 75 and Kj(r,, ) = 50. The cut-off frequency of the second order LPF implemented in

I2d,q)
the secondary winding current control loop is F, = 30 Hz. In this test case the BDFRM is operated at a
constant speed of 600 RPM. Thus, the frequency applied to the secondary winding is fo = 0 Hz to satisfy
the condition in the equation 2.1. Lastly, in this test case the BDFRM is operated under no-load.

Figure 4.10 shows the filtered secondary winding ¢ axis current against the reference current.
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Figure 4.10: Test Case 5: Channel 3 = iaq,,, (scale: 1 A =1V = 2 divisions), Channel 4 = ia,,,,,..., (scale:

1 A =1V =2 divisions), (Time scale: 1 division = 1 s)

Table 4.2 presents a comparative analysis of the PI based current controller performance with and without
filtering, in terms of the average ripple in iz, and iz4,,),.,.,, the mean error between iz, and iy, ,, and the

mean error between iag,,,., ., and iz, , across various speeds.
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Table 4.2: Comparison of Average Ripple and Iy, Error With and Without Filtering

Speed Average Ripple Mean Error

(RPM) | No Filter | With Filter | No Filter With Filter
400 0.0942 0.0704 (25.3%) 0.07292 0.028644 (160.7%)
500 0.1102 0.0711 (35.5%) 0.08736 0.028692 (167.2%)
600 0.1265 0.0684 (145.9%) | 0.104224 0.02788 (173.3%)
700 0.1313 0.0716 (145.5%) 0.11216 0.030684 (172.6%)
800 0.1367 0.0705 (148.4%) | 0.119296 0.03062 (174.3%)

It is evident from the results that the harmonic components in iy, are effectively attenuated, showing a
clear reduction in ripples and the current tracking error with filtering, especially at higher speeds, confirming
substantial improvement in current regulation, simplifying PI controller tuning and enhancing dynamic

performance.

4.4.3 Test Case 6

In this test case, the BDFRM is operated in BDFRM mode, and hence speed control is enabled. PI based
controller is used for speed control. The gains of this speed PI controller are as follows: K, = 0.006 and
K, = 0.00025. The primary winding is supplied with a constant voltage and constant frequency through
the primary winding converter. The constant voltage and frequency applied to the primary winding are
as follows: Vig = 0V , Vi = 87V and f; = 60Hz. The secondary winding supply is regulated to control
the BDFRM speed. PI based current controllers are used to control the secondary winding current with
LPF implementation in the current control loop. The gains of these PI based current controllers are as
follows: Kp1,, ) = 75 and Kjy(r,, ) = 50. The cut-off frequency of the second order LPF implemented in
the secondary winding current control loop is F, = 30Hz. In this test case the BDFRM is operated under
no-load. Lastly, in this test case, the speed of the BDFRM is varied from 400 RPM to 800 RPM. Thus,
the frequency applied to the secondary winding is varied from fo = —20Hz to fo = 4+20Hz to satisfy the
condition in the equation 2.1.

Figure. 4.11 presents the speed and current tracking performance of the BDFRM when subjected to this

speed change.
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Figure 4.11: Test Case 6: Channel 1 = n,.s (scale: 100 RPM =1V = 0.5 division), Channel 2 = n,, (scale:
100 RPM =1V = 0.5 division), Channel 3 = ig,,__, (scale: 1 A =1V = 1 division), Channel 4 = iy, (scale:
1 A =1V =1 division), (Time scale: 1 division = 2 s)

It can be observed that the filtered response is slightly quicker and slightly improved speed tracking
response is obtained with settling time of 10 s, thereby reducing the settling time of the speed response by
2 s as compared to the test case 3 with PI controller and no filter operation. However, the current tracking

response shows large overshoots when the speed reference is changed.

