
ABSTRACT

GUPTA, NIKUNJ. Discrete-Time Current Regulators for Switched Reluctance Machines.
(Under the direction of Dr. Iqbal Husain).

Electric motors are fundamental components in many modern applications, from

industrial machinery to electric vehicles. Switched reluctance motors (SRMs) are gaining at-

tention as a promising alternative to conventional motors due to their simple construction,

comparatively lower costs, and robustness. However, these motors present unique chal-

lenges in their operation and control, particularly in maintaining consistent and efficient

performance across different operating conditions.

This research focuses on developing better methods to control SRMs, specifically ad-

dressing how to regulate the electric current that powers these motors. The study begins by

examining how SRMs work and identifying the key challenges that make them difficult to

control effectively. Building on this foundation, several new control strategies are developed

and tested, each offering different advantages for specific applications.

The research introduces and evaluates multiple innovative control approaches, includ-

ing a two degree-of-freedom (2DoF) current regulator and a novel proportional-integral-

double integral (PII2) current regulator, each designed to address specific limitations of

existing control methods. These controllers aim to improve how accurately and consistently

the reference current can be tracked, particularly when the motor’s characteristics change

during operation.

Each proposed control method is thoroughly analyzed through mathematical analysis

and computer simulations utilizing MATLAB/Simulink; and experimental testing on a

prototype SRM utilizing TI DSP. The results demonstrate significant improvements in

control performance compared to the conventional methods. The findings of this research

contribute to making SRMs more practical and efficient for various applications, potentially

leading to their wider adoption in industries where robust and cost-effective motor drive

solutions are needed.

The research concludes with a comprehensive comparative analysis of all the proposed



control methods, providing clear guidelines for engineers and researchers to select the

most appropriate control strategy for their specific applications. This work contributes to

the development of advanced current control strategies that address the unique challenges

posed by SRMs. These advancements have the potential to expand the application range of

SRM drive systems and pave the way for future research in this field.



© Copyright 2024 by Nikunj Gupta

All Rights Reserved



Discrete-Time Current Regulators for Switched Reluctance Machines

by
Nikunj Gupta

A thesis submitted to the Graduate Faculty of
North Carolina State University

in partial fulfillment of the
requirements for the Degree of

Master of Science

Electrical Engineering

Raleigh, North Carolina
2024

APPROVED BY:

Dr. Srdjan Lukic Dr. Zeljko Pantic

Dr. Siddharth Mehta Dr. Iqbal Husain
Chair of Advisory Committee



DEDICATION

To my mummy and papa. Your sacrifices and courage have made all of this possible.

ii



BIOGRAPHY

Nikunj Gupta received his B.Tech. degree in Electronics and Communication Engineering

from Indian Institute of Space Science and Technology, Trivandrum, Kerala, in 2018. His

work involved development of control systems for multi-phase synchronous motor drives.

He graduated with his M.S. degree in Electrical Engineering from North Carolina State

University in 2024.

From 2018 to 2022, he worked as a Scientist/Engineer at Vikram Sarabhai Space Center,

Indian Space Research Organization, Trivandrum, Kerala. His work involved development

and operation of ground checkout systems for several launch vehicles. While pursuing his

Masters degree, he served as a Graduate Research Assistant with the FREEDM Systems

Center, Raleigh, NC, where he researched on digital current control techniques for switched

reluctance machines.

Nikunj is a member of the Industrial Application Society (IAS) of the IEEE. His primary

research includes modeling and control of electrical motor drives, primarily synchronous

and reluctance machines.

iii



ACKNOWLEDGEMENTS

This journey would not have been possible without the guidance, support, and encourage-

ment of many individuals who have contributed to my academic and personal growth.

First and foremost, I would like to express my deepest gratitude to my advisor, Dr. Iqbal

Husain, whose mentorship has been invaluable. Your insight, patience, and unwavering

support have shaped not only this research but also my development as a research profes-

sional.

I am grateful to my mentor, Dr. Siddharth Mehta, who has generously shared his knowl-

edge and time, helping me navigate both academic challenges and professional develop-

ment. You became more like an elder brother, offering support whenever something didn’t

feel right. A big THANK YOU for your time and guidance.

To my parents, who have supported my dreams unconditionally – your love knows no

borders, and your faith in me has been my greatest strength. You taught me the value of

education and the courage to pursue excellence, no matter the distance.

To my brother, Tushar, and sister-in-law, Nidhi, thank you for offering both practical

support and emotional encouragement throughout this journey.

My sincere appreciation goes to my friends family, Sashank, Pranit, Kriti, Aakash, Ajit,

Aditya, Soumya, Parinita, Darshil and Tejashree. Thank you for ensuring that life remained

full of laughter and adventure, for pulling me away from my desk when I needed it most,

and for reminding me that there’s more to life than meeting deadlines. The memories we

created together are an achievement in itself, something I’ll always cherish.

A special shout-out to my colleagues at the FREEDM lab, especially Junyeong, who

supported me fully during my time at the lab. I would also like to thank Prerit, who shared

his time and immense knowledge to give new insights and encouraged me to explore the

unknown.

Finally, I would like to acknowledge the collaborative spirit of my department and the

university, whose resources and support have been crucial to the completion of this work.

iv



TABLE OF CONTENTS

List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . viii

List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix

Chapter 1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.1 Overview of Switched Reluctance Machines . . . . . . . . . . . . . . . . . . . . . . . 1

1.1.1 Working Principle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.1.2 Torque Generation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.1.3 Power Converter Topologies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.1.4 Advantages . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.2 Research Challenges . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.3 Research Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.4 Research Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.5 Research Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

Chapter 2 Models for Switched Reluctance Machines . . . . . . . . . . . . . . . . . . . . . 11
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.2 Flux Linkage-Based Machine Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.3 Inductance-Based Machine Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.3.1 Linearized Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

Chapter 3 Two Degree-of-Freedom Current Regulator . . . . . . . . . . . . . . . . . . . . 18
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
3.2 Control Challenges . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3.2.1 Changing Machine Dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
3.2.2 Dynamic Reference Current . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

3.3 Literature Review . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
3.4 Control Architecture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.4.1 Effect of State Feedback . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
3.4.2 Closed-Loop Performance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.5 Controller Tuning . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
3.6 Linear Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.6.1 Stability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.6.2 Performance Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.6.3 Robustness Study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.7 Simulation Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.7.1 Steady State Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.7.2 Robustness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.8 Experimental Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
3.8.1 Steady State . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

v



3.8.2 Robustness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.8.3 Effect of High Bandwidth . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
3.8.4 Harmonic Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
3.8.5 High Speed Performance and System Capability . . . . . . . . . . . . . . . 37

3.9 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

Chapter 4 Proportional-Integral-Double Integral Current Regulator . . . . . . . . . 40
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
4.2 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
4.3 Proposed Control Architecture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

4.3.1 Double Integral in Error Compensator . . . . . . . . . . . . . . . . . . . . . . 43
4.3.2 Closed Loop Performance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

4.4 Gain Tuning . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
4.5 Linear Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

4.5.1 Command Tracking Performance . . . . . . . . . . . . . . . . . . . . . . . . . . 46
4.5.2 Disturbance Rejection Capability . . . . . . . . . . . . . . . . . . . . . . . . . . 48
4.5.3 Response to a Ramp Reference . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

4.6 Simulation Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
4.6.1 Steady State . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
4.6.2 Robustness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

4.7 Experimental Veri�cation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
4.7.1 Steady State . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
4.7.2 Robustness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
4.7.3 Harmonic Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

4.8 Gain Scheduling Current Regulator . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
4.8.1 Experimental Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

4.9 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

Chapter 5 Predictive Control Current Regulator . . . . . . . . . . . . . . . . . . . . . . . . 57
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
5.2 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
5.3 Literature Review . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
5.4 Discrete-time Model of Switched Reluctance Drive . . . . . . . . . . . . . . . . . . 59
5.5 Conventional Predictive Current Control . . . . . . . . . . . . . . . . . . . . . . . . . . 60

5.5.1 Machine Parameter Estimation . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
5.5.2 One Step-Ahead Current Prediction . . . . . . . . . . . . . . . . . . . . . . . . 61
5.5.3 Reference Current Generation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
5.5.4 Delay Compensation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
5.5.5 Deadbeat Control Voltage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

5.6 Linear Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
5.6.1 Command Tracking . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
5.6.2 Disturbance Rejection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
5.6.3 Robustness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

vi



5.7 Simulation Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
5.7.1 Steady State Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
5.7.2 Dynamic Performance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
5.7.3 Robustness Study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
5.7.4 Importance of Delay compensation . . . . . . . . . . . . . . . . . . . . . . . . 69

5.8 Experimental Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
5.8.1 Steady State Performance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
5.8.2 Robustness Study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

5.9 Predictive Current Control With Integral Action . . . . . . . . . . . . . . . . . . . . . 74
5.9.1 Modi�ed Current Prediction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
5.9.2 Integral Action . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
5.9.3 Integral Gain Tuning . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
5.9.4 Simulation Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
5.9.5 Experimental Veri�cation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
5.9.6 Comparative Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

5.10 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

Chapter 6 CONCLUSIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
6.1 Summary of Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
6.2 Comparative Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

6.2.1 Error Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
6.2.2 Quantitative Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

6.3 Impact of the Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
6.4 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

vii



LIST OF TABLES

Table 2.1 Prototype SRM Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

Table 3.1 Stability with Ro at ! b =500 Hz. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
Table 3.2 Stability with ! b for Ro=10Rph . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

Table 5.1 Performance analysis of predictive control strategies. . . . . . . . . . . . . 82
Table 5.2 Performance analysis with parameter estimation errors. . . . . . . . . . . 82

Table 6.1 Execution times of various control strategies . . . . . . . . . . . . . . . . . . 88

viii



LIST OF FIGURES

Figure 1.1 Cross-sectional view of a 12-slot 8-pole SRM . . . . . . . . . . . . . . . . . . 2
Figure 1.2 (a) Asymmetric Half-bridge (AHB) converter (b) H-bridge converter. 4
Figure 1.3 Conventional electric drive system for SRM. . . . . . . . . . . . . . . . . . . 7

