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Abstract

This research focuses on implementing a robust direct torque control (DTC) system for a
Switched Reluctance Motor (SRM) by employing nonlinear approaches such as sliding mode
control, Twisting controller (TC), and Super Twisting controller (STC). The initial phase
involves the modeling of the SRM and its power supply, predominantly comprising a voltage
inverter. Subsequently, the DTC technique is introduced and applied to the SRM. In the
subsequent phase, two distinct control strategies, namely classical DTC and sliding mode
DTC for SRM, are presented and discussed. Various numerical simulations are conducted
to illustrate and explicate the effectiveness of these control techniques. In the final phase,
Twisting and Super Twisting regulators are proposed with the intention of improving the
chattering problem encountered in SRM control. The simulation results are subsequently

presented to substantiate this assertion.

Keywords: Switched Reluctance Motor (SRM); Direct Torque Control (DTC); Sliding
Mode Control (SMC); Chattering Phenomenon



Contents

Dedication ii
Acknowledgements iii
Abstract iv
List of Figures vii
List of Tables ix
List of Abbreviations b'e
Introduction xi

1 Description, Modeling and Supply of Switched Reluctance Motor (SRM)

1.1

1.2

1.3

1.4

1.5

1.6

1
Fundamental of Switched Reluctance Motor . . . . . . .. .. ... ... ... 2
1.1.1  Description of SRM . . . . . . .. .. 2
1.1.2  Torque — Speed Characteristics . . . . . . . . . . .. ... ... .... 3
1.1.3  Operation Principle of SRM . . . . . . .. ... .. ... .. 4
1.1.4 The Correlation Between Inductance and Rotor Position . . . . . . . . 5
Advantages and Disadvantages of SRM . . . . .. .. ... ... ..., 6
1.2.1 Advantages . . . . . . ... 7
1.2.2 Disadvantages. . . . . . . . . ... 7
Modeling of SRM . . . . . . ..o 8
1.3.1 Torque Production in SRM . . . . .. ... ... ... ... ... .. 9
1.3.2  Mechanical Model (the motion equation) . . ... ... ... ... .. 10
Supply of The Switched Reluctance Motor . . . . . . . .. ... .. ... ... 11
1.4.1 Energization of the phase of SRM . . . . . ... ... ... ... ... 11
1.4.2  Asymmetric Half-Bridge Converter . . . . . . . . ... ... ... ... 11
Simulation of SRM with Current Loop Control . . . . . . ... ... ... .. 13
1.5.1 Simulation Results . . . . . . ... .. ... .. L 13
Conclusion . . . . . . . . . e 15



Contents

2 Direct Torque Control for SRM Using PI Controller
2.1 Direct Torque Control . . . . . . . . . . .. ...
2.1.1 Bases of DTC Control . . . . . . .. ... ... ... .....
2.1.1.1 Stator flux control principle . . . . . ... ... ... ... ..

2.1.1.2  Principle of electromagnetic torque control . . . . . .. ...

2.1.1.3 Estimation of flux

2.1.1.4 Estimation of the electromagnetic torque . . . . .. ... ..
2.1.2  Direct Torque Control Applied on SRM 8/6 . . . . . ... ... ....
2.1.2.1 Principle of DTC Applied on SRM 8/6 . . . . ... ... ..
2.1.2.2  Speed regulation using PI controller . . . . . . . .. ... ..

2.2 Simulation and Results . . . . . . . . . ..
2.2.1 Block diagram of classic DTC
2.3 Conclusion . . . . . . .. e

3 High Order Sliding Mode Control of SRM
3.1 Sliding mode control . . . . . .. .. L Lo

3.1.1 Sliding surface choice . . . . . .. . .. ... ... ...

3.1.2 Existence conditions of sliding mode . . . . . .. .. ... ... ...
3.1.3 Control design . . . . . .. . .
3.1.4 Chattering phenomenon . . . . . . . . . ... ...

3.1.5 Solutions to reduce the Chattering phenomenon . . . . .. .. .. ..

3.1.5.1 Changing the switching function . . . . . . ... .. ... ..

3.1.5.2  Solution by approach laws . . . . .. ... ... ... ....

3.1.5.3  Solution by higher order sliding modes controllers . . . . . .

3.2 Second order sliding mode control

3.21 Control design . . . . . . . . .
3.2.2  Examples of second order sliding mode control . . . .. ... ... ..

3.2.3 Twisting algorithm . . . . . . . .. .. ... Lo

3.2.4  Super Twisting algorithm . . . . . ... ... ... ... .. ... ...

3.2.5 Design of sliding mode controllers . . . . . .. ... ... ... ... .

3.2.5.1 First order SM-speed controller design . . . . . . .. .. ...

3.2.5.2 Twisting SM-speed controller design . . . . . .. .. ... ..

3.2.5.3 Super Twisting SM-speed controller design . . . . . .. ...

3.3 Simulation, Results, and Discussion

3.3.1 Results of simulations . . . . . . . . . . . ... .

3.4 Conclusion . . . . . . . . e

Conclusion & Future Plans

Appendices

Bibliography

vi

16
17
17
17
18
19
20
21
21
24
26
26
30

31
31
32
33
34
35
36
36
37
37
38
38
39
39
40
41
41
42
43
44
44
49

51

52

53



List of Figures

1.1 8/6 SRM structure . . . . . . . ... L 2
1.2 Torque-speed curve of SRM . . . . . . ... 3
1.3 Three phase SRM cross section: a) Unaligned rotor position, b) Aligned rotor
position . . . ..o 4
1.4 wvariation of inductance . . . . . . . .. L L Lo 5
1.5 Optimal Phase Inductance under Rotor Position Variation . . . . . .. . . .. 5
1.6 The inductance profiles of the SRM’s three phases . . . .. ... ... .... 6
1.7 Co-energy graph between aligned and unaligned rotor situations . .. .. .. 10
1.8 Mechanical drive of the motor system . . . . ... ... ... ... .. ... 11
1.9 Typical diagram of the phase current for a VSSRM drive . . . ... ... .. 11
1.10 Four-phase asymmetric half-bridge converter . . . . . . .. ... ... .... 12
1.11 Asymmetric half-bridge converter switching states. (a) Magnetization. (b)Demagnetization.
(c) Freewheeling. . . . . . .. ... 12
1.12 Block diagram of current loop controlof SRM . . . . . . ... ... ... ... 13
1.13 Position Sensor . . . . . . . .. L 13
1.14 One phase flux ripples . . . . . . . . . . . 14
1.15 Output current ripple of one phase . . . . . . . ... ... ... ... ... 14
1.16 Motor speed with load . . . . . . . . . . . . ... ... 14
1.17 Torque ripple under load . . . . . . . . . . .. Lo 15
2.1 Stator flux vector trajectory. . . . . . ... oo 18
2.2 Two-level hysteresis controller for controlling the flux error. . . . . . . .. .. 20
2.3 Three-level Hysteresis Controller for Control of Torque Error . . . . . .. .. 21
2.4 Definition of SRM motor voltage vectors for DTC. . . . . . ... ... .. .. 22
2.5 Definition of 2- axis for motor voltage . . . .. .. ... ... ... ... .. 23
2.6 Speed regulation loop . . . . ... 24
2.7 DTC with PI speed regulator for SRM . . . . . .. .. .. ... ... ..... 26
2.8 Block diagram of DTC with PI regulator of SRM . . . . . .. ... ... ... 27
2.9 Flux and torque hysteresis controller plus sector determination . . . . . . .. 27
2.10 Switching table . . . . . . .. Lo 28
2.11 Output current ripple of one phase . . . . . .. .. ... ... ... ...... 28
2.12 Omne phase flux linkage ripple and the total stator flux vector . . .. .. ... 29
2.13 Speed of the motor with zoom at the time of loading the motor . . . . . . . . 29
2.14 Torque ripples . . . . . . . e 30
3.1 Sliding mode principle of state trajectory. . . . . . . . ... ... ... 32
3.2 Equivalent control structure. . . . . .. .. oL oo 34
3.3 The chattering phenomenon . . . . . . . .. .. oL oL L Lo 36

vii



List of Figures

3.4
3.5
3.6
3.7
3.8
3.9
3.10
3.11
3.12
3.13
3.14
3.15
3.16
3.17
3.18

Saturation and sigmoid functions. . . . . .. ... oL o oL 36
Twisting controller trajectory . . . . . . .. .. . o oL 40
Torque response for 1st Order Sliding Mode . . . . . .. .. ... ... ... 44
Torque response for Twisting controller . . . . . ... ... ... ....... 45
Torque response for Super-Twisting controller . . . . . . .. ... ... ... 45
Speed response for 1st Order Sliding Mode . . . . . .. .. .. .. .. .. .. 46
Speed response for Twisting controller . . . . . . . .. .. ... ... ..... 46
Speed response for Super-Twisting controller . . . . . . ... ... ... ... 46
Speed PI/1st order SM/Twisting SM/Super Twisting SM . . . . .. ... .. 47
Output current ripple of one phase for First Order Sliding Mode . . . . . .. 47
Output current ripple of one phase for Twisting controller . . . . .. .. .. 47
Output current ripple of one phase for Super-Twisting controller . . . . . .. 48
One phase flux linkage for 1st Order Sliding Mode . . . . . .. .. .. .. .. 48
One phase flux linkage for Twisting controller . . . . . . . ... ... .. .. 48
One phase flux linkage for Super-Twisting controller . . . . . . . ... .. .. 49

viii



List of Tables

1.1
1.2

2.1
2.2
2.3

3.1

The variation of inductance affects the production of torque . . . . . .. . .. 6
The comparison of SRM with other motors . . . . ... ... ... ...... 8
Switching Logic for Flux error . . . . . . . .. . ... .. L 0oL 20
Switching Logic for Torque Error . . . . . . . .. .. ... ... . ... 21
Switching Table of space voltage vectors . . . . . . . . .. .. ... ...... 24
The different performances of each controller . . . . ... ... ... ... .. 49

ix



List of Abbreviations

AC Alternating Current

DC Direct Current

DTC Direct Torque Control

HOSC High Order Sliding Mode Control
PM Permanent Magnet

PWM Pulse Width Modulation

SM Sliding Mode

SMC Sliding Mode Control

SRM Switched Reluctance Motor
STSMC Super Twisting Slinding Mode Control
TSMC Twisting Sliding Mode Control
VRM Variable Reluctance Motor

VSSRM Voltage Source Switched Reluctance Motor



Introduction

The Switched Reluctance Motor (SRM) has gained significant attention in both academic
and industrial circles due to its simple construction and robust behavior, particularly in high-
speed applications. Furthermore, SRMs exhibit high efficiency and require minimal mainte-
nance. These advantages have positioned switched reluctance motor drives as a promising
alternative to AC induction motor drives and permanent magnet synchronous motor drives
in specific applications. The switched reluctance motor is an electrical machine that con-
verts electric power into mechanical power. Similar to conventional motors like induction
and synchronous motors, it can operate in all four quadrants, allowing for clockwise and

anticlockwise rotor rotations [1].