4.4.4 Test Case 7

In this test case, the BDFRM is operated in BDFRM mode, and hence speed control is enabled. PI based
controller is used for speed control. The gains of this speed PI controller are as follows: K, = 0.006 and
K; = 0.00025. The primary winding is supplied with a constant voltage and constant frequency through
the primary winding converter. The constant voltage and frequency applied to the primary winding are
as follows: Vig = 0V , V4 = 87V and fi; = 60Hz. The secondary winding supply is regulated to control
the BDFRM speed. PI based current controllers are used to control the secondary winding current with
LPF implementation in the current control loop. The gains of these PI based current controllers are as
follows: K

= 75 and Ky = 50. The cut-off frequency of the second order LPF implemented in

Izd,q) Iod,q)
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the secondary winding current control loop is F,, = 30Hz. In this test case the BDFRM is operated at a
constant speed of 1200 RPM. Thus, the frequency applied to the secondary winding is fo = +60Hz to satisfy
the condition in the equation 2.1. Lastly, in this test case, the load on the BDFRM is varied from No-load
(0.77 N-m)—1.65 N-m—2.55 N-m by varying the resistance value of the 3 phase resistor bank connected to
the PMSM stator.

Figure. 4.12 presents the speed and current tracking performance of the BDFRM when subjected to this

load change. It can be observed that the speed recovery time for this test case is 60 seconds. Thus, the
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Figure 4.12: Test Case 7: Channel 1 = n,.s (scale: 200 RPM = 1 V = 1 division), Channel 2 = n,, (scale:
200 RPM = 1 V = 1 division), Channel 3 = iy, , (scale: 1 A =1V = 1 division), Channel 4 = iy, (scale:
1 A =1V =1 division), (Time scale: 1 division = 20 s)

speed tracking response here is similar to test case 4 where PI based current controllers were used without
any filtering operation. However, the current tracking response for this test case as well shows very large
overshoots and oscillations.

The oscillations observed in the secondary winding current for test cases 6 and 7 can be attributed to
the presence of harmonic components in the secondary current. In these cases, the PI controller receives the
filtered measured current, therefore, the harmonic induced oscillations are significantly attenuated before
reaching the controller. As a result, the PI controller acts only on the fundamental component of the current
and does not react to the harmonic oscillations that remain in the actual machine current.

In contrast, for test cases 3 and 4 where no filtering is applied, the PI controllers are driven by the unfil-
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tered secondary current, which includes both the fundamental and the harmonic components. Consequently,
the controllers attempt to regulate the entire signal, causing controlled overshoots and oscillatory behavior
in the secondary winding current.

These substantial overshoots and oscillations demonstrate that employing PI controllers in conjunction
with low pass filter to mitigate harmonic effects is not a viable control strategy for this system.

Thus, replacing the PI controller altogether by a non linear controller like the DTSTSM controller seems
to be the only solution and hence, the performance of the DTSTSM controller in BDFRM control system

will be further explored in the next sections.

4.5 BDFRM Mode: Manually Tuned DTSTSM based Current
Controller

This section presents the test cases from 8 to 13. In these test cases, mainly the tests performed on the
BDFRM test rig are in BDFRM mode, while DTSTSM based current controllers are used to control the
secondary winding current of the BDFRM. The gains of these DTSTSM based current controllers in this

section are selected through manual tuning process.

4.5.1 Test Case 8

In this test case, the BDFRM is operated in BDFRM mode, and hence speed control is enabled. PI based
controller is used for speed control. The gains of this speed PI controller are as follows: K, = 0.006 and
K,; = 0.00025. The primary winding is supplied with a constant voltage and constant frequency through
the primary winding converter. The constant voltage and frequency applied to the primary winding are
as follows: Vig = 0V , Vi, = 87V and f; = 60Hz. The secondary winding supply is regulated to control
the BDFRM speed. DTSTSM based current controllers are used to control the secondary winding current.
The gains of these DTSTSM based current controllers, selected through manual tuning, are as follows:
Ki(1,4.,) = 22 and Ky(y,, ) = 3000. The sampling frequency of these DTSTSM controllers is 20 kHz. In
this test case the BDFRM is operated under no-load. Lastly, in this test case, the speed of the BDFRM
is varied from 400 RPM to 800 RPM. Thus, the frequency applied to the secondary winding is varied from
f2 = —20Hz to fy = +20Hz to satisfy the condition in the equation 2.1.

Figure 4.13 displays the speed and current tracking performance of the BDFRM for the reference speed

change.
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Figure 4.13: Test Case 8: Channel 1 = n,.s (scale: 100 RPM =1V = 0.5 division), Channel 2 = n,, (scale:
100 RPM = 1 V = 0.5 division), Channel 3 = iy, , (scale: 1 A =1V = 1 division), Channel 4 = iy, (scale:
1 A =1V =1 division), (Time scale: 1 division = 400 ms)

It can be observed that the machine exhibits significantly better performance with the settling time
reduced to approximately 2 seconds. Thus, a reduction of 10 s is observed in the settling time of the speed
response in case of manually tuned DTSTSM controller performance as compared to the test case 3 (PI

controller performance with no filter).