Figure 2.1 (a) Incremental inductance and (b) Incremental �ux pro�les of pro-
totype SRM. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

Figure 2.2 (a) Machine inductance and (b) back-emf constant pro�les of proto-
type SRM. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

Figure 3.1 Frequency response of prototype SRM at aligned and unaligned regions. 20
Figure 3.2 Torque pro�le of prototype SRM. . . . . . . . . . . . . . . . . . . . . . . . . . . 21
Figure 3.3 (a) Pro�led reference currents (b) Harmonic spectrum of phase A

current. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
Figure 3.4 (a) Trapezoidal reference currents (b) Harmonic spectrum of phase A

current. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
Figure 3.5 Block diagram of the proposed 2DoF current control architecture for

SRM. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
Figure 3.6 Pole-zero map of inner-loop dynamics with variation in Ro . . . . . . . 25
Figure 3.7 Pole-zero map of closed-loop system with variation in ! b . . . . . . . . 29

ix



Figure 3.8 Frequency response at 500 rpm for (a) command tracking (b) distur-
bance rejection (c) sensor noise transmission with varying ! b . . . . . 30

Figure 3.9 Frequency response at 500 rpm for (a) command tracking (b) distur-
bance rejection (c) sensor noise transmission with varying Ro . . . . . 31

Figure 3.10 Command tracking frequency response under (a) resistance error (b)
inductance error (c) back-emf error at 1500 rpm. . . . . . . . . . . . . . . 32

Figure 3.11 Step response under (a) resistance error (b) inductance error (c) back-
emf error at 1500 rpm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

Figure 3.12 Simulation results for 2DoF controller at (a) 100 rpm (b) 500 rpm (c)
1000 rpm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

Figure 3.13 Simulation results for 2DoF controller with (a) +50% resistance esti-
mation error (b) -50% resistance estimation error . . . . . . . . . . . . . . 34

Figure 3.14 (a) Dyno setup with prototype SRM (b) Test bench. . . . . . . . . . . . . . 35
Figure 3.15 Experimental results for 2DoF regulator at (a) 250 rpm (b) 500 rpm

(c) 750 rpm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
Figure 3.16 Experimental results at 500 rpm with (a) -50% resistance estimation

error (b) +50% resistance estimation error. . . . . . . . . . . . . . . . . . . . 36
Figure 3.17 (a) Tracking performance of conventional PI and (b) proposed 2DoF

regulator at 750 rpm with 2000 Hz bandwidth. . . . . . . . . . . . . . . . . 37
Figure 3.18 (a) Tracking performance for conventional PI and (b) harmonic anal-

ysis at 500 rpm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
Figure 3.19 Tracking performance of proposed controller at 1000 rpm with 2000

Hz bandwidth. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

Figure 4.1 Block diagram of the proposed control algorithm with a PII2 error
compensator. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

Figure 4.2 Frequency response plots for (a) command tracking (b) disturbance
rejection (c) sensor noise transmission for � d =� n =1. . . . . . . . . . . . . 47

Figure 4.3 (a) Step response with varying ! d and ! n ; (b) Frequency response
for command tracking and (c) Step response with varying � d and � n . 48

Figure 4.4 Tracking response to a ramp input at 500 rpm. . . . . . . . . . . . . . . . . 49
Figure 4.5 Simulation results at (a) 250 rpm (b) 500 rpm (c) 750 rpm. . . . . . . . . 50
Figure 4.6 Simulation results at 500 rpm with (a) no resistance or back-emf error

(b) -50% resistance estimation error. . . . . . . . . . . . . . . . . . . . . . . . . 51
Figure 4.7 RMS current tracking error for PI and PII2 at different speeds. . . . . . 52

x



Figure 4.8 Experimental results for PII2 controller at (a) 250 rpm (b) 500 rpm (c)
750 rpm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

Figure 4.9 Experimental results for PII2 controller at 500 rpm for (a) +50% resis-
tance estimation error (b) -50% resistance estimation error. . . . . . . 53

Figure 4.10 Harmonic spectrum of current for PII2 controller at (a) 500 rpm (b)
750 rpm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

Figure 4.11 Linearized inductance estimate for gain-scheduling PII2 regulator at
500 rpm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

Figure 4.12 Experimental results for gain-scheduling PII2 regulator at (a) 500 rpm
(b) 750 rpm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

Figure 5.1 Block diagram of the conventional predictive current controller for
SRM. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

Figure 5.2 Frequency response for (a) command tracking (b) disturbance rejec-
tion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

Figure 5.3 (a) Command tracking frequency response and (b) step response
with resistance estimation error. . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

Figure 5.4 (a) Pole movement and (b) step response with inductance estimation
error. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

Figure 5.5 Simulation results for conventional PCC at (a) 100 rpm (b) 500 rpm
(c) 1000 rpm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

Figure 5.6 Simulation results at 500 rpm for a load change from 44A to 58A. . . . 68
Figure 5.7 Simulation results at 500 rpm for (a) +50% resistance estimation error

(b) -50% resistance estimation error. . . . . . . . . . . . . . . . . . . . . . . . . 69
Figure 5.8 Simulation results at 500 rpm for (a) -50% inductance estimation

error (b) +100% inductance estimation error. . . . . . . . . . . . . . . . . . 69
Figure 5.9 Predictive current control without delay compensation at 500 rpm. . 70
Figure 5.10 Experimental results at (a) 100 rpm (b) 500 rpm (c) 1000 rpm. . . . . . 71
Figure 5.11 Experimental results for 50 � s at (a) 100 rpm (b) 500 rpm (c) 1000 rpm. 71
Figure 5.12 Experimental results at 100 rpm for (a) +50% resistance estimation

error (b) -50% resistance estimation error (c) +50% inductance esti-
mation error (d) -50% inductance estimation error. . . . . . . . . . . . . . 73

Figure 5.13 Block diagram of the proposed PCC-IA algorithm for SRM. . . . . . . . 74
Figure 5.14 Modi�ed current prediction for proposed PCC-IA. . . . . . . . . . . . . . 75
Figure 5.15 Additional integral action for proposed PCC-IA. . . . . . . . . . . . . . . . 76
Figure 5.16 Pole movement of proposed PCC-IA for (a) L̂=2L and (b) L̂=0.5L. . . 77
Figure 5.17 Step response of proposed PCC-IA for R̂ph =2Rph . . . . . . . . . . . . . . 77
Figure 5.18 Simulation results of proposed PCC-IA at (a) 100 rpm (b) 500 rpm (c)

1000 rpm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
Figure 5.19 Simulation results of proposed PCC-IA for load change at 500 rpm. . 79

xi



Figure 5.20 Simulation results for proposed PCC-IA with (a) -80% resistance esti-
mation error (b) +100% inductance estimation error. . . . . . . . . . . . 79

Figure 5.21 Experimental results for conventional PCC and proposed PCC-IA at
100 rpm with (a) -50% resistance estimation error (b) +50% resistance
estimation error (c) -50% inductance estimation error. . . . . . . . . . . 80

Figure 5.22 Harmonic analysis at 500 rpm with (a) -50% resistance estimation
error and (b) -50% inductance estimation error. . . . . . . . . . . . . . . . 81

Figure 6.1 Command tracking performance of various controllers at 40 � s sam-
pling period and 500 rpm operating speed; orange is reference and
blue is measured current. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

Figure 6.2 Absolute error (in %) of various current harmonics for (a) �xed-gain
controllers (b) model-dependent controllers. . . . . . . . . . . . . . . . . . 87

Figure 6.3 Comparative performance analysis of various controllers. . . . . . . . . 89

xii



CHAPTER

1

INTRODUCTION

Switched Reluctance Machines (SRMs) have gained signi�cant attention in recent years

due to their unique characteristics and potential advantages in diverse applications. The

chapter begins by covering the fundamental working principles of SRMs, followed by an

exploration of their numerous advantages that make them an attractive option for certain

applications. Subsequently, it delves into the challenges that researchers and engineers

continue to address in SRM drive development. The chapter then presents the major

research motivations driving this �eld, with a particular focus on the speci�c block of

the drive system that this thesis aims to address. Following this, the chapter outlines the

research objectives and concludes by highlighting the novel contributions made through

this research.

1.1 Overview of Switched Reluctance Machines

Switched reluctance machines are characterized by their relatively simple construction, as

illustrated in Fig. 1.1. The SRM stator is made of a salient laminated core and consists of

concentrated windings, which are connected in pairs to form the motor phases. On the
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other hand, the rotor is typically constructed from a laminated ferromagnetic material

with salient poles without any windings or permanent magnets. This construction results

in a mechanically simple and robust machine, which is highly durable and cost-effective,

compared to other AC machines such as PMSMs or IMs [Miller, 1989 ].

1.1.1 Working Principle

A conventional SRM operates on the principle of saliency in the rotor and stator structures.

When a stator phase is electrically energized, a magnetic �eld is created that �ows through

the stator, air gap and the rotor. This magnetic �eld tends to align the nearest rotor pole

with the excited stator pole, minimizing the reluctance path of the magnetic �ux. Once the

rotor aligns with a pole of one phase, the next phase is energized, pulling the rotor further

in the direction of rotation. This continuous activation and deactivation of phases in a

sequential manner produces torque, generating rotational motion in the rotor. The phase

switching is typically controlled by power electronic converters and sophisticated control

systems to optimize performance and ef�ciency.

Figure 1.1: Cross-sectional view of a 12-slot 8-pole SRM
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The aligned position of a phase occurs when the stator and rotor poles are perfectly

aligned with each other, attaining the minimum reluctance position and hence, the phase

inductance is maximum. The phase inductance then gradually decreases as the rotor

pole moves away from the aligned position in either direction. When the rotor poles are

completely misaligned with the stator pole, it is termed as the unaligned position and at

this position the phase has minimum inductance.

