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Abstract

Due to rare earth permanent magnets (PM) price volatility, there is a significant
interest in developing magnet free motor drive configurations that are more
efficient, highly dense and ruggedness to the harsh environment in electrified
vehicles.  Switched reluctance motor (SRM) is considered to be one of the
promising alternatives to the traditional AC motors due to distinctive features of
the robust structure, high starting torque, wide constant power region, no
shoot-through current in the inverter, low cost and low maintenance. However, it
suffers from severe torque ripple, acoustic noise and the requirement of a position
sensor for control, which limits the wide usage of SRM in vehicular applications.
Moreover, smooth torque control is difficult to achieve due to inherent torque

pulsations generated due to the doubly salient structure.

Over the past years, significant research is carried out to minimize the
aforementioned concerns in SRM by improving the design aspects of the motor
and /or employing appropriate control strategies. Most of the work related to the
motor design is devoted to optimizing machine parameters and developing the
multi-phase machines. Later one is achieved by developing advanced optimized
control techniques such as current profiling techniques (CPT), and torque
sharing functions (TSF), where the torque is an indirect control variable.
However, these approaches require intensive computation to store machine
non-linear characteristics, long settling time and require optimal tuning of

control parameters.

Alternatively, controlling torque as a direct control variable led to overcome
some of the aforementioned shortcomings through direct instantaneous torque
control (DITC), advanced DITC, direct torque and flux control (DTFC) and
model predictive control strategies. The performance comparison of different
control strategies such as CPT, TSF, DITC, and DTFC is studied and the
merits and demerits of each method are well established in the literature.
Among them, the DTFC scheme which utilizes the philosophy of direct torque
control (DTC) of conventional AC machines draws more attention due to
automatic control, reduced acoustic noise, fast dynamic response, insensitive to
motor parameters & does not require rotor position information. In this scheme,

the phase torque is directly controlled by accelerating or decelerating the flux



linkage vector, where the magnitude of flux linkage is kept constant within a
hysteresis band. However, the active phase has to produce higher positive torque
during commutation of outgoing phase, thereby draws higher source current. As
a result, there is a reduction in overall torque per ampere, thereby reducing the

efficiency of the traction drives.

In the present thesis, two new DTC algorithms are proposed with optimized
voltage vector selection and appropriate sector partition based on the inductance
profile to enhance torque/ampere ratio (T/A) and minimize torque ripple in
four-phase (8/6) SRM. A 16 sixteen sector approach is developed to select the
vectors more precisely, thereby effectively eliminates the existence of phase
current in the zero torque region which leads to increase in T/A and torque
ripple minimization. However, negative phase torque is still generated in this
method due to existence of phase current in negative inductance slope region. To
overcome this issue, a 16 sector 16 vector DTC algorithm is proposed. MATLAB
simulations and real time simulations with OPAL-RT are performed to verify the
effectiveness of the proposed DTC algorithms in terms of torque ripple, T/A and
source current ripple. Moreover, copper losses, switching losses and number of
commutations required for one cycle are calculated to show the efficacy of the
proposed algorithm over conventional DTC algorithm. In general, four phase
SRM requires four current sensors to measure phase currents that increases the
cost of the drive. To overcome this issue, a new phase current reconstruction
algorithm is developed to detect the four phase currents more accurately using

only three senors under proposed DTC algorithm.

il
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Chapter 1

Introduction

Induction and permanent magnet (PM) machines are ruling the motor drive
systems in industrial, residential and transportation applications( [Bilgin and
Emadi, 2014]). The self starting ability, low-cost manufacturing and matured
control technology are the exceptional advantages for induction machines (IMs).
IMs are very commonly used in variable speed drive applications with the
emerge of power electronics and advanced control technology. In IMs, the rotor
excitation current is drawn from the stator, thereby results in low-power factor,
the losses involves in the rotor bars reduces the efficiency. However, careful
design and optimised control are required to reduce losses to attain better
efficiency. The heat dissipation due to the rotor copper losses is a significant
issue in IMs. Alternatively PM machines are popular for the applications which
demands higher efficiency at low and medium speed range. PM provides the
higher torque density due to strong magnetic field by use of rare-earth magnets.
Moreover, the temperature dependence of PM is the key disadvantage of PM

machines.

Due to rare earth PMs price volatility, there is a significant interest in
developing magnet free motor drives that are more efficient, highly dense and
ruggedness to the harsh environment conditions. Switched reluctance motor
(SRM) is considered to be one of the promising alternatives to the traditional
motors due to distinctive features of the robust structure, high starting torque,
wide constant power region, no shoot-through current in the inverter, low cost

and low maintenance.

The simple and low cost construction due to lack of PMs or windings on the
rotor makes the SRM, a potential candidate for variable speed drive applications
over PMs and IMs. SRM is more reliable at high speed and high temperature
operation due to absence of rotor excitation ( |Bilgin et al., 201§]). Supply chain



issues and environment concerns of rare-earth magnets involved in PM machines
become a long run problem in producing high efficiency motors. However,
absence of rare-earth magnets in SRM become advantage in this aspect. Rotor
displacement and rotational stress, limits the performance of PM motor at high
speed operation due to excessive centrifugal forces, which develops the stress in
magnet slots and bridges. Therefore, lack of slots and bridges in the rotor makes
the SRM better candidate for high speed operation. The field weakening of PMs
deteriorates the performance, where as in SRM, field weakening is a natural
phenomenon at high speed. Moreover, SRM has wide constant power-speed
range compared with PMs and IMs. IMs suffer from rotor copper losses due to
the use of die-casting aluminum for rotor conductors that limits the high
temperature operation, usually copper die-casting is used at high temperature
that involves expensive and challenging manufacturing process. Moreover, the
independent torque production capability of each phase due to electrical
isolation of each phase acquires the fault tolerant nature to the SRM. In spite of
all these advantages, SRM suffers from high torque ripple, noise and vibration.
The comparitive study of IM, PM machines and SRM is addressed in ( |[Yang
et al., 2015]). The opportunities and challenges for SRM to vehicular application
is presented in ( [Bostanci et al., 2017]).

1.1 Switched Reluctance Motor

SRM is an electric motor in which torque is produced by the tendency of its
movable part to move to a position where the inductance of the excited winding

is maximized.

1.1.1 Construction of Four-Phase SRM

The SRM has a simplest, lowest cost, and most robust structure. The SRM
stator is made up of a salient pole laminations core with concentrated windings,

while the rotor also has a salient pole structure, but without windings or PMs.

The torque produced in SRM is reluctance torque. Due to the salient pole
structure, the air gap length varies according to the relative position of rotor and
stator poles. This results in varying inductance values in different rotor positions
( [Krishnan, 2017]). The salient stator and rotor structure bring some advantages
and also challenges in SRM drives. The cross sectional view of four-phase (8/6)
SRM with 8 stator ploes and 6 rotor poles is shown in Figure [I.1]



Stator
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Figure 1.1: Cross sectional view of four-phase (8/6) SRM

1.1.2 Derivation of the Relationship between Inductance
and Rotor Position

The basic rotor position definition is shown in Figure [I.2] and the corresponding
phase inductance vs. rotor position for fixed current is shown in Figure [1.3
These curves are periodic in nature with a period of one rotor pole pitch (7). If

P, is the number of rotor poles, the rotor pole pitch for SRM is given as

T=— (1.1)

The significant inductance profile changes are determined in terms of stator
and rotor pole arcs and number of rotor poles. The rotor pole arc is considered

to be greater than stator pole arc in this illustration shown in Figure [L.2]



Figure 1.2: Basic rotor position definition in a two pole SRM
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Figure 1.3: Inductance profile
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Where 5 and 3, are the stator and rotor pole arcs.
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The torque equation of SRM is given as

Rotor Position



1 ,dL

The regions ‘0 - 6;” and ‘6, - 65" do not contribute any torque as the phase
winding inductance is constant because stator and rotor poles are not
overlapping. The inductance in this region is known as unaligned inductance L,,.
The inductance increases with the positive slope in the region ‘07 - 65’ as poles
overlap. A current impressed in the winding during this region produces positive
torque. The stator and rotor poles are completely overlapped in the region ‘6, -
03’ thus makes inductance constant and do not produce any torque. The
inductance in this region is called aligned inductance L,. The operation of the
machine in the region ‘A3 - 64 produces negative torque as inductance has
negative slope. The regions ‘0 - 6;’, ‘0 - 03, and ‘0, - 05 are usually called as

dead zones (DZ) because these regions do not contribute any torque.

1.1.3 Speed-Torque Characteristics

The speed-torque characteristics of SRM are shown in Figure ( |Husain,
2010]). The phase current of the SRM rises sharply when phase is turned on due
to low back-EMF at low speed operating region. The current can be controlled
by either hysteresis current control or voltage pulse width modulation control.
The back-EMF increases with the speed and suppress the rise of current due to
fixed excitation voltage at higher speed. So advancing of phase turn-on angle is
required to maintain the desired current level for maximum torque production.

SRM operating under constant torque region for speed range up to base speed
(w)-
Above the base speed, if back-EMF exceeds the supply voltage, chopping

control or PWM control is not possible due to decrease in current since pole
overlap begins & thereby the SRM operates under single pulse mode at higher
speeds. The decrease in current can be encountered by increasing the conduction
angle that allows the required amperes to be delivered to the phase. So constant
power can be supplied to the drive by increasing the conduction angle, hence this
region is called constant power region. The constant power operation can be
allowed up to maximum possible conduction angle at speed w,. At higher speeds

above w,, no further increase in conduction angle is possible, thereby the torque

1
fall rapidly with —.
w
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Figure 1.4: Speed-torque characteristics of SRM.

1.2 Torque Ripple in SRM
1.2.1 The Origin of Torque Ripple

The torque ripple is defined as the difference between the maximum and minimum
instantaneous torque expressed as a percentage of the average torque during steady
state operation.

Tmax

- Tmin
— x 100 1.8
Tavg 8 % ( )

Tripple (%) =

The torque pulsations are inherent in SRMs due to the double salient
structure of the machine. The reluctance principle for torque production is
utilised in these machines, where the phases operate independently and in
succession. The majority of torque ripple is in the phase overlap region, where
the torque producing responsibility is commutated from one phase to another.
The amount of torque ripple is dictated by the magnetization pattern of
individual phases and torque-current-rotor position (7-i-0) characteristics of the

motor.

The T-1-0 characteristics of an SRM depend on the stator-rotor pole overlap
angle, pole geometry, material properties, number of poles and number of phases.
The torque dips in the T-i-6 characteristics will decide the amount of torque

ripple for a particular motor. The deficiency of incoming phase in supplying the



necessary torque at some rotor positions will lead to torque dips. Torque ripples

can be minimized easily if torque dips are smaller.

1.2.2 Design Effects on Torque Ripple

By selecting a large number of rotor poles, the torque dips can be reduced by
increasing number of strokes per revolution, but it will reduce the inductance
ratio (ratio between maximum and minimum unsaturated inductance). The
switching frequency increases with a large number of strokes that leads to high
core losses. The regular choice for number of rotor poles in SRM is P, = P, — 2,
where P, is the number of stator poles and P, is the number of rotor poles.

( [Husain, 2002)).

The approach for reducing torque ripple is by increasing the number of phases
without much decrease in inductance ratio. Selection of higher phase number will
lead to increase of overlap region of phase torques during commutation. Three
or less number of phases suffer from torque dips near the commutation region.
In case of four and five phase machines, uniform torque can be achieved without
boosting the phase current in low torque per ampere region. The drawback of a
higher number of phases is that, the increase of one phase requires one additional

phase leg in the converter which increases the cost of the converter.

1.2.3 Importance of Torque Ripple

The smoothness of torque is desired in direct drive applications, which requires
high torque at low speeds. Direct drive electric power steering system demands

very low torque ripples about 2% and robotics also desired to have very low torque

ripple.

1.2.4 Possible Ways to Torque Ripple Minimization

There are two approaches to minimize torque ripple.
e By improving the magnetic design of the motor
e By using sophisticated electronic control

In the electronic control, torque pulsations can be reduced by selecting
optimum combinations of operating parameters such as supply voltage, turn on

& turn off angles, current level, and shaft load.



1.2.5 Basic Control of SRM for Torque Ripple
Minimization
The inductance of a phase varies widely as a function of both rotor position and

phase current. The phase inductance is the important factor for controlling the

SRM. The hysteresis current control of SRM at low speed is shown in Figure [1.5

Torque ripple can be reduced by improving inductance profile by modifying
the geometry or by special control techniques. Especially at low speeds current
control method is used as shown in Figure[I.5] At high speeds, the rate of change
of flux linkage becomes so high that the maximum allowable voltage would not
be enough to control the current. In this case, single pulse operation is usually
applied, where only the conduction angle is controlled. In single pulse operation,
the current waveform and peak current are depending on the conduction angle,

inductance profile, and the winding resistance.
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Y
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High speed

v

L}
6on |eoff : O
—Excitation region <—:—> “«
Demagnetization

region

Figure 1.5: Hysteresis current control and single pulse operation of SRM

1.3 Literature on Torque Ripple Minimization
for SRM

1.3.1 Torque Ripple Minimization with Improvements in

Motor Design

The toque ripple can be reduced with pole-shape optimization. ( |Choi et al.,
2007]) proposed a new stator pole face that results in non-uniform airgap and a

pole shoe is added to the lateral face of the roto pole. These modifications reduces



the torque ripple. ( [Li et al., 2011]) proposed a method to reduce torque ripple by

altering the flux waveform and also modifying the waveform of -0 by punching
holes in the rotor poles. Moreover, the torque ripple performance is analzed for
different dimension of holes in rotor pole. The review of performance optimization
with geometry and topology modifications is presented in ( |[Abdalmagid et al.,
2022)).

1.3.2 Commutation Angle Optimization and Current
Control Methods for Torque Ripple Minimization

A new method to determine the optimal turn-on and turn-off angles in online is
proposed in ( [Mademlis and Kioskeridis, 2003]). From the flux linkage
waveforms of two neighering phases, formula for the optimal turn-off angle is
developed in this work. The torque ripple minimization with pulse width
modulation (PWM) current control is proposed in ( [Husain and Ehsani, 1996]).
In this method, the torque control strategy is developed such that the sum of all
phase torques should be constant and equal to desired torque. During the
commutation, the total torque required is shared between the two overlapping
phases appropriately to achieve minimum torque ripple where as single phase is
contributing to the total torque during the non overlapping of phase
currents. |[Mikail et al., 2013] proposed torque ripple minimization method with
extending flat portion of the torque characteristics with design optimization in
Finite Element Method (FEM) and required current profile is achieved through

the fine tuning of control algorithm.

1.3.3 Torque Ripple Minimization with Torque Sharing
Functions (TSF)

Torque ripple minimization can be achieved with the help of TSF denoted as fi(6)
by controlling the individual phase torques such that the total torque should be
equal to the sum of the phase torques. The phase torque can be expressed as per
Equation [1.9] in terms of TSF. The TSF profile for three phase SRM is shown in
Figure (1.6

Sh fr(0) =1 (1.9)

Where 7).y is the desired torque command and 7}, is torque of the phase ‘k'.

{ Tk = Tref X fk(e)



The TSF(fi(6)) can be defined in terms of rotor position as per Equation

A

f(6) ; ; fis1(0)

Tc

TSF

eon eon+eov eof-f 60ff+eov ROtOFAngIe

Figure 1.6: Typical TSF profile for a three-phase SRM

¢

0, (0<6<0,,)
fup(0); (Oon < 6 < Oon + boy)
fe(0) = { Ty, (Oon + b0 < 0 < O,5¢) (1.10)
faown (0), (Oot <0 < Oopf+05)
L0, (Oops + 0oy <0 < Oopp +0,)

where 6,, is the overlap angle between two adjacent phases and 6, denotes one

rotor cycle.

