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Abstract

Abstract

The recent growing interest in Switched Reluctance Drives (SRD) is due to the electrification
of many products in industries including electric/hybrid electric vehicles, more-electric
aircrafts, white-goods, and healthcare, in which the Switched Reluctance Machine (SRM) has
potential prospects in satisfying the respective requirements of these applications. Its main
merits are robust structure, suitability for harsh environments, fault-tolerance, low cost, and
ability to operate over a wide speed range. Nevertheless, the SRM has limitations such as large
torque ripple, high acoustic noise, and low torque density. This research focuses on the torque
control of the SRD with the objectives of achieving zero torque error, minimal torque ripple,
high reliability and robustness, and lower size, weight, and cost of implementation.

Direct Torque Control and Direct Instantaneous Torque Control are the most common methods
used to obtain desired torque characteristics including optimal torque density and minimized
torque ripple in SRD. However, these torque control methods, compared to conventional
hysteresis current control, require the use of power devices with a higher rating of about 150%
to achieve the desired superior performance. These requirements add extra cost, conduction
loss, and stress on the drive’s semiconductors and machine winding. To overcome these
drawbacks, a simple and intuitive torque control method based on a novel adaptive quasi-
sliding mode control is developed in this study. The proposed torque control approach is
designed considering the findings of an investigation performed in this thesis of the existing

widely used control techniques for SRD based on information flow complexity.

A test rig comprising a magnet assisted SRM driven by an asymmetric converter is constructed
to validate the proposed torque control method and to compare its performance with that of
direct instantaneous torque control, and current hysteresis control methods. The simulation and
experimental results show that the proposed torque control reduces the torque ripple over a
wide speed range without demanding a high current and/or a high switching frequency. In
addition, It has been shown that the proposed method is superior to current hysteresis control
method in the sensorless operation of the machine. Furthermore, the sensorless performance of
the proposed method is investigated with the lower component count R-Dump converter. The

simulation results have also demonstrated the excellent controller response using the standard



R-Dump converter and also with its novel version developed in this thesis that needs only one

current sensor.
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CHAPTER 1

INTRODUCTION




1.1 Research Background

The ever-growing market in electric machine drives in recent years is due to the trend of
converting many products like vehicles, planes, manufacturing facilities, etc. to electric.
Modern technology can be favoured by electrification and negative environmental factors like

high carbon emission can be significantly reduced.

For the past decades, industrial applications are usually served by induction machines,
permanent-magnet (PM) machines, synchronous machines, and DC machines depending on
the respective requirements. However, switched reluctance machines (SRMs) are less used
because of their intrinsic limitations [1, 2]. Yet, some of these applications often require of
high performance, robustness to harsh environmental conditions, high reliability, vibration-free
operation, and relatively affordable price [3-7]. Favourably, the switched reluctance drives

inherently satisfy most of these criteria.

Generally, the investigation of switched reluctance motor based electric drives, their properties,
merits, and demerits, as well as versatility of applications has been going on because of their
robust structure, fault-tolerance, suitability for harsh environments, lack of rare earth magnets,

low cost, and ability to operate over a wide speed range [8-11].

Although there are significant advantages of the SRMs compared to the other electric
machines, their application has been relatively limited. The utilization of this machine in many
industries can be significantly increased by developing solutions for the improvement of its
operational efficiency to compete with highly efficient PM machines [12, 13], significant
reduction of its inherent torque ripple, acoustic noise, and vibration [14, 15], creation of
parsimonious control drive in terms of size, weight, and cost [16, 17]. The ultimate success in
wide adoption of switched reluctance drive technology appears to be strongly attached to how
effectively the above solutions are provided. Therefore, this project focuses on improving the

machine’s performance via a multi-objective control strategy.

1.2 Magnet-Assisted Switched Reluctance Machines

A prototype of Permanent Magnet Assisted Switched Reluctance Motor (MASRM) which
produces the same torque density and efficiency as a permanent magnet motor of the same size
and mass with the added advantage of SRM inherent fault-tolerance, is used in this study. This

new fault tolerant, torque dense, SRM topology depicted in Figure 1.1 was designed and a

2



prototype machine is built, tested and verified all at Newcastle University [18], While in this
study, the static tests of the MASRM were carried out to obtain the torque-flux linkage-angle
waveforms and then this information is used to develop a bespoke drive controller for the
regulation of the dynamic conditions of the system.