1.1.2 Torque Generation

Torque production in the SRM is a result of the rate of change of inductance caused by the

saliency in stator and rotor structures. Additionally, each phase of a conventional SRM is

electrically isolated from each other. This means theoretically there is no mutual coupling

between the phases hence, the mutual �ux is negligible. Therefore, torque production of

one phase is independent of the others. The per-phase torque expression in the linear

region of operation is given by [Bilgin et al., 2018]

T =
1

2
i 2 d L (� e)

d � e
(1.1)

where i is the phase current, L is the inductance, and � e is the rotor position. It is observed

that the direction of torque is independent of the polarity of phase current, and is directly

proportional to the rate of change of inductance of the machine with respect to the rotor

position. Due to the dependence of torque on saliency, both positive and negative torques

can be generated as the machine rotates. As a result, precise control over phase switching

is critical to ensure continuous positive torque generation.

1.1.3 Power Converter Topologies

The operation of an SRM requires the use of dedicated power electronic converters to

control the current in the stator windings. SRMs depend on precise control of independent

phase excitation, which necessitates custom power electronics to regulate switching se-

quences and current, hence, the torque. Various power converter topologies have been

developed to drive SRMs, each with different performance, complexity, and cost trade-

offs [Vukosavic and Stefanovic, 1991,Barnes and Pollock, 1998,Gaafar et al., 2023]. However,

this work discusses the two most common topologies used for SRM control, one is an

asymmetric bridge converter, and the other a widely known H-bridge topology.
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(a) (b)

Figure 1.2: (a) Asymmetric Half-bridge (AHB) converter (b) H-bridge converter.

Asymmetric Half Bridge Converter

The most commonly used topology for SRMs is the asymmetric half-bridge (AHB) converter.

As shown in Fig. 1.2(a), each phase of the motor is controlled by two switches and two

diodes, allowing independent control of the current in each phase. It allows only uni-polar

current �ow, as the torque is independent of the polarity of current. This topology provides

full control over the energization and demagnetization of each phase, supplying either

positive, zero or negative DC voltage. It is important to highlight that in this topology, the

two switches can be switched on at the same time, giving a shoot-through. However, this is

not a fault condition, rather the full available DC link voltage is applied across the phase.

H-Bridge Converter

While typically more expensive due to the higher number of switches per phase, the H-

Bridge converter can be employed in SRM drives to achieve bidirectional current �ow in

each phase, providing improved control over motor torque and reducing torque ripple.

Here, four switches per phase are required compared to two switches per phase in AHB, as

evident in Fig. 1.2(b). Since, this topology is widely used for other motor drive applications,

especially DC machines [Pandya et al., 2023], it is widely researched on. This work considers

the usage of an H-bridge converter for simulation and experimental validation.

1.1.4 Advantages

Despite their unique structure and operating principle, SRMs offer several advantages for

various applications, including:

1. Robust construction: The simple structure without permanent magnets results in
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a mechanically robust design suitable for harsh environments. This has led to their

widespread usage in industrial pumps, vacuum cleaners and mining vehicles [Goet-

zler et al., 2013].

2. Low cost: The absence of rare-earth materials and simple construction contributes

to lowering the manufacturing costs and independence from price volatility, supply

chain issues, and environmental concerns. Commercial HVAC systems, cranes, and

conveyors are suitable applications given the low initial purchasing cost of the SRM

compared to other motor drives [Bartos, 2010].

3. Wide-speed operational range and high ef�ciency: Due to the lack of permanent

magnets, the low speed ef�ciency in SRM might be lower, but that can be improved

using novel control techniques. However, SRMs provide similar or even higher ef-

�ciencies at medium and high speeds compared to IMs or PMSMs, making them

suitable as traction motors in electrical vehicles [Uddin et al., 2016,Chiba et al., 2011 ]

and starter-generator system for jet aero-engines [Borg Bartolo et al., 2017].

4. Fault tolerance: Each phase of a conventional SRM is electrically isolated from the

other, which means there is negligible magnetic coupling. As a result, if there is a fault

in one phase, the other phases can generate torque and keep the motor running with

reduced performance.

5. High-temperature operation: The absence of permanent magnets make SRMs suit-

able for high-temperature applications where magnet demagnetization would be a

concern in other conventionally used motor types [Burkhart et al., 2017 ].

1.2 Research Challenges

Despite the numerous advantages of SRMs, several obstacles remain in their development

and adoption for variable-speed drive applications such as traction and electric power

steering. Multiple challenges arise due to the electric motor drive as well as in the inherent

design of SRMs. These challenges have motivated researchers and engineers to develop

novel hardware and software to improve the performance.

1. High torque ripple: The salient-pole construction is a major source of torque ripple

in SRM. During phase commutation, phase torques are added up, and the overall

torque pro�le obtained is a pulsating waveform with high ripple [Zhu et al., 2017].

5



This has been the major obstacle in the adoption of SRMs in electri�ed drive-train

applications.

2. Acoustic noise and mechanical vibrations: Noise, vibration and harshness (NVH) is a

well-known issue in SRMs [Omekanda, 2013]. Due to the salient pole construction,

when a phase is excited, the �ux penetrates into the rotor in the radial direction,

generating large radial forces. These radial forces deform the stator core, resulting

in large vibrations. This phenomenon is particularly pronounced when operating at

high speeds.

3. Modeling and non-linear characteristics: SRM generally have high-order harmonics

in the �ux because of the salient structure. Although these harmonics are present in

PMSMs and IMs as well, their contribution to the fundamental torque production is

insigni�cant and hence, are neglected [Husain, 2002]. As a result, techniques utilizing

the Park transformation can be utilized to simplify modeling. This is not possible for

SRMs as the signi�cant higher-order harmonics can not be ignored.

4. Converter design and ef�ciency: The typically used converter topologies for SRM

drives is different from that of PMSM and IMs, which generally use a two-level volt-

age source inverter (VSIs). Utilizing a specialized converter poses a challenge for

widespread adoption and mass manufacturing of SRM drives for the industries.

5. Control: The current or torque controllers for SRMs are generally based on the model

of the machine, however, due to the signi�cant complexity in modeling and inherent

non-linearities in SRM, the control design becomes challenging [Fang et al., 2021a].

Additionally, the reference current commands are near trapezoidal in nature, consist-

ing of signi�cant higher-order harmonics. This again creates obstacles in controller

design and analysis, as conventional design tools become ineffective.

1.3 Research Motivation

The challenges associated with SRMs present several research gaps that need to be ad-

dressed. These challenges form the basis for the motivation of this thesis, beginning with

an overview of the conventional SRM drive system.

A typical electric drive system for an SRM is shown in Fig. 1.3 [Mehta, 2020]. The ma-

chine is operated in torque control mode using a current regulator. Reference torque T � is
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commanded from the user, and based on the operating speed of the motor, the Reference

Current Generation and System Capability subsystems estimate the peak value of the refer-

ence current I � . This estimate depends on the torque-speed characteristics of the machine

and system constraints such as dc-link voltage. The value of I � is then passed to the Current

Pro�ling subsystem which is responsible for generating a reference current pro�le, I � (� ),

that is optimized satisfying a certain control objective such as minimum torque ripple or

maximum average torque.

Figure 1.3: Conventional electric drive system for SRM.

The Current Regulator commands a duty cycle which is used to generate the gating

pulses for the switches of the power converter. The current measurement, voltage measure-

ment, and position measurement blocks provide feedback about phase currents, dc-link

voltage, and rotor position, respectively. Processing of these measurements such as low-

pass �ltering to remove high-frequency noise is done in the corresponding estimation

blocks.

It is evident that the current regulator forms the heart of the SRM drive system. They

are responsible for regulating the phase currents in the SRM, which directly in�uences the

machine's torque production, ef�ciency, and overall dynamic behavior. A high-performance

current regulator can provide several bene�ts

1. Reduced torque ripple: Extensive research has been done to generate reference cur-

rent pro�les to minimize torque ripple. However, the accuracy with which the current

tracking is achieved is directly attributable to the design of the current regulator. Pre-

cise current control is essential for smooth torque generation, making them suitable
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for applications such as traction and electric power steering (EPS).

2. Enhanced dynamic performance: High-bandwidth and robust current regulators

enhance the dynamic response of the overall drive system, as it directly impacts

the system's ability to react to rapid changes in torque or speed demands. This is

particularly useful for high-performance applications such as traction and EPS.

3. NVH reduction: Even though achieving NVH reduction is attainable from machine

design and through current pro�ling. However, a poorly designed current regulator

could still lead to NVH issues, which are highly undesirable for high-performance

applications. On the other hand, a holistic view with an understanding of machine

design and control system design is paramount to addressing the various challenges

associated with vibrations and acoustics in SRMs.

4. Improved machine ef�ciency: Advanced current control techniques allow for opti-

mization of control performance and reduced converter requirements that improves

ef�ciency over the entire operational range. Achieving this over the entire speed range

will make them suitable for traction applications.

In conclusion, the current regulator is a fundamental component of an SRM drive

system, signi�cantly impacting the overall system performance and ef�ciency. However,

designing current regulators for accurate command tracking in SRMs presents several

unique challenges

• SRMs exhibit highly non-linear and time-varying behavior primarily due to changes

in inductance throughout the electrical cycle. This non-linearity makes it dif�cult

to apply conventional control theory, which is primarily established for linear time-

invariant (LTI) systems.

• Unlike IMs or PMSM, the reference current for SRMs is highly dynamic, consisting

of various higher-order harmonics. This makes it challenging for the regulator to

distinguish between commands and disturbances.

• Conventional coordinate transformations like Park transformation, which yield quasi-

static quantities for IMs and PMSMs, do not work effectively for SRMs. This requires

a need for current regulators that can handle the rapidly varying current commands.

• The back-emf in SRM is typically dependent on the rotor position and phase current

magnitude, acting as a varying disturbance for the regulator. This necessitates a
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current regulator that must maintain accurate tracking performance over a wide-

speed range.

1.4 Research Objectives

Given the unique challenges associated with current control of SRM, this research aims to

design, analyze and implement digital current regulators for SRMs, with a speci�c focus on

achieving accurate command tracking. The main objectives are:

1. Design current regulators capable of accurate current tracking over the entire operat-

ing region, within the limits of system capability.

2. Design and implement control strategies that are robust enough to adapt to the time-

varying and non-linear nature of SRMs, and maintain satisfactory performance over

all permissible operating conditions.