Controlling the switched reluctance motor is not as straightforward as traditional machines.
One crucial aspect of control is minimizing torque ripple, which has been extensively studied
in the field [2]. Nonetheless, SRMs still face certain challenges that prevent their widespread
use. The main issues include excessive acoustic noise caused by radial forces affecting the
rotor and substantial torque ripple when stator currents are controlled using conventional
PID-type controllers. Addressing the former problem can be achieved through appropri-
ate machine design, while the latter necessitates the adoption of non-conventional control

techniques [3].

The control complexity of SRMs has led to the development of various control strategies,
with Direct Torque Control (DTC) being the most popular. DTC exhibits excellent perfor-
mance during transient and steady-state phases. Initially, PID controllers were employed
due to their simplicity and ease of implementation. However, they lack robustness when
faced with variations in machine parameters. To accommodate a broader range of param-
eter variations and ensure robustness regardless of the operating point, a nonlinear control
technique called variable structured control (VSC) or sliding mode control (SMC) has been
widely adopted. VSC/SMC is known for its simplicity, speed, and robustness, demonstrating

effectiveness in numerous applications.

Despite the aforementioned advantages, controllers utilizing variable structures suffer from
a significant drawback known as chattering. To mitigate this issue while maintaining control
robustness, various solutions have been proposed to strike a balance between reducing the

chattering phenomenon and preserving control performance.

Based on these considerations, this study proposes a robust nonlinear control approach
utilizing the Twisting controller (TC) and Super Twisting controller (STC) for switched
reluctance motors under various conditions. The primary objective of employing Twisting

and Super Twisting control in this work is to enhance the performance of sliding mode



control by minimizing the chattering phenomenon while retaining the desirable properties of

the control mode.
The report is structured into three chapters as follows:

The initial chapter aims to provide a description, model, and supply of the Switched Re-
luctance Motor (SRM).

The second chapter is dedicated to the modeling and conventional Direct Torque Control
(DTC) of the switched reluctance motor (SRM). The classical Proportional-Integral (PI)
controller will be utilized. Various results from digital simulations of vector control will be

presented and analyzed.

The final chapter focuses on the design of a sliding mode controller (SMC) for the SRM.
Firstly, the design steps of the SMC will be thoroughly explained. To mitigate chattering
phenomena, we propose the utilization of Twisting and Super Twisting control algorithms,
also known as second-order sliding mode controllers for the SRM drive. Simulation results

will be provided to validate this approach.

To conclude this study, a comprehensive summary will be presented, highlighting key ob-

servations and suggesting potential areas for future research in this field.



Chapter 1

Description, Modeling and Supply
of Switched Reluctance Motor
(SRM)

Introduction

Switched Reluctance Motors (SRMs) have attracted increasing attention from researchers
worldwide due to their uncomplicated mechanical design and cost-effectiveness. Furthermore,
the absence of permanent magnets or windings in the robust rotor enhances its fault-tolerant
capability and enables efficient high-speed performance. Nevertheless, the inherent doubly
salient structure and nonlinear magnetization characteristics of SRMs result in a significant

output torque ripple, which imposes limitations on their broader application [4].

While the operational principles of SRMs are straightforward, achieving proper control
of these motors remains a challenge. The inherent nonlinearity of SRMs means that torque
production heavily relies on the pole geometry, which is influenced by both the stator current

and rotor position [4][5].

In this chapter, we will provide an introduction to the switched reluctance motor, explaining
its functionality, modeling, and power supply. Additionally, we will discuss the drawbacks of

SRMs and present simulations to illustrate these limitations.
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1.1 Fundamental of Switched Reluctance Motor

1.1.1 Description of SRM

A switched reluctance motor shares physical similarities with other rotating motors such
as AC and DC varieties. For example, it resembles an induction motor or a DC-powered
motor. Figure 1.1 illustrates the structure of an 8/6 pole SRM, which consists of two distinct
components. Typically, the number of poles in the stator and rotor is different. Unlike other
motor types, the windings in a switched reluctance motor are less complex. Only the stator
poles have coils wound around them, while the rotor poles lack any winding. The number
of phases formed by connecting opposite pole windings in parallel or series is exactly half
of the stator poles. Consequently, a single phase excites two stator poles. The rotor has
a simple laminated structure with protruding poles but no winding. This design offers the
advantage of reducing copper loss in the rotor winding. In applications where higher efficiency
is required, silicon steel is the preferred material for the rotor stampings. To accommodate
the high-speed operation of the rotor in aerospace applications, cobalt and iron materials,
along with other adjustments, are employed. Minimizing the air gap size, typically between
0.1 and 0.3mm, is a key consideration. It is considered optimal for the rotor pole arc to be

approximately equal to the stator pole arc [6].

FIGURE 1.1: 8/6 SRM structure
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1.1.2 Torque — Speed Characteristics

When utilizing electric machines under different circumstances, it is crucial to take into
account various factors. However, the primary objective is to achieve the highest possible
power output. An essential visual representation, as shown in Figure 1.2, is the torque-speed
curve. This curve illustrates the performance of the machine in different operating conditions,
demonstrating the connection between motor speed and its maximum torque at each speed.
Furthermore, it provides information about the machine’s maximum power output. Given

that the equation defines the output of any electric machine:

Pour = Tw (1.1)

Torque
3

Constant Power

Trated

Constant Torque

e Low current density.
®  Very high BEMF.
®  Very poor current controllability.

®  High current density.
¢ Low BEMF.
¢ Good current

controllability ¢ Low current density.

e High BEMF.
*  Poor current controllability.

(Drated . (DEigh
Mechanical Speed (o)

F1GURE 1.2: Torque-speed curve of SRM

The machine’s output power, denoted as Py, is determined by its mechanical torque (T
and rotor speed (w). Different speed loadings impose various limitations and constraints on
the machine’s operation. At low speeds, the torque production is limited by the machine’s
thermal constraints, as it cannot withstand higher currents. On the other hand, at high
speeds, the motor encounters restrictions due to the high back EMF voltage, which hampers

current build-up.

Another constraint arises from the limited time available for the accumulation and discharge
of electric current at fast rates. In the case of a synchronous motor like an SRM, the electrical
cycle diminishes with an increase in motor velocity, leading to a shorter duration for current

discharge.

This abbreviated electrical cycle often results in a residual current that extends into the
negative torque region, thereby reducing the overall torque output of the machine. The main
goal of this thesis is to tackle the challenge of efficiently discharging the current at higher
speeds.
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Improving the rate of current discharge can have positive effects on torque production by
allowing for a longer magnetization time (higher turn-off), potentially increasing positive
torque. Additionally, it can minimize negative torque production since the current will be

reset to zero before entering the negative torque zones [7].

1.1.3 Operation Principle of SRM

Figure 1.3 presents a cross-sectional perspective of a three-phase switched reluctance motor
(SRM). Smooth rotation is achieved by supplying the appropriate current to each phase
winding at the corresponding rotor angle. The excitation occurs sequentially, transitioning
from one phase to the next as the rotor rotates. The alteration in inductance throughout

this process is depicted in Figure 1.4.

When the rotor poles R1 and R1” align with the stator poles, the application of an electric
current to the A phase winding results in magnetic flux passing through the A and A~ stator
poles, as well as the R2 and R2’ rotor poles. This generates an energy that attracts the rotor
poles towards A and A’. Once the R2 and R2’ poles align correctly with the stator poles,

the current in phase A is deactivated, as illustrated in Figure 1.3 [8].

FIGURE 1.3: Three phase SRM cross section: a) Unaligned rotor position, b) Aligned rotor
position

The SRM acquired its name due to the technique employed in rotor movement, which entails
the converter switching process. This methodology functions based on the principle that
when the rotor aligns with the stator poles, the space between them diminishes, leading to
an elevation in inductance. This connection between the rotor and stator is the fundamental

reason behind the SRM’s designation.
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Inductance

Rotor Angle B

4
19!( e X3T>K Ly

]

Rotor and stator poles aligned

FIGURE 1.4: variation of inductance

1.1.4 The Correlation Between Inductance and Rotor Position

Figure 1.5 demonstrates the optimal change in phase inductance in relation to the rotor’s

location for a 6/4 switched reluctance motor (SRM).