The function for f,,(f) and faown (f) for different TSF proposed in the

literature ( |[Xue et al., 2009]) are as follows.

e Linear TSF

TTE
fup(®) = 550 = o)
ov T (1.11)
fdown (9> - Tref - éﬂef (0 - 0071)
e Cubic TSF a7 -
Fup(®) = 2 (0 = 0,,) — 2L (0 — 0,,)°
g 02, 03, (1.12)

fdown (0> = Tref - fup (9 - eoff + 90”>
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e Sinusoidal TSF

2 2

TT‘G Tre 7T
Faown (0) = =L 4 22 cos 0 (6 — By )

fup(0) = Trep  Tres cos 91 (0 —6,,)
ov (1.13)

2 2

1 —exp <_<96_—8"”)>]
N 9 (1.14)
Jaown (0) = Trey |exp (W)]

[Kjaer et al., 1996] reported a high grade control of SRM using TSF. In this

method, the commutation point is defined where two neighboring phases

e Exponential TSF

fup(0) = Tre

producing the equal torque at equal level of current. This paper reported
different commutation angles for low speed high efficiency and high speed low
flux operation for torque ripple minimization. [Xue et al., 2009] developed a
improved TSF for torque ripple minimization. This paper stated that efficiency,
losses, speed range and maximum speed are significantly affected by turn-on
angle and overlap angle for a given torque. Therefore the proposed TSF are
dependent on turn-on angle, overlap angle and desired torque. The authors used
the genetic algorithm for optimizing turn-on and overlap angle for different
torque levels. The authors stated that large speed range and low copper losses

can be achieved by optimizing the TSF.

( [Choi et al., 2002]) proposed a new TSF which extends TSF region to
negative torque region to provide sufficient time for current rising and current
falling under positive torque region, thereby improves the speed-torque
performance. ( [Vuji¢i¢, 2011]) proposed a new family of TSF for torque ripple
minimization and optimization of TSF is carried out by considering the
secondary objective as copper loss minimization. Further, improved TSFs are
proposed by ( [Ye et al., 2015, [Sun et al., 2016], [Li et al., 201§|) for torque
ripple reduction. However, these methods necessitate accurate rotor position and
high memory requirements to store machine characteristics which are undesirable

features for the real-time implementation.
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1.4 Literature on Direct Torque Control for
SRM

Direct torque control (DTC) techniques are proposed for SRM to overcome the
aforementioned shortcomings, namely direct instantaneous torque control, direct
torque and flux control and advanced DTC strategies. Among them, the DTC
scheme draws more attention which utilizes the principle of DTC applied to
traditional AC machines. This method offers advantages such as automatic
control (no turn-on/off angle control), fast dynamic response, reduced acoustic
noise, insensitivity to motor parameters and does not require rotor position
information. Moreover, this method does not require any winding arrangements
and provides an easy extension to multi-phase SRMs. The detailed methodology
of DTC is presented in Chapter 2. Direct torque control (DTC) for SRM is
introduced by ( [Cheok and Fukuda, 2002]). The voltage vector selection
adopted in this method, results in negative phase torque generation. Therefore,
the active phase has to develop more torque to compensate for the negative
torque generated by the outgoing phase due to an extension of phase current in
the negative inductance slope region. Therefore, it draws more current from the
source, thereby reducing net torque per ampere (T/A) and the drive efficiency.

Also, this negative torque generation results in large torque pulsations.

( [Inderka and De Doncker, 2003|]) proposed a on-line direct instantaneous
torque control. In this method, torque is estimated as a function of flux linkages
and currents, thereby need of rotor position is eliminated. Moreover this method
uses hysteresis torque controller for torque regulation. The comparative study of
DTFC and DITC is presented in ( [Ronanki and Williamson, 2017]). The authors
stated that DTFC requires more current to maintain constant flux linkages at
different speeds. ( |Ai-de et al., 2018]) proposed a sector reformation technique
for three-phase SRM to select the vectors more precisely. In this method, 9 and

12 sectors are used instead of 6 sectors in conventional DTC.

1.5 Literature on Phase Current Reconstruction
Algorithms for SRM

Acquisition of the accurate phase currents is indispensable for the control and
protection of SRM drives. The concept of single-sensor current regulation for
SRM is first introduced in ( [Kjaer and Gallegos-Lopez, 1998]). The phase

current detection methods for SRMs using one sensor is developed using a
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double high-frequency pulse injection under current chopping control (CCC) and
DITC schemes ( [Gan et al., 2014]), ( |Gan et al., 2016a]). These methods are
further extended for position sensor less, fault-diagnosis and independent current
control of dual-parallel SRM drives ( |Gan et al., 2015], |Gan et al., 2016b]). In
these methods, two conducting currents are separated by injecting
high-frequency pulses to corresponding gate signals. However, these methods
cause the voltage penalty, increase the converter switching losses and complexity
to implement the algorithm( [Ronanki et al., 2020]). If the inverter brought to
the state for sensing the current, which is contradict to the phase voltage
specified by the current regulator, that sensing is associated with ”voltage
penalty”. Moreover, these approaches cannot be extended to SRMs having phase
number more than four. Alternatively, phase current can be estimated without
pulse injection by changing sensor’s placement, splitting the dc-bus and the
converter topology. However, these methods need significant modifications in the
conventional power converter topology ( [Sun et al., 2017], [Song et al.,
2017), [Han et al., 2017], [Gan et al., 2017], [Cheng et al., 2021]).

A multiplexed two-sensor current detection strategy is presented for
multi-phase SRMs (four, five and six) to extract the phase currents by adjusting
the converter structure and high-frequency pulse injection ( [Gan et al., 2018]).
However, voltage penalty, higher switching loss, and current distortion issues are
inevitable due to the pulse injection. Furthermore, the demagnetization current
cannot be detected and complexity in implementation. An advanced phase
current reconstruction method with multiplexed current sensors is presented for
multi-phase SRM systems without any converter change and pulse injection
( [Sun et al., 2018]). An improved current-sensing scheme for TSF controlled
three-phase SRM drive with two current sensors is introduced in ( [Gan et al.,
2020]). In this method, rotor position is detected by implementing a flux
linkage-current-based method, which is used to instantaneous phase torque and
current reconstruction. A summary of aforementioned phase current
reconstruction approaches for SRM drives is listed in Table [I.I, These phase
reconstruction techniques are designed for CCC, DITC and TSF techniques in
which only two phases are active at the same time. The detailed methodology of

theses phase current reconstruction are discussed in chapter 4.

13



Table 1.1: Comparison of existing phase current reconstruction schemes

Method Phase  Control Current Sensor  Pulse Converter Voltage Control
Number Scheme Number Injection  Adjustment Penalty Complexity
|Kjaer and Gallegos-Lopez, 1998] 3 cce 1 Yes Required Yes Complicated
|Gan et al., 2014 4 cce 1 Yes Required Yes Complicated
|Gan et al., 2015], |Gan et al., 2016b 3 cCcC 1 Yes Required Yes Complicated
|Gan et al., 2016a] 3 DITC 1 Yes Required Yes Complicated
|Sun et al., 2017 4 cce 1 Yes Required No Complicated
|Song et al., 2017 3 cce 1 No Not Required No Medium
|Han et al., 2017 3 CcCcC 2 No Not Required No Medium
|Gan et al., 2017 4 cce 2 No Required No Medium
|Cheng et al., 2021 3 CCC 2 No Required No Medium
|Gan et al., 2018 Multi CCC 2 Yes Required Yes Complicated
|Sun et al., 2018 Multi CcCcc 2,3 No Not Required No Simple
|Gan et al., 2020 3 TSF 2 No Not Required No Complicated

1.6 Motivation in the Present Work

Different control algorithms are proposed for SRM in the state-of-art literature
for torque ripple minimization, copper loss minimization, T/A improvement such
as angle optimization, phase current profiling and TSF based algorithms. These
methods require accurate rotor position information, need for storing
characteristic data and complex computations are involved in the
implementation. To address this issue DTC method is developed for SRM.
However, this conventional DTC method draws higher source current from the
source and results in high torque pulsation due to the improper voltage selection.
The reason behind the low T/A and high torque ripple is the generation of
negative torque due to the excitation of the phase which is under negative
inductance slope region. The minimization of negative phase torque to improve
the performance of SRM in terms of torque ripple reduction, T/A improvement
and source current ripple reduction is not addressed in the literature. Moreover,
different phase reconstruction techniques are developed for the current control
technique where only two-phases are conducting simultaneously. The phase
current detection is complex due to the simultaneous conduction of all phases in

DTC controlled drives, which is not addressed in the literature.

1.7 Research Objectives

e Dynamic modeling of four phase SRM using magnetic and torque

characteristics.

e Analysis of DTC of four phase SRM in terms of torque ripple, T/A and

source current ripple.
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e Develop a new DTC strategy to enhance T/A ratio as well as torque ripple
reduction based on sector reformation and optimized voltage vector selection
for four phase SRM.

e Develop a low cost and reliable DTC strategy for four phase SRM by reducing

number of current sensors required.

1.8 Thesis Organization

There are six chapters and two appendices in the thesis document. The outline of
the thesis as follows. The overview of the thesis is shown in Figure [I.7]

Chapter 1: This chapter presents a brief introduction to switched reluctance
motor drive, design aspects, source of high torque ripple, state-of-art
control algorithms for torque ripple minimization, start-of-art direct torque
control methods. In addition to that state-of-art phase current

reconstruction methods are presented in this chapter.

Chapter 2: This chapter presents the dynamic modeling of four phase SRM
using flux linkage and torque characteristics. Detailed simulation studies of
conventional direct torque control algorithm constitutes 8-sectors 8-vectors
are presented at different speeds. In addition to that the negative phase
torque generation and existence of current in the dead zone and its impact

on torque ripple and T /A are presented.

Chapter 3: This chapter presents the proposed 16-sector 8-vector DTC
algorithm. The sector partition and optimized voltage vector selection are
discussed in detail and the effectiveness of the proposed algorithm on
torque ripple and T/A is evaluated and results are compared with
Conventional DTC method. The negative torque generation still persists in
this method due to long tail currents. To overcome this issue, 16 sector 16
vector is proposed to extinguish the current quickly before entering into
negative torque region. The comparison studies of proposed DTC and
Conventional DTC are presented under both steady state & dynamic
conditions to highlight the superiority of proposed DTC methods.

Chapter 4: This chapter proposes a novel phase current reconstruction
algorithm for direct torque controlled SRM drive with reduced number of
current sensors compared with sensor per phase. The reconstructed phase

current is used for flux linkage calculations. To validate the efficacy of
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proposed phase current detection method, the reconstructed phase currents
are compared with currents obtained by sensor per phase method. The
method of phase current reconstruction and real time simulation results
with OPAL-RT along with MATLAB simulation studies are presented in
this chapter to validate the efficacy of proposed phase current

reconstruction algorithm.

Chapter 5: This chapter presents hardware implementation of four phase SRM
drive. The measurement of phase inductance, rotor position, and method
for developing commutation for SRM are discussed. In addition to that,
development of voltage control and hysteresis current control using STM32
microcontroller with the help of CUBEMX and Keil pVision software is

discussed and hardware results are presented.

Chapter 6: Summarizes the significant contributions of the thesis and include

some discussions on future research.
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Chapter 2

Direct Torque Control of
Switched Reluctance Motor Drive

2.1 Introduction

The SRM has a doubly salient structure and operates in the saturation region in
order to attain a high energy conversion rate, which makes it a highly non-linear
machine. Therefore, it is necessary to develop an accurate and non-linear model
for precise control of the SRM. Several modeling methods for the SRM are
available in the literature, including finite element analysis (FEA) based
techniques, analytical methods( [Le-Huy and Brunelle, 2005]) and lookup table
approach. In this work, an interpolation and look-up table based approach is
adopted using the torque and magnetic characteristics, which can be obtained
either by FEA or experimental measurement. The characteristics obtained from
experimental measurements are more suitable for modeling of SRM as it is more
accurate than FEA because FEA excludes some complex secondary effects. In
this study, a non-linear dynamic model of SRM is developed using method
described in [Chancharoensook and Rahman, 2002]. The flux and torque
characteristics obtained from the experimental studies of a real SRM in the form
of two-dimensional (2D) lookup tables are used for modeling. The dynamic
model of the four-phase SRM is developed in MATLAB/Simulink platform.

2.2 Dynamic Modeling of Four-Phase SRM

2.2.1 Experimental Determination of Magnetization &

Static Torque Characteristics

The block diagram of the experimental setup for the determination of
magnetization and static torque characteristics is shown in Figure [2.1} The

experimental procedure for obtaining these characteristics is described
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in [Ramanarayanan et al., 1996]. A dividing head is used to hold the rotor at a
specified position precisely against the high torque produced due to applied
voltage. In this experiment, H- Bridge consists of two switches and two diodes is
used to control the excitation. The phase winding draws the rated current from
excited square wave voltage. The voltage and current waveforms are captured

and processed for flux linkage calculations.

¢
+
Voe =
Voltage
o 0 Q DSO
Torque a. Current J
Transduser

Dividing
:| RM
Head |:| S

Figure 2.1: Block diagram of experimental setup for determination of
magnetization and static torque characteristics

The steps involved in the experimental determination of motor characteristics
are given below.
e Hold the rotor against high torque produced during the experiment.

e A voltage pulse is applied to one of the phases of SRM, with all the other

phases open.

e The voltage and current waveforms are recorded in the digital signal
oscilloscope (DSO).

e The rotor is rotated to a set of equally spaced rotor positions between
unaligned to aligned position and procedure is repeated at each rotor

position.

e The data recorded in DSO is transferred to the computer and numerical

integration is performed using composite simpson’s rule to calculate flux
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linkages using the equation 2.1.
Y= /(U —ar)dt (2.1)

e The validity of results is checked by evaluating the static torque with the

above data and verifying the same by experiment.

2.2.2 Flux Linkage and Torque Characteristics

The flux linkage and torque characteristics of the 4 kW four-phase (8/6) SRM,
which are obtained from the experimental studies are shown in Figures &

2.2b| These experimental characteristics are taken from [Rajesh and Singh,
2014).

The parameters of the motor used for simulation studies are given as phase

resistance (r; ) = 0.7 €, unaligned inductance L, = 12 mH and aligned inductance
L, = 110 mH, moment of inertia (J) = 0.016 kg-m? , and friction coefficient (B)
= 0.0065 Nms.

1 50

Flux linkages (V.s)
Torque (Nm)
o

0.2

15

10

SR
\\\\‘\\\\‘\‘\‘\\‘\\\\ 10 % C A)
urrent

0 o 0 o
Rotor position (Deg.) Rotor position (Deg.)