3. Establish comprehensive performance metrics such as RMS tracking error, harmonic

content, robustness, stability, dependence on machine parameters and computa-

tional complexity, and evaluate the performance of the proposed current regulators

based on these metrics.

While existing research has targeted various challenges in individual subsystems in the

overall SRM drive system [Chiba and Kiyota, 2015,Ellabban and Abu-Rub, 2014,Sozer et al.,

2015,Xue et al., 2009], a uni�ed approach to designing current regulators with a speci�c

focus on accurate command tracking is not yet available. This work will involve design,

analysis and testing of various current control strategies on a prototype SRM that has been

previously designed for EPS applications [Mehta et al., 2021a,Mehta et al., 2019c,Mehta

et al., 2019b,Mehta et al., 2021b]. All analyses will involve the machine working in current

control mode, with a particular emphasis on achieving accurate tracking of pro�led current

commands designed for objectives such as torque ripple minimization. By focusing on these

objectives, this research seeks to advance the state-of-the-art in SRM control, potentially

enabling wider adoption of SRMs in critical applications that demand high-performance

motor drives.

1.5 Research Contributions

This research makes the following novel contributions:
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• A two degree-of-freedom (2DoF) current regulator is presented, accompanied by

comprehensive linear analysis utilizing a linearized SRM model. Tuning guidelines

based on closed-loop stability analysis and optimizing for improved robustness and

disturbance rejection is discussed in detail. Extensive simulation and experimental

results are provided to analyze the closed-loop system performance across a wide

range of operating conditions.

• A novel proportional-integral-double integral (PII2) current control architecture is

developed, enabling accurate step and ramp tracking of reference signals. The ef-

fectiveness of this architecture is demonstrated through extensive simulation and

experimental results, showcasing its performance across various operating condi-

tions.

• A thorough discrete-time analysis of the conventional predictive current control

(PCC) algorithm is conducted, providing valuable insights into the impact of different

parameters on control performance.

• An improvement over the conventional PCC is developed to enhance system stability

and improve robustness. This modi�ed control architecture, termed predictive cur-

rent control with integral action (PCC-IA), is validated through experimental results,

demonstrating its superior performance compared to conventional PCC.

These contributions collectively advance the state-of-the-art in SRM control, particu-

larly in the domain of digital current regulation. The �ndings and methodologies presented

in this research have the potential to signi�cantly improve the performance and applicabil-

ity of SRMs in various high-performance motor drive applications.
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CHAPTER

2

MODELS FOR SWITCHED

RELUCTANCE MACHINES

2.1 Introduction

Mathematical modeling plays a crucial role in the design and analysis of control systems for

switched reluctance machines (SRMs). Accurate models are essential for gaining insight into

system dynamics, developing effective control strategies, and predicting machine behaviour

under various operating conditions. This chapter presents two primary mathematical

models for SRMs available in the literature: �ux-linkage based and inductance-based.

The �ux-linkage based model provides an accurate representation, capturing both

non-linearity and time-variance of the SRM. It accounts for machine saturation effects and

the variation of inductance with both rotor position and current, offering a comprehensive

understanding of the machine's behavior.

The inductance-based model provides a simpli�ed yet implementable representation

of the SRM. This model assumes the inductance depends only on rotor position, making it

suitable for cases where the machine is not magnetically saturated. Although less accurate
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than the �ux-linkage model, it offers valuable insights into the machine's characteristics

and serves as a foundation for many control strategies.

Following the presentation of these models, the chapter explores the control challenges

speci�c to SRMs, including the frequency response of the machine and the need for dynamic

reference current pro�ling. These challenges highlight the complexity of SRM current

control and the importance of robust control strategies. By establishing a foundation in SRM

modeling, this chapter sets the stage for the development of dynamic current regulators.

These models enable the analysis of the closed-loop system based on critical metrics such

as command tracking, disturbance rejection, and stability, which are essential for gain

tuning and achieving optimal performance.

2.2 Flux Linkage-Based Machine Model

In conventional SRMs, when the stator coils are energized with current, the majority of the

generated �ux links to the coils of the same phase. As a result, the mutual �ux and hence, the

mutual inductance between phases is negligible in conventional SRMs. This characteristic

allows for the development of a single-phase mathematical model that can be extended

to each individual phase, simplifying the overall machine representation [Pramod et al.,

2019,Mehta et al., 2018a,Mehta et al., 2021b].

The �ux linkage-based machine model is formulated by incorporating the dependence

of rotor position and phase current on the machine �ux. This model is derived from the

fundamental per-phase voltage equation

v = iRph +
d � (� e , i )

d t
(2.1)

where v is the terminal voltage input, i denotes the phase current, Rph is the phase resis-

tance and � represents the �ux-linkage. Expanding this equation yields

v = iRph +
@ �

@i

d i

d t
+

@ �

@ �e

d � e

d t
(2.2)

where � e is the rotor electrical position. The partial derivatives of �ux-linkage with respect
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to rotor position and current are independently denoted as

@ �

@ �e
= � 4

@ �

@i
= L4

(2.3)

where � 4 and L4 are called the incremental inductance and incremental �ux respectively.

Further, incorporating the relationship between rotor electrical speed ! e and position

! e =
d � e

d t
(2.4)

Substituting (2.3) and (2.4) in (2.2), the following machine model is obtained

v = iRph + L4
d i

d t
+ � 4 ! e (2.5)

This model captures both the non-linearity and time-variance of SRM and provides an

accurate representation by accounting for machine saturation effects in the �ux equation.

This representation is particularly advantageous for developing accurate simulation models,

as the �ux linkage as a function of rotor position can be readily obtained from Finite Element

Analysis (FEA). It is further extended for multiple current levels to obtain the full machine

�ux characteristics. For practical implementation in simulation, these characteristics are

typically stored as 2-D lookup tables (LUTs) facilitating system analysis and performance

validation.

Fig. 2.1(a) and (b) illustrates the incremental inductance L4 and incremental �ux � 4

pro�les obtained from FEA of the prototype machine at various current levels. Notably, at

current levels beyond 40A, the �ux saturates leading to a non-linear increase in incremental

inductance as the rotor moves from unaligned to the aligned position.

2.3 Inductance-Based Machine Model

The inductance-based model of the SRM is developed considering the following �ux-linkage

relation

� = L(� e)i (2.6)

13



(a) (b)

Figure 2.1: (a) Incremental inductance and (b) Incremental �ux pro�les of prototype SRM.

where the machine inductance L is dependent solely on the rotor position � e and not on

the current. Utilizing the voltage equation, we get

v = iRph +
d � (� e)

d t
= iRph + L(� e)

d i

d t
+ i

d L (� e)

d � e

d � e

d t
(2.7)

Considering the relation between rotor electrical speed and position as per (2.4), the fol-

lowing mathematical model for SRM is obtained

v = iRph + L(� e)
d i

d t
+ i

d L (� e)

d � e
! e (2.8)

It is evident that the voltage terms comprises of three components: the resistive voltage

drop, the magnetic energy stored in the inductance, and a back-emf term " given by

" = i
d L (� e)

d � e
! e (2.9)

The back-emf in an SRM is caused due to the variation in machine inductance, which occurs

due to saliency between the stator and rotor structures. Notably, the back-emf is directly

proportional to both current and rotor speed, implying signi�cant machine back-emf at

high speeds and high current levels.

A key assumption is made while developing this machine model: the inductance is

considered dependent only on rotor position, thus neglecting magnetic saturation effects.

Consequently, this model accurately represents the machine only when the core is not
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magnetically saturated. Further, the equation of (2.8) is rewritten as

v = iRph + L(� e)
d i

d t
+ i K b (� e)! e

Kb (� e) =
d L (� e)

d � e

(2.10)

where Kb represents the back-emf constant. Even though it is referred to as a constant,

unlike DC machines, it is not a constant but varies with the rate of change of inductance

with rotor position. The system of equations in (2.10) represent the inductance-based

model of the SRM.

(a) (b)

Figure 2.2: (a) Machine inductance and (b) back-emf constant pro�les of prototype SRM.

A plot of the phase inductance L(� e) of the prototype motor at various current levels is

shown in Fig. 2.2(a). It is calculated utilizing the �ux data obtained from FEA and using the

relationship of (2.6). It is evident that the machine inductance changes by an order of eight

throughout each electrical cycle, considerably changing the electrical time constant and

hence, the dynamics of the machine.

Fig. 2.2(b) illustrates the plot of back-emf constant Kb of the prototype machine, utilizing

the relationship of (2.10). It is evident that Kb varies with rotor position, and the machine

experiences higher back-emf close to the aligned region.
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2.3.1 Linearized Model

SRMs exhibit highly time-variant characteristics, resulting in continuously changing system

dynamics. However, to leverage conventional control system theory tools, it is necessary to

develop a linear machine model with �xed parameter values. Utilizing the results of (2.10),

the following linearized model is obtained considering �xed parameter values

v = iRph + L
d i

d t
+ i K b ! e (2.11)

where �xed values of L and Kb are considered. This leads to a �rst-order system similar

to that obtained for DC machines. This linearization facilitates controller development

and enables linear analysis techniques to be applied. A comprehensive approach involves

analyzing the closed-loop system performance at the critical operating points. However, it

is crucial to note that the ef�cacy of controllers developed using this machine model must

be validated across all operating conditions to ensure reliable and stable performance.

Table 2.1 presents the key parameters of the prototype SRM that will serve as the basis

for subsequent analyses. These parameters are derived from the machine's characteristics

at the critical operating points.

Table 2.1: Prototype SRM Parameters

Parameter Value
Rated Power 250 W
Rated Current 40 A
Base Speed 500 RPM
DC Link Voltage, Vd c 12 V
No. of Poles, P 8
Winding Resistance, Rph 65 m 

Unaligned Inductance, Lu 45 � H
Aligned Inductance, La 345 � H
Back-emf constant (max), Kb 18.5 � H/ deg
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2.4 Conclusion

This chapter lays the framework for modeling of SRM, especially targeting both simulation

accuracy and experimental applicability. Two primary modeling approaches have been

presented and analyzed:

1. The �ux-linkage based model provides a high-�delity representation of the SRM,

typically implemented in the form of lookup tables in simulation. Its accuracy makes

it invaluable for accurate performance simulation and regulator validation under all

operating conditions.