4.5.2 Test Case 9

In this test case, the BDFRM is operated in BDFRM mode, and hence speed control is enabled. PI based
controller is used for speed control. The gains of this speed PI controller are as follows: K, = 0.006 and
K; = 0.00025. The primary winding is supplied with a constant voltage and constant frequency through
the primary winding converter. The constant voltage and frequency applied to the primary winding are
as follows: Vig = 0V , V4 = 87V and fi; = 60Hz. The secondary winding supply is regulated to control
the BDFRM speed. DTSTSM based current controllers are used to control the secondary winding current.
The gains of these DTSTSM based current controllers, selected through manual tuning, are as follows:

Ki(1,,,) = 22 and Ky y = 3000. The sampling frequency of these DTSTSM controllers is 20 kHz. In

I2a,q
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this test case the BDFRM is operated at a constant speed of 1200 RPM. Thus, the frequency applied to
the secondary winding is fo = +60Hz to satisfy the condition in the equation 2.1. Lastly, in this test case,
the load on the BDFRM is varied from No-load (0.77 N-m)—1.65 N-m—2.55 N-m by varying the resistance
value of the 3 phase resistor bank connected to the PMSM stator.

Figure. 4.14 presents the speed and current tracking performance of the BDFRM when subjected to this

load change.
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Figure 4.14: Test Case 9: Channel 1 = n,.s (scale: 200 RPM = 1V = 1 division), Channel 2 = n,, (scale:
200 RPM = 1 V = 1 division), Channel 3 = iy, (scale: 1 A =1V = 1 division), Channel 4 = iy, (scale:

1 A =1V =1 division), (Time scale: 1 division = 10 s)

The speed recovery time observed in this test case is still very high, i.e. 50 seconds. Thus, the speed
response in this test case is also very slow, similar to test cases 4 and 7 where PI based current controllers
were used. Thus, to further improve performance, the PI based speed controller is re-tuned through manual
tuning process. The new speed PI controller gains selected after re-tuning are as follows: K, = 0.0075 and
K; = 0.0028.

The BDFRM is once again tested in BDFRM mode, with manually tuned DTSTSM based current

controllers used for secondary winding current control, and the re-tuned speed controller.
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4.5.3 Test Case 10

In this test case, the BDFRM is operated in BDFRM mode, and hence speed control is enabled. PI based
controller is used for speed control. The gains of this re-tuned speed PI controller are as follows: K, = 0.0075
and K; = 0.0028. The primary winding is supplied with a constant voltage and constant frequency through
the primary winding converter. The constant voltage and frequency applied to the primary winding are
as follows: Vig = 0V , Vi, = 87V and f; = 60Hz. The secondary winding supply is regulated to control
the BDFRM speed. DTSTSM based current controllers are used to control the secondary winding current.
The gains of these DTSTSM based current controllers, selected through manual tuning, are as follows:
Ki(1,4.,) = 22 and Ky(y,, ) = 3000. The sampling frequency of these DTSTSM controllers is 20 kHz. In
this test case the BDFRM is operated under no-load. Lastly, in this test case, the speed of the BDFRM
is varied from 400 RPM to 800 RPM. Thus, the frequency applied to the secondary winding is varied from

f2 = —20Hz to f = +20Hz to satisfy the condition in the equation 2.1.
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Figure 4.15: Test Case 10: Channel 1 = n,.s (scale: 100 RPM =1 V = 0.5 division), Channel 2 = n,,
(scale: 100 RPM = 1 V = 0.5 division), Channel 3 = iy, (scale: 1 A = 1V = 1 division), Channel 4 =

igq (scale: 1 A =1V =1 division), (Time scale: 1 division = 400 ms)

As shown in Fig. 4.15, re-tuning the speed controller further enhances the system response, reducing the

settling time to only 0.8 seconds (11.2 seconds lower than test case 3), thereby making the response much
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faster.