20
10

(a) (b)

Figure 2.2: SRM characteristics plotted from experimental data (a) Flux-linkage
characteristics, (b) Torque characteristics
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2.2.3 Mathematical Modeling of Four Phase SRM

The dynamic model of an SRM comprises of a set of electrical equations for each
phase and system dynamics. Neglecting mutual coupling, the phase voltage

equation of SRM model for m-phase machine can be expressed as

du: (1.0
vj=<m'z'j>+%”; ji=12....m (2.2)
. oY, di; oY, dob;
(i A ) 2.
v = (i) + (az'j a) "\ e, “at (2:3)
The dynamic equation of the phase current can be expressed as
di; [0y, . b
et A e ) o — (re i) — (22 2.4
2=13] lp-en-GEe 2.0

Where vj, 7;, 75, 1; and 0; represent the terminal voltage, phase current, phase
winding resistance, flux linkages, rotor position of ‘j’ phase respectively and w =
df/dt is the rotor speed. The general expression of the instantaneous torque by

one phase at any rotor position can be expressed as

oW, (i;,0)
Ty = — 12 2.5
’ 89 1;= constant ( )
where W, (i;,6) denotes co-energy, which can be given by
W [ 05,0 di (2.6)
0
The expression for instantaneous torque 7} can be given by
Ty oy ) (2.7)
The dynamics of the mechanical system is represented by
dw 1 | & .
=7 > T;(i,0;) — T, - B-w (2.8)
j=1

The SRM model is developed using the above dynamic equations and the
machine characteristics shown in Figure The phase model of SRM is shown
in Figure [2.3] and the complete four phase SRM model is shown in Figure [2.4]
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Figure 2.4: Four phase model of SRM

2.3 Asymmetrical Half-Bridge Converter
(AHBC)

The AHBC is a widely used power converter topology to drive the SRM, as it
allows independent control of each phase. The electric circuit diagram, along with
their operating modes for the four phase SRM is shown in Figures [2.5| & One
H-bridge module is required to drive one-phase of the SRM, which comprises of
two power switching devices [S1,55], and diodes [Dy, Ds] and the phase winding
is connected in series with the power switches. There are three possible states
that can be achieved through an AHBC to drive the SRM. The positive dc voltage
(+V 4.) is applied across the phase winding when both switches in the same phase
leg are turned on as shown in Figure[2.6a], which represents the magnetization state
and is denoted by ‘1’. The freewheeling state can be achieved by turning off one of
the switches as shown in Figure[2.6D] that applies zero voltage across switch, which
is denoted by ‘0’. To decrease the current abruptly, both switches are turned-off
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as shown in Figure 2.6d In this mode, negative dc voltage is applied across the
winding leading to commutation of a phase. This state is called demagnetization

mode and is represented as ‘—1’. The summary of the possible voltage states for
phase A is listed in Table [2.1]

: J}J} S; Lol J}\J} S ADKkss £D5 K#s, £D7

Phase A Phase B Phase C Phase D
Vg
C

ApD, JK}SZ AD, |[KxS: ADg JK}SG 4D, JK}Sg

gy

Figure 2.5: Asymmetric half-bridge converter (AHBC)

Y .

(a) Magnetizing state (+1)  (b) Freewheeling state (0)  (c) Demagnetizing state (—1)

Figure 2.6: Modes of operation of AHBC

Table 2.1: Operating modes of AHBC

S1 Se Dy Dy State

1 1 0 0 magnetizing state (+1)
1 0o 1 0 freewheeling state (0)
0o 1 0 1 freewheeling state (0)
0 0 1 1 demagnetizing state (—1)

2.4 Direct Torque Control (DTC)

The DTC of SRM is developed from the philosophy of DTC used for AC
machines. It has been shown to provide a simple solution to control the torque

to minimize torque ripple. However, previously DTC has been almost exclusively
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applied to AC motors which have linear characteristics and three phase balanced
sinusoidal excitation. However, the SRM has a nonlinear model and non
sinusoidal excitation. Furthermore, the excitation is normally not balanced
between phases, as the phases are independently excited. Therefore, the SRM
has not been seen as conducive to conventional AC machine DTC theory. In this
scheme, torque is directly controlled by accelerating and decelerating the flux

linkage vector.

The DTC scheme overcomes the problems associated with torque ripple control
in the SRM. This is because the scheme directly regulates the torque output of
the motor within a hysteresis band. So the torque ripple control is an inherent
part of the DTC scheme. Hence this method does not require a mathematical
model or knowledge of the motor parameters for torque ripple minimization, which
overcomes the difficulties in applying conventional torque ripple control due to
the highly nonlinear nature of the motor. Another advantage of the DTC scheme
applied to the SRM is that the scheme is very simple and can be implemented

with low cost microprocessor hardware.

2.4.1 Conventional Direct Torque Control of Four-Phase
SRM

The DTC strategy is very popular for conventional AC machines and have been

applied to the SRM. DTC control scheme works to achieve the following objectives.

e To maintain the constant magnitude (within hysteresis bands) of the stator

flux linkage vector.

e To maintain the electromagnetic torque in the limits of hysteresis band by
accelerating or decelerating the stator flux vector according to the

requirement of torque increase or decrease.

The principle of vector selection in DTC involves acceleration and
deceleration of the flux linkage vector to compensate torque and flux errors.
Furthermore, the torque control of an SRM depends only on the stator flux
vector’s variation, thus no need for motor information. The control block
diagram of the DTC scheme for an SRM is shown in Figure 2.7 The ‘“vgpeq’ is
the voltage across the four phases ‘A’ ‘B’, ‘C’, and ‘D’ and ‘444’ is the current
flowing through the phases. The S,, Sy, S.. Sg are the gate signals for four

phases. The flux linkages .4 are determined from the voltage, current and
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phase winding resistance as per Equation [2.1] The DTC structure comprises of
flux-linkage control, torque control and a flux-linkage vector’s position
information to choose voltage vector such that the desired torque control is

achieved.

To evaluate the stator flux linkage vector, the flux vectors for four-phase SRM

are transformed into the d—q reference axes

d)s = ’(/)d + jl/)q
W] = /7 + 2 (2.9)
0 =tan~! <%>

where 1), 0 represents the flux linkage vector’s magnitude and angle, which is used
to determine the sector Ny (k =1, 2, ..., 8). The torque can be estimated through

the measurements by torque sensor or pre-determined torque characteristics of the

motor.
LUT
+
Tre ) K Proposed
SUref ——t@ @ > SWItChlng
| » Table
Sectqr Position
Detgptlon Vabd

L¥ abcd | Pabcd | Flux Linkage | iabcs
VL dq Estimation
S

labcd
o)

Torque
Estimation

A A

Figure 2.7: DTC block diagram of SRM

2.4.2 Sector Partition & Selection of Voltage Vectors

The definition of vectors and sector formation for conventional DTC is shown in
Figure [2.8] and the corresponding switching table is presented in Table
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Figure 2.8: Definition of voltage vectors and partition of sectors for conventional
DTC

Table 2.2: Voltage vector selection for conventional DTC

Sector Tyt Ty T4t T4

Ny Va Vi Vs Vs
N, & Vs Vi Vz
N3 Vi Vs Vs Vs
Ny Vs V7 Vs Vi
N5 Ve Vs Vi Va
N V7 Vi Vs Vs
N7 Vs Va Vs Vi
N Vi Vs V7 Vs

In the conventional DTC scheme, total electrical space is divided into eight
sectors with an angle of 45°, as shown in Figure [2.8] The selection of the voltage
vectors based on the increment and decrement of torque and flux for conventional
DTC is tabulated in Table The selection of the voltage vector is as follows.

e The voltage vector, which makes an angle that does not exceeds 4+ 90° with

the stator flux vector is selected to increase the flux.

e The voltage vector, which makes an angle that exceeds + 90° with the stator

flux vector is selected to decrease the flux.
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e The torque can be increased and decreased by accelerating and decelerating

the stator flux vector respectively.

2.4.3 Simulation Results of Conventional DTC

The MATLAB simulations are carried out for four phase SRM having the
specification listed in Table The simulation results of conventional DTC at
operating conditions of flux linkage .y = 0.6 volt seconds, reference torque 7. f
= 5 Nm & speed N = 500 rpm are presented in Figure 2.9 The simulation result
shows that large torque ripple is presented in the electromagnetic torque T,,,.
The phase currents ., iy, ., and iq are conducting for entire cycle that results in

negative torque generation which can be observed in the phase torque waveforms
Ta, Tb, Tc, and Td.

Table 2.3: Specifications of four phase SRM

Parameter Rating
Rated Power (P) 4 kW
Rated Torque (7T') 25 Nm
DC link voltage (Vg) 280 V
Rated Speed (Nyqted) 1500 rpm

110 mH

Aligned Inductance (L,)
(L,) 12mH

Unaligned Inductance
Phase Resistance () 0.7 Q
Moment of Inertia (J) 0.016 kg — m?

Friction Coefficient (B) 0.0065 Nm.s
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Figure 2.9: Simulation results of electromagnetic torque T.,,, phase currents i,
1y, 1. and ig4, phase torques T,, Ty, T, and T, and sectors for conventional DTC at
N = 500 rpm

The voltage across & current through phase A winding along with the gating
signals are presented in Figure 2.10, The result shows that the switches are
switching at high frequency rate that results in more switching losses. Further,
the phase current and phase torque waveforms are plotted in the same axis to
interpret the phase torque generation with respect to phase current, which is
shown in Figure [2.11, From this interpretation, it can be observed that motor
phase winding carries the current during the negative torque region as well as
zero torque region. The existence of current in negative and zero torque region
decreases the T/A ratio and also results in high torque pulsations. The
performance of the SRM drive can be determined in terms of torque ripple and
T/A. The T/A ratio is given by
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Figure 2.10: Simulation results of phase voltage V,, phase current i, and
corresponding gate signals of S1, S5 for Conventional DTC at N = 500 rpm
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Figure 2.11: Interpretation of zero and negative torque regions in conventional
DTC

2.5 Summary

In this chapter, the mathematical modeling of four phase SRM using electrical and
mechanical equations is presented and the experimental determination of magnetic
and torque characteristics is described in detail. Further, the implementation
of DTC algorithm for SRM is elaborated. Further, MATLAB simulations are
carried out, the simulation results shows that the existence of phase current in the
negative torque region and zero torque region results in negative torque generation.

Therefore, conventional DTC draws more current from supply, thereby reduces the
T/A.
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Chapter 3

Proposed Direct Torque Control
Algorithms

3.1 Introduction

The conventional DTC switching pattern does not follow the phase inductance
variation. As a result it generates high torque ripple and draws high source current
to generate the required electromagnetic torque, that lowers the efficiency of the
drive. To address this issues, a DTC with sector reformation and optimized voltage

vector selection is proposed in this chapter.

3.2 Proposed DTC - 8 Vector 16 Sector
Partition Method

The existence of current in any phase during dead zones leads to reduction of T/A
in the conventional DTC. In order to avoid this problem, the conventional DTC
scheme is modified to enhance T /A by maintaining the current at zero level during
dead zones by dividing into 16 sectors and voltage vector selection as shown in
Figure In the conventional DTC scheme described in Chapter 2, the selected
vector for the simultaneous increase of torque and flux is the vector existing in
the next sector, which is 67.5° ahead of the stator flux vector and the same vector
is maintained up to 45° of stator flux vector rotation. In conventional method,
as the flux vector is moving, the angle difference between stator flux vector and
selected voltage vector decreases from 67.5° to 22.5° at the instant of reaching the
next sector. This improper selection voltage vector increase the torque ripple and
reduces the T/A ratio. However, the most appropriate voltage vector which is
right angles to the stator flux vector and ahead of it, can be selected in order to
increase both torque as well as flux for faster dynamic response in the proposed

scheme. In the same way, the most appropriate voltage vector which is right
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angles to the stator flux vector and lags behind it, can be selected in order to
decrease both torque as well as flux. This appropriate selection is realised in
the proposed method so that the phase difference between stator flux vector and
selected voltage vector at all rotor positions is maintained at 90° approximately
under simultaneous decrease or increase in flux and torque. To achieve this, the
total 360° space is divided into 16 sectors (each sector of 22.5°) and voltage vector
selection is performed as shown in Table [3.1]

V4
[[1,1,1,-1]
N7
Ns
Vs N
[10,1,0]
N1o N
. VT
. . 0
N1z Nie -225
Niz - Nis
N13 Nis
Vs VB
[-1,-1,1,1] v [1,-1,-1,1]
\Z
[0,-1,0,1]

Figure 3.1: Definition of voltage vectors and partition of sectors for proposed
16-sector 8-vector DTC

Table 3.1: Voltage vector selection for proposed 8 vector 16 sector DTC method

Sector Ty ft THold Thof Tyl

M Va Vs Vs Vz
No Vs Vi Vi Vs
N3 Vs Vi Vi Vs
Ny Vi Vs Va Vi
Ns Vi Vs Va Vi
Ng Vs Vs Vs Va
N7 Vs Vs Vs Va
N Vs Vz Vi Vs
Ny Ve Vz Vi Vs
Nio V7 Vs Vs Vi
Nn V7 Vs Vs Vi
Nia Vs Vi Vs Vs
Nis Vs Vi Vs Vs
Ny Vi Va V7 Vs
Nis Vi Va Vz Vs
Nig Va Vs Vs Vz

34



3.2.1 Simulation Results

To validate the performance and effectiveness of the proposed DTC scheme,
detailed simulation studies have been carried out on 4-kW four-phase SRM. The
simulation studies of the proposed 8 vector 16 sector partition method are
performed at torque reference (T,.f) of 5 Nm, flux linkage .y = 0.6 volt
seconds and 500 rpm speed. The electromagnetic torque T.,,, phase currents i,,
1y, 1. and 14, phase torques Ty, Tj, T, and T, and sectors are shown in Figure |3.2
The phase voltage V,, phase current i, along with the gate signals for 57, Sy are
shown in Figure From Figure [3.4] it can be observed that the current is
maintained at zero during zero torque region, thereby the proposed method
improves the T/A ratio. The dynamic response comparison of conventional and
proposed DTC schemes are presented in Figure [3.5] The proposed DTC has fast

dynamic response compared to conventional DTC.

Torque [Nm]

Current [A]

0.1 0105 011 0115 012 0125 013 0135 014 0145 015

Torque [Nm]

Sector
=
o

0 1 1 1 1 1 1 1 1 1
0.1 0.105 011 0115 012 0125 013 0135 014 0145 0.15

Time [s]

Figure 3.2: Simulation results of electromagnetic torque T.,,, phase currents i,,
1y, 1. and 14, phase torques T,, Ty, T, and Ty, and sectors for proposed 16-sector
8-vector DTC at N = 500 rpm
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Figure 3.3: Simulation results of the phase voltage V,, phase current i, and the
gate signals of S;, Sy for proposed DTC at N = 500 rpm
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Figure 3.4: Interpretation of zero and negative torque regions in proposed DTC
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Figure 3.5: Dynamic response comparison of conventional DTC and proposed
DTC

The performance of the proposed scheme is compared with the conventional
DTC scheme to show the improvement. Figure |3.6] shows the real time results
obtained from the real time digital simulator OPAL-RT platform at same operating
conditions as MATLAB simulations. It is observed that both the torque and flux
are well regulated at their nominal values in the proposed scheme and performs
better in minimizing torque ripple as well as improving T/A. In Figure [3.6b{ii), it
is shown that the phase current is maintained at zero-level during dead zone (DZ),
thereby reducing the source current using the proposed scheme. This is achieved
by applying a freewheeling/demagnetizing mode of either an active phase or an
incoming phase under positive slope inductance region. As a result, torque ripple
is reduced with enhanced T/A ratio compared to the conventional DTC scheme.
This scheme does not allow the magnetization state of any phase in the DZ region.
Thus, it is observed in Figure [3.6b|(iii) that the number of switching of the active
switches S; and Ss for ‘A’ phase are less using the proposed DTC, thereby reducing
switching frequency as well as switching losses. The comparison of the proposed
scheme with the conventional scheme in terms of torque ripple and T/A ratio is
listed in Table 3.2, From the analysis, it is concluded that the proposed scheme
offers better performance in terms of minimizing torque ripple with enhanced T /A

ratio.
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Figure 3.6: Results at 500 rpm (a) Conventional DTC, (b) Proposed 8-vector 16-
sector DTC. Scope i: CH1: Torque (Nm) and CH2: Sector number; Scope ii:
CH1:Phase-A current (A) and CH2: Flux linkage; Scope iii: CH1: Gate signal
for 57 and CH2: Gate signal for S,

Table 3.2: Comparison of conventional & proposed 8 vector 16 sector DTC

methods
Speed Torque ripple (%) T/A (Nm/A)
(rpm) Conventional Proposed Conventional Proposed
DTC DTC DTC DTC
100 26.8 25.1 0.8107 1.2041
250 31.1 28.1 0.8289 1.1804
500 38.4 33.1 0.8321 1.1071

Even though proposed 8 vector 16 sector DTC eliminates existence of phase
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current in zero torque region, The T/A is still low due to generation of negative
torque by each phase. This negative torque is produced due to magnetization of

outgoing phase in negative inductance slope region.