2. Conversely, the inductance-based model presents a simpli�ed model, utilizing ma-

chine inductance and back-emf constant as key parameters. This model facilitates

regulator design and analysis using established techniques. While less comprehensive

than the �ux-linkage model, it is particularly useful for real-time control applications.

The insights gained from this modeling lay the groundwork for the subsequent chapters,

which will delve into the design, analysis, and implementation of various digital current

control strategies speci�cally tailored for SRMs.
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CHAPTER

3

TWO DEGREE-OF-FREEDOM

CURRENT REGULATOR

3.1 Introduction

Switched Reluctance Motors (SRMs) present unique control challenges due to their highly

non-linear and time-varying characteristics, particularly in terms of variations in the elec-

trical time constant. This necessitates the development of a robust regulator capable of

maintaining performance despite machine parameter �uctuations. This chapter introduces

a novel two degree-of-freedom (2DoF) current control architecture for SRMs, speci�cally

designed to enhance command tracking performance during parameter variations or esti-

mation errors.

The chapter outlines a comprehensive design procedure, incorporating extensive stabil-

ity analysis to determine optimal regulator gains. A thorough linear analysis, based on the

previously established linear SRM model, provides insights into control performance such

as command tracking, disturbance rejection, noise transmission, robustness, and stability.

To validate the ef�cacy of the proposed regulator, both simulation and experimental results
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are presented, demonstrating its performance across various operating conditions. The

chapter concludes with a comparative analysis between the proposed regulator and a

conventional �xed-gain proportional-integral (PI) regulator, highlighting the advantages of

the new approach in diverse operational scenarios.

3.2 Control Challenges

As emphasized in chapter 2, the signi�cant variations in SRM parameters leads to changing

system dynamics. Furthermore, the unique mechanism of torque generation and the un-

derlying physics introduce complexities that necessitate specialized reference generation

techniques. These factors create challenges in designing regulators for high-performance

applications, which are listed below.

3.2.1 Changing Machine Dynamics

In the s-domain, the SRM is modeled as a �rst-order system utilizing the results of (2.10) as

follows
I (s)

V (s)
=

1

L(� e)s + Rph + ! eKb (� e)
(3.1)

Key observations can be made from (3.1) about the SRM:

1. Unlike other motor-drives such as PMSMs or IMs, the electrical time constant of the

SRM is continuously changing with operating speed.

2. Even at constant speed, L and Kb vary with rotor position, making the machine both

non-linear and time-varying.

3. The phase resistance varies with temperature and continuous machine operation,

which further changes the system dynamics.

The frequency response plot of the prototype SRM at aligned and unaligned regions is

shown in Fig. 3.1. It is evident that the machine bandwidth shifts from 650 Hz to nearly 5 kHz

as the rotor transitions between these positions. This drastic variation renders traditional

control design techniques, such as loop shaping, ineffective for SRMs.

Conventional control design principles suggest that controllers must operate signi�-

cantly faster than the system they aim to control, for closed-loop system stability. Typically,

a control bandwidth 5-10 times the system bandwidth is employed. This implies a control
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Figure 3.1: Frequency response of prototype SRM at aligned and unaligned regions.

bandwidth exceeding 25 kHz when the SRM operates in its unaligned position. Moreover,

in motor drive applications, a PWM switching frequency 5-10 times the control bandwidth

is generally employed to provide suf�cient margin against sampling errors and system

delays. Consequently, the minimum switching frequency to achieve any meaningful con-

trol performance would exceed 125 kHz, which presents signi�cant practical challenges

in implementation. As a result, this time-varying nature of the SRM necessitates the de-

velopment of current regulators that are robust to parameter variations, considering the

practical bandwidth limitations.

3.2.2 Dynamic Reference Current

As discussed in Chapter 1, the torque production in SRMs is independent of current po-

larity but relies on the rate of change of machine saliency. Fig. 2.2(a) illustrates that as

the rotor moves from aligned to unaligned positions, the inductance decreases, leading

to negative torque generation. To ensure continuous positive torque generation during

dynamic operation, precise regulation of phase currents is essential.

Fig. 3.2 shows the torque pro�le for a single phase of the prototype machine at various

current levels. It is evident that torque becomes negative beyond the 22.5 o rotor angle. To

maintain continuous torque generation, the phase current must be reduced to zero (phase

deactivation) in this region. Additionally, these currents must be regulated to ensure smooth
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Figure 3.2: Torque pro�le of prototype SRM.

torque transition when one phase is deactivated and the subsequent phase is excited.

Extensive research has focused on current pro�ling techniques to generate optimal

current reference waveforms that achieve certain objectives, such as minimizing torque

ripple or maximizing average torque [Ma et al., 2016, Mehta et al., 2018b, Al-Amyal and

Számel, 2022]. These methods typically generate near-trapezoidal command waveforms

that are highly dynamic consisting of higher-order harmonics. A typical pro�led reference

current is shown in Fig. 3.3(a) [Mikail et al., 2013 ]. It is evident that the currents are no

longer sinusoidal and exhibit a pseudo-trapezoidal shape.

(a) (b)

Figure 3.3: (a) Pro�led reference currents (b) Harmonic spectrum of phase A current.
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The harmonic spectrum of the current, shown in Fig. 3.3(b), indicates the existence of

various higher-order harmonics. The �rst and third harmonic clearly dominate in addition

to the DC component. This study underscores the necessity for a high-bandwidth current

regulator capable of accurately tracking these high-frequency harmonics to achieve optimal

SRM performance.

(a) (b)

Figure 3.4: (a) Trapezoidal reference currents (b) Harmonic spectrum of phase A current.

Throughout this work, for simulation and experimental veri�cation, a trapezoidal cur-

rent pro�le will be utilized, as shown in Fig. 3.4(a). This is only for ease of implementation

on the micro-controller. These trapezoidal reference currents also have similar proper-

ties to a pro�led current, particularly the existence of a ramp. The harmonic spectrum of

these currents is illustrated in Fig. 3.4(b), which shows the existence of similar higher-order

harmonics compared to a pro�led current.

3.3 Literature Review

Current control in SRMs has been a subject of extensive research, especially utilizing conven-

tional regulators such as PI and hysteresis. While PI regulators offer adequate steady-state

tracking, their performance deteriorates under varying machine parameters [Rain et al.,

2010a,Mehta et al., 2019d]. To address this limitation, gain-scheduling PI regulators uti-

lizing linearized inductance estimates have been proposed [Hannoun et al., 2011,Schulz

and Rahman, 2003]. However, these approaches are computationally intensive, requiring

recalculation of control gains in every switching cycle, limiting their practical application in

industry. Peak PWM current control has been explored as an alternative approach [Gallegos-
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Lopez and Rajashekara, 2002], but it fails to adequately address performance issues under

parameter estimation errors and exhibits high current ripples during steady-state operation.

Researchers have also addressed robustness issues using advanced control techniques

for SRM. An intersection-method based robust current regulator has been proposed [Fang

et al., 2021b], but its performance is dependent on the adopted �ux-linkage model and

observer gain. H1 regulators have been discussed as a robust control option [Ouddah et al.,

2014], but this technique typically results in high-order regulator designs that are complex

to implement in real-time control systems. Robustness has also been targeted through the

development of sliding mode controllers [Sahoo et al., 2005,Dhale et al., 2022,Rain et al.,

2010b]; however, their performance is heavily dependent on the chosen sliding surface and

other control parameters.

This review highlights a critical need for a simple and robust control architecture that is

easily implementable on the hardware. The existing solutions, while each offering certain

advantages, often come with trade-offs in terms of computational complexity, sensitivity

to parameter variations, or limited applicability across diverse operating conditions. The

proposed 2DoF current regulator aims to address these challenges by improving robust-

ness and performance without the computational complexity associated with some of the

existing solutions.

3.4 Control Architecture

Figure 3.5: Block diagram of the proposed 2DoF current control architecture for SRM.

The proposed current control design shown in Fig. 3.5 incorporates independent com-
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pensators for the reference I � and measured currents Îm . The state feedback compensator

H (s) is the controller in the feedback path and the error compensator C(s) is a conventional

proportional-integral (PI) regulator with gains Kp and Ki . The motor is modeled as a �rst-

order system as per (2.11), and the power converter is modeled with a unit sample delay of

Ts. The current sensor is modeled with a gain k f and a delay Tf , adding noise to the actual

machine current, giving Îm . The measured current is used both by the error compensator

and the state feedback to determine the control action. The voltage input to the SRM is

the sum of the phase voltage generated by the power converter and various disturbances,

denoted by Vd . For SRM, these disturbances primarily arise due to back-emf estimation

error, while some unknown disturbances are also caused due to imperfect sensing elements,

modeling inaccuracies, and transport delays.

3.4.1 Effect of State Feedback

The inner loop is denoted by the dotted red box in Fig. 3.5. It comprises the motor, power

converter, current sensor, and state feedback, collectively representing the effective dynam-

ics observed by the error compensator. The command voltage to the power converter plus

SRM system in this control structure is given by

V � = ( I � � Îm )C � H Îm = C I � � (H + C)Îm (3.2)

indicating that the measured and reference currents can be acted upon separately, providing

additional tunability. This control architecture is referred to as two degree-of-freedom

(2DoF), in contrast to the conventional 1DoF architecture with a single compensator acting

on the error signal. Further, in (3.2), if H = 0, the control structure reduces to a conventional

1DoF system.

The state feedback H (s) is chosen to be a gain of Ro and does not include any dynamics.

Since H (s) is in the feedback, it in�uences the inner loop's stability and de�nes limits on

the value of Ro for a particular operating condition. The effective dynamics of the inner

loop
Im (s)

V �
c (s)

=
N

P � 1 + N H F
=

e � sTs

Ls + Rph + ! eKb + k f e � s(Ts+Tf )Ro

(3.3)

where the term Ro adds to the machine transfer function as an additional resistance term,

altering the dynamics of the inner loop as perceived by the error compensator. This provides
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additional damping in the system. Consequently, if

Ro � (Rph + ! eKb ) (3.4)

is used, the dynamics of the inner loop remain unaffected despite variations in resistance

or back-emf. This enhances the closed-loop system's robustness against non-linearities,

parameter variations, and estimation errors.