4.5.4 Test Case 11

In this test case, the BDFRM is operated in BDFRM mode, and hence speed control is enabled. PI based
controller is used for speed control. The gains of this re-tuned speed PI controller are as follows: K, = 0.0075
and K; = 0.0028. The primary winding is supplied with a constant voltage and constant frequency through
the primary winding converter. The constant voltage and frequency applied to the primary winding are
as follows: Vig = 0V , Vi, = 87V and f; = 60Hz. The secondary winding supply is regulated to control
the BDFRM speed. DTSTSM based current controllers are used to control the secondary winding current.
The gains of these DTSTSM based current controllers, selected through manual tuning, are as follows:
Ki(1,4.,) = 22 and Ky(y,, ) = 3000. The sampling frequency of these DTSTSM controllers is 20 kHz. In
this test case the BDFRM is operated at a constant speed of 1200 RPM. Thus, the frequency applied to
the secondary winding is fo = +60Hz to satisfy the condition in the equation 2.1. Lastly, in this test case,
the load on the BDFRM is varied from No-load (0.77 N-m)—1.65 N-m—2.55 N-m by varying the resistance
value of the 3 phase resistor bank connected to the PMSM stator.

Figure. 4.16 presents the speed and current tracking performance of the BDFRM when subjected to this

load change.
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Figure 4.16: Test Case 11: Channel 1 = n,.s (scale: 100 RPM =1 V = 0.5 division), Channel 2 = n,,
(scale: 100 RPM = 1 V = 0.5 division), Channel 3 = iy, , (scale: 1 A =1V = 1 division), Channel 4 =

iaq (scale: 1 A =1V =1 division), (Time scale: 1 division = 2 s)

It is very evident from the result that the speed tracking performance has significantly improved by a
large margin, with the drop in BDFRM speed at changing load now being 175 RPM (reduced from over
300 RPM in Test case 4 and 7 with PI based current controller), and the speed recovery time taken for the
machine to go back to it’s original speed being only 8 seconds. Thus a reduction of 57 seconds is observed
in the recovery time as compared to the test case 4 with PI based current controller.

The next subsections investigate the performance of the BDFRM control setup when this re-tuned speed

controller with the new gains is paired with PI based current controllers.

4.5.5 Test Case 12

In this test case, the BDFRM is operated in BDFRM mode, and hence speed control is enabled. PI based
controller is used for speed control. The gains of this re-tuned speed PI controller are as follows: K, = 0.0075
and K; = 0.0028. The primary winding is supplied with a constant voltage and constant frequency through
the primary winding converter. The constant voltage and frequency applied to the primary winding are

as follows: Viq4 = 0,Vi, = 87 and f; = 60. The secondary winding supply is regulated to control the
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BDFRM speed. PI based current controllers are used to control the secondary winding current without LPF
implementation in the current control loop. The gains of these PI based current controllers are as follows:
Ky(1,0,) = 75 and Kj(1,, ) = 50. In this test case the BDFRM is operated under no-load. Lastly, in this
test case, the speed of the BDFRM is varied from 400 RPM to 800 RPM. Thus, the frequency applied to the
secondary winding is varied from fy = —20Hz to fy = +20Hz to satisfy the condition in the equation 2.1.
Figure 4.17 displays the speed and current tracking performance of the BDFRM for the reference speed

change.
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Figure 4.17: Test Case 12: Channel 1 = n,.s (scale: 100 RPM = 1 V = 0.5 division), Channel 2 = n,,
(scale: 100 RPM = 1 V = 0.5 division), Channel 3 = iy, (scale: 1 A = 1V = 1 division), Channel 4 =

igq (scale: 1 A =1V =1 division), (Time scale: 1 division = 2 s)

The result reveals that the speed response deteriorates under PI control with re-tuned speed controller,
with a peak overshoot of 35 RPM and an extended settling time of around 14 seconds. Thus, the speed

trajectory has higher overshoot and is slower to settle.

4.5.6 Test Case 13

In this test case, the BDFRM is operated in BDFRM mode, and hence speed control is enabled. PI based

controller is used for speed control. The gains of this re-tuned speed PI controller are as follows: K, = 0.0075
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and K; = 0.0028. The primary winding is supplied with a constant voltage and constant frequency through
the primary winding converter. The constant voltage and frequency applied to the primary winding are
as follows: Viq4 = 0,Vi, = 87 and f; = 60. The secondary winding supply is regulated to control the
BDFRM speed. PI based current controllers are used to control the secondary winding current without LPF
implementation in the current control loop. The gains of these PI based current controllers are as follows:

K

p(I2a.q) = 70 and Ky, y = 50. In this test case the BDFRM is operated at constant speed of 1200 RPM.