Stator main
tooth Stator

/

\

Rotor
segments

Figure 1.1: Magnet added to conventional SRM with arrows showing polarity of magnets

The operating range of a conventional SRM is limited to only the first quadrant of the B-H
curve. By laying magnets at the stator slot opening of SRM extend its operation rang to the
third quadrant of the B-H curve, as that is with flux from the magnets opposing the main coil
flux, the operating range of the machine can be extended to third quadrant of the B-H curve
shown in Figure 1.2. This process reverse magnetises the stator core material of the novel
machine which results in it taking longer for the stator core to become saturated (more
specifically at the aligned position where inductance is often limited by the saturation of the
material). This increases the overall area between the aligned and unaligned inductance of the
SRM and consequently results in greater torque generation when compared to the conventional
fault tolerant switched reluctance machine.



A 4

Figure.1.2: Operating range of an SRM standard SRM (left) and PM assisted SRM (right)
1.2.1 High torque density of MASRM

Torque density is generally different across ranges of electric machines subjective to the
machine’s size, weight, topology, cost, and control method. Most often, PM machines can
inherently produce higher torque densities compared to induction machines (IMs) and SRMs
due to its magnet field excitation. Nevertheless, magnet-assisted switched reluctance machines
with competitive torque density are recently researched and developed. Torque density of an
SRM can be significantly enhanced by adding a small quantity of magnetic materials to it while
still having the unique properties of the conventional SRM [18-20]. The MASRM used in this
research is created by the addition of magnets into the conventional SRM, which results in an

increase in the torque density of the machine by reverse-magnetizing the stator core.

1.2.2 Fault-tolerance of MASRM

In many applications especially those with high requirement for Mean Time Between Failure
(MTBF), it is importantly needed that the whole system hence the motor drive system has a
low failure rate and can continue operation in case of errors/faults in phase windings,
transducers and/or drive circuits. The MASRM drive can operate even if losing one or more of
its phases because the phases of the machine are excited and operated independently. However,
with a reduced output power rating, while other motors may completely fail in such situations
[18-20].



1.2.3 High-speed operation of MASRM

MASRMs normally allow high-speed operations compared to other electric motors from a
mechanical point of view, because it does not have windings in its rotor. Phase winding and/or
magnets attached to the rotor of some other types of motors limits their usages in the

applications that require super high-speed operations [18-20].

The inherent simplicity of the MASRM geometry with added magnets on its stator and a
suitable control technique can make it offer high efficiency and a very long constant power
speed ratio [18-21].

1.3 Problem Statement

One of the main drawbacks of a switched reluctance motor is its inherent large torque ripple
alongside its high nonlinearity which then makes it difficult to obtain an accurate and
parsimonious model, and difficult to control.

The magnet assisted SRM has steeper mid, and more saturated (flatter) align and unaligned
inductance profile compared to conventional SRM because of the added magnets in its stator.
Hence, it can increase the computational complexity of the modelling and control, and also
increase its sensitivity to measurement errors.

Furthermore, high-performance control systems of SRMs require the use of higher number of
power devices with a higher current rating of about 150% because the current demand at the
aligned and unaligned rotor position is higher compared to low performance control methods
like the hysteresis current control which does not demand the higher peak currents at those
position. These requirements add extra complexity, implementation cost, conduction loss, and

stress on the drive’s semiconductors and also on the machine winding.

1.3.1 Modelling of MASRM

Usually, modelling the behaviour of MASRM depends on the prediction of its flux-linkage.
Nevertheless, it is difficult to mathematically express the magnetic characteristics of a
MASRM because its flux-linkage has a high nonlinear relationship with respect to both its rotor
position, 6 and phase current, i. The nonlinear relationship is due to the doubly salient poles of

the rotor and stator as shown in Figure 1.3.



Flus Dersity
BT

1.0
0.9
0.5
0.7
0.k
0.5
0.4
0.3
0.2
0.1
0.0

y
+
¢
i

Figure 1.3: Flux-linkage characteristics of MASRM

1.3.2 Control of MASRM

Control of switched reluctance machines has been an interesting research area with diversified
objectives such as speed control [22, 23], torque ripple minimization [24, 25], and/or acoustic
sound reduction [26, 27]. As mentioned earlier the major disadvantage of SRM is the ripple
associated with its generated torque. This triggers the investigation of different control

methods.