Figure 3.6: Pole-zero map of inner-loop dynamics with variation in Ro .

A pole-zero plot of the inner loop dynamics de�ned by (3.3) is shown in Fig. 3.6, where

unaligned position is considered. The �gure shows the movement of poles for various

values of the state feedback gain, Ro , when the motor operates at 500 rpm. Although a large

value of Ro is desirable for enhanced robustness, it cannot be increased to in�nity because

the phase delay introduced by the power converter becomes signi�cant, and the poles start

moving towards the right-half plane.

3.4.2 Closed-Loop Performance

To understand the impact of different parameters on the control performance, SRM is stud-

ied as a time-invariant linearized system by assuming a constant value of both inductance

L and back-emf constant Kb . Further, a continuous-time equivalent of a discretized PI

regulator is considered

C(s) = Kp +
Ki Ts

ŝ
(3.5)
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where ŝ captures the effects of discretization. The power converter delay is linearized using

�rst order Padé approximation

N (s) =
� Ts

2 s + 1
Ts
2 s + 1

(3.6)

From the control architecture of Fig. 3.5, it is seen that the output of the closed-loop system

is given by

Im = M t I � + M d Vd + M n In (3.7)

where M t is command tracking, M d is disturbance rejection and M n is noise sensitivity

transfer function and are given by

M t =
N C

P � 1 + (C + H )N F
=

e � sTs(Kp ŝ + Ki )

�

M d =
1

P � 1 + (C + H )N F
=

ŝ

�

M n =
� (C + H )N

P � 1 + (C + H )N F
=

� (Kp ŝ + Ki + Ro ŝ)e � sTs

�

(3.8)

where

� = Lsŝ + (Rph + ! eKb )ŝ + k f e � s(Ts+Tf )(Kp ŝ + Ki + Ro ŝ) (3.9)

3.5 Controller Tuning

For controller tuning, it is assumed that the current sensor delay is negligible compared

to the sampling period i.e. Tf � Ts and the gain k f is taken as unity. Further, neglecting

the delay due to the power converter, the following command tracking transfer function is

obtained

M t =
(Kp ŝ + Ki )

Lsŝ + (Rph + ! eKb )ŝ + (Kp ŝ + Ki + Ro ŝ)
(3.10)

In order to achieve a desired closed-loop tracking response as a �rst-order dynamics with a

-3dB bandwidth of ! b , the following controller gain values are obtained

Kp = ! b L̂

Ki = ! b (R̂ph + ˆ! e K̂b + Ro )
(3.11)

where L̂ , R̂ph and K̂b are machine parameter estimates and ˆ! e is the estimated rotor

electrical speed. Further, Ro is a controller gain that needs to be appropriately tuned. Using
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these gain values, the command tracking transfer function is given by

M t =
! b (L̂ ŝ + R̂ph + ˆ! e K̂b + Ro )

ŝ(Ls + Rph + ! eKb + Ro ) + ! b (L̂ ŝ + R̂ph + ˆ! e K̂b + Ro )
(3.12)

which captures the effects of parameter estimation inaccuracies and controller discretiza-

tion. Under accurate parameter estimation and a close equivalence between continuous

and discrete-time systems, (3.12) is reduced to a �rst-order system

M t =
! b

ŝ + ! b
(3.13)

Further, the disturbance rejection transfer function is given by

M d �
s

(s + ! b )(Ls + Rph + ! eKb + Ro )
(3.14)

and noise sensitivity transfer function is given by

M n � �
! b

(s + ! b )
�

Ro s

(s + ! b )(Ls + Rph + ! eKb + Ro )
(3.15)

From (3.13) and (3.14), it is seen that appropriately tuning Ro signi�cantly enhances

the disturbance rejection properties of the closed-loop system without affecting the track-

ing performance. However, the improved disturbance rejection comes at the expense of

increased noise transmissibility, compared to a 1DoF compensator. This is evident from

(3.15), where noise sensitivity increases up to higher frequencies due to an additional term

proportional to Ro .

3.6 Linear Analysis

Assuming a linear SRM model with �xed parameters and utilizing a continuous-time equiv-

alent of the discretized controller with gains as obtained previously, a linear analysis study

is carried out. Performance metrics such as command tracking, stability, and robustness

are evaluated to assess the controller's ef�cacy. Furthermore, this study provides insight

into the optimal values of the two tunable control parameters, ! b and Ro .
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3.6.1 Stability

As discussed in Section 3.4, the state feedback gain Ro governs the stability of the inner loop

and consequently the overall closed-loop system. The optimum value of Ro that ensures

stability depends on the critical boundary conditions, determined by factors such as the

region of operation (aligned / unaligned), control bandwidth, and the switching frequency.

Stability with State Feedback Gain

As seen previously, a high value of state feedback gain is desirable to achieve enhanced

robustness and improved disturbance rejection. However, as seen in Fig. 3.6, a high Ro value

could lead to instability as the system poles move towards the right-half plane. This analysis

allows the derivation of the maximum permissible Ro value that guarantees stability under

various operating conditions. Subsequently, an optimal value of Ro is selected that ensures

stability and provides satisfactory robustness across all operating conditions.

Table 3.1: Stability with Ro at ! b =500 Hz.

Region of Operation fs L̂ Maximum Ro

Aligned 10kHz La 75Rph

Aligned 25kHz La 230Rph

Unaligned 10kHz La Unstable
Unaligned 25kHz La 18Rph

Aligned 10kHz Lu 85Rph

Aligned 25kHz Lu 245Rph

Unaligned 10kHz Lu 11Rph

Unaligned 25kHz Lu 32Rph

Table 3.1 presents the maximum allowable Ro values for different operating conditions.

It is observed that higher switching frequencies facilitate larger Ro values, as the phase

delay introduced by the power converter is reduced. Moreover, the most critical condition

arises when the rotor is in the unaligned position, where the inductance is lowest. If the

controller estimate of inductance L̂ is taken as La , the closed-loop system could become

unstable for certain operating conditions. Therefore, a �xed value of L̂ equal to Lu is chosen

as the controller parameter. Furthermore, considering the 25kHz operating frequency for

this work, maximum value of Ro is taken as 15Rph to ensure adequate stability margin,
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protecting the system against unaccounted delays.

Stability with Control Bandwidth

The reference current commands in SRMs are composed of various higher-order harmonics.

As a result, a high-bandwidth controller is essential to track these high-amplitude current

harmonics. However, in the pole-zero plot of Fig. 3.7, where a �xed Ro value of 10Rph is

considered, it is observed that increasing the control bandwidth shifts the poles towards the

right-half plane, potentially leading to instability issues [Mehta et al., 2019d]. This imposes

a limit on the maximum allowable control bandwidth for a given operating point.

Figure 3.7: Pole-zero map of closed-loop system with variation in ! b .

For a �xed value of Ro , the control bandwidth is swept across different operating condi-

tions, as shown in Table 3.2. Again, the most critical condition arises when the machine

is in the unaligned position. The control bandwidth between 1000Hz and 2000Hz will be

used for the following sections of simulation and experiments to ensure adequate stability

margin and satisfactory dynamic tracking performance across all operating regions.

3.6.2 Performance Analysis

Considering the critical operating conditions obtained from stability analysis as described

above, the state feedback gain Ro is taken as 10Rph . Further, the bandwidth of the controller

! b is considered equal to 500 Hz unless stated otherwise. It is important to highlight that
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Table 3.2: Stability with ! b for Ro =10Rph .

Region of Operation fs L̂ Maximum ! b

Aligned 10 kHz La 2.6 kHz
Aligned 25 kHz La 7.2 kHz

Unaligned 10 kHz La Unstable
Unaligned 25 kHz La 750 Hz

Aligned 10 kHz Lu 3 kHz
Aligned 25 kHz Lu 28 kHz

Unaligned 10 kHz Lu 650 Hz
Unaligned 25 kHz Lu 4 kHz

Ro equal to zero reduces the control structure to a conventional PI controller.

Utilizing these gain values and incorporating power converter delay, the frequency

response plots of Fig. 3.8 for varying control bandwidth are obtained, with the motor

operating at a �xed speed of 500 rpm. From Fig. 3.8(a) and (b), it is evident that increasing

the control bandwidth enhances command tracking while also improving disturbance

rejection properties. Speci�cally, increasing the control bandwidth from 500 Hz to 1500 Hz

improves disturbance rejection by nearly 10 dB while increasing the noise transmission up

to a frequency of 1300 Hz from 700 Hz, as shown in Fig. 3.8(c).

(a) (b) (c)

Figure 3.8: Frequency response at 500 rpm for (a) command tracking (b) disturbance rejection (c)
sensor noise transmission with varying ! b .

Fig. 3.9(a) and (b) respectively illustrate the command tracking and disturbance rejec-

tion characteristics with the addition of state feedback. It is seen that when Ro of 10Rph

is considered, the command tracking response remains largely unaltered, whereas the
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(a) (b) (c)

Figure 3.9: Frequency response at 500 rpm for (a) command tracking (b) disturbance rejection (c)
sensor noise transmission with varying Ro .

disturbance rejection properties improve by almost 20 dB at low-to-medium frequencies

compared to the conventional PI. However, this enhanced disturbance rejection comes at

the expense of increased sensor noise sensitivity, as depicted in Fig. 3.9(c), where the noise

transmission increases from 600 Hz to 1200 Hz with the addition of state feedback.

3.6.3 Robustness Study

Fig. 3.10 and 3.11 illustrate a comparative analysis of tracking performance between the

proposed 2DoF controller and the conventional PI (1DoF) controller under varying machine

parameters.