3.3 Proposed DTC — 16 Vectors 16 Sectors
Partition Method

In order to avoid the generation of negative torque, 16 vector 16 sector partition
method is proposed. In conventional DTC method, the torque can be increased
by accelerating the flux linkage vector causing the incoming phase to conduct in
the positive torque region, so that the requirement can be fulfilled. Similarly, the
torque can be decreased by magnetizing the outgoing phase, which is in the
negative torque region, which is at the cost of increased commutations, lower
T/A and more switching losses. Furthermore, large input power pulsations occur
which is undesirable, especially for applications such as battery-powered electric

vehicles.

To address all these issues, in this proposed method eight new vectors are
defined for torque decreasing condition as shown in Figure [3.7b] These new eight
vectors are proposed such that magnetization of out going phase during negative
torque region is completely eliminated thereby improves the efficiency and
minimize the torque ripple. The definition of voltage vectors and sector partition
is shown in Figure |3.7| and corresponding switching table is listed in Table |3.3
The transition of the phase from demagnetizing mode to magnetizing mode
results low T/A for conventional DTC, which can be observed in Figure[3.8] The
selection of the voltage vectors using the proposed DTC scheme is presented in
Figure [3.9. The proposed method utilizes the new vectors for decrease in torque
by replacing all magnetization (1) modes with freewheeling modes (0), thus
eliminating the negative torque production. Furthermore, the proposed DTC
scheme avoids all (—1) to (+1) switching transitions, i.e. the switching of the
phase from demagnetization mode (—1) to magnetization mode (+1) involves
switching of both switches of a particular phase, whereas magnetization to
freewheeling transition involves only one switch. Therefore, soft chopping with

single switch transition can also be achieved using the proposed method.
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Figure 3.7: Definition of voltage vectors and partition of sectors for proposed
16 vector 16 sector DTC (a) Torque increasing condition, (b) Torque decreasing
condition

Table 3.3: Voltage vector selection for proposed 16 vector 16 sector DTC method

Sector Tyt Ty T4 T4

Ny Vs V3 Vio Vo
Ny V3 V4 Vi Vio
N3 V3 Vy Vi Vio
Ny Vi Vs Via Vi
N5 Vy Vs Via Via
Ng Vs Ve Vis Via
N7 Vs Ve Vis Via
Ng Vs Vz Via Vis
Ny Vs Vz Via Vi3
Nio Vz Vs Vis Via
N Vz Vs Vis Via
Nio Vs Vi Vie Vis
Ni3 Vs Vi Vie Vis
Ny Vi Vo Vo Vie
Nis Vi Vs Vo Vie
Nis Va V3 Vio Vo
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Figure 3.8: Flowchart of the conventional DTC
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3.3.1 Simulation Results

The results obtained using the proposed scheme under steady-state as well as

dynamic conditions are illustrated and compared with the conventional DTC.

Here, waveforms of only two phases ‘A’ & ‘C’ are plotted for clear understanding
and visualization. Figures [3.10] and [3.11] show the simulated waveforms of the

conventional DTC strategy for a reference torque of 15 Nm at 250 and 750 rpm

respectively. From these results, we can observe the extension of the phase current

and negative phase torque existence in conventional DTC. This phase negative

torque can be completely eliminated in the SRM drive using the proposed DTC
strategy as shown in Figures and
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Figure 3.10: Steady-state simulation results of phase voltages V, & V., phase
currents i, & i., phase torques T, & T,, and total electromagnetic torque T, for
conventional DTC at 250 rpm
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The torque dips observed during the phase commutation in the conventional
DTC are shown in Figures and These torque dips are reduced using
the proposed DTC as depicted in Figures and Thus, the desired torque
is well regulated at their reference value with an improved T/A ratio using the
proposed DTC strategy and outperforms the conventional DTC strategy in terms
of torque ripple and T/A ratio under low and high speeds.
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Figure 3.11: Steady-state simulation results of phase voltages V, & V., phase
currents i, & i., phase torques T, & T,, and total electromagnetic torque T, for
conventional DTC at 750 rpm
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Figure 3.12: Steady-state simulation results of phase voltages V, & V., phase
currents i, & 7., phase torques T, & T,, and total electromagnetic torque T, for

proposed 16 vector 16 sector DTC at 250 rpm

45



400 T T T T T
—V
= sl | \ IE:
8 I WL 1 |——
& AILLILIH | UL TR UL
=)
400 ! ! ! ! ! ! ! ! !
0.5 0.502 0.504 0.506 0.508 0.51 0.512 0.514 0.516 0.518 0.52
<
I=
<
5
O
5 ! ! ! ! ! ! ! ! !
0.5 0.502 0.504 0.506 0.508 0.51 0.512 0.514 0.516 0.518 0.52
=
=
[}
=)
2
S
'_
5 ! ! ! ! ! ! ! ! !
0.5 0.502 0.504 0.506 0.508 0.51 0.512 0.514 0.516 0.518 0.52
16 T
e ol .y
Z | ww'l
s 14
2
213
12 ! ! ! ! ! ! ! ! !
0.5 0.502 0.504 0.506 0.508 0.51 0.512 0.514 0.516 0.518 0.52

Time [s]

Figure 3.13: Steady-state simulation results of phase voltages V, & V., phase
currents i, & i., phase torques T, & T,, and total electromagnetic torque T, for
proposed 16 vector 16 sector DTC at 750 rpm

The dynamic performance of the SRM drive with the proposed DTC scheme
is validated by changing the torque reference during acceleration and deceleration
modes. To validate the dynamic performance, torque reference (7,.s) is changed
from 10 to 15 Nm at 1 s and from 15 to 5 Nm at 1.2 s. It is observed that,
the proposed 16 sector 16 vector DTC is able to track the T,.; effectively in
comparison to the conventional DTC, as shown in Figures [3.14] and [3.15] This

is due to selecting vectors which are orthogonal to the stator flux linkage vector.

The dynamic response of conventional DTC has a delay in settling as well as the
undershoots at the new reference torques. Therefore, the proposed DTC strategy

exhibits fast dynamic performance with reduced torque pulsations under different
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torque references.
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Figure 3.14: Dynamic performance of conventional DTC at 750 rpm
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Figure 3.15: Dynamic performance of proposed DTC at 750 rpm

3.3.2 Real Time Simulations with OPAL-RT

The proposed DTC strategy is also verified through real-time studies. The
proposed and conventional DTC schemes are implemented on an
OPAL-RT-based digital controller (OP5142) with 50 usec sampling time. The
motor parameters and the testing conditions of a real-time system are similar to
the simulation studies. The real-time results shown in Figures and
are found to be in concurrence with the corresponding MATLAB simulation
results in terms of electro-magnetic torque, phase torque, phase current and
rotor angle. As shown in Figure (i), the extension of the phase current and

phase negative torque are completely eliminated under the negative inductance
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slope region. Thus, the proposed drive improves T/A in the SRM drive, thereby

enhancing the drive efficiency.
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Figure 3.16: Real-time results at 750 rpm (a) Conventional DTC, (b) Proposed
DTC : Scope i: CHI1: Total torque (Nm), CH2: Sector number, CH3: Phase
torque (Nm) and CH4: Phase current (A); Scope ii: CH1: Phase current (A),
CH2: Phase voltage (V), CH3: Gate signal for S; and CH4: Gate signal Ss.

3.4 Performance Analysis of DTC Schemes
3.4.1 Torque Ripple Analysis

Toque dip occurs at the point of overlap during phase commutation, which is
usually expressed in the form of torque ripple.

Torque ripple is evaluated using equation under both the DTC schemes at
low and high speeds. With the application of the proposed DTC scheme, torque
dips are reduced significantly during phase commutation as depicted in Figures
13.12} 13.13[ and |3.16b| It is also observed that, the torque ripple is reduced by 32%
and 36% in proposed DTC at 250 rpm and 750 rpm respectively when compared

with conventional DTC.

3.4.2 T/A and Copper Loss

The magnitude of the phase current in the inductance decreasing region
determines the amount of generated negative phase torque. The proposed DTC

scheme completely eliminates the phase current in the negative torque region,
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thereby improves the drive efficiency. In the case of SRM drives, it is usually
expressed in terms of T/A.

It is observed that the proposed DTC scheme improves T/A ratio by 71.91%
and 4.73% at 250 and 750 rpm respectively. The copper losses can be evaluated
as follows:

7=1

where 7; is the phase AC resistance and ., is the rms value of the 5t phase
current. Copper losses are determined using the Equation for both schemes
under different speeds. The performance analysis of both schemes in terms of
copper losses is shown in Figure It is noticed that the copper losses are
reduced by 11.56% and 15.92% using the proposed drive at 250 and 750 rpm,
respectively.
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g 30
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Figure 3.17: Comparison of per-phase copper losses under the conventional and
proposed DTC schemes

3.4.3 Current Stress on Power Devices and the Number
of Commutations

Power devices have been found to be the most fragile components and are prone
to failure due to varying current and voltage stress. Therefore, it is essential to
analyze the stress on the devices that are subjected to different control
strategies. Figure 3.1§ and Figure [3.19 shows the current distribution on each
device of AHBC per phase under the conventional and proposed DTC strategies
at 750 rpm respectively.
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Figure 3.18: Device stress under the conventional DTC scheme

It is observed that the switching of the devices is significantly reduced in
proposed DTC compared with conventional DTC. Alternatively, it can also be
analyzed through the number of commutations in one electrical period. The
number of commutations of the switch for one electrical cycle can be calculated
using a digital counter circuit. In this method, the counter is incremented by one
whenever the rising edge of the gate signal is detected. The difference between
the counter count at the starting point and endpoint of the cycle gives the
number of commutations. The block diagram of the digital counter to evaluate
the number of commutations per switch is shown in Figure [3.20]. Both per-phase
active devices (s; and sy) are switched at 43 and 32 times in one-fundamental
cycle of the proposed DTC method, whereas in the conventional DTC, both
devices are switched at 587 and 177 times at 250 and 750 rpm respectively. The
lesser number of commutations implies lower switching losses of the converter,
which is observed in both simulation and real-time results. Therefore, average

switching frequency of the proposed SRM drive is significantly reduced in
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comparison to the conventional DTC-based drive.
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Figure 3.19: Device stress under the proposed DTC scheme
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Figure 3.20: Block diagram for evaluating the number of commutations
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3.4.4 Power Loss Analysis

It is shown that the number of commutations is limited using the proposed DTC
scheme by eliminating the magnetization of the phase in the negative torque
region. Even though the number of commutations is reduced, the conduction
time of power diodes increases. As already discussed, the reduction in RMS
current to generate same electromagnetic torque reduces the converter
conduction losses. Therefore, it is required to evaluate the power loss of the

AHBC. The total power losses Pryq of per phase AHBC are given by

Protas = Pr—s, + Pr—p, + Pr—s, + Pr_p, (3.2)

where Pr_s1, Pr_p1, Pr_s0 and Pr_ps are the power losses of the upper switch,
upper diode, lower switch and lower diode, respectively. The total power loss of
a power switching device (S) and diode (D) is the sum of conduction losses and
switching losses (turn-on loss and turn-off loss/recovery loss). The conduction loss

of the switch/diode can be given by

I :
Pcond ,S/D — T/ V:)n, S/D X Z(t)dt (33)
0

The conduction loss of (Peong,s/p) switch and diode can be calculated from
their forward voltage drop (V,,s/p) and their instantaneous current i(t). The
device characteristics are developed using the curve-fitting tool in the MATLAB
by considering the electrical and thermal characteristics of Semikron IGBT
SKM75GAL123D/SKM75GAR123D for one phase of AHBC. The derived
conduction loss equations of the switch (S) and diode (D) from the curve fitting
analysis ( |[Drofenik and Kolar, 2005], [Venkataramanaiah and Suresh, 2018]) are

listed as

Psgs50c = 0.02365 * ig(t)? + 1.551 * ig(t) — 0.8995 (3.4)
Ps1950c = 0.02876 * ig(t)? + 1.914  ig(t) — 2.452 (3.5)
Ppasec = 0.01521 % ip(t)? + 1.245 % ip(t) — 0.2321 (3.6)
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Pp 1asec = 0.01485 * ip(t)* + 1.06 * ip(t) — 0.8451 (3.7)

The second-order polynomial equations are developed for conduction power

losses at temperatures (T) are given by

Ps (ic, T) =(0.0224 4 0.000058 * T) * ig(t)* 4 (1.46025
+0.00363 % T') xig(t) — (0.511375 + 0.015525 * T)
Pp (ip,T) = 0.0153 % ip(t)* + (1.2913 — 0.0019  T)
5 ip(t)(0.0789 + 0.0061 * T)

(3.8)

(3.9)

The conduction losses are calculated using the Equations - as per
methodology shown in Figure [3.23al The switching losses of the switch (S) and
diode (D) are

Pows = 73 [Funl) + o) (3.10)
PRec—D = % Z [Erec(j)] (311)

where E,, and FE,f;; are the turn-on and turn-off energies of switch,
respectively. F,.. represents the recovery energy of the diode. The data sheet
provides E,,, E,r; and E,.. losses versus switch/diode current curves that
describe the current dependency of switching losses. Other dependent factors of
switching losses are blocking voltage and junction temperature. The switching
loss factor can be obtained by dividing total energy losses with switch/diode

current represented as

E ota.
Kop = ]t L (Ws/A) (3.12)
S/D

The derived polynomial equations for switching loss factor from the selected

switch data sheet are expressed as

K (ig) = 0.0001487 % ig(t)* — 0.03366 * ig(t)*

(3.13)
+3.224 % ig(t) + 170.3
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Kp (ip) = —0.0007726 % ip(t)2 — 0.436 * ip(t) + 65.53 (3.14)

Kg(ig) is the switching loss factor of IGBT and Kp(ip) is the switching loss
factor of a diode. The switching loss evaluation methodology adopted is shown in
Figure 3.23b] Once the conduction and switching losses are calculated, then the
total losses for all devices are evaluated as shown in Figure The converter
loss distribution comparison of the conventional and the proposed DTC strategies
at 250 and 750 rpm are shown in Figures and
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20% |S

)
~
[\
>
N

(a) Total converter losses = 177.6 W (b) Total converter losses = 116.1 W

Figure 3.21: Converter power loss analysis (a) Conventional DTC at 250 rpm, (b)
Proposed DTC at 250 rpm
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Figure 3.22: Converter power loss analysis (a) Conventional DTC at 750 rpm, (b)
Proposed DTC at 750 rpm
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Figure 3.23: Block diagram of power loss evaluation methodology (a) Conduction
losses, (b) Switching losses, (c) Total losses

3.4.5 Input Power Fluctuations

Due to non-linear characteristics and phase commutation of SRM, there are large
input power fluctuations when transferring energy from the dc source to the
SRM. Therefore, large current fluctuations occur at the input side considering
the stiff dc source. In battery-powered electric vehicles, the battery lifetime is
highly influenced by the ripple current. One way to avoid such power
fluctuations, is the use of large capacitors parallel to the battery. In order to
compare the performance of both the schemes, same capacitor value is
considered and their results at 250 rpm are shown in Figure It is observed
that the proposed method reduces fluctuations in the source current, which

improves the life of the battery in the battery-powered electrified vehicles.
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3.4.6 Comparison Summary of the Proposed DTC Scheme
with Conventional DTC

The comparison summary between these methods in terms of torque ripple, torque
per ampere, source current and number of commutations are listed in Table
Overall, the proposed DTC method outperforms the conventional DTC method

especially at lower speeds. The comparative analysis between the proposed DTC
and the conventional DTC are summarized in Table (.5l

o7



Table 3.4: Comparison of conventional & proposed 16 vectors 16 sectors DTC

methods
Speed Torque ripple (%) T/A (Nm/A) Supply Current(rms)(A) Number of commutations
(rpm) Conventional Proposed Conventional Proposed Conventional Proposed Conventional Proposed
DTC DTC DTC DTC DTC DTC DTC DTC
250 15.66 10.66 1.570 2.699 9.454 5.611 587 43
500 19.20 13.66 1.529 2.057 9.627 7.311 309 39
700 21.93 14.02 1.578 1.647 9.15 9.129 177 32

Table 3.5: Summary of comparative analysis of proposed and conventional DTC

scheme

3.5

Scheme atributes

Conventional DTC Proposed DTC

sector partition method
voltage vector used
torque ripple

T/A ratio

source current ripple
copper losses

switching losses
number of commutations
device current stress
device voltage stress
battery life

capacitor requirement
efficiency

eight
eight
high
low
high
high
high
high
high
high
low
high

low

sixteen

sixteen
low
high
low
low
low
low
low
low
high
low
high

Summary

In this chapter, a new DTC algorithm for a four-phase SRM drive with improved

efficiency is proposed.