Conventional SRM control methods such as Hysteresis Current Control (HCC) aim at
producing the demanded average torque without focusing on torque ripple reduction however,
some strategy in the optimization of turn-on and turn-off angles to minimize the torque ripple
in HCC method is deployed in [28-30]. Torque control methods are commonly employed to
reduce the torque ripple in SRMs. This includes the use of linear/non-linear Torque Sharing
Functions (TSFs) with current hysteresis control [24, 31, 32]. Another popularly used torque
control of SRMs is the Direct Torque Control (DTC) method which achieves good torque
regulation by simultaneously controlling the rotational speed of the stator flux linkage and the
estimated torque of the machine [33-36]. A simpler torque control method that has a faster
response and higher robustness is the Direct Instantaneous Torque Control (DITC) [37-40]. In
this method, the desired torque and the measured/estimated torque are directly compared
without the need to convert it into current or considering the flux-linkage estimation error of

the machine.

Also, the inductance gradient of the MASRM is inherently reduced at the aligned and unaligned

rotor position. Therefore, the generated torque at these regions is low which causes torque



control techniques like the DTC and DITC methods to demand high current to track the
reference torque. This means that the drive semiconductors need to be oversized which
increases cost of implementation. An additional inner current control loop can be included to
limit the high current demand which usually requires torque to current conversion non-linear
model and current regulator for proper torque control [41, 42]. However, this significantly
increases the computational burden of the control process. Furthermore, the limitations of DTC
and DITC also include the dependency on switching frequency because of the hysteresis
regulators involved that its performance depends on how narrow the selected hysteresis band
is. Generally, hysteresis torque control methods of SRMs require a high switching frequency
of 35kHz or more to keep the output torque within a good hysteresis band which increases
losses and cost of implantation [37, 42, 43] compared to the conventional HCC method that

commonly requires a maximum of 20kHz.

As mentioned earlier, the magnet addition in the MASRM can significantly improve its torque
density and efficiency. However, it can increase the computational complexity of its control
mainly because of the increased nonlinearity and sensitivity to measurement. Hence, all these
added limitations increase the MASRM difficulty to be controlled using conventional methods

especially those that require online computation of its nonlinear dynamic model.

1.3.3 Position estimation of MASRM

Shaft position sensors in motor drives add extra weight, space, and cost, in addition to
compromising the system reliability as a potential source of failure [44-48]. Therefore,
sensorless control of the MASRM drive becomes important towards the development of a
superior system for several applications. However, due to the limitation with regards to
computational time especially during high-speed operation of the machine, a geometry-based
technique that will require minimum information of the magnetic characteristics of the machine
and low computational time should be employed [48].

MASRM drives often involve the employment of several sensors like phase current sensors
and phase voltage sensors for each phase and a rotor position sensor. It also involves the use
of complex control algorithms that requires high processing power to achieve desired machine
torque and speed characteristics. This increases design and implementation complexity making
the SRM drive expensive, heavy and bulky.

In this research, a multi-objective torque control of a MASRM drive is proposed.



1.4 Research Objectives and Methodology

This project aims to optimize the torque characteristics of a switched reluctance motor drive

taking into consideration multiple parameters including the reliability, robustness, size, weight,

and cost of the drive. The proposed multi-objective control of the MASRM is designed taking

into considerations the parameters mentioned above.

1.4.1 Research Objectives

The main objectives can be presented as follows:

To obtain a parsimonious model of the magnet-assisted switched reluctance motor drive
for the controller design.

To develop a torque controller with an objective function that will ensure tracking of the
desired torque as accurately as possible with low ripples while considering the system’s
reliability, robustness, and cost of implementation without the requirement of power
devices with a higher rating which is common to torque controller compared to current
controllers.

To develop a reliable and robust position estimation algorithm to reduce the drive’s size,
weight, failure rate, and cost of implementation.

To simulate, analyse and compare the performance of the proposed torque control
scheme with the existing torque control scheme using MATLAB/Simulink software.

To design and construct an experimental rig to validate the effectiveness of the proposed

control method.

1.4.2 Research Methodology

In the course of achieving the set goal for the research, the methods introduced in Table | was

adopted.



Table 1.1: Research Methodology

OBJECTIVE METHOD EQUIPMENT/
SOFTWARE
e The MASRM dynamics is obtained from measured
input and output data, and prior knowledge of the
system. o Experiment rig
Mathematical model. e The chosen inputs are the phase current and rotor e MATLAB/
position while the chosen outputs are the flux and Simulink software
torque.
o The recorded data is used to refine the model.
¢ A new dynamic functional torque control e MATLAB/
Torque controller algorithm that regulates the torque of the machine Simulink software
and reduces its inherent torque ripple is developed.
o A position estimation algorithm that can produce
o MATLAB/

o o the rotor position of the machine from the
Position estimation. o Simulink software
machine’s terminal measurement is develop based
on a sliding mode observer.