Thus, the frequency applied to the secondary winding is fo = +60Hz to satisfy the condition in the equation
2.1. Lastly, in this test case, the load on the BDFRM is varied from No-load (0.77 N-m)—1.65 N-m—2.55
N-m by varying the resistance value of the 3 phase resistor bank connected to the PMSM stator.

When the same re-tuned speed controller is paired with PI-based current controllers with no filter, and
the machine is tested for a load change at constant speed of 1200 RPM, the machine faults, indicating that
the PI based current controller becomes unstable when paired with the re-tuned speed controller for a load
change. Thereby, indicating the lack of robustness of the PI based current controller against changing speed
controller gains, and proving that the results obtained in Test Cases 3 and 4 are the best results that can

be obtained from PI based current controller with no filter for this BDFRM system.

4.6 BDFRM Mode: PSO Tuned DTSTSM based Current Con-
troller

This section presents the test cases 14 and 15 where the tests are performed on the BDFRM in BDFRM
mode, while DTSTSM based controllers are used to control the secondary winding current of the BDFRM.
The gains of these controllers in this section are obtained from Particle Swarm Optimization algorithm. The
following subsection provides details on the PSO based gain design applied and the resultant gains obtained

from this algorithm. This subsection will then be followed by the test cases.

4.6.1 PSO based Gain Design

To ensure suitable dynamic responses and improved robustness against nonlinearities and disturbances, this
research work proposes the use of Particle Swarm Optimization (PSO) algorithm to tune the Discrete Time
Super Twisting Sliding Mode (DTSTSM) controller gains. By employing PSO for gain tuning, the present
work ensures that the DTSTSM controllers are finely tuned to deliver the best possible performance while
mitigating the typical issues of overshoot and ripple, contributing to the overall effectiveness and robustness

of the BDFRM control system.
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The detailed process of utilizing PSO to obtain the optimal controller gains is described in the previous
chapter. After following that procedure, the optimal DTSTSM controller gains obtained from the PSO
are: Ky(r,,) = 43, Ky(1,,) = 40000, Ky(z,,) = 50, and Ky(,,y = 50000. The DTSTSM controllers are now
configured with these optimal gains and the performance of the BDFRM control system with these optimally

tuned DTSTSM controllers used as current controllers is further investigated in the next subsections.

4.6.2 Test Case 14

In this test case, the BDFRM is operated in BDFRM mode, and hence speed control is enabled. PI based
controller is used for speed control. The gains of this re-tuned speed PI controller are as follows: K, = 0.0075
and K; = 0.0028. The primary winding is supplied with a constant voltage and constant frequency through
the primary winding converter. The constant voltage and frequency applied to the primary winding are
as follows: Vig = 0V , Vi = 87V and f; = 60Hz. The secondary winding supply is regulated to control
the BDFRM speed. DTSTSM based current controllers are used to control the secondary winding current.
The gains of these DTSTSM based current controllers, obtained through PSO based gain design, are as
follows: Ky(1,,) = 43, Ky(1,,) = 40000, Ky(r,,) = 50, and K1, ) = 50000. The sampling frequency of these
DTSTSM controllers is 20 kHz. In this test case the BDFRM is operated under no-load. Lastly, in this test
case, the speed of the BDFRM is varied from 400 RPM to 800 RPM. Thus, the frequency applied to the
secondary winding is varied from fo = —20Hz to f; = +20Hz to satisfy the condition in the equation 2.1.
Figure 4.18 illustrates the speed and current tracking performance of the BDFRM for a reference speed

change from 400 RPM to 800 RPM.
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Figure 4.18: Test Case 14: Channel 1 = n,.s (scale: 100 RPM =1 V = 0.5 division), Channel 2 = n,,
(scale: 100 RPM = 1 V = 0.5 division), Channel 3 = iy, , (scale: 1 A =1V = 1 division), Channel 4 =

igq (scale: 1 A =1V =1 division), (Time scale: 1 division = 400 ms)

In this result, the observed settling time for the speed response is approximately 1 second. The settling
time is reduced by 10 seconds as compared to test case 3. It is a good speed response but it is marginally
slower than the response achieved using manually tuned gains. However, this configuration significantly
enhances the quality of current tracking, as observed by a noticeable reduction in i, ripple.