10
A=A
Ly ..
I
4 :[f\ |
7

0, 66, 6 6 ¢

FIGURE 1.5: Optimal Phase Inductance under Rotor Position Variation

Where:

=g |5 - (6t 6]

1

2 | N,

O = 01 + s
92:02+(5r_/85)

04 = 03+ fs

2
6’5:94—i—91=ﬁ7r

T

Figure 1.6 illustrates the three-phase inductance profile of the 6/4 SRM.
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L (&)

FI1GURE 1.6: The inductance profiles of the SRM’s three phases

TABLE 1.1: The variation of inductance affects the production of torque

Rotor Angles | Results

0 - 61 and 04 - 85 | When there is no overlapping between rotor and stator
leads to minimum inductance and no production of
torque.

01 - 09 Poles overlap, increasing of inductance with positive
slope, a positive torque generation.

05 - 053 If the Intersection in between the rotor stator remains
unchanged and the inductance is maintained at its
highest value, then there will be no production of
torque.

O3 - 04 As the rotor pole moves further from overlapping, the
inductance lowers, leading to a negative slope and neg-
ative torque production.

The basic concept of a switching reluctance motor has been illustrated in the simplified
representation above. Nevertheless, practical motors will display a gradual change in the
inductance profile across the transition regions owing to the magnetic saturation caused by a
rise in flux density in the ferromagnetic material during the alignment of pole. Furthermore,
there will be delays in the smooth rise of coil currents, leading to irregularities or fluctuations

in the overall generation of electromagnetic torque.

1.2 Advantages and Disadvantages of SRM

In this section, we will present the strengths and weaknesses of the SRM resulting from its

specific design.
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1.2.1 Advantages

The SRM possesses distinct features that position it as a strong competitor to existing AC
and DC motors in adjustable-speed drive and servo applications. The advantages of an SRM

can be summarized as follows [9]:

e The construction of the machine is simple and cost-effective due to the absence of rotor

winding and permanent magnets.

e There are no shoot-through faults between the DC buses in the SRM drive converter,

as each rotor winding is connected in series with converter switching elements.

e The need for bidirectional currents is eliminated, thereby reducing the number of power

switches required in certain applications.
e The majority of losses occur in the stator, which is comparatively easier to cool.

e The torque-speed characteristics of the motor can be easily customized to meet the
specific requirements of the application during the design phase, in contrast to induction

and PM machines.

e The SRM exhibits a high starting torque without the concern of excessive in-rush

current, thanks to its elevated self-inductance.

e The occurrence of open-circuit voltage and short-circuit current during faults is minimal

or negligible.

e The absence of permanent magnets allows for a higher maximum permissible rotor

temperature.
e The SRM boasts a low rotor inertia and a favorable torque-to-inertia ratio.

e It is capable of achieving extremely high speeds while maintaining a wide constant

power region.

e The independent stator phases enable continued operation of the drive even in the

event of the loss of one or more phases.

1.2.2 Disadvantages

The SRM does have a few disadvantages, with torque ripple and acoustic noise being the
most significant. The double saliency construction and the discrete nature of torque produc-
tion by the independent phases contribute to higher torque ripple compared to other types of

machines. This increased torque ripple also leads to a large ripple current in the DC supply,

7
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necessitating a substantial filter capacitor. Additionally, the doubly salient structure of the
SRM results in higher acoustic noise levels compared to other machines. The primary source
of this noise is the radial magnetic force causing resonant vibrations with the circumferential

mode shapes of the stator.

Furthermore, the absence of permanent magnets places the burden of excitation on the sta-
tor windings and converter, which increases the converter’s kVA requirement. In comparison
to PM brushless machines, the stator copper losses per unit will be higher, leading to re-
duced efficiency and torque per ampere. However, unlike PM machines, the maximum speed
at constant power is not limited by fixed magnet flux, allowing for an extended constant
power region of operation in SRMs. The control system for SRMs can be simpler than the
field-oriented control used for induction machines, although significant computations may be

necessary for minimizing torque ripple in an SRM drive [9].

TABLE 1.2: The comparison of SRM with other motors

Induction | Synchronous | DC Motor | Step Mo- | SRM
Motor Motor tor
Supply Alternating | Alternating Direct volt- | Direct volt- | Direct volt-
voltage voltage voltage age age age
Excitation | Not re- | Direct voltage | Direct volt- | Not re- | Not re-
voltage quired age quired quired
Driver Necessary Necessary  in | Necessary Always nec- | Always nec-
in variable | variable speed | in variable | essary essary
speed ap- | applications speed ap-
plications plications
Operation | Low Average Average Low Low
and main-
tenance
costs
Cost Low High High Average Average
Driver High High High Average Average
cost
Efficiency | Average High Average Average High

1.3 Modeling of SRM

When the interaction between phases is disregarded, the voltage across the phase terminals
of a Switched Reluctance Motor (SRM) can be expressed by [10].

d
V=Rt

-t (1.7)
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Where ¢ is the flux linkage and R is the stator winding resistance. Magnetic saturation
can be taken into account, with the flux linkage being a function of both current and rotor

position, . Flux linkage, therefore, can be defined as:

Replacing (1.8) in (1.7) and calculating the flux linkage derivative, results

v=Ri+L(0, i)%f + iaLéi’ )

(1.9)

When the derivative of the inductance with respect to time is expanded, the outcome is :

OL(0,i) _ OL(0,i)d9 | OL(,i) di
ot ot dt di dt

(1.10)

1.3.1 Torque Production in SRM

When a current, denoted as i, in Figure 1.7, is applied while maintaining the rotor at a
position #; between the unaligned and aligned positions, the instantaneous electromagnetic
torque can be calculated according to [8]. If the current i, is kept constant while allowing
the rotor to move incrementally from position 61 to 81 + ABpech, the corresponding equation
is derived:

AWinech = TemAbpmech (1.11)

The incremental energy delivered by the electrical source is the equation:
AWelee = area(l — o1 — o — 2 — 1) (1.12)

Where 1 and 2 are flux linkages at two rotor positions. The area above is the incremental

energy stored with corresponding winding so
AWstorage = area(0 — 2 — ¢g — 0) —area(0 — 1 — ¢ — 0) (1.13)
The mechanical work done is the difference between the electrical energy and energy stored

Avaech = AI/Velec - Avvstomge (1'14)

Thus, the amount of mechanical work performed equates to the co-energy existing between
two distinct positions of the rotor, namely position 1 and position 2. Consequently, the

electromagnetic torque can be expressed as a dependent variable on both the rotor position
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F1cURE 1.7: Co-energy graph between aligned and unaligned rotor situations

and the current. o
w
T, =
00

Considering the nonlinearity of torque with respect to both the phase current and rotor

(1.15)

position, as illustrated in Figure 1.7, Equation (1.15) can be reformulated to represent the

change in inductance from the unaligned position to the aligned position.

1 ,2dL
Te = 52 @ (116)

1.3.2 Mechanical Model (the motion equation)

In order to regulate the speed of the Switched Reluctance Motor (SRM), it is necessary
to consider the mechanical equations related to the load during the simulation process. By
adopting this approach, the motor’s speed performance can be analyzed both under loaded
conditions and in the absence of any load. In the mechanical model, it is possible to incorpo-
rate the effects of friction within the system. The corresponding equation, can be expressed
as follows [10]:

Ttriction = Bw (1.17)

By utilizing the equation mentioned above, the equation of motion for a rotating system

can be expressed in the following manner:

d
“m | Bw+TL (1.18)

T. = Jeq 7

Where T, is the electromagnetic torque for the motor. The illustrated graph, labeled as
Figure 1.8, depicts the intended operation of the motor in terms of driving the load, as

determined by the aforementioned equations.

10
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-------------------- }'.” e
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FIGURE 1.8: Mechanical drive of the motor system

1.4 Supply of The Switched Reluctance Motor

1.4.1 Energization of the phase of SRM

The voltage source switched reluctance motor (SRM) drive employs a voltage source supply
and a hysteresis controller to achieve alignment between actual and desired currents. It allows
for different current waveforms by applying a constant amplitude voltage generator across
phases at specific rotor positions. Operating modes A and B exist within the energizing
interval, regulating phase current based on the relationship between back electromotive force
(emf) and source voltage. The de-energizing interval involves current dissipation without

applied voltage. [10]

e L ®) L ()
|

} 1

; — ) 6. O 6a B, 8. a,
4 6. 0 6. 8B B 6. a, ‘ « B 6,

(a) Chopping mode (Mode A) (b) Single pulse mode (Mode B)

FI1GURE 1.9: Typical diagram of the phase current for a VSSRM drive

1.4.2 Asymmetric Half-Bridge Converter

A static converter is necessary to ensure the correct phase excitation and uninterrupted

functioning of a (SRM). Among the various topologies available, the asymmetric half-bridge

11
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(AHB) converter is widely employed. This converter topology, depicted in Figure 1.10,
enables independent control of each phase of the machine. For each phase, two switches and
two diodes are utilized. An advantageous feature of this converter is its versatility, allowing

it to drive the machine as a motor or generator with minimal physical modifications.

Phase a " Phaseb " Phasec Phase d

FI1GURE 1.10: Four-phase asymmetric half-bridge converter

In the analysis of the AHB converter, each phase is excited individually without overlap-
ping, allowing for separate examination of the switching states, as illustrated in Figure 1.10.
The initial switching state occurs when both switches are closed and both diodes are blocked,

as depicted in Figure 1.11(a).

During this state, the phase experiences the application of the DC-link voltage, leading
to an increase in current while the switches remain closed, representing the magnetization
process. Subsequently, when the switches are opened, the energy stored in the winding causes
the diodes to become forward biased, enabling the flow of current through a new pathway.

This initiates the second switching state of the converter, as presented in Figure 1.11(b).