MATLAB/

e The complete proposed control scheme is simulated

Overall proposed control Simulink software

under several conditions of operation using
MATLAB/Simulink. .

scheme.

o An experimental setup for validation of the

proposed control method is designed and Experiment rig

implemented. Code  Composer

Experimental validation. i
e The control algorithm is written in C language and Studio software

and implemented using a Texas Instrument DSP
board.

1.5 Contribution to knowledge

The following contributions to knowledge are made in this research:

1. Development of a simple and intuitive dynamic functional torque control method that
regulates MASRM torque and minimizes its ripple, despite the steeper mid, and more
saturated align and unaligned inductance profile of the particular machine type. The
proposed method can handle the limitations of SRM/MASRM torque control methods

such as high switching frequency requirement, and high current demand near aligned and



unaligned rotor position, thus enabling reduction of losses and thermal stress on the power
devices, their ratings, computational cost and sensitivity to measurement errors. In
addition, a PWM based switching strategy is developed and used with the proposed
controller instead of the conventional hysteresis switching.

2. Investigation of the reliability and complexity of several widely used control methods of
SRM drives is conducted. The effect of common errors associated with a practical SRM
drive on its control systems' reliability and robustness is also analysed. Furthermore, an
investigation on the relationship between system complexity and reliability of SRM
control based on information flow complexity within the control technique is also
conducted.

3. Development and analysis of a rotor position estimation technique based on a new sliding
mode observer (SMO) that is defined to only use a single current measurement and
minimal inductance information of the 3-phase machine are presented, which can be
employed on the traditional asymmetric half-bridge converter as well as the switch per
phase converters like the R-Dump.

4. Comprehensive analysis and evaluation of the proposed torque control method with
encoder-based and sensorless control modes and a detailed comparison with the most

common SRM control methods.

Published work

So far, the following publication has originated from this study:

1. N. K. Dankadai, M. A. Elgendy, S. P. Mcdonald, D. J. Atkinson and G. Atkinson,
"Dynamic Functional Torque Control of Magnet Assisted Switched Reluctance Motor
Drives" submitted to IEEE Transactions on Energy Conversion.

2. N. K. Dankadai, M. A. Elgendy, S. P. Mcdonald, D. J. Atkinson and G. Atkinson, "Model-
Based Sensorless Torque Control of SRM Drive Using Single Current Sensor ™, accepted
for publication at the 10th International Conference on Power Electronics, Machines and
Drives (PEMD), online conference, 15-17 December, 2020.

3. N. K. Dankadai, M. A. Elgendy, S. P. Mcdonald, D. J. Atkinson and G. Atkinson,
"Investigation of Reliability and Complexity of Torque Control for Switched Reluctance
Drives" IEEE International Conference on Power Electronics and Renewable Energy
(CPERE 2019), Aswan, Egypt, 23-25 October, 2019.
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4. N. K. Dankadai, M. A. Elgendy, S. P. Mcdonald, D. J. Atkinson and G. Atkinson,
"Assessment of Sliding Mode Observer in Control of Switched Reluctance Motors"” 13th
IEEE International Conference on Power Electronics and Drive Systems (PEDS 2019),
Toulouse, France, 9-12 July, 2019..

5. N. K. Dankadai, S. P. Mcdonald, M. A. Elgendy, D. J. Atkinson, S. Ullah and G. Atkinson,
"Direct Instantaneous Torque Control of Switched Reluctance Motor for Aerospace
Applications,” 53rd IEEE International Universities Power Engineering Conference
(UPEC 2018), 1-6, Glasgow, Scotland, 4-7 September 2018..

1.6 Thesis Structure

This thesis is organized as follows; The background, problem statement, methodology, and
objectives of the research are introduced in Chapter 1. Chapter 2 presents a literature review of
related work published in respect of the research. Chapter 3 presents a description of the
proposed system including the MASRM, its power converter, and control development with
its implementation strategy. Investigation of the reliability and the complexity together with
the relationship between both them is presented in Chapter 4, for different torque control
methods and a comparison is presented to show the superiority of the proposed control. In
Chapter 5 the reference torque tracking and torque-ripple minimization of MASRM by the
proposed dynamic functional control method are presented. A new position estimation
technique for the MASRM drive based on a sliding mode observer is developed and analyzed
in Chapter 6. In Chapter 5, the experimental test rig for the validation of the proposed methods
for this research is described and the relevant experimental results are presented and compared.
Finally, general conclusions and future work for the research are presented in Chapter 7.
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CHAPTER 2