While the PSO tuned DTSTSM controller provides improved current regulation, it exhibits slightly
diminished performance in dynamic speed response. This could be attributed to the limitation of the PSO
optimization process itself where the tuning was based on a model of the BDFRM described earlier in
chapter 2, which does not incorporate the unwanted system harmonics. These omitted dynamics, illustrated

in Fig. 4.6, introduce a discrepancy between the model based design and the actual experimental performance.

4.6.3 Test Case 15

In this test case, the BDFRM is operated in BDFRM mode, and hence speed control is enabled. PI based
controller is used for speed control. The gains of this re-tuned speed PI controller are as follows: K, = 0.0075

and K; = 0.0028. The primary winding is supplied with a constant voltage and constant frequency through

68



the primary winding converter. The constant voltage and frequency applied to the primary winding are
as follows: Vig = 0V , Vi, = 87V and f; = 60Hz. The secondary winding supply is regulated to control
the BDFRM speed. DTSTSM based current controllers are used to control the secondary winding current.
The gains of these DTSTSM based current controllers, obtained through PSO based gain design, are as
follows: Ky(r,,) = 43, Ky(1,,) = 40000, Ky(r,,) = 50, and K1, ) = 50000. The sampling frequency of these
DTSTSM controllers is 20 kHz. In this test case the BDFRM is operated at a constant speed of 1200 RPM.
Thus, the frequency applied to the secondary winding is fo = +60Hz to satisfy the condition in the equation
2.1. Lastly, in this test case, the load on the BDFRM is varied from No-load (0.77 N-m)—1.65 N-m—2.55
N-m by varying the resistance value of the 3 phase resistor bank connected to the PMSM stator.

Figure. 4.19 presents the speed and current tracking performance of the BDFRM when subjected to this

load change.

—]
- ot

Tekstee [

@& Lo00v 4.00 s 250 /s o 29 Tul 2025
1.00 1.00 ¥ 10k points 2,364 17:09:40

Figure 4.19: Test Case 15: Channel 1 = n,.s (scale: 100 RPM =1 V = 0.5 division), Channel 2 = n,,
(scale: 100 RPM = 1 V = 0.5 division), Channel 3 = iy, (scale: 1 A = 1V = 1 division), Channel 4 =

igq (scale: 1 A =1V =1 division), (Time scale: 1 division = 2 s)

From these results, it can be observed that the speed recovery time in this test case is approximately 9
seconds (reduced by 56 seconds as compared to test case 4), and the speed drop observed is approximately

175 RPM. Thus, the speed tracking response for PSO tuned DTSTSM based current controller for constant
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speed, load change scenario is better than test case 4 with PI based current controller, however it is also

marginally slower compared to manually tuned DTSTSM based current controller.

4.7 Summary of Results

This section provides a brief summary of the results obtained from all the test cases.

4.7.1 No-Load, Speed Change Tests

Table 4.3 summarizes the results obtained for the test cases, in which the BDFRM is operated in the BDFRM
mode, at no-load and the reference speed is varied from 400 to 800 RPM, i.e. the test cases 3, 6, 8, 10, 12

and 14. The results are in terms of settling time and speed overshoot.

Table 4.3: Summary of Results (No-load, Speed Change Tests)

No Load, Speed Change

Test Case | Speed Controller | Current Controller LPF 400 — 800 RPM
Settling Time | Overshoot

3 PI PI X 12 s -

6 PI PI v 10 s -

8 PI DTSTSM (Manually tuned) | X 2s -

10 PI (re-tuned) DTSTSM (Manually tuned) | x 0.8s -

12 PI (re-tuned) PI X 16 s 35

14 PI (re-tuned) DTSTSM (PSO tuned) X 1s -

As it can be seen from the table, the best performance among all test cases for no-load, speed change
condition is observed for test case 10. This test case corresponds to BDFRM operation in BDFRM mode
with re-tuned PI based speed controller and manually tuned DTSTSM based current controllers used for

secondary winding current control.
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4.7.2 Constant Speed, Load Change Tests

Table 4.4 summarizes the results obtained for the test cases, in which the BDFRM is operated in the BDFRM

mode, at 1200 RPM and the load on the machine is varied from No-load (0.77 N-m)—1.65 N-m—2.55 N-m,

i.e. the test cases 4, 7, 9, 11, 13 and 15. The results are in terms of speed recovery time and speed drop.