In the second state, a negative DC-link voltage is applied to the phase, causing a decrease in
phase current and demagnetization of the winding. The diodes remain conducting until the
switches are closed again or the phase current reaches zero. Additionally, a third switching
state can be employed, where only one switch is closed while the other is opened, as illustrated
in Figure 1.11(c). This state, referred to as freewheeling, allows current to flow solely through

the phase, a switch, and a diode, with zero voltage being applied to the winding [12].

(a) (b) (c)

FIGURE 1.11: Asymmetric half-bridge converter switching states. (a) Magnetization.
(b)Demagnetization. (c) Freewheeling.
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1.5 Simulation of SRM with Current Loop Control

In this section, we will conduct a simulation of the Switched Reluctance Motor (SRM)
using Simulink-Matlab. The focus will be on implementing a current loop control, with-

out incorporating any additional control techniques. This simulation aims to evaluate the

performance of the SRM under these conditions.

Discrete
(auto)

powergui

simout

Scope 8/6
Ref
Al A1
G A2 A2
B1 B1
Turn-on angle (deg) a2 s ic}:g
B2 B2 m
v+
Turn-off angle (deg) beta o o1
Position_Sensor c2 c2
T—- V- D1 D1
D2 D2
Four phases
CONVERTER Switched Reluctance Motor
(8/6 specific model)

FIGURE 1.12: Block diagram of current loop control of SRM

alfa K—Tf 4@4
4 mod z-
w

[IA] [v]
;

FIGURE 1.13: Position Sensor

1.5.1 Simulation Results

In this section, we initiated the simulation of the Switched Reluctance Motor (SRM) with-

out any external load. Subsequently, at t=0.25s, we introduced a load of 6 N.m.

13
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FI1GURE 1.15: Output current ripple of one phase

1800 al

0 I I I I I I I I
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Time (seconds)

FIGURE 1.16: Motor speed with load

As shown in Figure 1.16, the transitional phase lasts approximately 0.025 seconds, after
which the system reaches a stable state with a speed of approximately 1800 revolutions per
minute (rpm). However, when a load is introduced at 0.25 seconds, the speed decreases to
around 1500 rpm. It becomes evident that there is a significant speed fluctuation, and due

to the absence of a regulator, the speed remains reduced.

Once the load is introduced in Figure 1.15, the current of approximately 70 A is achieved,
resulting in an increase in current ripple and subsequently leading to an increase in torque

ripple. This also applies to the flux, which reaches approximately 0.42 Wbh.
14
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FIGURE 1.17: Torque ripple under load

During the transitional phase showed in Figure 1.17, the torque experiences periodic fluc-
tuations, ranging from 0 up to approximately 80N.m. This transitional regime persists for
approximately 0.02s before transitioning into a stable phase. From 0.02s to 0.25s, the torque
enters a permanent regime, stabilizing at around 8.5N.m. Furthermore, when a load of 6N.m
is applied to the motor, the torque further increases to approximately 30.m. Torque ripple

calculation is given by:

Tmax — Tmin
Tipple = <3Td) x 100 (1.19)
mi1
Tnax — T
Thippre = = = 115 x 100 = 115% (1.20)
mi1

The depicted machine exhibits significant torque fluctuations, rendering it unsuitable for
many applications without the implementation of a control technique aimed at mitigating

this problem.

1.6 Conclusion

In this chapter, a thorough examination of the current state of technology was conducted,
focusing on the structural and operational aspects of SRMs. The advantages and disadvan-
tages of SRMs were discussed, with one notable drawback being the presence of high torque

fluctuation, also known as ripples.

The next chapter will deal with the conventional DTC applied to SRM.
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Chapter 2

Direct Torque Control for SRM
Using PI Controller

Introduction

The 8/6 4-phase Switched Reluctance Motor (SRM) presents several key issues. Firstly,
its non-sinusoidal excitation defies conventional rotating field theory. Secondly, the motor
displays highly nonlinear behavior. Thirdly, challenges arise from the interaction between
phases during current commutation. Lastly, performing the 4-phase vector transformation
poses a difficulty. Additionally, variations and drift in parameters can cause significant

deviations in the phase inductance profile compared to the original design data [13].

The direct torque control (DTC) technique employed in the variable reluctance machine
involves directly determining the sequence of commands applied to the power converter
switches. This approach typically relies on hysteresis comparators, which play a crucial role
in regulating the magnitudes of the stator flux and electromagnetic torque. Alternatively, the
torque can also be estimated directly by considering the phase currents and rotor position of

the machine.

Within the direct torque control methodology, the designated torque reference is compared
with the real or estimated torque of the machine. This evaluation enables the determination
of the sign of the torque control error. Based on the rotor’s position, a specific phase is
chosen and activated to either enhance or diminish the machine’s torque, aiming to attain
the targeted reference torque. This selection process relies on a switching table derived from
qualitative rules governing torque behavior, and it forms the central component of the control
algorithm [14].

This chapter focuses on the development of a Direct Torque Control (DTC) scheme specif-

ically designed for an 8/6, 4-phase switched reluctance motor.
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2.1 Direct Torque Control

2.1.1 Bases of DTC Control

The primary objective of implementing Direct Torque Control (DTC) is to achieve precise
regulation of the stator flux and electromagnetic torque. This technique relies on acquiring
knowledge of the currents (I5) and voltages (Vs) of the stator, and optionally the rotor speed

(wy) for regulation purposes.

During steady-state operation, the stator flux can be readily estimated based on I, Vs, and
the stator speed (ws). The calculation of flux and torque values does not require a complex

feedback loop and is independent of the rotor parameters.

Unlike Field-Oriented Control (FOC), where current regulators are employed, DTC directly
controls the switches, leading to significantly enhanced performance and offering a notable

advantage [15].

2.1.1.1 Stator flux control principle

In the given equation:
dps
dt

vy = Rglg + (2.1)

The stator voltage v is related to the stator current Iy and the rate of change of stator flux

s with respect to time. So,
ps(t) = /(vs — RsI)dt (2.2)

Within a periodic control interval [0, Tsample], corresponding to a sampling period of Tiample,
the control of the inverter switches is fixed. It is assumed that the stator resistance remains
constant, and for simplicity, we disregard the stator resistance compared to the stator voltage.

Hence, we can approximate ¢4(t) as:
st(t) ~ ps0 t+ vsTe (2.3)

where @40 represents the instantaneous flux vector at time ¢ = 0.

Additionally, during a Tyample sampling period, the voltage applied to the motor remains

constant. Consequently, we can express:

@S(k + 1) ~ st(k) + UsTsamp (2.4)
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This relationship yields:
ASOS ~ UsTsample (2.5)

Where:

e (k) is the stator flux vector at the current sampling step.

ws(k + 1) is the flux vector at the following sampling step.

Ay represents the variation of the stator flux vector.
® Tsumple denotes the sampling period.
It is important to note that Ay, is proportional to the magnitude of the voltage vector

applied to the stator. The evolution of the stator flux vector is depicted in the accompanying
figure [16].

Hysteresis band

*

FicURrE 2.1: Stator flux vector trajectory.

2.1.1.2 Principle of electromagnetic torque control

The magnitude of the electromagnetic torque is directly related to the cross product of the

stator and rotor flux vectors. This relationship can be expressed by the following equation:

Te = k(ps X or) = k|ps| |@r] sin(7y) (2.6)
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Where:

e K is Constant relies on the machine.

e (o, represents the stator flux vector.

@, indicates the rotor flux vector brought back to the stator.

~ Refers to the angle formed by the stator and rotor flux vectors.

Based on this equation, the magnitude of the torque relies on the size of the two vectors
(ps) and (¢,), as well as their spatial arrangement. In other words, the amplitude of the

vectors and their positional relationship are determining factors for the torque.

2.1.1.3 Estimation of flux

The estimation of the flux can be derived by analyzing the recorded measurements of the

stator current and voltage in the machine [17]. From the equation:

es(t) = / (vs — Rsls)dt (2.7)

We obtain the components « and 3 of the vector g

‘:Osa(t) = /0 (Usa - Rsisa)dt
(2.8)

t
psp(t) = /0 (vsp — Rsisp)dt

One way to express the estimator in discrete form is by defining it for a specific Tech

sampling period using the following formulation:

Spsoz(k) = Sosoz(k - 1) + [vsa(k - 1) - Rsisa(k - 1)}Tsamp1e
9085<k) = @sﬁ(k - 1) + [Usﬁ(k - 1) - Rsisﬁ(k - 1)}Tsample

(2.9)

The flux modulus and its phase are obtained from the equations of the following system:

Ys =14/ (sogt + go%), f = arctan (?) (2.10)

The variation in the input of the flux hysteresis controller can be expressed as:

Aps = Psee — s (2.11)
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FI1GURE 2.2: Two-level hysteresis controller for controlling the flux error.

Figure 2.2 displays the hysteresis controller, which operates at two levels, designed to
regulate the flux error. The flux hysteresis loop controller offers a dual digital output, as
illustrated in Table 2.1.

TABLE 2.1: Switching Logic for Flux error

state Flux hysteresis
Ostator — Ps > A(Ps 17
Pstator — Ps < A(Ps -1

2.1.1.4 Estimation of the electromagnetic torque

Once the two components of the flux are acquired, it becomes possible to directly ascertain
the torque value. The desired expression can be obtained using the formula provided in

reference [18].