Resistance Estimation Error

When resistance errors are introduced, as seen in Fig. 3.10(a), the dynamic response of the

1DoF controller changes signi�cantly, exhibiting either a reduced bandwidth response or

peak overshoot near the crossover frequency. The effect of this is evident in the time-domain

response of Fig. 3.11(a), where with resistance underestimation, the response becomes slug-

gish, and with overestimation, a signi�cant overshoot of nearly 18% is obtained. However,

the proposed 2DoF controller's command tracking performance remains largely unaffected,

as seen in both frequency and time-domain plots.

Inductance Estimation Error

Analysis with inductance estimation errors is necessary as the SRM's inductance varies by an

order of 8 throughout the electrical cycle, as the rotor moves from unaligned to the aligned
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region. As seen in Fig. 3.10(b), the proposed controller exhibits minimal deviation from the

no-error response, while the 1DoF controller's performance deteriorates signi�cantly. This

is further evident from the step response of Fig. 3.11(b), where the 1DoF controller exhibits

a higher settling time.

(a) (b) (c)

Figure 3.10: Command tracking frequency response under (a) resistance error (b) inductance error
(c) back-emf error at 1500 rpm.

(a) (b) (c)

Figure 3.11: Step response under (a) resistance error (b) inductance error (c) back-emf error at
1500 rpm.

Back-emf Estimation Error

Since the machine back-emf depends on the rotor position, operating speed, and magnetic

saturation, the back-emf errors could be signi�cant. From Fig. 3.10(c), it is evident that with

substantial back-emf estimation errors, the command tracking response of the proposed

controller remains unchanged. However, the dynamic response of the 1DoF controller

deteriorates. This is further evident from the step response of Fig. 3.11(c), where the 1DoF

controller can either lead to high overshoots or high rising time.

These results demonstrate the proposed 2DoF controller's robustness to machine param-
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eter variations, particularly errors in resistance and back-emf. Furthermore, the closed-loop

tracking and disturbance rejection frequency loops can be shaped individually to achieve

the desired control performance based on the application requirements.

3.7 Simulation Results

For the simulation in MATLAB / Simulink, a �ux-linkage based non-linear SRM model is

implemented. The incremental inductance and �ux data of the SRM prototype are stored

as 2D lookup tables. These are a function of phase current and rotor position. A discretized

version of the controller using the Tustin approximation is considered, with the control

block placed inside a triggered subsystem computed at every switching cycle. A model of

the H-bridge converter is implemented and a Sine PWM modulation scheme generates

the appropriate gating signals for the switches. The switching frequency selected is 25 kHz

and the control bandwidth ! b is set to 1000 Hz. The state feedback gain Ro is chosen as

10Rph , with the inductance estimate L̂ taken as Lu . The proposed controller's performance

is compared to a conventional PI controller with �xed gains given by

Kp = ! b L̂u

Ki = ! b (R̂ph + ˆ! e K̂b )
(3.16)

3.7.1 Steady State Results

Fig. 3.12(a)-(c) plot the reference and measured currents for phase A of the machine at

various speeds, showing the 2DoF controller's superior tracking performance with reduced

overshoots compared to the PI controller. The performance of both controllers deteriorates

at higher speeds, due to substantial back-emf and utilization of �xed gains. These plots also

illustrate the impact of inductance variation. As the machine operates between unaligned

(ramp-up) and aligned (ramp-down) regions, there are signi�cant variations in phase

inductance. As expected, the tracking performance of the PI controller degrades in the

ramp-down region, where the plant's inductance is La while the controller estimates Lu .

3.7.2 Robustness

A robustness study incorporating resistance estimation errors is conducted in the simula-

tion. Since �xed controller gains are used, this case incorporates all the parameter errors
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(a) (b) (c)

Figure 3.12: Simulation results for 2DoF controller at (a) 100 rpm (b) 500 rpm (c) 1000 rpm.

(a) (b)

Figure 3.13: Simulation results for 2DoF controller with (a) +50% resistance estimation error (b)
-50% resistance estimation error

i.e. inductance, resistance, and back-emf. Fig. 3.13(a) and (b), where the motor is operating

at 500 rpm, show the 2DoF controller's consistent response even with 50% resistance esti-

mation errors. However, the PI controller's performance degrades severely under similar

circumstances. With resistance overestimation, the PI controller exhibits an overshoot,

while it demonstrates a sluggish response with resistance underestimation.

3.8 Experimental Results

For experimental validation of the proposed algorithm, a dyno test setup as shown in Fig.

3.14 is utilized. The prototype SRM is driven by an H-bridge converter with a rated DC link

voltage of 12 V. The inverter switches are controlled using a TI TMS28379D DSP. Hall-effect

sensors are used for sensing the phase current and a resolver mounted on the motor shaft

provides the rotor position feedback. The dyno's servo motor operates in velocity mode,

while the motor under test operates in current control mode.
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(a) (b)

Figure 3.14: (a) Dyno setup with prototype SRM (b) Test bench.

3.8.1 Steady State

Fig. 3.15(a)-(c) illustrate the tracking performance of the proposed controller at various

speeds. With a controller bandwidth of 1200 Hz and Ro set to 10Rph for optimal robustness,

excellent tracking is observed at low and medium speeds. However, at 750 rpm, tracking

performance deteriorates in the ramp-down region, primarily due to high back-emf. While

increasing the control bandwidth could potentially improve tracking, it may compromise

system stability, as suggested by analytical results.

(a) (b) (c)

Figure 3.15: Experimental results for 2DoF regulator at (a) 250 rpm (b) 500 rpm (c) 750 rpm.

3.8.2 Robustness

Fig. 3.16(a)-(b) present the results of a robustness study incorporating resistance estimation

errors. Similar to the case in simulation results obtained previously, this study incorporates

all the parameter estimation errors i.e., inductance, resistance and back-emf, since �xed

gain values are used. During resistance underestimation, the conventional PI controller
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exhibits a sluggish response with poor dynamic performance, particularly signi�cant in the

ramp-down region. Conversely, resistance overestimation leads to satisfactory dynamic per-

formance but introduces a large undershoot of approximately 20%. These results highlight

the robustness issues inherent in conventional 1DoF controllers.

In contrast, the proposed 2DoF controller maintains consistent performance in both

cases, with negligible overshoot. Further performance improvements could potentially be

achieved by increasing the state feedback gain, within the limits of system stability.

(a)

(b)

Figure 3.16: Experimental results at 500 rpm with (a) -50% resistance estimation error (b) +50%
resistance estimation error.

3.8.3 Effect of High Bandwidth

Fig. 3.17 demonstrates the 2DoF controller's performance with an increased bandwidth

of 2000 Hz, with the motor running at 750 rpm. Compared to the results in Fig. 3.15(c),
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the dynamic performance improves, with good tracking of the ramp reference. While a

conventional PI controller also shows improved dynamic response, it still suffers from

inaccurate tracking, particularly in the ramp-down region where back-emf is high.

(a) (b)

Figure 3.17: (a) Tracking performance of conventional PI and (b) proposed 2DoF regulator at 750
rpm with 2000 Hz bandwidth.

3.8.4 Harmonic Analysis

Fig. 3.18(a) illustrates the performance of the conventional PI controller at 500 rpm with a

1200 Hz control bandwidth, showing signi�cant overshoots and undershoots. In contrast,

the proposed controller shows a good dynamic response, as seen previously in Fig. 3.15(b).

The harmonic spectrum of the reference and measured currents for both controllers is

shown in Fig. 3.18(b), revealing a good matching of DC and �rst-order harmonics for the

proposed controller. However, the conventional PI exhibits a larger amplitude of the �rst

harmonic, as evident in the time-domain response. Both controllers struggle to track higher-

order current harmonics due to the inability to compensate for high back-emf during the

aligned region.

3.8.5 High Speed Performance and System Capability

Fig. 3.19 demonstrates that when the motor operates at a speed of 1000 rpm, the controller

applies the maximum available DC link voltage of 12 V. This suggests that operating at

speeds beyond 1000 rpm is likely to yield deteriorating performance, as the required DC
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(a) (b)

Figure 3.18: (a) Tracking performance for conventional PI and (b) harmonic analysis at 500 rpm.

link voltage becomes insuf�cient to compensate for the high back-emf, particularly during

the aligned region.

This observation highlights the importance of considering system-level constraints,

such as DC link voltage, in SRM current regulator design [Mehta, 2020]. The results indicate

that operating at higher speeds might require a lower current reference amplitude, implying

a lower torque level. Consequently, the control design needs to incorporate both the torque-

speed curve of the machine and the hardware limitations.

3.9 Conclusion

This chapter introduced a robust two degree-of-freedom (2DoF) current regulator for SRM

drives. The effects of state feedback on stability, robustness, and closed-loop frequency

response were established analytically, providing a framework for controller tuning. Lin-

ear stability analysis determined critical values of control parameters for given operating

conditions. The proposed controller demonstrated superior performance over the entire op-

erating region compared to conventional PI controllers, particularly in terms of robustness

against parameter variations. Non-linear simulations and experimental testing conducted

on a prototype motor corroborated the analytical �ndings, showing improved tracking

performance across various operating conditions.

While offering superior disturbance rejection, the proposed controller failed to accu-

rately track the higher-order harmonics, such as second and third order, which play a crucial

role in accurate command tracking. Experimental results also highlighted the importance
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Figure 3.19: Tracking performance of proposed controller at 1000 rpm with 2000 Hz bandwidth.

of considering system-level constraints, such as DC link voltage limitations, in the design

of SRM current regulators. Further research could explore back-emf compensation and

adaptive gain tuning to further optimize performance, especially at high speeds.
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CHAPTER

4

PROPORTIONAL-INTEGRAL-DOUBLE

INTEGRAL CURRENT REGULATOR

4.1 Introduction

This chapter presents a novel dynamic current regulator design for switched reluctance

motor (SRM) drives, capable of tracking ramp and step commands with zero steady-state

error. The proposed regulator features a double integral structure, that is particularly suit-

able for tracking quasi-trapezoidal current references typically used for SRMs. Enhanced

closed-loop command tracking especially with ramp commands along with improved dis-

turbance rejection is achieved through this control scheme. A comprehensive linear analysis

is provided, offering guidelines for shaping the closed-loop command tracking frequency

response. Extensive simulation and experimental results are presented to demonstrate the

ef�cacy of the proposed regulator under various operating conditions.
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4.2 Motivation

The motivation for this research stems from the limitations of existing current control

strategies for SRMs. Extensive research in in this �eld has focused on de�ning either of�ine

or online torque sharing functions (TSFs) that utilize machine characteristics to determine

optimal current reference pro�les [Li et al., 2019,Al-Amyal and Számel, 2022,Ye et al., 2015].