Table 4.4: Summary of Results (Constant Speed, Load Change Tests)

1200 RPM, Load Change

Test Case | Speed Controller | Current Controller LPF 0.77 — 1.65 — 2.55 N.m
Speed Recovery Time | Speed Drop

4 PI PI X 65 s = 300 RPM
7 PI PI v 60 s = 300 RPM
9 PI DTSTSM (Manually tuned) | x 50 s £ 300 RPM
11 PI (re-tuned) DTSTSM (Manually tuned) | x 8s ~ 175 RPM
13 PI (re-tuned) PI X Fault Fault

15 PI (re-tuned) DTSTSM (PSO tuned) X 9s >~ 175 RPM

As it can be seen from the table, the best performance among all test cases for constant speed, load

change condition is observed for test case 11. This test case corresponds to BDFRM operation in BDFRM

mode with re-tuned PI based speed controller and manually tuned DTSTSM based current controllers used

for secondary winding current control.

Thus, overall based on the results obtained for all the test cases for both no-load, speed change condition

and constant speed, load change condition, it can be concluded that the BDFRM speed control response is

most superior when manually tuned DTSTSM based current controllers are used for the secondary winding

current control, along with re-tuned PI based speed controller for enhanced performance.
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Chapter 5

Conclusion

This chapter provides a comprehensive summary of the motivation behind this research work, the experiments

performed, the observations made, followed by concluding remarks.

5.1 Summary

This Thesis begins with an introduction to the BDFRM and understanding it’s operation. Chapter 1
discusses the advantages offered by the BDFRMs compared to other conventionally used machines, and
hence highlights the need for advancement in the research for BDFRM control.

In Chapter 2 a thorough literature review on the historical development of the machine is carried out,
with a detailed description of the different control strategies proposed for BDFRM control over time. Space
Vector Modeling is carried out to develop a model for the BDFRM which is subsequently used in this research
work to perform simulations. Upon reviewing the past work carried out in the field of BDFRM control, a
research gap is identified in which a simple, low computational cost effective non-linear control strategy like
Sliding Mode Control for BDFRM had not been previously investigated for low inertia BDFRM drive systems
and no experimental validation for such strategy had been previously done. Thus, as a conclusion to fill
this research gap and provide significant contribution to advance the field of BDFRM control, this research
work proposes the use of a Discrete Time Super-Twisting Sliding Mode Controller for current control of a
BDFRM, to subsequently control the machine effectively.

Chapter 3 provides a detailed control strategy proposed to control the BDFRM, using the DTSTSM
controller for the current control implementation. A detailed description of the two operating modes of
the BDFRM, namely Open loop cascade Induction Mode and Conventional BDFRM mode, based on two

converter based operation is presented, followed by the FOC based contol strategy to regulate the secondary
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winding current to control the speed of the BDFRM is presented, along with detailed description of the
DTSTSM controller that is to be implemented for the secondary winding current control. Furthermore, the
gain design of the DTSTSM controllers is carried out using PSO, and the process of doing so is also outlined
in this chapter.

Chapter 4 presents the experimental setup, followed by the tests that were carried out and the subsequent
results that were obtained. Initially in Section 4.2, Test Case 1, the BDFRM is started in open loop cascade
induction mode from standstill and the current waveforms for the secondary winding are analyzed. Followed
by section 4.3 where the BDFRM is run in BDFRM mode using PI controllers for secondary winding current
control without LPF, and the results from this test are used as a comparison benchmark onto which the
results obtained from the proposed control strategy are compared. A thorough analysis of the harmonics
present in the secondary winding current of the BDFRM is also performed, further highlighting the challenges
faced by a linear controller like PI controller to regulate the machine current. This is followed by section 4.4,
in which the BDFRM is operated in BDFRM mode, with PI controllers used as secondary winding current
controllers along with Second Order Low Pass Filter implemented in the secondary winding current feedback
loop to suppress the effects of the harmonics present before feeding them to the PI controllers. This section
is then followed by section 4.5, in which the BDFRM is run in BDFRM mode using the proposed non linear
DTSTSM controller as secondary winding current controllers to completely combat the challenge of dealing
with the unwanted harmonics in the system, with the gains of these controllers being set through manual
tuning. This is then followed by section 4.6, where BDFRM tests are performed by operating the machine
in BDFRM mode, using the proposed DTSTSM controller as the secondary winding current controllers with
the gain of these controllers obtained from the proposed PSO based gain design approach to obtain optimal
performance. All of these sections outlined above consist of different test cases that include the information
of the test being carried out, the results obtained from these tests and the observations made. Lastly the

final section 4.7 of this chapter summarizes all the results for all the test cases.