Tem = p(‘Psais,B - @sﬁisa) (2.12)

In this particular instance, the loop comprises a three-tier hysteresis controller designed to
regulate the torque error. The torque error is generated by the disparity between the reference
torque and the estimated torque. The control mechanism for the torque hysteresis loop
involves three digital output levels, as depicted in Figure 2.3. The corresponding relationships
are detailed in Table 2.2. Specifically, when the torque hysteresis band is Tn=1, the torque
is increased; when Tn=0, there is no need for any adjustment; and when Tn= —1, the torque

is decreased.
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Cref( > > AT

FIGURE 2.3: Three-level Hysteresis Controller for Control of Torque Error

TABLE 2.2: Switching Logic for Torque Error

state Torque hysteresis
Terep —Te > ATe 11

~AT, < Torey — Te < AT, 0

Terep —Te < —ATe -1

2.1.2 Direct Torque Control Applied on SRM 8/6
2.1.2.1 Principle of DTC Applied on SRM 8/6

The equation representing the the instantaneous torque generation in a phase of an SR

motor can be formulated as follows:

B ZOQ@(G,Z’) B oWy

T 00 00

(2.13)

Where : W; is the field energy.

The equation for torque production can be derived by employing an approximation that
takes into consideration the rarely employed variant of the conventional torque equation. In
the case of saturation in the SR motor, the impact of the second term in Equation (2.13)
becomes insignificant. Hence, this approximation yields the following equation for torque

production.

_.0p(0,1)
Tri~ (2.14)

In the field of SRM (Switched Reluctance Motors), unipolar drives are commonly utilized,
resulting in a consistently positive current flow in each motor phase. Consequently, based

on Equation (2.14), the torque’s sign is directly linked to the change in the stator flux (‘3—‘5).
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To generate a positive torque, the stator flux amplitude must increase relative to the rotor
position, while a negative torque is achieved when the change in stator flux diminishes in

response to the rotor movement.

We can define a positive value of g—‘g as "flux acceleration,” whereas a negative value can
be termed ”flux deceleration” [19]. As a result, a novel technique for controlling SR motors

is introduced as follows [20]:

(i) The stator flux linkage vector of the motor is kept at constant amplitude.

(ii) Torque is controlled by accelerating or decelerating the stator flux vector.

The goal of control technique (i) is accomplished in a manner comparable to the conven-
tional DTC utilized for AC machines. This is done by selecting an appropriate voltage vector
in the space. Similar to conventional AC machine DTC, the variation in stator flux corre-
sponds to the direction of the voltage vector, and the magnitude of the voltage along with

the duration of its application determines the extent of the flux change.

Likewise, objective (ii) is achieved in a similar manner to conventional AC motor DTC,
where the torque is adjusted by accelerating or decelerating the stator flux vector in relation

to the rotor movement [20].

Figure 2.4 displays the states of the space voltage vectors. These vectors are defined to be
positioned at the center of eight zones, denoted as N = 1, 2, ..., 8. Each zone spans an angle

of % radians.

FIGURE 2.4: Definition of SRM motor voltage vectors for DTC

Our 4-phase SRM operates with an asymmetrical converter featuring 8 potential states. To
ensure that the stator flux linkage and motor torque remain within hysteresis bands, one of
the available states is selected at any given time. Similar to the conventional DTC scheme,

when the stator flux linkage falls within the kth zone, the flux magnitude can be increased
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by utilizing the switching vectors V(k + 1) and V(k — 1), or decreased by employing V(k + 2)
and V(k — 2). Consequently, whenever the stator flux linkage reaches the upper limit of the
hysteresis band, voltage vectors are applied to reduce it. These voltage vectors are directed

towards the center of the flux vector space, and vice versa.

¥y
A

45

"l’_\  J)

FIGURE 2.5: Definition of 2- axis for motor voltage

As mentioned previously, the manipulation of torque involves adjusting the acceleration
or deceleration of the stator flux in relation to the rotor’s movement. Consequently, when
there is a need for increased torque, voltage vectors are chosen to advance the stator flux
linkage in the direction of rotation. These selected vectors are Vi1 and Vjys, representing
the stator flux linkage in the kth zone. On the other hand, when a reduction in torque is
desired, voltage vectors are applied to decelerate the stator flux linkage. These vectors are
Vi1 and Vio in the kth zone. Therefore, a switching table can be established to control the
stator flux linkage and motor torque, as illustrated in Table 2.3. In this table, =1 and
¢o=0 indicate an increase and decrease in the flux linkages, respectively, while TH=1 and
Tp=0 indicate an increase and decrease in torque, respectively. To consolidate the individual
phase flux vectors into a single stator flux linkage vector, the flux vectors for the four-phase
SRM are transformed onto a stationary orthogonal two-axis reference frame [19], as depicted
in Figure 2.5.

Yo & @1 cos(45) — a2 cos(45) — @3 cos(45) + 4 cos(45) (2.15)

g ~ @18in(45) + o sin(45) — @3 sin(45) — @4 sin(45) (2.16)

Vs =1/ P2+ go%, § = arctan <%> (2.17)
Pa

The flux vector is represented by s, and its angle is denoted by 6. Meanwhile, the flux-
linkages of the four phases are 1, @2, 3, and @4.
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TABLE 2.3: Switching Table of space voltage vectors

N 12 [3[4[5]6]7]S38
po=1|Tog=1|V2| V3| V4| V5| V6| V7| V8|Vl
wo=1|To=0| V7| V8| VL | V2| V3| Vi|V5]| V6
0o=0|To=1|V3| V4| V5| V6| V7| V8| VI|V2
©o=0|To=0|V6| V7| V8| VL|V2|V3|Vd|V5

2.1.2.2 Speed regulation using PI controller

The P-I controller incorporates both proportional and integral terms in its forward path.
By including an integral component, this controller effectively eliminates any steady state
error that may arise from a step change. This feature proves highly advantageous in numer-
ous applications. In the case of the SRM drive, the P-I control is implemented while the
motor operates within the linear range of its magnetic characteristics. This approach is ideal
for evaluating the performance of the control system due to the notable torque ripple and

nonlinearity observed in the torque characteristics within this linear region.

PI Regulator hysteresis controller

@ :

FIGURE 2.6: Speed regulation loop

The adjustment of the electric drive regulator poses a complex challenge due to the multi-
tude of non-linearities inherent in the machine, electronic converter, and controller. Achieving
proper controller parameter adjustment becomes difficult due to the persistent non-linearity
of the Switched Reluctance Motor (SRM). The power converter exhibits a non-linear transfer
characteristic as a result of the dead times imposed by the switching process [21].

When calculating the parameters for the speed PI regulator, it is assumed that the dynamics
of the current loops can be disregarded in comparison to the dynamics of the speed loop.
This assumption is based on the significantly lower electrical time constant when compared

to the mechanical time constant. Consequently, only the mechanical equation of the machine
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is taken into consideration and can be expressed in the following form [22]:

7 = g, 2m dwy,

For the speed controller, the control signal uc represents the total reference torque of the

machine T7.
T} = kp(Wret —w) + ks /(’U)ref —w)dt (2.19)

By replacing equation (2.18) in (2.19) with T, = T}, we write:

dw
J

eq 7, dt ‘|‘ Bw+Tp =k (wref - w) + ki /(wref - w)dt (2'20)

At any specific time point, denoted as t, it is assumed that the reference speed and load

torque remain unchanging, and therefore, their rates of change, or derivatives, are regarded

as zero. )
d“w dw
JeqT;n + (B + kp)g + kzw = k‘lw (221)
We put:
r1 = w
(2.22)
Ty = G
To provide an overview of the closed loop’s state, we can express it as follows:
&= Ax + ku
(2.23)
Yy =cx

With: u = w* and y = w.
Where :

A=

0 1 0
—ks Bm] » k= [k
J J J

, C:[l 0}

The relationship between the input of the source and the output of the closed loop system

can be described by the following transfer function equation:

G(s) = o (BE ) . + (2.24)

The denominator of a typical second-order system can be employed to depict the denominator

of the transfer function in a closed-loop configuration.

B k ki
2 P i 2 2
s +<J+J>5+J 5%+ 2wpés + wj, (2.25)
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By identification, the PI speed regulator parameters are given by:

kp, = 2Jwn€ — B
P ‘ (2.26)

When the damping coefficient is assigned a value of one, the dynamics of the speed response
are governed by the relevant natural frequency, w,, and the damping coefficient, £, of the
looped system.

Upon replacing the PI controller in our system, the resulting control behavior is demonstrated

as:

electrical source

Orst I'* AT
AR -
¢ &) Switching Power

T
o WA~ AW pble inverter

o
=
=

®

@

Zone

Lone
calculation

Flux vector
calcnlation

Torgque
calculation

FiGUurg 2.7: DTC with PI speed regulator for SRM

2.2 Simulation and Results

To showcase the effectiveness of the conventional Direct Torque Control (DTC) with a
PI regulator for SRM, a comprehensive numerical simulation was conducted across various

scenarios.

2.2.1 Block diagram of classic DTC

The MATLAB/SIMULINK software is utilized to model and simulate the DTC of a 4-
phase 8/6 SRM. Within Fig. 2.8, a simulation model featuring a PI controller is presented,

which encompasses an asymmetrical 4-phase converter alongside the 8/6 SRM.
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PI Controller

’—>—,HL< sect
Vector Contro.

F1GURE 2.8: Block diagram of DTC with PI regulator of SRM

The calculation of flux in each phase is performed by the flux linkage computation block.
The a3 block receives the output of the flux linkage computation block, converting the flux
values from 4 phases to 2 phases.

The magnitude s and angle € of the flux vector are determined through the flux vector
calculation block. Subsequently, the flux vector magnitude ¢s and the motor torque T,
obtained from the motor, are supplied to the flux and torque hysteresis blocks. Along with
the reference values of flux and torque, these inputs are utilized in the flux and torque
hysteresis blocks.

The hysteresis blocks control the generation or reduction of flux (¢¢g) and torque (7) based
on the current magnitudes of flux and torque within specific ranges. The switching table
and asymmetrical converter then apply the appropriate voltage vectors to the windings of

the switched reluctance motor (SRM).