SWITCHED
RELUCTANCE
MACHINE DRIVES




Switched reluctance machines are gaining popularity in electric drive applications due to its
robust structure, fault-tolerance, suitability for harsh environments, lack of rare earth magnets,
low cost, and ability to operate over a wide speed range [8-11]. These applications include
Electric Vehicle (EV)/Hybrid Electric Vehicle (HEV), more-electric aircraft, white-goods,
wind generators, pumps, spindles, superchargers and energy storages. However, the SRM
suffers from large torque ripple caused by saturation, nonlinear torque characteristics, and
current commutation. It also has lower torque density compared to permanent magnet
machines, and it suffers from high acoustic noise due to the inhomogeneous radial flux density
distribution in the airgap and the torque generation mechanics. Several studies have focussed
on improving the machine design and control to optimize its torque characteristics which were

discussed in this project [15, 49].

As discussed in Chapterl, the objectives of this study are focused on modelling, torque control
and torque-ripple minimization of the SRM/MASRM with encoder-based and sensorless
operation. Several research activities have been done in these fields and the relevant literature
reviews presents in this chapter. Following the aims and objectives of this study are discussed
in Chapter 1, system modelling, converter topologies, torque ripple minimization, acoustic
noise minimization, torque density optimization, and sensorless control of SRM will be

discussed.

2.1 Modelling of SRM

Similar to the other research project in the area of drives and control, to test a new SRM drive
control system, a simulation model of the system is usually required to be developed, tuned,
tested, and analysed. Successful operation of the simulated system minimises the risks
associated with the physical implementation of the drive system, especially when a model-
based control method is used. Accurate modelling of an SRM drive system is complex because
of the machine nonlinearities which are due to its high magnetic saturation during operation

and its doubly salient structure [50-52].

Generally, models of electric machines can be evaluated by their accuracy and computational
time. The accuracy depends on how similar the predicted behaviours of an electric machine’s
model is to the actual behaviour of the machine under same operating conditions, while the
computational time is scaled by the time the model takes to predict output(s) of the machine

behaviour based on a given input(s). Therefore, a compromise between the accuracy and
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computational speed of a model should be considered for the design and selection of the
appropriate model based on available resources and applications in view. Usually, modelling
of SRM machines only emphasizes on capturing the electromagnetic and mechanical behaviour
of the machine without a comprehensive inclusion of other physical fields, such as the
temperature, to minimise computational cost. This is because the electromagnetic behaviour of
an SRM drive is the foundation for optimization and control of its most important parameters

including its average torque, torque ripple, acoustic noise, and efficiency.

Usually, modelling the behaviour of SRM depends on the prediction of its flux-linkage which
is often obtained by (2.1) given below:

_ ay
v=IiR+ " 2.1)

where v is the applied phase voltage, R is the winding resistance per phase, t is the time and

is the flux-linkage due to the phase current and rotor angular-position.

However, it is more difficult to mathematically express the magnetic characteristics of an SRM
compared to other traditional electric machines, since its flux-linkage has a high nonlinear
relationship with respect to both its rotor position, 8 and phase current, i. Figure 1.2 in chapter
1 shows the flux-linkage distribution in an SRM. The nonlinear relationship between the flux-
linkage and the rotor position is due to the doubly salient poles of the rotor and stator, which
causes a variation of flux paths in the airgap as the gap is unequally distributed in the peripheral
direction with the rotor position. While the nonlinear relationship between the flux-linkage and
the phase current is due to the requirement of the SRM to operate in the magnetic saturation
region to achieve a high torque density, causing flux-linkage nonlinearity with respect to the
phase current. Therefore, (2.1) is often expanded as a first-order nonlinear differential equation
in (2.2) or (2.3) as follows:

_.p ., 0W(B0) di | 0y(8,i)do

v=1IiR+ 5wt e @ (2.2)
. ~di | dp(d.i)

v = iR+ L(6,i) T Om (2.3)

where L is the inductance and, w,, is the angular speed.
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Studies on curve fitting method of modelling techniques of the electromagnetic characteristics
of SRM have been presented based on experimental data, Finite Element Analysis (FEA) [18,
53-57] and Boundary Element Method (BEM) [14, 58-61]. This study considered the curve
fitting modelling method as they achieve a good balance between model accuracy and model

complexity [49], which is in line with the research objectives of this study.