5.2 Final Remarks

In section 4.2, from the results of test case 1, it can be concluded that significant harmonics are present in
the secondary winding current of the BDFRM.

In section 4.3 which employs PI based current controllers without an LPF, the results from test case
2 indicate significant presence of harmonics in the secondary winding current and the frequencies of these
harmonics change with the speed of the BDFRM. These harmonic frequencies approach the control frequency

as speed lowers, with the harmonic frequencies being exactly the same as the control frequency at stand still
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condition. Thereby, it is concluded that BDFRM control at lower speeds is the most challenging. Test
case 3 (no-load, speed change) shows that the BDFRM exhibits poor speed response with a settling time
exceeding 12 seconds, while test case 4 (constant speed, load change) also demonstrates poor performance
with a speed recovery time of over 65 seconds. This demonstrates the inability of PI controllers to handle
system nonlinearities and harmonics. The results obtained from test cases 3 and 4 serve as benchmarks for
comparison, representing conventional PI control without LPF implementation.

In section 4.4 which employs PI based current controllers with an LPF, test case 5 shows that using a
second order LPF in the current feedback loop reduces harmonic content fed to the PI controller, yielding
smoother output with less ripple and steady state error. Test case 6 (no-load, speed change) demonstrates
improved speed response with a reduced settling time of 10 seconds (2 seconds less than test case 3). In test
case 7 (constant speed, load change), the speed tracking remains similar to test case 4 with a 60 second speed
recovery time (5 seconds less than test case 4), though large oscillations in 45, suggest possible instability
under larger load changes. Overall, adding an LPF provides limited improvement, and the PI based current
controllers still exhibit poor speed response.

In section 4.5, which employs manually tuned DTSTSM based current controllers, test case 8 (no-load,
speed change) demonstrates a far superior speed response with a settling time of 2 seconds (10 seconds less
than test case 3). In test case 9 (constant speed, load change), response remains comparable to test cases 4
and 7 with a speed recovery time of 50 seconds (15 seconds less than test case 4). To further enhance speed
response, the PI based speed controller is re-tuned, as shown in test cases 10 and 11. Test case 10 (no-load,
speed change) exhibits an even lower settling time of 0.8 seconds (11.2 seconds less than test case 3), while
test case 11 (constant speed, load change) achieves a speed recovery time of 8 seconds (57 seconds less than
test case 4). These results indicate that manually tuned DTSTSM current controllers provide far superior
speed control compared to PI based controllers.

In the final section 4.6 which employs PSO tuned DTSTSM based current controllers, test case 14 (no-
load, speed change) shows a settling time of 1 second (11 seconds less than test case 3) with low current
tracking error, and test case 15 (constant speed, load change) shows a speed recovery time of 9 seconds
(56 seconds less than test case 4). Thus, PSO tuned DTSTSM controllers outperform PI based controllers,
though their performance is slightly inferior to manually tuned DTSTSM controllers due to the limitations
of the BDFRM model run inside PSO, that neglect harmonic effects.

Overall, conventional linear PI based current controllers perform extremely poorly under harmonic rich
conditions, such as in a BDFRM drive system. Adding low pass filters provides slight improvement for
constant load, speed changing conditions, but significantly degrades performance under constant speed, load

changing conditions, even indicating potential instability under large load changes. In contrast, the proposed
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DTSTSM based current controller demonstrates far superior performance. The manually tuned DTSTSM
achieves a settling time of 0.8 seconds and a speed recovery time of 8 seconds, offering excellent tracking and
transient performance while maintaining stability across a wide range of gain values. These results establish
the DTSTSM controller as a robust and effective alternative to conventional PI controllers, making it the

ideal choice for BDFRM systems dominated by nonlinearities and harmonics.
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