H—=

Torque h y;

shi s » (i > »(1)
- e = Jshi
|1 — shi_p
Flux_hys -
Flux angle angle sector P
Flux calculation sectorl ! 3
clack l, Sector

FI1GURE 2.9: Flux and torque hysteresis controller plus sector determination
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FIGURE 2.10: Switching table

The simulation test involves utilizing a motor reference flux of 0.264 Wb and applying a
load torque of 6 Nm at 0.25s. For the flux linkage and torque, hysteresis bands of 0.02Wb
and 0.2 Nm respectively were established. Various simulation results of DTC implemented

on SRM are depicted in the accompanying figures.

The outcome of the simulation is displayed in Figure 2.11. The simulation lasted for
a period of 0.5 seconds. The subsequent section showcases the specific outcomes of each

system output, accompanied by a comprehensive discussion.

@
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current (A)
>
current (A

>
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Time (s) Time (s)

F1cURE 2.11: Output current ripple of one phase

The given scenario, the current in a single phase initially reaches approximately 22A within
a transit time of approximately 0.02 seconds. After this, it stabilizes at 19.8 A. When a torque
of 6N.m is applied at 0.25 seconds, the current stays at 19.8A. Nevertheless, the application

of the load torque leads to an increase in current ripples.
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FIGURE 2.12: One phase flux linkage ripple and the total stator flux vector

Figure 2.12 presents the outcome of the control of stator flux linkage, showcasing separate
plots that illustrate the amplitude and trajectory of the overall stator flux vector. Upon
examining the diagram, it is evident that the amplitude of the stator flux vector remains

relatively consistent, measuring approximately 0.26Wb, which serves as the reference flux

value.
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FIGURE 2.13: Speed of the motor with zoom at the time of loading the motor

The simulation results demonstrated in Figure 2.13 show that the actual speed closely
follows the reference speed within approximately 0.05 seconds. To achieve this, a PI controller
is employed, enabling the actual speed to track the reference speed. At 0.25 seconds, when
a load torque of 6 N.m is introduced, the actual speed only exhibits a slight deviation from

the reference speed.

Figure 2.14 demonstrates that the torque is directly proportional to the square of the
current, irrespective of its direction. However, the torque is affected by the derivative of
L with respect to 6 (%). If this derivative is positive, the torque is positive, and if it is
negative, the torque becomes negative. Notably, the torque oscillates within a range of 1.1
N.m to -0.2 N.m. Additionally, at 0.25s, a load torque of 6 N.m is applied, resulting in an

increase in torque from approximately 7.1 N.m to 5.55 N.m.
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FIGURE 2.14: Torque ripples

By employing the direct torque control technique, we have significantly reduced the noise

and vibration compared to when only the current loop control was utilized.

Trnaz — Tini
Tripple) = —— % 100 = 25% (2.27)

maid

2.3 Conclusion

This chapter provides a comprehensive explanation of the Direct Torque Control (DTC)
applied to a 4-phase 8/6 Switched Reluctance Motor (SRM). The direct control of torque
is achieved by manipulating the flux linkage magnitude and the speed change of the stator
flux vector. To assess the performance of the DTC-SRM drive, a suitable combination of 8
space voltage vectors is selected. It is observed that the torque ripple amounts to 12.68%.
Although the performance of the Proportional-Integral (PI) regulator is acceptable, there
is room for improvement in terms of dynamic response and robustness. The PI regulator’s
dependence on parameters for gain calculation makes it vulnerable to deviations in case of

parametric variations, resulting in an inadequate response.

Considering the aforementioned circumstances, the next chapter will introduce a couple of
robust control techniques approach for DT'C, such as sliding mode control, Twisting control,

and Super Twisting control to be implemented on SRMs.
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Chapter 3

High Order Sliding Mode Control
of SRM

Introduction

Variable Structure Control (VSC) with Sliding Mode Control (SMC) was initially developed
in the 1950s by Emelyanov and his colleagues in the Soviet Union. It gained recognition as
a robust control technique by the 1970s and has since generated significant interest in the

control research community.

SMC is a nonlinear control method known for its accuracy, robustness, and ease of im-
plementation. It involves guiding system states to a sliding surface in the state space and

maintaining them in close proximity to the surface using a two-part controller design.

SMC offers advantages in tailoring system behavior and handling uncertainties. However,
conventional sliding-mode control suffers from chattering, which can be mitigated using tech-
niques like Higher Order Sliding Mode.

In this context, the chapter focuses on designing an SMC for a Switched Reluctance Motor
(SRM) and proposes the Twisting and Super-Twisting algorithm controllers to reduce chat-
tering and regulate the speed of the SRM.

Simulation results will be presented to validate the effectiveness of this approach.

3.1 Sliding mode control

The SMC method is a popular approach in the field of automatic control due to its ability
to adapt to uncertainties, its quick response, and its straightforward implementation in both

software and hardware [26]. The fundamental principle of SMC involves guiding the system
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trajectory along a switching surface using a specific control law. This process can be divided
into two distinct phases: the reaching phase, where the state trajectory is directed towards
the surface S= 0 and eventually reaches it within a finite period of time, followed by the
sliding phase, during which the trajectory glides along the switching surface towards an

equilibrium point [27]. This is illustrated in Figure 3.1.

S
y

Reaching phase
o

Reaching phase

F1GURE 3.1: Sliding mode principle of state trajectory.

3.1.1 Sliding surface choice

Consider the given differential equation that characterizes the system, with f and g denoting

nonlinear functions. It is assumed that g possesses an invertible property [27].
i::f(xvt) +g(ac,t)u (31>

u: the system entry.
X: system state.

Let xd be the desired set point and e the following error defined by:
e=1c—1xq (3.2)

The sliding surface’s general formula is determined based on the system’s order as outlined

below:

s(x) = <$ + ’y) S (3.3)
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Where:

s : the sliding surface.
e v : is a positive constant.

e ¢ : refers to the system error.

n : the system relative order

3.1.2 Existence conditions of sliding mode

The presence of the sliding mode is required at every point on the surface S = 0. In order
to ensure that the system remains in the sliding mode even after the reaching phase, certain

conditions need to be fulfilled, which are:

lim S5 <0
S—0 (3'4)

hms_>0+ S >0

If S has a positive value, its derivative should have a negative value, whereas if S has a
negative value, its derivative should have a positive value. This concept can be expressed in

a more concise form as:

55 <0 (3.5)

Given that the problem of existence bears resemblance to a broader stability problem, it can

be concisely expressed using Lyapunov’s theory as follows [27].
Lo

The objective is to establish a governing principle that ensures V< 0, aiming to guide the

system’s states towards the sliding-mode surface.
V=85<0 (3.7)

When S # 0, V is characterized by negativity. Consequently, in order to achieve convergence
within a finite timeframe, it is necessary for the condition (3.5) to be satisfied, as it guarantees

asymptotic convergence towards the sliding surface.
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3.1.3 Control design

Literature presents several techniques for control design, including relay control, equivalent
control scheme, and linear feedback with switched gains. Among these methods, the equiv-
alent control structure is widely employed in electrical machine control (see Fig. 3.2). This
preference stems from its compatibility with the power electronics converters, making it a

more suitable option compared to relay control [28].

Ueq Disturbance

1 * u
Un System Qutput
—— y p

Y

[ Switching Law }

FIGURE 3.2: Equivalent control structure.

The process of designing sliding mode control involves two main components. Firstly, an
additional control term called the equivalent control (u.q) is combined with the discontinuous
control (uy). This combination is crucial for ensuring that the state trajectory reaches and
remains on the switching surface.

The control law is mathematically represented by the following expression:
U = Ueq + Up (3.8)
By considering the following state system:
X = A(z) + B(z)u (3.9)

To determine the corresponding control, it is essential to acknowledge that the condition
S=0 is indispensable for the state trajectory to remain on the switching surface S=0 [39].

The time derivative of the sliding surface is given as:

., 0S 0Sox
By substituting (3.8) and (3.10) into Eq (3.9):
. 08 0S8 S
S = %A(l‘) + %B(x)ueq + %B(x)un (3.11)
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The equivalent control is determined throughout the sliding phase and the steady state where
S =S8=0andu, =0 [28].

-1
Ueqg = — (giB@)) %A(x) (3.12)

The existence of an inverse matrix is a necessary, which means the next condition (3.13):

oS

SZB(a) #0 (3.13)

After inserting Equation (3.12) into Equation (3.11), the resulting expression for the sliding
surface is as follows:
S = 3—53(95)% (3.14)
Ox
The determination of the discontinuous control variable u,, occurs during the convergence
phase, and it is essential to ensure the condition of finite time convergence, denoted as

SS < 0. This condition is defined as follows:

: S
SS = S%B(az)un <0 (3.15)

To meet this requirement, the value of u, must have the opposite sign of Sg—iB(x). The
concept of discontinuous control entails a switching term created by multiplying the relay

function sign(S) by a constant coefficient K. The relay function is defined by:

+1 ifS>0

sign(S) = (3.16)
-1 ifS<0

u, = —Ksign(S) (3.17)

To ensure the convergence condition, it is necessary for the coefficient K to be positive. In

b

our specific use cases, we will substitute the expression ”sign(S)” with the sigmoid function

7sigm(S)” to mitigate the impact of chattering.

sigm(S) = <1—26q3> 1 (3.18)

The value of q is a small, positive constant that modifies the slope of the sigmoid function.