In this scheme, a sixteen sector partition method is

employed and the most appropriate voltage vectors are selected to regulate the

desired torque with minimal torque pulsations. The proposed strategy effectively

eliminates the instantaneous negative torque generated by the outgoing phase

during phase commutation. Thus, the net T/A ratio is significantly increased

and the torque ripple is minimized. The real-time results show that the proposed

DTC scheme improves the drive efficiency in comparison to the conventional
DTC scheme.
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Chapter 4

Proposed Phase Current
Reconstruction Algorithm

4.1 Introduction

Acquiring the phase currents is critical to protect and estimate flux in DTC
controlled SRM drives. The conventional phase current measurement scheme is
shown in Figure One current sensor per phase, analog-to-digital channels
and the corresponding signal-conditioning circuits are required for digital
control, consequently increasing the system cost with an increased phase
number. Hence, it entails to reconstruct phase currents using reduced number of

current sensors to enhance reliability as well as to reduce the cost.

+ 0O ’ '
Ss i D: |
Phase B Phase C Phase D
Vdc \
\% s,
p— O “

Phase current sensors

Figure 4.1: Conventional current measurement scheme with individual hall-effect
Sensors

Several advanced phase current detection and reconstruction methods have
been proposed in the literature, which are basically classified as with and without
pulse injection methods. ( |Gan et al., 2014], |Gan et al., 2017], |[Sun et al.,
2017], [Sun et al., 2018, |[Kjaer and Gallegos-Lopez, 1998, |Gan et al., 2015|, |Gan
et al., 2016b|, |Gan et al., 2016a], [Han et al., 2017], |[Cheng et al., 2021], [Gan
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et al., 2018], [Ronanki et al., 2020]). Most of these approaches are developed using
one or two current sensors under current chopping control (CCC) technique. The
detailed discussions on the methodology of the major phase current reconstruction

methods are provided in the following sections.

4.2 Phase Current Reconstruction Methods

4.2.1 Phase Current Reconstruction from DC-Link
Current using High-Frequency Pulse Injection

In this phase current detection scheme ( [Gan et al., 2014]), a dc-link current
sensor is used. As shown in Figure all the positive poles of down side diodes
are connected to the down dc-link and all the sources of the down switches are
connected to the down dec-link through a current sensor. As the diodes are not
connected to dc-link, demagnetization currents are eliminated in the measurement
and only excitation currents of all the phases are measured by sampled dc-link

current sensor.

C+ K = Lolj Ss LD:;J S LD;,J s, im

Phase A Phase B Phase C Phase D

D, JK} s, D, JK} ) Ds JK} Ss Ds JK} Ss

i .
de dc-link current sensor

Figure 4.2: Single sensor based phase current measurement scheme

The dc-link current can be expressed in terms of phase currents and

switching functions as

Gge = 1452 + 1554 + .56 + 1458 (4.1)

The relationship between the dc-link current and the converter switching
states in the phase excitation sequence is given in Table If the two phase
currents are not overlapped as shown in Figure the dc-link current is same as

phase excitation current in the phase turn-on region and all phase currents can
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be obtained by multiplying the dc-link current with the driving gate signal of
exciting phase without any pulse injection. Generally, two phase currents are
overlapped at phase commutation region to avoid high torque pulsation in

current controlled SRM drives.

)

& s s

Sy

S
s, T

Sg

s B

s | L

Figure 4.3: Two phase currents non overlap in the turn-on region

From the Figure [4.4] it is shown that phase currents A & D are overlapped in
the region I. Therefore, the dc-link current in the region I is the sum of the phase
A and phase D currents. In this region, if down switch of phase A is off, the
dc-link current is only the phase D current and the dc link current is only phase
A current, if down switch of phase D is off. Therefore the dc-link current in the

overlapped region of 6; - 64 can be expressed as

ige =g if Sy =1, S5 =0 (4.2)
ige =igif S, =0, Sg=1 (4.3)

In this pulse injection method, The phase A current can be reconstructed by
injecting high frequency pulse with large duty cycle in down switches of phases
D & phase B in the overlapping regions I & III respectively. The injected high
frequency signal denoted as PWM;. Similarly, phase D current in region I and
phase B current in region III can be reconstructed by injecting another phase
shifted high frequency pulse with same duty cycle into down switch of phase A.
This phase shifted high frequency signal is denoted as PWM,. The phase shift
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between the PWM; and PWM, is defined as half period of PWM; and denoted

as tenire- The method leads to voltage penalty due to pulse injection.

Lshift =

(ton +tosy)

2

(4.4)

Where t,,, and t,¢; are the turn-on and turn-off times of high frequency pulse.
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Figure 4.4: Two phase currents overlap in the turn-on region

Table 4.1: Relationship between dc-link current and switching states
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4.2.2 Split Dual Bus Method for Phase Current Detection

In this method ( [Gan et al., 2017]), instead of using individual current sensor in
each phase, only two sensors are used for phase current detection using split dual

bus system as shown in Figure [4.5]

Tbus1 Upper bus current sensor
+O /e
| S, i D, JK} S5 Ds JK} S L Ds JK} S; im
Phase A Phase B Phase C Phase D
v 1 Y Y\ LYY
dc —C
D, JK}SZ Ao s &Ko, JK}SG 7 g JK} Ss
0 —
Tbus2 Lower bus current sensor

Figure 4.5: Two sensor based current measurement scheme with split dual bus
line

In this method, upper and lower bus lines are split into two parts. One
current sensor is placed in split upper DC bus which connects the collectors of
the upper switches of phase B and D, another current sensor is placed in the
split lower DC bus which connects the emitters of the lower switches of phases A
and C and kept the other connections remains same as shown in Figure In
this topology, only bus lines are split without any additional components and
utilizes only two sensors to detect the phase currents which not only reduces the
number of current sensors required compared with traditional method but also
provides prominent solution for voltage penalty problem. Furthermore, the need
of pulse injection is eliminated in this method compared to one sensor method.
In this method, demagnetization current of each phase are not flowing through
the current sensors, thereby sensors detect only magnetizing and freewheeling
current, which makes the current measurement and separation much easier.
Current regulation doesn’t require demagnetizing current. Therefore, this
method effectively reconstruct the phase currents only with two current sensors.

The relationship between phase currents and bus currents is shown in below
Table 1.2
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Table 4.2: Relationship between bus currents and switching states

Sl 53 S5 S? ibusl ibusQ
10 0 0 0 lg
11 0 0 T lg
0O 1 0 0 W 0
0o 1 1 0 i i
0O 0 1 0 0 le
0O 0 1 1 ld le
0O 0 0 1 ld 0
1 0 0 1 4y i

As per the connection, the currents of phases B & D always go through the
upper bus sensor where as lower bus sensor always carries phase currents A & C.
However, current controlled SRM drive allows the overlapping of any two phase
currents at any time. For example phase currents A & B are overlapped for a
certain duration, the phase A current directly obtained from lower bus sensor
and phase B current is same as upper bus sensor current. Similar way, any phase
current can be determined at any time from two bus current sensors. The upper

and lower bus currents can be expressed in terms of phase currents as given in

equations [4.5 & [.6]

ibusl = ib.Sg + id.S7 (45)
ibusQ - ’ia.SQ -+ iC.S6 (46)

The reconstructed phase currents i, e, e, tere, tdre Can be obtained from
relationship between bus currents and switching signals as per the equations

given below.

lare = lbus2-52 (4.7)
ibre = Tbus1-S3 (4.8)
fcre = Tbus2-96 (4.9)
bdre = Tbus1-S7 (4.10)
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4.2.3 Phase Current Reconstruction using Improved

Converter Topology

In hysteresis current control method, only conduction of consecutive phases are
overlapping. Phase currents A & C never conduct simultaneously. Therefore the
switches S; & S3, diode Dy commonly used for phases A & C as shown in Figure
[4.6] Similarly, the switches S5 & S;, diode Dy commonly used for phases B &
D. In this method ( [Sun et al., 2017]), phase currents are reconstructed by using

single dc link current sensor with advanced PWM pulse injection without voltage

penalty.
fbus bus current sensor
—
o .
+
K & s JK} s,
x D4 x D6
Ve o e
JibéB big D
J Se I Ds J Ss
O

Figure 4.6: Single sensor based phase current measurement system with improved
converter topology

This topology excludes the demagnetization current from dc link current by
connecting the cathode terminals of all the upper diodes to upper dc link. When
there is no overlap between adjacent phases, the phase currents are directly
measured by sampling the dc link current during the corresponding conduction
region. PWM pulse injection technique is used to separate the phase currents
when phase currents are overlapping. During the excitation mode of phase A &
B, phase A current is separated from the dc link current by changing the
conduction from switch S7; to Ss. Similarly, the phase B current is separated
from the dc link current by changing the conduction from S3 to S;. Similarly
during one phase is conducting and other one is freewheeling, the phase currents
are separated by changing conduction between S; and S5 for phase A current
reconstruction and changing the conduction between switches S; and S; for

phase B current reconstruction.
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4.2.4 Multiplexed Current Sensors Based Phase Current

Detection Scheme

Multiplexed current sensor based phase current detection scheme is shown in
Figure ( [Sun et al., 2018]). In this multiplexing current sensor scheme,

phases A & C currents measured by single current sensor by multiplexing both

in same sensor as phase currents A & C will not overlap as shown in Figure 4.8

Similarly, Phase currents B & D can be measured using single sensor by

multiplexing into single sensor.

The relationship between sensor currents and

phase currents in all four regions are given in Table This method doesn’t

require any converter modifications and pulse injection.
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Figure 4.8: Two phase currents overlap in the turn-on region
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Table 4.3: Relationship between sensor currents and phase currents

~
IS}
~
S
.
o
~
U

Region I I

1 ia ib [1 [2 0 0
i 0 % 0 I, 0 O
i i, 4 0 I, I, O
v . 0 0 0 L O

4.3 Proposed Phase Current Reconstruction
Algorithm

The block diagram of the proposed phase current reconstruction algorithm for four-
phase SRM drive, as shown in Figure consists of an SRM, power converter,
drive circuit, position measurement unit, current and voltage measuring circuits.
Each phase conducts for all eight sectors in conventional DTC as shown in Figure
due to long-tail currents. Due to simultaneous conduction of all phases over
the eight-sector region, phase current detection from the dc-link current is not
possible. The elimination of tail current in the proposed 16 vector 16 sector DTC
creates the scope for reduction of current sensors instead of using one sensor per
phase. To identify the region, the 16 sectors are divided into four regions such
that at least one phase current should be zero in each region as illustrated in
Figure It can be seen that three phase currents are overlapping at any
given time i.e., each phase current is maintained at zero for at least four sectors.
The remaining three phase currents can be extracted from three sensors output
using a simple algebraic equations. The output of the three sensors in the four
regions is listed in Table [4.4]
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Figure 4.9: Block diagram of proposed phase current reconstruction algorithm

Table 4.4: Current sensor outputs corresponding to regions

Region Sectors Iost Icsa  Icss
(R)) 1L, 12, 13, and 14 i, . i+ iy
(RQ) 15, 16, 1, and 2 ia + ib ib 'éd
(R3) 3,4,5, and 6 lo+ i Gp+ic e
(Ry) 7,8,9, and 10 n i+l G+ ig

The flowchart of the proposed phase current reconstruction algorithm based on
sectors (N7_16) and regions (R;-Ry) is shown in Figure For instance, if the
angle lies in sector 11-16, then it corresponds to region-1 and phase currents are
estimated through measured currents from sensors and algebraic logic. Once the
phase currents are estimated, then it is used for flux linkage vector estimation for

closed-loop of DTC. The flux linkage vector can be estimated as

(THES /(Uj —rj.05).dt (4.11)

Where v;,v;,7;, and r; are the respective flux linkages, voltage, current and

resistance of the phase ‘j’. The proposed method operates the drive at high
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performance and also detects the phase currents by using only three sensors
without any additional requirements. Furthermore, it does not require any
converter change and pulse injection. As a consequence, there will not be any
voltage penalty and further it is easy to implement when compared to existing

phase detection techniques.

ig>0 [ k=0 | : !

Figure 4.10: Illustration of phase currents overlap in (a) Conventional DTC, (b)
Proposed DTC
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Figure 4.11: Flowchart of the proposed phase current reconstruction algorithm.

ia_re: lcst

ib_re= 0

ic_re: lcs
igre=lcsz- les2
iare=lcst- les2
ip_re = lcs2

ic_re: 0

ig re = lcs3

iare = lcst - lesot lesy
ib re=lcs2 - lcss
icire= lcss

igre=0

iare=0

ib_re = lcst

ic e = lcs2 - lcs

ig re=lcss - les2 + lesi

4.4 Results and Discussions

To demonstrate and verify the performance of the proposed DTC with phase
current reconstruction strategy, a MATLAB/Simulink model of a 8/6 4-kW
four-phase SRM with the proposed control structure is developed.
simulation studies of the proposed scheme have been carried out at different

operating conditions with 15 Nm reference torque. The actual phase currents i,
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1y, ¢, and 74 when the motor is running at 750 rpm are shown in Figure
The sensor currents lcg1, Iose, and Igcgz are shown in Figure [4.13.  The
reconstructed phase currents iy re , tp_re; tere, and ig.. obtained from the sensor
currents Icg1, Iose, and Icg3 using the proposed current detection method are
shown in Figure The results show that the reconstructed phase currents are
the same as actual currents obtained by one sensor per phase. The estimated
phase currents are utilized for flux estimation for closed-loop DTC control. The

error between the actual and reconstructed phase currents is shown in Figure

4,10
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Figure 4.12: Actual phase currents i,, %, 7., and 74 measured by sensor per phase
at 750 rpm
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Figure 4.13: Sensor currents Icg1, Ioge, and Iogs at 750 rpm
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Figure 4.15: Actual phase current i,, reconstructed current i, .. and error at 750
rpm

4.5 Real-Time Validation

The proposed scheme is further validated on the OPAL-RT based real-time
platform under various operating conditions. The phase currents over the 16
sector region is shown in Figure [4.16, The actual phase current, reconstructed
phase current and the corresponding error under both steady-state and dynamic
conditions are shown in Figure and Figure respectively. The three
sensor currents and the corresponding reconstructed phase current as shown in
Figure coincide well with the simulation results, which verifies the
effectiveness of the approach. It can be observed that phase currents are
reconstructed with high accuracy. The reconstructed four-phase currents are

used for flux estimation and closed-loop DTC control of an SRM drive. Figure
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shows the real-time results of the actual, reconstructed phase currents and
the corresponding errors during the acceleration and deceleration process. It is

noticed that, the estimation process achieves high accuracy, which shows its

effectiveness under dynamic conditions.