Additionally, current command pro�ling aimed at mitigating torque ripple and NVH has

been explored, that typically use optimization algorithms to achieve desired cost func-

tion minimization [Ma et al., 2016,Mehta et al., 2018b]. These methods typically generate

near-trapezoidal command waveforms consisting of both ramp and step characteristics.

However, the design of current regulators capable of accurately tracking these dynamic

references has been largely overlooked.

Conventional regulators, such as PI, struggle to compensate for set-point changes that

take the form of a ramp, resulting in �nite steady-state errors. The conventional hysteresis

regulators used in SRM current control typically lead to variable switching frequency and a

high current ripple. While the two degree-of-freedom (2DoF) current regulator discussed

in the previous chapter ensured robustness against parameter estimation errors, it did not

offer high dynamic performance, especially for tracking trapezoidal reference commands.

This was particularly evident in the poor tracking of second and third order harmonics of

the reference current, ultimately leading to sub-optimal command tracking.

Notably, existing research on current regulator design for SRMs has neglected the cru-

cial aspect of tracking ramp references [Dhale et al., 2021, Gan et al., 2018], leading to

sub-optimal control performance and high torque ripple and NVH characteristics. To ad-

dress these limitations, this chapter introduces a novel control architecture employing a

proportional – integral – double integral (PII2) regulator, ensuring zero steady-state error for

both step and ramp references. The proposed control design is accompanied by a detailed

gain tuning procedure based on the closed-loop system response.

The impact of controller gains on various aspects of system performance, including com-

mand tracking, disturbance rejection, robustness, and stability of the motor-drive system

is analyzed. Comparative simulation and experimental results demonstrate the superior

command tracking performance of the proposed scheme over conventional regulators.
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4.3 Proposed Control Architecture

The motor P(s) is modeled as a �rst-order system as shown in (3.1), and the power converter

N (s) is modeled with a unit sample delay of Ts. The current sensor F (s) is modeled with

a gain k f with a delay Tf , adding noise In to the measured machine current, giving Îm .

In addition to this, disturbance is modeled by a voltage Vd that is added to the output of

the power converter. For SRM, Vd can be broadly classi�ed into two different types. The

known disturbances primarily arise due to back-emf estimation errors, while the unknown

disturbances are caused due to imperfect sensing elements, modeling inaccuracies, and

transport delays.

Figure 4.1: Block diagram of the proposed control algorithm with a PII2 error compensator.

The proposed control architecture in Fig. 4.1 shows a generalized two degree-of-freedom

(2DoF) design [Hussain, 2021], involving a reference feedforward G(s), state feedback H (s),

and the error compensator E(s), represented as a combination of proportional Kp , integral

Ki , and double integral Kt terms. The error compensator utilizes the error between the

reference current I � and the measured current Îm to generate the necessary control action.

However, the state feedback works only on the measured current, while the reference

feedforward compensator utilizes only the reference current.
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4.3.1 Double Integral in Error Compensator

Since the highly dynamic reference currents of SRM follow a trapezoidal nature, the refer-

ence consists of both ramp and step characteristics. The reasoning to use a double-integral

term in the error compensator can be supported by computing the steady-state error. Using

the �nal value theorem (FVT), the steady-state error Es s in the continuous-time domain is

given by

Es s = lim
s! 0

sU (s)

1+ C(s)P(s)
(4.1)

where U (s) is the reference input. For a step input

U (s) = 1=s (4.2)

and for a ramp

U (s) = 1=s2 (4.3)

It can be shown that for a �rst-order system, if C(s) is a PI controller, it gives zero steady-

state error for a step reference. However, for a ramp input, if PI with gains calculated using

pole-zero cancellation with a 3-db bandwidth of ! b [Mehta et al., 2019d] is used as follows

Kp = ! b L̂

Ki = ! b (R̂ph + ˆ! e K̂b )
(4.4)

where machine parameter estimates are denoted by a hat, the steady-state error is

Es s = lim
s! 0

s(1=s2)

1+ (Kp + Ki
s ) 1

Ls+Rph +! e Kb

=
Rph + ! eKb

! b (R̂ph + ˆ! e K̂b )
(4.5)

From (4.5), it can be seen that the PI regulator gives a �nite steady-state error for a ramp

response, where the error is directly proportional to the parameter estimation error and

inversely proportional to the bandwidth. However, for the PII2 regulator, the steady-state

error for a ramp input is computed as

Es s = lim
s! 0

s(1=s2)

1+ (Kp + Ki
s + Kt

s2 ) 1
Ls+Rph +! e Kb

= lim
s! 0

s(Ls + Rph + ! eKb )

s2(Ls + Rph + ! eKb ) + Kp s2 + Ki s + Kt
= 0

(4.6)
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Similarly, for a step input,

Es s = lim
s! 0

s(1=s)

1+ (Kp + Ki
s + Kt

s2 ) 1
Ls+Rph +! e Kb

= lim
s! 0

s2(Ls + Rph + ! eKb )

s2(Ls + Rph + ! eKb ) + Kp s2 + Ki s + Kt
= 0

(4.7)

From (4.6) and (4.7), it is seen that the presence of a double integral in the error compensator

ensures zero steady-state error for both step and ramp inputs, even under parameter

estimation errors.

4.3.2 Closed Loop Performance

The output phase current of the closed-loop system shown in Fig. 4.1 is given by

Im = M t I � + M d Vd + M n In (4.8)

where command tracking M t , disturbance rejection M d , and noise sensitivity M n transfer

functions are

M t =
N F (C + G)

P � 1 + N F (C + H )

M d =
F

P � 1 + N F (C + H )

M n =
� N F (C + H )

P � 1 + N F (C + H )

(4.9)

It is assumed that the current sensor delay is negligible compared to the sampling period

i.e. Tf � Ts and sensor gain k f is unity. Further, the power converter delay is neglected.

Under these assumptions, the command tracking transfer function is derived as

M t =

Kp + K f

L

€
s2 + Ki

Kp + K f
s + Kt

Kp + K f

Š

�
(4.10)

where,

� = s3 +
(Rph + ! eKb + Kh + Kp )

L
s2 +

Ki

L
s +

Kt

L
(4.11)

Similarly, the disturbance rejection and sensor noise sensitivity transfer functions are
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respectively obtained as

M d =
s2=L

�

M n =

Kp + Kh

L

€
s2 + Ki

Kp + Kh
s + Kt

Kp + Kh

Š

�

(4.12)

4.4 Gain Tuning

In an ideal scenario, the closed-loop command tracking response is desired to be shaped

like a �rst-order low-pass �lter where the bandwidth is controllable or a second-order

function where the bandwidth and the damping is controllable. From (4.10), it is seen that

the command tracking transfer function consists of two zeros and three poles making it a

third-order system. This transfer function is further represented as a combination of �rst

and second order dynamics as shown below

H t =
Ko (s2 + 2� n ! n s + ! 2

n )

(s + 
 )(s2 + 2� d ! d s + ! 2
d )

(4.13)

where Ko represents the gain, � n and ! n represent the second-order dynamics of the zeroes,


 represents one pole, and � d and ! d represent the second-order dynamics of the other two

poles. This method of representation assists in utilizing different tuning strategies wherein

a particular dynamics (�rst or second-order) can be made more dominant than the other,

while also providing �exibility with the selection of location of the two zeros.

To compute the values of the gains, coef�cients of the numerator and the denominator

of (4.10) and (4.13) are compared, and the following gain values are obtained in terms of

the machine and design parameters

Kp + K f =
! 2

d

! 2
n


 L̂

Ki = (! 2
d + 2� d ! d 
 )L̂

Kt = ! 2
d L̂ 


Kp + Kh = (2� d ! d + 
 )L̂ � R̂ph � ˆ! e K̂b


 =
! n ! d

2(� n ! d � � d ! n )

(4.14)

where L̂ , R̂ph , ˆ! e and K̂b are estimates of the machine parameters. It is observed that
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the �rst-order pole 
 is dependent on the zeros and other two pole locations, leading to

coupling between the zero and pole dynamics. Further, to ensure stability, a constraint of

all poles lying on left-half of the s-plane needs to be imposed, leading to

Constraint: 
 > 0 =)
! d

� d
>

! n

� n
(4.15)

Substituting the gain values of (4.14) in (4.10) and assuming accurate parameter estima-

tions, the command tracking transfer function is obtained as

M t =

! 2
d

! 2
n

 (s2 + 2� n ! n s + ! 2

n )

(s + 
 )(s2 + 2� d ! d s + ! 2
d )

(4.16)

where the zeros have a second-order response, while the poles are governed by a combina-

tion of �rst and second-order responses.

It is evident that if the second-order dynamics of the zeros and the poles are kept close

to each other, their effect is canceled out and the effective system dynamics is governed

only by the pole 
 . However, as seen later, due to delay and discretization effects, the zero

dynamics play an important role in the closed-loop system performance.

4.5 Linear Analysis

In this study, key performance metrics such as command tracking, disturbance rejection,

stability, and robustness are evaluated to assess the controller's ef�cacy and identify critical

regions of instability. For the analysis, a SRM model is considered with a �xed value of L

equal to Lu and Kb set to 18.5 � H/ deg. It is assumed that the motor is operating at a �xed

speed of 500 rpm. Further, a continuous-time equivalent of a discretized PII2 regulator

using Tustin approximation is considered. The power converter delay is linearized using a

�rst-order Padé approximation as shown

N (s) =
� Ts

2 s + 1
Ts
2 s + 1

(4.17)

4.5.1 Command Tracking Performance

The analysis of closed-loop performance for various values of ! d and ! n is performed. From

Fig. 4.2(a), it is evident that when the zero and pole second-order dynamics are close to each
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