3.1.4 Chattering phenomenon

In real-world implementations of sliding mode control, engineers may encounter an un-
desirable occurrence referred to as ”chattering” (illustrated in Figure 3.3). Chattering is a

detrimental phenomenon that manifests as oscillations with finite frequency and amplitude.
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It poses several negative consequences, such as diminished control precision, increased wear
on mechanical components, and elevated heat dissipation in power circuits. The primary
factors contributing to this phenomenon are restrictions imposed by the actuator and delays

in the control-level switching processes [29].
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Fi1cURE 3.3: The chattering phenomenon

\ A

3.1.5 Solutions to reduce the Chattering phenomenon

Numerous approaches have been suggested to address and potentially resolve this occur-
rence, aiming to minimize or eradicate its impact. These proposed solutions encompass a
range of strategies, including the boundary layer solution, fuzzy sliding mode, higher order

sliding mode, and approach law [30].

3.1.5.1 Changing the switching function

A commonly employed approach to address this issue involves substituting the traditional
sign(x) function with smoother switching functions. Notably, the saturation function (sat(x))
[30] and the sigmoid function (sigm(x)) [31] are often utilized for this purpose, as illustrated
in Figure 3.4.

—Up —Un
K K
— £ > 5) S
sat(x) sigm(x)

FIGURE 3.4: Saturation and sigmoid functions.
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The shown functions are defined by:

1 of x>e¢€
sat(z) = Q% if |z|<e (3.19)
-1 if z<—e¢
. 2
sigm(x) = (Heo‘s - 1> (3.20)
Where:

e c is a small positive constant representing the width of boundary layer.

e « is a small positive constant which adjusts the sigmoid function slope.

3.1.5.2 Solution by approach laws

A noteworthy approach involves using nonlinear convergence laws to adapt a command
component based on the sliding function’s variations. This allows for reducing high-frequency
switching during steady-state operation without impacting convergence time or tracking
error. Gao and Hung proposed two laws to minimize switching, with the first law facilitating
quicker reaching of the sliding surface by incorporating a term proportional to the sliding

function and alleviating the impact of the discontinuous part sign(s).
$=—a-sign(s) —Q-s (3.21)

The second law of convergence incorporates a fractional exponent that affects the function

of s and modifies its sign in the following manner:
s = als|psign(s) (3.22)

Where p is a real strictly between 0 and 1. It is also demonstrated by Gao and Hung that

the law of convergence generates a finite reach time of the sliding surface.

3.1.5.3 Solution by higher order sliding modes controllers

Higher-order sliding modes were introduced as a solution to the problem of chattering in
classical sliding mode controls. By incorporating the discontinuous term in one of the higher
derivatives of the synthesized command, this approach effectively reduces chattering while

preserving the desired properties of finite-time convergence and robustness.
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3.2 Second order sliding mode control

Classic sliding modes offer robustness and high precision in control problems under un-
certain conditions. However, there are two main limitations that need attention. Firstly,
conventional sliding modes require a constraint with a relative degree of 1, meaning that
the control variable must appear explicitly in the first derivative of the constraint. This
necessitates finding a suitable constraint. Secondly, frequent high-frequency switching of the
control signal can lead to practical issues, such as the undesirable chattering effect, especially

when the control has physical implications.

To address the objective of keeping the sliding variable (s) at zero with the control appearing
only in the second derivative (§), a common choice is the constraint function ¢ = s + s.
By utilizing classic sliding mode techniques, the derivative of o contains the control term,

enabling the maintenance of ¢ at zero and the asymptotic approach of ’s’ towards zero.

Alternatively, if the control term already appears in the first derivative of (s), conventional
sliding modes provide a straightforward solution. However, the chattering effect often renders
this solution unacceptable. To mitigate this issue, a possible solution involves considering
the control derivative as a new virtual control. By employing a second-order sliding mode
technique, precise achievement of the objective within a finite time frame becomes possible
using continuous control. Consequently, the chattering effect is expected to be significantly

reduced.

3.2.1 Control design
Let us examine a dynamic system that takes the following structure:
T = f(tv J}) + g(tvx)u (323)

The aim is to achieve a second-order sliding regime in relation to ’s’ by compelling the
system’s state trajectories to transition onto the ’s,’ set within a finite time and remain
within it thereafter [32].

§={x:s=§=0} (3.24)

The intended outcome is accomplished through the utilization of a directive that operates
on the secondary derivative of the shifting parameter. Typically, this secondary derivative

can be expressed in the following manner:

§=¢(z,t) + S(z,t) - u (3.25)
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To implement second-order sliding mode algorithms effectively, it is imperative to confirm
the following assumptions to ensure the attainability of the sliding surface and the stability

of the variable &:

e the functions (x, t) and ¢(x, t) are some unknown smooth functions

e Within a specific range of |s(x,t)| < Sp, the following inequalities are satisfied, where
S0, Co, K, and Ky are positive constants:
|p(z,t)| < Cop and 0< Ky, < D(z,t) < Ky

The aforementioned assumptions suggest that the second derivative of the switching function
remains bounded uniformly within a specific domain (E1) for the given input.
By adhering to the established conditions, it can be stated that any solution pertaining to

Equation (3.2) fulfills the subsequent differential inclusion:

§ € [~Co, Co) + [Kum, K] - v (3.26)

3.2.2 Examples of second order sliding mode control

Several second-order sliding mode algorithms have been introduced in the literature [33] [34].

Of these algorithms, we would like to mention:

Twisting algorithm.

Super Twisting algorithm.

Control Algorithm with Prescribed Convergence Law.

Quasi-Continuous Control Algorithm.

3.2.3 Twisting algorithm

The controller mentioned below represents the first-ever second-order sliding mode controller

proposed in history. Its definition is presented through the formula [33].

u = — (risign(s) + rasign(s)) ,r1 > ra > 0 (3.27)

Provided that the inequalities (3.26) are satisfied, the trajectory of the differential system

(3.24) will reach the equilibrium point where s = § = 0 within a finite duration, given the
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AS

™
J
L\ g

F1GURE 3.5: Twisting controller trajectory

following criteria:

ri+re) Ky —Cog > (r1+19) Ky + Co

(1 +72) - K (11 +72) 28,
(Tl +T2) - Ky, > Ch

The uniformity of this control law is apparent since its formulation is independent of the

specific values of s or s, relying only on their signs, which remain consistent even when

multiplied by a positive constant K.

3.2.4 Super Twisting algorithm

The super-twisting algorithm introduced by Levant, offers a solution for nth order slid-
ing mode control algorithms. Unlike its counterparts, this algorithm eliminates the need
for information on S, S, S,... ,5" !, instead focuses only on S. It achieves continuous con-
trol without requiring the evaluation of the sign of S. Additionally, the convergence of this

algorithm is explained through the rotation around the origin in the phase diagram (S, S)

The super twisting algorithm possesses an advantage compared to other algorithms as it
does not require the time derivatives of the sliding variable. The control law ugr of the
super twisting (ST) algorithm consists of two components. The first component, u, is a
discontinuous term defined by its time derivative ;. The second component is determined

by the function of the sliding variable, us. The definition of the ST control law is as follows:

—u { ul >1
=4 £l (3.29)
—Ksign(S) if |ul/ <1
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—A|So|Psign(S) iof |S|>S
oo [0 sign() ig 11> 5o 50,
~AISPsign(S) if 1S < Sy

A and K are positive gains used to adjust the ST controller.

Achieving convergence of the control law can be accomplished by flexibly adjusting these
gains [38]. In general, the gain A significantly influences the system’s response, while the
gain K impacts the accuracy of the steady state. Levant [37] has proposed certain conditions

that ensure finite-time convergence which are:

K>%

4T vy (B+9)
AZ 5

(3.31)

The value of ¢ represents the upper limits of the uncertain function ¢, while I';;, and 'y
indicate the lower and upper limits of the uncertain function v at the second derivative of
the sliding manifold [37].

¢>¢ and Ty >7y>Tn (3.32)

The level of nonlinearity can be modified by the coefficient p, which is restricted to the range
of (0 p <0.5). Typically, it is set to ”0.5” in order to attain the maximum effectiveness of
second-order sliding mode control. When the controlled system exhibits linear dependence
on the control law, it can be simplified. In this case, ¥, Sy, I';,, and I'j; are treated as fixed

positive values, and the ST control law can be expressed as follows:

usT = —)\]S]%sign(S) + uy

(3.33)
up = —Ksign(S)
3.2.5 Design of sliding mode controllers
3.2.5.1 First order SM-speed controller design
The rotor speed’s sliding surface is determined by:
Swr =wWF —w
e (3.34)
Sr = Wy — Wy
The mechanical equation of induction motor is given as:
. 1 B
Wy = j(Te — TL) — 70.)7« (335)
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The equation for the derivative of the speed surface can be obtained by substituting Equation

(3.35) into it, resulting in the following expression:
S = = (L. = Ty, - Bw) (3.36)

By utilizing the principles of sliding mode theory, it is possible to express the concept as

follows:
Te = Teeq + Ty (337)

The equivalent control component is determined when the sliding mode state S, =0 is reached.

Subsequently, the equivalent control can be expressed as follows:
Teeq = Bw + 17, (3.38)
The discontinuous part is defined as:
Ty = Ko, sign(Sy,) (3.39)

Where K., is a positive gain

3.2.5.2 Twisting SM-speed controller design
For speed regulation we are interested in the dynamics of speed error e, defined as:
e(t) =w" —w (3.40)

where w* is the desired speed and is assumed to be a known constant.