Stop M Pos: 3.000ms
Tk s oS M Pos: 30.00ms Tk ... @stp
¥4 (5 Aldlv) iv(5 A/dlv) . A ic (5 A/?IV)" ia (5 A/div)

A f‘
Sectors (1..... Sectors {:16) ;H"r‘

ﬂh ﬁf }
ﬂe : 5 ms/div L_r . Time : 5 ms/div J‘H er.
+

(a) (b)

3%
Figure 4.16: Phase currents vs. sectors: (a) Phases B & D, (b) Phases A & C
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Figure 4.17: Test results of the proposed current reconstruction scheme: (a) Actual
phase current i,, reconstructed phase current i,_.. and error at 750 rpm, (b) Sensor
currents Iogs1, Ioge, and Iog3 and corresponding reconstructed phase current i, e
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Figure 4.18: Test results of actual phase current i,, reconstructed phase current
iqre and error at dynamic conditions during: (a) Acceleration, (b) Deceleration

4.6 Summary

A simple phase current reconstruction scheme is developed for four-phase SRM
without the need for power converter change, switching state modification and
pulse injection & therefore no voltage penalty. In this proposed method, a
closed-loop flux estimation approach is developed using the proposed phase
current detection scheme for four-phase SRM based on the sixteen-sector
segregation and corresponding optimal voltage vector selection. A 4-kW 8/6-pole
four-phase SRM drive system is used to verify the effectiveness of the proposed
DTC with a phase current detection scheme through MATLAB simulations and
real-time test studies. The reconstructed phase currents are verified with general
phase current sampling with a single sensor per phase approach to check the
correctness of the proposed approach. The real-time results confirm that the
proposed control scheme provides a simple and cost-effective solution for phase

current measurement.
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Chapter 5

Hardware Implementation of
Hysteresis Current Control for

Four-Phase SRM Drive

5.1 Introduction

A four phase SRM drive test setup is built with 2.2 kW SRM coupled with 2.2
kW eddy current brake capable of applying 14 Nm load torque on the motor. The
test setup consists of SRM, eddy current brake, AHBC, Programmable DC power
supply, 3-Phase auto transformer, voltage and current sensor modules, STM-32
Microcontroller, DSO and host PC. Voltage control and hysteresis current control

algorithms are developed in accordance with phase inductance variation.

5.2 Phase Inductance Profile Relative to
position Sensor OQutput

The phase inductance (L) cycle of four-phase 8/6 SRM repeats for every 60°
mechanical rotation of rotor. The variation of L with the rotor position exhibits
positive % for half of the period and negative % for remaining half period at
constant current. However, the conduction of any phase during the negative i—g
region produces the negative torque which reduces the T/A. This undesirable
negative torque generation can be overcome by developing phase inductance

based control algorithm which excites the phase, only during positive ‘fi—g region.

To develop the commutation algorithm, phase winding inductance is measured
for one electrical cycle with LCR meter. One electrical cycle is divided into eight
regions (Rj........ Rg) such that each region has a different state of position sensor
signal (P, P, P, and P, ) as shown in Figure [5.1] The corresponding phase

winding inductance variation with respect to eight regions is shown in Figure
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region of each phase is identified and excited to
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5.3 Hardware Implementation

5.3.1 Voltage Control Algorithm

The schematic block diagram of voltage control algorithm is shown in Figure
(5.3l In this scheme, rotor position is identified from sensor output (P;...P;) and
corresponding positive % phase is excited. The gate pulses for IGBT switches
of AHBC are generated from STM32 microcontroller. The detailed specification
of microcontroller is given in Appendix A.5. The general purpose input output
(GPIO) pins of STM32 microcontroller are used to generate the gate pulses with
the help of CUBEMX and Keil pVision software.

SRM (8/6)
+ AHB 2
Programmable R Converter
DC =T ‘ Current
power supply I Jli}

AAAAAAAS

F————— =+ H 4|4

Eddy current brake
controller

Region detection

Switching Pulse |4
Generator

Microcontroller

Figure 5.3: Block diagram of voltage control implementation

To validate the efficacy of the developed voltage algorithm, experiments are
conducted on 2.2 kW four-phase SRM under no-load and load conditions. The
experimental setup is shown in Figure[5.4l Eddy current brake is used for loading
the motor. Figure shows the phase voltage, current and corresponding gate
signals of upper and lower switches AHBC for phase A when the motor is running
at 500 rpm under no-load. In this method, motor speed is increased to 2000 rpm
by increasing input dc voltage which is depicted in Figure [5.5b] The application
of 2 Nm load torque by maintaining input voltage as constant, which brings the
motor speed from 2000 rpm to 1000 rpm is shown in Figure |5.5¢, The load torque
can be varied by varying the dc excitation of eddy current brake. The variation
of speed with input voltage is shown in Table [5.1]
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Figure 5.4: Experimental system of 2.2 kW SRM drive
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Figure 5.5: Voltage control : (a) No-load at 500 rpm, (b) No-load at 2000 rpm,
and (c) 1000 rpm at 2 Nm load.
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Table 5.1: Voltage vs. speed for voltage control method

Vbe  Iphsms Speed Load Torque
(volts)  (A)  (rms) (Nm)

16.3 2.68 500

27.4 2.74 1000

162 300 1500 No-load
588 3.8 2000

588 459 1300 1
588 581 1000 9

5.3.2 Hysteresis Current Control Algorithm

The block diagram of the hysteresis current control algorithm is shown in Figure
.6l The gating signals for the switches of AHBC are developed from rotor position
sensor signals and current chopping is applied to lower switches of AHBC by

comparing actual and reference phase currents.
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+ AHB -
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DC ST
power supply J
|
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p——— 2B L4 HF - — =4
Y Eddy current brake
" lacuwal controller

1 Region detection
Bor]

|
| I
! |
| I
| I
| I
| Lower switch |
: gate pulses :
| I
| I
| I
! |
| I
| I

Upper switch |
gate pulses

Microcontroller

Figure 5.6: Block diagram of hysteresis current control implementation

The hysteresis current control is implemented at 330 rpm by controlling the
lower switch within the positive inductance slope region. Phase current are
measured and processes to 12-bit Analogue-Digital Converters (ADC). General
purpose timers are used for implementing hysteresis control. Therefore, the
bandwidth of the hysteresis can be controlled by changing timer interrupt rate.

The syntax code for hysteresis implementation is shown below.

1. Initialize four analog pins (Ex. PCO0, PC1, PC2, PC3) for ADC and get

actual value of current with proper scaling.
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2. Initialize four GPIO pins (Ex. PD12, PD13, PD14, PD15) to generate gate

pulses for lower switches.
3. Initialize one general purpose timer (Ex. Timer 4) for generating interrupt.

4. The embedded code for hysteresis implementation for one phase is shown

below.
Algorithm for hysteresis current control
if (htim — Instance == TIM4)
{
Zf (]a,a,ctual > ]aJ'ef)
{
HAL_GPIO WritePin(GPIOD,GPIO_PIN_12,GPIO_PIN_RESET);
}
else
{
HAL_GPIO WritePin(GPIOD,GPIO_PIN_12,GPIO_PIN _SET);
}
}
Tek Ak, ® Stop M Pos: -8.000ms Tek Ak ® Stop M Pos: 0.000s
v v
/ V(50 V/div) i, (2A/div) iy QA/iv) i (2A/div) j,; (2A/div)
Time : 5 ms/div
io (5 A/div) -
Pittererconsy / v fretesesony
] A “' \
/ ‘\\ J \\
L h—— ——————
m“”"m‘/s(s Vidiv) ”"””“I
9» A s

(a) (b)

Figure 5.7: Hysteresis current control: (a) Hysteresis current control at ¢,.; = 8A,
(b) Phase currents at 10 kHz timer interrupt rate.

Phase voltage, current and gate signals for hysteresis current control at
reference current of i,.; = 8A are presented in Figure [5.7a] The phase currents
at 10 kHz timer interrupt rate are shown in Figure

5.4 Summary

The phase winding inductance of 2.2 kW SRM with respect to rotor position is

measured with LCR meter. The commutation logic for voltage control is
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developed to excite the phase, which is under positive inductance slope region,
thereby produces only positive torque.  The hysteresis current control is
developed by applying hysteresis to lower switches of AHBC converter. The
algorithms are implemented with STM32 microcontroller by using CUBEMX

and Keil pVision software.
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Chapter 6

Conclusion & Future Scope

6.1 Conclusion

This chapter discuss about the chapter wise conclusion of the research work
presented in this Thesis. In this research work, two variations of voltage vector
selection in DTC algorithm for SRM are proposed to minimize torque ripple and
improve T/A. In addition to that a novel phase current reconstruction algorithm
for four phase SRM operating under DTC is proposed. The chapter wise

conclusions are as follows.

In Chapter 1, the construction and operating principle of SRM are studied.
The origin of torque ripple is studied and review of torque ripple minimization
algorithms is carried out. It is observed that torque ripple can be minimized
either by design modifications or by wusing optimized control algorithms.
Different control algorithms such as current profile techniques, angle
optimization techniques, TSF based control algorithms and DTC algorithms are
analyzed to understand the merits and demerits. Out of these algorithms, the
DTC scheme draws more attention which utilizes the principle of DTC applied
to traditional AC machines. This method offers advantages such as automatic
control (no turn-on/off angle control), fast dynamic response, insensitivity to
motor parameters and does not require rotor position information. Moreover,
this method can be easily extended to multi-phase SRMs. In addition to this,
the literature on phase current reconstruction algorithms is carried out. The
phase current information is required for developing current control, flux linkage
calculations as well as for protection. The phase current reconstruction
algorithms are broadly classified as with and without pulse injection methods.
Pulse injection methods results in voltage penalty. The phase current detection
from dc link sensor needs converter modifications. To avoid the drawbacks of

these methods, multiplexed phase current reconstruction scheme is proposed in
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the literature, it doesn’t require converter modifications and pulse injection.
Therefore, it is evident that multiplexed scheme provides simple and cost

effective solution for phase current reconstruction.

In Chapter 2, mathematical modeling of the four phase SRM is developed in
lookup table approach using magnetization and torque characteristics. The
characteristics obtained from the experimental studies are used in the modeling.
The conventional DTC algorithm is developed and it is observed that
conventional DTC exhibits poor performance in terms of high torque ripple and
low T/A. This is due to the inappropriate voltage vector selection. In
conventional DTC, the active phase has to develop more torque to compensate
for the negative torque generated by the outgoing phase due to an extension of
phase current in the negative inductance slope region. Therefore, it draws more
current from the source, thereby reducing net T/A and the drive efficiency.
Moreover, the large input power pulsations occur, which demands a larger

DC-link capacitor.

In Chapter 3, a 16-sector 8-vector DTC is proposed to reduce the torque
ripple and improve T/A. In this method, vector selection will change for every
22.5° instead of 45° as in the conventional DTC. This will help to select
optimized voltage vectors to improve the dynamic performance of the drive.
Further, MATLAB simulations & OPAL-RT real-time simulation studies are
carried out to verify the effectiveness of the proposed control algorithm. The
proposed method eliminates the existence of current in the zero torque region
thereby improve the T/A. Even though this method eliminates the current in
zero torque region, the negative phase torque still existing due to long tail
current in the phase. Further, 16-sector 16-vector approach is proposed by
defining 8 new vectors for torque decreasing condition. The simulation studies
are carried out and performance studies are conducted. The performance of the
proposed DTC is compared with and conventional DTC to validate the efficacy
of the proposed algorithm.

In Chapter 4, a simple phase current reconstruction scheme is developed for a
four-phase SRM without any power converter change, switching state
modification or/and pulse injection, thereby no voltage penalty. In this proposed
method, a closed loop flux estimation approach is developed using the proposed
phase current detection scheme for a four-phase SRM based on the sixteen-sector

segregation and corresponding optimal voltage vector selection. A 4 kW
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four-phase 8/6-pole SRM drive system is used to verify the effectiveness of the
proposed DTC with a phase current detection scheme through MATLAB
simulations and real-time test studies. The reconstructed phase currents are
verified with general phase current sampling with a single sensor per phase

approach to check the correctness of the proposed approach.

In Chapter 5, voltage control and hysteresis current control algorithms are
developed for four phase SRM using STM32 microcontroller. The commutation

logic for phases is developed from the phase inductance profile.

6.2 Research Contributions of the Thesis

1. Dynamic model of four phase SRM is developed in look table approach using

flux linkage and torque characteristics.

2. Conventional direct torque control algorithm is developed and analyzed with
respect to torque ripple, T /A, source current ripple. The reasons behind the

negative torque generation are studied.

3. 16-sector 8-vector DTC method is proposed to avoid the existence of phase
current in the zero torque region. Even though this method improves the
performance of drive, the negative phase torque still exists that results in low
T/A. To overcome this, 16-sector 16-vector DTC is proposed to completely
eliminate the negative torque generation, thereby improves T /A and reduces

the torque ripple.

4. The existing phase current reconstruction methods are studied. The existing
methods can’t be applied to DTC due to the simultaneous conduction of all
phases. A new phase current reconstruction method is developed for DTC

controlled SRM drive with reduced number of sensors.

5. Voltage control and hysteresis current control algorithms are implemented

in hardware based on phase inductance profile with STM32 microcontroller.

6.3 Future Scope

Based on the research carried out in this thesis, the recommendations for future

research are as follows:

e To investigate the performance of the proposed DTC algorithms for variable

flux linkage reference in SRM drives.
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e To investigate the performance of the proposed control algorithms with

unequal sector partition.

e To investigate the performance of the proposed DTC algorithms for EV

applications.

e To investigate further, to limit the number of current sensors required to

either ‘one’ or ‘two’ under DTC controlled four phase SRM drive.