By replacing e(t) in Equation (3.3) we get:

s(z) = ye(t) + é(t) (3.41)
Also we have:
g _
a = w
Wy = +(T. — T, — Bw) (3.42)
di o (0,0 -1 ) o (0,0
(Zig;h _ ( sopglgpthh)> (Uph — Ripp — w %hgg zph))
ph=1,2 3 4
Where,
E=w*—w  with w*=0 (3.43)
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So:

Z (Ophy iph) — Bw — TL (3.44)
ph=1

For realizing our twisting controller, we have:

i(z) = e+ é (3.45)
So we get:
. 1 (dT dT'L
W=7 (%~ BY — %)
4 dTyn (0,1 .
= (zpm —Phﬁu ) — i - ) (3.46)
=G (Spuen PG w0 Sy Pt - B - L)

The next step involves substituting the sliding surface in equation (3.27) we get:

u= —(rysin(ye + w) + rosin(yw + €)), 11 >re>0 (3.47)

3.2.5.3 Super Twisting SM-speed controller design

The design of the speed control law for the second order sliding mode will involve combining
the equivalent control with the super twisting control law. The approach to designing the

super twisting speed controller (STSC) is as follows:

usT = _)\wr’Swr‘%Sign(Swr) + uy (3 48)

U = — wrSign(Swr)
Awr and K, are the super twisting speed controller gains.

The expression denoting the reference torque produced by the second order sliding mode

controller can be stated as follows:
Teref = Teeq —usrt (349)

In order to ensure the stability of speed control, the super twisting control law needs to
satisfy the Lyapunov stability condition. The calculation of the derivative of the Lyapunov
candidate is as follows:

V = SurSur < 0 (3.50)

By substituting (3.50) in (3.37) we obtain:

1 1

Sopr = —j(uST) =-3 ()\W]Swrﬁsign(swr) + /Kwrsign(SW)dt> (3.51)
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Then, Lyapunov stability condition is:

S a— _S}Ur <)\wr|Swr|ésign(Swr) + /Kwrsign(swr)dt) (3.52)
And it becomes
N wnr 2 . K’LUT .
SwrSwr = _)\J |Sw7«|gszgn(5’w) - SWT / sign( Sy )dt (3.53)

The stability condition is assured when both A\, and K, are positive, as observed from the

negative nature of both terms in equation (3.53).

3.3 Simulation, Results, and Discussion

A numerical simulation was conducted under identical test conditions to showcase the en-
hancements achieved by implementing the suggested Direct Torque Control (DTC) with a
first-order sliding mode controller, Twisting controller, and Super-Twisting controller. The
ensuing figures depict various simulation diagrams corresponding to the aforementioned con-

trollers.

3.3.1 Results of simulations

To demonstrate the performance of each controller, we initiate a consistent velocity of
1500tr/min for all three controllers. Subsequently, at 0.25 seconds, we apply a load torque
of 6N.m.

20
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0 0.1 0.2 0.3 0.4 05 0.6 : 0.22 0.‘24 0-26 0-28 03
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Time (seconds)

<Te (N*m)>

FIGURE 3.6: Torque response for 1st Order Sliding Mode

Since first order SMC is known for chattering and our machine already have high torque
ripple, we can see that clearly in Figure 3.6. The system exhibits a peak torque during the
transient period then it ranges from 2.1N.m to -1.27N.m. However, when the motor is loaded

with 6N.m, the torque increases to approximately 7.6N.m to 5.3N.m.
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FI1GURE 3.7: Torque response for Twisting controller
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FiGURE 3.8: Torque response for Super-Twisting controller

When employing the Twisting controller (see Figure 3.7), the torque reaches its maximum
value during the transient time and then settles between 0.937N.m to -0.268N.m in the
steady state. After introducing a load of 6N.m, the torque rises to approximately 6.9N.m to
5.70N.m.

In the Super Twisting control scenario (shown in Figure 3.8), the torque exhibits a peak
value during the transient period and subsequently stabilizes within the range of 0.8N.m
to -0.25N.m in the equilibrium state. Upon the introduction of a 6N.m load, the torque

increases to approximately 6.7N.m to 5.85N.m.

It is worth mentioning that the Twisting and Super Twisting controllers exhibit a substan-
tial decrease in torque oscillation when compared to conventional regulation methods such
as the PI and SM controllers.

The next figures ( Figures 3.9-3.10-3.11) showcase the speed response for first order SM,
Twisting, and Super Twisting controllers. We can see that first order SMC has robust
performence but with the presence of overshoot. On the other hand, we clearly notice that
with Twisting and Super Twisting controllers the speed response is very smooth compared
to the first order SMC, there is only some difference in the speed drop where we see that
the Super Twisting controller outperforms Twisting controller in the drop rate which is very

important in our case.
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FIGURE 3.11: Speed response for Super-Twisting controller



Chapter 3. High Order Sliding Mode Control of SRM

To compare the results of all controllers we are going to present them together at the same

figure then discuss those results.
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FIGURE 3.12: Speed PI/1st order SM/Twisting SM/Super Twisting SM

The provided graph (Figure 3.12) illustrates the performance of different controllers: PI, 1st
order SMC, Twisting SMC, and Super Twisting SMC. It is evident that the Super Twisting
SMC controller outperforms the other three controllers in terms of speed, steady state, and

dynamic state responses.
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Fi1GURE 3.13: Output current ripple of one phase for First Order Sliding Mode
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FI1GURE 3.14: Output current ripple of one phase for Twisting controller
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' i
T

FIGURE 3.15: Output current ripple of one phase for Super-Twisting controller

In the case of Twisting and Super Twisting techniques (Figures 3.14-3.15), the current
reaches its peak during the transient period and eventually stabilizes at around 20A in the
steady state. After introducing a torque load, the current increases by approximately 0.5 to
1A. However, with the 1st order sliding mode, the current peaks initially and then stabilizes
at 15A, which subsequently decreases to nearly 14A after applying the load torque. It is
evident that both twisting and super twisting methods exhibit a smooth current profile,

while the first order sliding mode demonstrates the presence of chattering phenomena.

0.25 0.25
0.2 ‘ “ ‘ ! ‘ ’ ’ 0.2
015 01
§ §
< 01 < o1
0 0
-0.05 - - - -0.05 - - -
0 0.1 0.2 0.3 04 0.5 0.6 023 024 025 026 027 028 029 03
Time (seconds) Time (seconds)
FIGURE 3.16: One phase flux linkage for 1st Order Sliding Mode
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FIGURE 3.17: One phase flux linkage for Twisting controller
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FI1GURE 3.18: One phase flux linkage for Super-Twisting controller

The magnetic flux reaches its maximum value during the transient period and then stabi-
lizes at 0.267WDb in the steady state, regardless of motor loading. We observe the remarkable
smoothness of the flux for both Twisting and Super-Twisting controllers, particularly on the

left side, when compared to 1st Order Sliding Mode.

A comparison study of the different control techniques is summarized in this table.

TABLE 3.1: The different performances of each controller

T9rque Dynamic Overshoot Speed Drop
Ripple | Response (rpm)
DTC with PI 25% 0.035s 15% 6.2
DTC with .
Lst order SMC 38% 0.025s 30% 2 with overshoot
DTC with
TwistingSMC 19% 0.02s None 7.3
DTC with
Super Twisting SMC 14% 0.02s None 4.8

The methods of Direct Torque Control (DTC) PI, DTC Twisting, and DTC Super Twisting
demonstrate rapid and efficient responsiveness. However, the overshoot observed in the case
of TC and STC is comparatively lesser than that of PI and 1st order SMC. Additionally, the
torque ripple in TC and STC is minimal when compared to the ripple experienced in PI and

1st order SMC.

3.4 Conclusion

This chapter provides a comprehensive explanation of the design process for three nonlinear
controllers, namely SMC, TC, and STC, applied to the SRM system. Through a comparative

analysis of simulation studies, it can be inferred that the Super Twisting control method
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significantly enhances the drive speed regulation. Specifically, the Super T'wisting controller
demonstrates impressive performance in mitigating load torque disturbances and effectively

reducing torque ripple caused by chattering.
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Conclusion € Future Plans

This report explores robust Direct Torque Control (DTC) methods, specifically sliding
mode control (SMC), Twisting controller (TC), and Super Twisting controller, for Switched
Reluctance Motors (SRMs). The objective is to minimize torque ripples in SRMs. SRMs are
popular in automotive, renewable energy, aerospace, and domestic appliances sectors due to
their cost-effectiveness and simple rotor structure. However, they suffer from high levels of
noise and vibration. The study addresses non-linearities and parameter uncertainties in SRM
control and emphasizes the need for powerful and robust techniques. Sliding mode control
proves to be a suitable solution, although the issue of chattering requires the application of

Twisting and Super Twisting control for SRM control.

In this particular context, we initially provided an overview of the Switched Reluctance

Motor (SRM), including its description, modeling, and supply.

Moving on to the subsequent chapter, we discussed the theory behind the conventional
Direct Torque Control (DTC) as applied to SRM. This approach proved effective in achieving
satisfactory performance in terms of tracking and regulation. The simulation results further

supported the effectiveness of vector control for SRM.

Lastly, we have detailed the development of a sliding mode controller (SMC) for SRM. In
order to mitigate chattering phenomena, we introduced the concept of Twisting and Super
Twisting algorithm controllers for SRM drive. The validity of this proposal was confirmed

by presenting simulation results.

The research conducted in this thesis presents several potential avenues for further explo-

ration, specifically:

Consider employing an alternative control approach, such as the implementation of

Synergetic control.

Using SRM in electric vehicle propulsion.

The utilization of alternative control methods, such as adaptive control and contem-

porary control techniques (such as feedback linearization and backstepping).

Sensorless control for SRM.
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APPENDICES

Motor Parameters

Stator poles 8

Rotor poles 6

Phases 4

Input voltage 220V

Stator resistance | 1.492

Inertia 0.0011 kg.m?
Friction 0.002 N.m.s
Turn on angle 45°

Turn off angle 75°
Estimated speed | 1500 tr/min

Gains of Controllers

K, =0.15
Pl K, =12
First order SMC K, =11
Twisting controller g; z (1)2
Super Twisting Controller Rur = -200

Awr = -2
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