88



Appendix A

Software Details

A.1 STM32 microcontroller Pin Configuration
using CUBEMX Software

File Window Help © oy < Ly
hysteresis for one phase.ioc - Pinout & Configuration 'GENERATE CODE

Pinout & Configuration Clock Configur Tools
v Software Packs

al v] GPIO Mode and Configuration | ovinvi ¥ Systerrion
|
[Group By Peripherals ~|
WDG
NVIC
v RCC
+ 3YS Search Signals
WWDG | [ Show only Modified Pins
[ _ISign_[GPL_[GPL_[GPL._|Max..Juser.Mod_]
P T i e )
Analog v PD2 nfa High Out. No . Ver
. PD10 na  High Out..Mo.. Ver.
PD11 fa  High Out.. No.. Ver
PD12 nfa  High Out.. No . Ver
ADC3 PD13 na High Out.. No . Ver STM32F407VGTX
DAC PD14 nfa  High Out.. No.. Ver. E LQFP100
PD15 nfa  High Out.. No . Ver
Timers v
?IT’\; 7l Select Pins from table to configure them. Multiple sel
v Tz
TIM3
+ TIM4 ®
TIMS
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A.2 Embedded Code

1Vision software

Development using Keil

[ A NTECH TRANGRereas o one praset MOk FTorone prasenprop - Viion Non-Commercl Use Ucense
File Edit View Project Flash Debug Peripherals Tools SVCS Window Help
Nedd| » @ | 4= | o [ 1| @ men 2ea-e

i

B - 1| B2 mseress torone prase o] 5| 8 B @ 4 @0

Project 8 L) mainc ] statup_stm32i407cs | ] stm32t4xchaldma.c ] stm32feochaladcc v X
&4 Project: hysteresis for one phase = 515 | if (Pl==188P2==0&&P3==0&5P4==0) -
= 43 hysteresis for one phase s166 ¢
£ 25 Application/MDK-ARM 517 HAL_GPIO_WritePin (GPIOD,GPIO_PIN_1,GPIO_PIN RESET);
B i s18 HAL_GPIO_WritePin (GPIOD,GPIO_PIN_10,GPIO_PIN_RESET):
R 519 HAL_GPIO_WritePin (GPIOD,GPIO_PIN_12,GPIC_PIN_SET):
=5 Application/User/Care 520 HAL_GPIO_WritePin (GPIOD,GPIO_PIN_14,GPIC_PIN_RESET):
@) main.c 521 -}
@) stmziooite 522 if (P1==158P2==155P3==055P4==0)
@0 stmd2fbochalm: 523E ¢
o e ol 524 HAL_GPIO_WritePin (GPIOD,GPIO_PIN_1,GPIO_PIN RESET):
12115 Drivers/STM32F4o HAL Driver 525 HAL_GPIO_WritePin (GPIOD,GPIO_PIN_10,GPIC_PIN_RESET) ;
@ L) stm32fdoc_hal_adc.c 526 HAL_GPIO_WritePin (GPIOD,GPIO_PIN 12,GPIC_PIN RESET):
@0 stm32fhec halade exc 527 HAL GPTO_WritePin (GPTOD,GPIO_PIN 14,GPIO_PIN_SET):
e 528 - }
@0 stm32fhoc hal rec.c s29 if (P1==085P2==18EP3==0&&P4==0)
@ ] stm326ochal_rec_exc s308 ¢
[ stm32fdc hal flash.c 531 HAL_GPIO_WritePin (GPIOD,GPIO_PIN_1,GPIO_PIN RESET);
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Appendix B

Hardware Specifications

B.1 Specification of SRM

Power = 2.2 kW, Phase = 4, Stator poles/Rotor poles = 8/6, DC Voltage (V)
= 230 V, Line current = 11 A, Speed = 3000 rpm,

B.2 Specification of Eddy Current Brake

Frequency = 50 Hz, Torque = 1.4 kg.m, Speed range = (120 — 1200) rpm, Exciting
Voltage = 80 V, Maximum Exciting Current = 2.5 A, Weight = 90 kg.
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B.3 Specification of Rectifier and Asymmetric
H- Bridge Converter

k

1. Rectifier Specifications

Configuration: Three-phase uncontrolled, six pulse

Input AC: 415 V (L-L)
Output DC: 600 V
DC output Current: 50 A (RMS)

Filtering Capacitor: 4700 pF, 450 V
2. Asymmetric H- Bridge

e Configuration: 4-phase
e DC Input Voltage: 1200 V
e AC output Voltage: 415 V
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e AC Output Current: 75 A
e Switch Model: SKM150GAL12T4/ SKM150GAR12T4

B.4 Specification of Power Supplies

1. Three Phase Auto Transformer

Max kVA = 22.793 kVA

Primary Voltage = 415 V

Secondary Max Voltage = (0-470) V

Output Current = 28 A

2. Programmable DC Power Supply

Input AC voltage = (187 — 229) V

Input AC Current = 11 A

Input Frequency = (50 — 400) Hz

Supply Connection = Three Phase

93



e Output DC voltage = (0 — 300) V
e Output Current = (0 - 8.6) A
e Output Power rating = (0 - 2.6) kW

B.5 Specification of ARM Cortex M4 32-bit

Microcontroller Development Board

e STM32F407VGT6 microcontroller featuring 32-bit ARM Cortex-M4F core,
1 MB Flash, 192 KB RAM in an LQFP100 package.

e Microcontroller running at 168 MHz

e On-board ST-LINK/V2 for programming and debugging.

e Board power supply: through USB bus or from an external 12V AC supply.
e LIS302DL, ST MEMS motion sensor, 3-axis digital output accelerometer.
e MP45DT02, ST MEMS audio sensor, Omni-directional digital microphone
o (CS43L22, audio DAC with integrated class D speaker driver

e All pins have 5V tolerance.

e GPIO ports are routed to header on mother board for easy connection

— 8 General purpose input lines, 8 General purpose output lines

— 16X2 LCD interface, 5 keys interface.
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— 3 High speed digital outputs and 2 High speed digital input lines.
— 6 PWM outputs, 3 QEI inputs.

SPI bus for SPI slave interface.

9 Analog inputs.
— 2 Analog Universal outputs: 0 to 10V or 4-20mA.

9-pin D-type connector for RS232 interfaces.
e Eight LED

— LD1 (red/green) for USB communication, LD2 (red) for 3.3 V power

on.
— Four user LEDs, LD3 (orange), LD4 (green), LD5 (red) and LD6 (blue)
— 2 USB OTG LEDs LD7 (green) VBus and LD8 (red) over-current

e USB OTG FS with micro-AB connector.

B.6 Specification of Voltage and Current Sensor
Boards

1. Four Channel Hall Current Sensor Card

e One AC/DC current measurement

— Isolated measurement
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— One current sensing using Hall-Current Sensor
— 0-3V (peak-peak) output
— Unipolar output with DC offset

— Suitable for interfacing with unipolar ADC channel

e Two or more cards can be cascaded together with expansion connectors

when necessary.
e Hall-current Sensor Specifications

— Output voltage at I, Th= 25°C: 4V

Output Impedance <150 ohm

— Load Resistor >10 Kohm

— V.. Supply Voltage: 15V +5%

— Current Consumption <20mA

— Accuracy at I, T4 = 25°C (without offset) <1%
— Linearity from 0 to I, Th= 25°C <1%

— Frequency Bandwidth (-3dB) 50 KHz

e Common as well as individual offset setting.

e Auxiliary power supply Board. For providing 15 V DC, +5 V
2. Four Channel Hall Voltage Sensor Card

e Four AC/DC voltage measurement.

— Isolated measurement.

— Four voltage sensing using Hall-Voltage Sensor

— 0-3V (peak-peak) output

— Unipolar output with DC offset

— Suitable for interfacing with unipolar ADC channel

e Auxiliary power supply and connectors for power connections.

e Two or more cards can be cascaded together with expansion connectors

when necessary.
e Hall-voltage Sensor Specifications

— Primary voltage measuring range VPN(V): 10 - 500
— Primary nominal rms current: 10 mA

— Primary current, measuring range: 0 - £14 mA
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— Secondary nominal rms current: 25 mA

— Conversion ratio 2500:1000

V, supply voltage +£12 - 15 V, (£5%)

— I, current consumption 10(£15V) +I; mA

— Creepage distance: 19.5 mm

— Linearity error <0.2 %

B.7 Specification of DSO Tektronix TPS 2024B

e 100 MHz and 200 MHz bandwidths.

2 or 4 fully isolated and floating channels, plus impedance isolated external

trigger input.

Sample rates up to 2 GS/s real time on all channels.

2.5k point record length on all channels.

8 hours of continuous battery operation with two batteries installed, hot

swappable for virtually unlimited freedom from AC line power.

Optional power application software offers the broadest range of power

measurements at its price point.
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Quickly document and analyze measurement results with open choice

software or integrated compact flash mass storage.
FFT standard on all models.
Advanced triggers to quickly capture the event of interest

Advanced triggers to quickly capture the event of interest traditional, analog-

style knobs and multi-language user interface for easy operation.

Quick setup and operation with auto set menu, auto range, waveform and

setup memories, and built-in, context-sensitive help.
Backlit menu buttons for high visibility.

11 of the most critical automatic waveform measurements.

98



Bibliography

[Abdalmagid et al., 2022] Abdalmagid, M., Sayed, E., Bakr, M., and Emadi, A.
(2022). Geometry and topology optimization of switched reluctance machines:
A review. IEEE Access.

[Ai-de et al., 2018] Ai-de, X., Xianchao, Z., Kunlun, H., and Yuzhao, C. (2018).
Torque-ripple reduction of srm using optimised voltage vector in dtc. [ET

FElectrical Systems in Transportation, 8(1):35-43.

[Bilgin and Emadi, 2014] Bilgin, B. and Emadi, A. (2014). Electric motors in
electrified transportation: A step toward achieving a sustainable and highly

efficient transportation system. IEEE Power Electronics Magazine, 1(2):10-17.

[Bilgin et al., 2018] Bilgin, B., Jiang, J. W., and Emadi, A. (2018). Switched

reluctance motor drives: fundamentals to applications. Boca Raton, FL.

[Bostanci et al., 2017] Bostanci, E., Moallem, M., Parsapour, A., and Fahimi, B.
(2017). Opportunities and challenges of switched reluctance motor drives for

electric propulsion: A comparative study. IEEFE transactions on transportation
electrification, 3(1):58-75.

[Chancharoensook and Rahman, 2002] Chancharoensook, P. and Rahman, M.
(2002). Dynamic modeling of a four-phase 8/6 switched reluctance motor using
current and torque look-up tables. In IEEE 2002 28th Annual Conference of
the Industrial Electronics Society. IECON 02, volume 1, pages 491-496 vol.1.

[Cheng et al., 2021] Cheng, H., Mi, S., Wang, Z., Shao, D., Wu, H., Yan, W,
and Yu, D. (2021). Phase current reconstruction with dual-sensor for switched
reluctance motor drive system. IEEFE Access, 9:114095-114103.

[Cheok and Fukuda, 2002] Cheok, A. D. and Fukuda, Y. (2002). A new
torque and flux control method for switched reluctance motor drives. IEEE
Transactions on Power Electronics, 17(4):543-557.

99



[Choi et al., 2002] Choi, C., Kim, S., Kim, Y., and Park, K. (2002). A new torque
control method of a switched reluctance motor using a torque-sharing function.
IEEE Transactions on Magnetics, 38(5):3288-3290.

[Choi et al., 2007] Choi, Y. K., Yoon, H. S., and Koh, C. S. (2007). Pole-shape
optimization of a switched-reluctance motor for torque ripple reduction. IEEE
transactions on magnetics, 43(4):1797-1800.

[Drofenik and Kolar, 2005] Drofenik, U. and Kolar, J. W. (2005). A general
scheme for calculating switching-and conduction-losses of power semiconductors
in numerical circuit simulations of power electronic systems. In Proc. IPEC,

volume 5, pages 4-8. Citeseer.

[Gan et al., 2020] Gan, C., Chen, Y., Sun, Q., Si, J., Wu, J., and Hu, Y. (2020). A
position sensorless torque control strategy for switched reluctance machines with
fewer current sensors. I[EEE/ASME Transactions on Mechatronics, 26(2):1118-
1128.

[Gan et al., 2017] Gan, C., Sun, Q., Jin, N., Tolbert, L. M., Ling, Z., Hu, Y., and
Wu, J. (2017). Cost-effective current measurement technique for four-phase srm
control by split dual bus line without pulse injection and voltage penalty. IEEE
Transactions on Industrial Electronics, 65(6):4553-4564.

[Gan et al., 2018] Gan, C., Sun, Q., Wu, J., Shi, C., and Hu, Y. (2018). A
universal two-sensor current detection scheme for current control of multiphase
switched reluctance motors with multiphase excitation. IEEE Transactions on
Power Electronics, 34(2):1526-1539.

[Gan et al., 2015] Gan, C., Wu, J., Hu, Y., Yang, S., Cao, W., and Kirtley,
J. L. (2015). Online sensorless position estimation for switched reluctance

motors using one current sensor. [EFEE Transactions on Power Electronics,

31(10):7248-7263.

[Gan et al., 2016a] Gan, C., Wu, J., Sun, Q., Yang, S., Hu, Y., and Jin, L. (2016a).
Low-cost direct instantaneous torque control for switched reluctance motors

with bus current detection under soft-chopping mode. IET Power Electronics,
9(3):482-490.

[Gan et al., 2016b] Gan, C., Wu, J., Wang, N., Hu, Y., Cao, W., and Yang, S.
(2016b). Independent current control of dual parallel srm drive using a public
current sensor. IEEE/ASME Transactions on Mechatronics, 22(1):392-401.

100



[Gan et al., 2014] Gan, C., Wu, J., Yang, S., and Hu, Y. (2014). Phase current
reconstruction of switched reluctance motors from de-link current under double

high-frequency pulses injection. IEEFE Transactions on Industrial Electronics,
62(5):3265-3276.

[Han et al., 2017] Han, G., Chen, H., Shi, X., and Wang, Y. (2017). Phase current
reconstruction strategy for switched reluctance machines with fault-tolerant
capability. IET Electric Power Applications, 11(3):399-411.

[Husain, 2002] Husain, I. (2002). Minimization of torque ripple in srm drives.
IEEE Transactions on Industrial Electronics, 49(1):28-39.

[Husain, 2010] Husain, 1. (2010). Electric and hybrid vehicles:  design
fundamentals. CRC press.

[Husain and Ehsani, 1996] Husain, I. and Ehsani, M. (1996). Torque ripple
minimization in switched reluctance motor drives by pwm current control. I[EFE

transactions on power electronics, 11(1):83-88.

[Inderka and De Doncker, 2003] Inderka, R. B. and De Doncker, R. W. (2003).
Ditc-direct instantaneous torque control of switched reluctance drives. IEEE
Transactions on Industry Applications, 39(4):1046-1051.

[Kjaer and Gallegos-Lopez, 1998] Kjaer, P. C. and Gallegos-Lopez, G. (1998).
Single-sensor current regulation in switched reluctance motor drives. IEEE
Transactions on Industry Applications, 34(3):444-451.

[Kjaer et al., 1996] Kjaer, P. C., Gribble, J. J., and Miller, T. J. (1996). High-
grade control of switched reluctance machines. In IAS’96. Conference Record
of the 1996 IEEE Industry Applications Conference Thirty-First IAS Annual
Meeting, volume 1, pages 92-100. IEEE.

[Krishnan, 2017] Krishnan, R. (2017).  Switched reluctance motor drives:

modeling, stmulation, analysis, design, and applications. CRC press.

[Le-Huy and Brunelle, 2005] Le-Huy, H. and Brunelle, P. (2005). A versatile
nonlinear switched reluctance motor model in simulink using realistic and
analytical magnetization characteristics. In 31st Annual Conference of IEEE
Industrial Flectronics Society, 2005. IECON 2005., pages 6 pp.—.

[Li et al., 2011] Li, G., Ojeda, J., Hlioui, S., Hoang, E., Lecrivain, M., and
Gabsi, M. (2011). Modification in rotor pole geometry of mutually coupled

101



switched reluctance machine for torque ripple mitigating. IEEFE Transactions

on Magnetics, 48(6):2025-2034.

[Li et al., 2018] Li, H., Bilgin, B., and Emadi, A. (2018). An improved torque
sharing function for torque ripple reduction in switched reluctance machines.
IEEE Transactions on Power Electronics, 34(2):1635-1644.

[Mademlis and Kioskeridis, 2003] Mademlis, C. and Kioskeridis, 1. (2003).
Performance optimization in switched reluctance motor drives with online

commutation angle control. IEEE Transactions on FEnergy Conversion,
18(3):448-457.

[Mikail et al., 2013] Mikail, R., Husain, I., Sozer, Y., Islam, M. S., and Sebastian,
T. (2013). Torque-ripple minimization of switched reluctance machines through
current profiling. IEEE Transactions on Industry Applications, 49(3):1258-
1267.

[Rajesh and Singh, 2014] Rajesh, M. and Singh, B. (2014). Analysis, design and
control of single-phase three-level power factor correction rectifier fed switched
reluctance motor drive. IET power FElectronics, 7(6):1499-1508.

[Ramanarayanan et al., 1996] Ramanarayanan, V., Venkatesha, L., and Panda,
D. (1996). Flux-linkage characteristics of switched reluctance motor. In
Proceedings of International Conference on Power FElectronics, Drives and

Energy Systems for Industrial Growth, volume 1, pages 281-285 vol.1.

[Ronanki et al., 2020] Ronanki, D., Dekka, A., and Beig, A. R. (2020).
Comprehensive evaluation of phase current reconstruction strategies for four-
phase switched reluctance motor drives. In 2020 IEEE Industry Applications
Society Annual Meeting, pages 1-6. IEEE.

[Ronanki and Williamson, 2017] Ronanki, D. and Williamson, S. S. (2017).
Comparative analysis of ditc and dtfc of switched reluctance motor for ev

applications. In 2017 IEEE International Conference on Industrial Technology
(ICIT), pages 509-514. IEEE.

[Song et al., 2017] Song, S., Xia, Z., Fang, G., Ma, R., and Liu, W. (2017).
Phase current reconstruction and control of three-phase switched reluctance
machine with modular power converter using single dec-link current sensor. IEEE
Transactions on Power Electronics, 33(10):8637-8649.

102



[Sun et al., 2018] Sun, Q., Wu, J., Gan, C., and Guo, J. (2018). A multiplexed
current sensors-based phase current detection scheme for multiphase srms. IEEE
Transactions on Industrial Electronics, 66(9):6824-6835.

[Sun et al., 2017] Sun, Q., Wu, J., Gan, C., Hu, Y., Jin, N., and Guo, J. (2017).
A new phase current reconstruction scheme for four-phase srm drives using
improved converter topology without voltage penalty. IEFE Transactions on
Industrial Electronics, 65(1):133-144.

[Sun et al., 2016] Sun, Q., Wu, J., Gan, C., Hu, Y., and Si, J. (2016). Octsf for
torque ripple minimisation in srms. IET Power electronics, 9(14):2741-2750.

[Venkataramanaiah and Suresh, 2018] Venkataramanaiah, J. and Suresh, Y.
(2018). Performance verification of a new cascaded transformer based multilevel
inverter using modified carrier spwm strategy. In 2018 International Conference
on Power, Instrumentation, Control and Computing (PICC), pages 1-6. IEEE.

[Vujicié, 2011] Vujici¢, V. P. (2011). Minimization of torque ripple and copper
losses in switched reluctance drive. IEEE transactions on power electronics,
27(1):388-399.

[Xue et al., 2009] Xue, X., Cheng, K. W. E., and Ho, S. L. (2009). Optimization
and evaluation of torque-sharing functions for torque ripple minimization in

switched reluctance motor drives. [FEFE transactions on power electronics,

24(9):2076-2090.

[Yang et al., 2015] Yang, Z., Shang, F., Brown, I. P., and Krishnamurthy,
M. (2015). Comparative study of interior permanent magnet, induction,
and switched reluctance motor drives for ev and hev applications. [EEFE

Transactions on Transportation Electrification, 1(3):245-254.

[Ye et al., 2015 Ye, J., Bilgin, B., and Emadi, A. (2015). An offline torque sharing
function for torque ripple reduction in switched reluctance motor drives. IEEE

Transactions on energy conversion, 30(2):726-735.

103



104



List of Publications Based on Research Work

Papers in Refereed Journals

1. P. Krishna Reddy, Deepak Ronanki, P. Parthiban, “Direct Torque and
Flux Control of Switched Reluctance Motor with Enhanced Torque per

Ampere Ratio and Torque Ripple Reduction”, IET Electronics Letters

(2019), 55 (8):477-478 [SCI], DOI: [10.1049 /el.2018.8241

2. Pittam Krishna Reddy, Deepak Ronanki, P.Parthiban, “Efficiency

Improvement and Torque Ripple Minimisation of Four- Phase Switched

Reluctance Motor Drive using New Direct Torque Control Strategy” IET
Electric Power Applications (2019) , 14 (1): 52-62 [SCI],

DOI410.1049 /iet-epa.2019.0432

3. Deepak Roanaki, Pittam Krishna Reddy, Apparao Dekka, Parthiban
Perumal, Abdul R. Beig, “Phase Current Reconstruction With an
Improved Direct Torque Control of SRM Drive for Electric Transportation

Applications”, IEEFE Transactions on Industry Applications,

(2022), 58 (6): 7648-7657 [SCI], DOI{10.1109/TIA.2022.3196329

Book Chapters

1. Pittam Krishna Reddy, Parthiban Perumal, Kalpana R ”Motor Drive
Selection for EV with Emphasis on Switched Reluctance Motor Drive” for
the book titled 7 Power Electronics for Electric Vehicles and

Energy Storage: FEmerging Technologies and Developments”,

Taylor and Francis, CRC Press.

Papers in Refereed Conference Proceedings

1. Pittam Krishna Reddy, Deepak Ronanki, Parthiban Perumal, and
Sheldon S. Williamson. ”New Direct Torque and Flux Control with
Improved Torque Per Ampere for Switched Reluctance Motor.” IEEE

International FElectric Machines and Drives Conference

105


https://doi.org/10.1049/el.2018.8241
https://doi.org/10.1049/iet-epa.2019.0432
https://doi.org/10.1109/TIA.2022.3196329

(IEMDC),  pp. 1792-1797, IEEE, 2019, DOT:
10.1109/IEMDC.2019.8785327.

. Pittam Krishna Reddy, Deepak Ronanki, Parthiban Perumal, Abdul R.
Beig and Sheldon S. Williamson. “Torque Ripple Minimization of
Four-Phase Switched Reluctance Motor Using Direct Torque Control with
an Innovative Switching Sequence Scheme.” IEEE Energy Conversion
Congress and Expo (ECCE), pp. 1810-1815, IEEE, 2019, DOLI:
10.1109/ECCE.2019.8912508.

. Apparao Dekka, Deepak Ronanki, Krishna Reddy Pittam, Parthiban
Perumal and Abdul R. Beig. “Modified Direct Torque and Flux Control of
Switched Reluctance Motor Drive with Reduced Source Current Ripple for
Vehicular  Applications” IEEE  Applied Power  Electronics
Conference and Exposition (APEC), pp. 2920-2925. IEEE, 2020,
DOI: 10.1109/APEC39645.2020.9124380.

. Deepak Ronanki, Krishna Reddy Pittam, Apparao Dekka, Parthiban
Perumal and Abdul R. Beig. “Phase Current Reconstruction Algorithm for
Four-Phase Switched Reluctance Motor under Direct Torque Control
Strategy” IFEEFE Applied Power FElectronics Conference and
Exposition (APEC), pp. 1086-1090. IEEE, 2021, DOLIL
10.1109/APEC42165.2021.9487250.

106


https://doi.org/10.1109/IEMDC.2019.8785327
https://doi.org/10.1109/ECCE.2019.8912508
https://doi.org/10.1109/APEC39645.2020.9124380
https://doi.org/10.1109/APEC42165.2021.9487250

Bio-data

Name: Pittam Krishna Reddy

Date of Birth: 12-06-1990

Marital Status: Married

E-mail: krishnareddy248@gmail.com
Mobile: 8328550061

Permanent Address
H.No: 5-337, L.P Road,
Darsi, Prakasam District,
Andhra Pradesh - 523247.

Education

e M.Tech. in Power Electronics (2014)
Institute: Rajeev Gandhi Memorial college of Engineering & Technology
(RGMCET), Nandyal
University: JNTU Anantapur
Percentage : 83.38%

e B.Tech. in Electrical and Electronics Engineering (2011)
Institute: Narayana Engineering College, Nellore
University: JNTU Anantapur
Percentage : 79.14%

107



	Abstract
	Table of Contents
	List of Figures
	List of Tables
	List of Abbreviations
	List o f Symbols
	Introduction
	Switched Reluctance Motor
	Construction of Four-Phase SRM
	Derivation of the Relationship between Inductance and Rotor Position
	Speed-Torque Characteristics

	Torque Ripple in SRM
	The Origin of Torque Ripple
	Design Effects on Torque Ripple
	Importance of Torque Ripple
	Possible Ways to Torque Ripple Minimization
	Basic Control of SRM for Torque Ripple Minimization

	Literature on Torque Ripple Minimization for SRM
	Torque Ripple Minimization with Improvements in Motor Design
	Commutation Angle Optimization and Current Control Methods for Torque Ripple Minimization
	Torque Ripple Minimization with Torque Sharing Functions (TSF)

	Literature on Direct Torque Control for SRM
	Literature on Phase Current Reconstruction Algorithms for SRM
	Motivation in the Present Work
	Research Objectives
	Thesis Organization

	Direct Torque Control of Switched Reluctance Motor Drive
	Introduction
	Dynamic Modeling of Four-Phase SRM
	Experimental Determination of Magnetization & Static Torque Characteristics
	Flux Linkage and Torque Characteristics
	Mathematical Modeling of Four Phase SRM

	Asymmetrical Half-Bridge Converter (AHBC)
	Direct Torque Control (DTC)
	Conventional Direct Torque Control of Four-Phase SRM
	Sector Partition & Selection of Voltage Vectors
	Simulation Results of Conventional DTC

	Summary

	Proposed Direct Torque Control Algorithms
	Introduction
	Proposed DTC - 8 Vector 16 Sector Partition Method
	Simulation Results

	Proposed DTC – 16 Vectors 16 Sectors Partition Method
	Simulation Results
	Real Time Simulations with OPAL-RT

	Performance Analysis of DTC Schemes
	Torque Ripple Analysis
	T/A and Copper Loss
	Current Stress on Power Devices and the Number of Commutations
	Power Loss Analysis
	Input Power Fluctuations
	Comparison Summary of the Proposed DTC Scheme with Conventional DTC

	Summary

	Proposed Phase Current Reconstruction Algorithm
	Introduction
	Phase Current Reconstruction Methods
	Phase Current Reconstruction from DC-Link Current using High-Frequency Pulse Injection
	Split Dual Bus Method for Phase Current Detection
	Phase Current Reconstruction using Improved Converter Topology
	Multiplexed Current Sensors Based Phase Current Detection Scheme

	Proposed Phase Current Reconstruction Algorithm
	Results and Discussions
	Real-Time Validation
	Summary

	Hardware Implementation of Hysteresis Current Control for Four-Phase SRM Drive
	Introduction
	Phase Inductance Profile Relative to position Sensor Output
	Hardware Implementation
	Voltage Control Algorithm
	Hysteresis Current Control Algorithm

	Summary

	Conclusion & Future Scope
	Conclusion
	Research Contributions of the Thesis
	Future Scope

	Software Details
	STM32 Microcontroller Pin Configuration using CUBEMX Software
	Embedded Code Development using Keil Vision Software

	Hardware Specifications
	Specification of SRM
	Specification of Eddy Current Brake
	Specification of Rectifier and Asymmetric H- Bridge Converter
	Specification of Power Supplies
	Specification of ARM Cortex M4 32-bit Microcontroller Development Board
	Specification of Voltage and Current Sensor Boards
	Specification of DSO Tektronix TPS 2024B

	Bibliography
	List of Publications Based on Research Work
	Abstract
	Table of Contents
	List of Figures
	List of Tables
	List of Abbreviations
	List o f Symbols
	Introduction
	Switched Reluctance Motor
	Construction of Four-Phase SRM
	Derivation of the Relationship between Inductance and Rotor Position
	Speed-Torque Characteristics

	Torque Ripple in SRM
	The Origin of Torque Ripple
	Design Effects on Torque Ripple
	Importance of Torque Ripple
	Possible Ways to Torque Ripple Minimization
	Basic Control of SRM for Torque Ripple Minimization

	Literature on Torque Ripple Minimization for SRM
	Torque Ripple Minimization with Improvements in Motor Design
	Commutation Angle Optimization and Current Control Methods for Torque Ripple Minimization
	Torque Ripple Minimization with Torque Sharing Functions (TSF)

	Literature on Direct Torque Control for SRM
	Literature on Phase Current Reconstruction Algorithms for SRM
	Motivation in the Present Work
	Research Objectives
	Thesis Organization

	Direct Torque Control of Switched Reluctance Motor Drive
	Introduction
	Dynamic Modeling of Four-Phase SRM
	Experimental Determination of Magnetization & Static Torque Characteristics
	Flux Linkage and Torque Characteristics
	Mathematical Modeling of Four Phase SRM

	Asymmetrical Half-Bridge Converter (AHBC)
	Direct Torque Control (DTC)
	Conventional Direct Torque Control of Four-Phase SRM
	Sector Partition & Selection of Voltage Vectors
	Simulation Results of Conventional DTC

	Summary

	Proposed Direct Torque Control Algorithms
	Introduction
	Proposed DTC - 8 Vector 16 Sector Partition Method
	Simulation Results

	Proposed DTC – 16 Vectors 16 Sectors Partition Method
	Simulation Results
	Real Time Simulations with OPAL-RT

	Performance Analysis of DTC Schemes
	Torque Ripple Analysis
	T/A and Copper Loss
	Current Stress on Power Devices and the Number of Commutations
	Power Loss Analysis
	Input Power Fluctuations
	Comparison Summary of the Proposed DTC Scheme with Conventional DTC

	Summary

	Proposed Phase Current Reconstruction Algorithm
	Introduction
	Phase Current Reconstruction Methods
	Phase Current Reconstruction from DC-Link Current using High-Frequency Pulse Injection
	Split Dual Bus Method for Phase Current Detection
	Phase Current Reconstruction using Improved Converter Topology
	Multiplexed Current Sensors Based Phase Current Detection Scheme

	Proposed Phase Current Reconstruction Algorithm
	Results and Discussions
	Real-Time Validation
	Summary

	Hardware Implementation of Hysteresis Current Control for Four-Phase SRM Drive
	Introduction
	Phase Inductance Profile Relative to position Sensor Output
	Hardware Implementation
	Voltage Control Algorithm
	Hysteresis Current Control Algorithm

	Summary

	Conclusion & Future Scope
	Conclusion
	Research Contributions of the Thesis
	Future Scope

	Software Details
	STM32 Microcontroller Pin Configuration using CUBEMX Software
	Embedded Code Development using Keil Vision Software

	Hardware Specifications
	Specification of SRM
	Specification of Eddy Current Brake
	Specification of Rectifier and Asymmetric H- Bridge Converter
	Specification of Power Supplies
	Specification of ARM Cortex M4 32-bit Microcontroller Development Board
	Specification of Voltage and Current Sensor Boards
	Specification of DSO Tektronix TPS 2024B

	Bibliography
	List of Publications Based on Research Work