Curve fitting methods of modelling an SRM approximate the change of the flux-linkage or
inductance profile with the change of both phase current and rotor position into analytical
functions using a limited set of data acquired from Finite Element Analysis (FEA), Boundary

Element Method (BEM), or Experimental method. These methods are briefly discussed below.

Generally, the main merit of curve-fitting methods for modelling an SRM is that they can
approximate its flux-linkage characteristics only based on a few set of data which can be
collected either from experiments, BEM or FEAS hence, it provides a reduced computational
cost compared to numerical methods which require a full set of data. On the other hand, the
main limitations of curve-fitting methods for modelling an SRM include: they are often
heuristic and factual, they fit the curves of flux-linkage or inductance of a particular SRM; they
still need a set of data obtained from experiments or FEAS.

FEA is the most popular tool for obtaining modelling data for SRMs since it can provide highly
accurate electromagnetic characteristics for different machine topologies without the
constraints normally imposed by other methods. The FEA analyses a system solution by
subdividing its entire domain into smaller and simpler parts known as the finite elements. Then
it assembles back the derived equations associated with each finite element into a larger system
of algebraic equations. This process allows the FEA to generate approximated values of the
unknown parameters at a discrete number of points over the domain [14]. The main advantages
of the use of FEA to generate SRM characteristics data include: firstly, the FEA can be applied
in analysis of any irregular or complex SRM geometry because the allocation of the finite
elements is flexible and covers the overall solution domain. Secondly, the FEA can apply
iterative algorithms to generate a highly accurate solution of the magnetic field distribution in
the subdomains with nonuniform properties, like the laminated core which often have nonlinear
permeability. Thirdly, the FEA can provide faster solution algorithms and permit reduced
memory requirement because its system matrix is generally symmetric, thinly dispersed, and

diagonal [56, 62, 63]. The main disadvantages of the FEA to generate an SRM characteristics
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data include: Firstly, the high computational workload is normally involved to achieve high
accuracy of field solution in performing FEAs because the number of elements in the
simulations can be significantly large which requires the inversion of a large system matrix.
Secondly, the predefined mesh in FEA cannot be considerably modified as the SRM geometry
changes because remeshing the solution domain is required for each design. Thirdly, it is
required to volume-mesh the entire solution domain when FEA is used for optimization-based
design which generally leads to high computational cost, most noticeable when the volume-
meshing is applied to machine parts with small dimensions like the airgap region of the SRM
which leads to a large number of high-resolution elements, thus demands a substantial

refinement of the mesh [49].

BEM is another analysis method, which is gaining interest in the field of electromagnetic
analysis of electric machines, that can provide characteristics data of the SRM. It uses a
different approach compared to the FEA as it creates a boundary value problem as integral
equations with the boundary conditions approximated by simple functions. This is unlike the
FEA in which the differential equations with the unknowns parameters are solved across the
whole space, and then the integral equations are used to calculate the solution at each point in
the solution domain [59]. The main advantage of the BEM over the FEA s its reduced
complexity and computational cost because it only requires a surface mesh along with the limits
(boundaries) and a volume mesh defined over the whole space, which decreases the dimension
of the system matrix as the complexity of meshing the structures like the airgap is reduced. The
main disadvantages of the BEM over the FEA is its compacted, asymmetry and non-diagonal
dominance in the system matrix [49]. In addition, the lack of diligent consideration of the effect
of inhomogeneous properties of material like the nonlinear permeability of stator/rotor steel
limits the application BEM in analysis of SRM [60].

In the experimental method, the SRM characteristics data are obtained by energising the
machine while recording the needed data at several rotor positions. Commonly, the phase
current, the phase flux-linkage, and the phase torque of the machine are recorded by locking
the rotor at several angular positions. The main merits of the experimental methods that make
it attractive over the FEA and BEM are it does not require several simplified assumptions such
as not taking hysteresis saturation, manufacture error, and end effect into consideration. [64,
65].
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These analytical functions (models) that can be obtained from the curve fitting of the SRM
characteristics data can be represented in the form of an intelligent models, interpolation

models or closed-form model as discussed in the subsections below.

2.1.1 Intelligent Models

In intelligent methods of modelling SRM such as an artificial neural network (ANN), the
parameters of the derived models that characterise the nonlinear properties of the flux-linkage
or inductance of the machine are calculated by training many measured magnetic data obtained
from numerical methods or experiments [49]. The accuracy of an intelligent SRM model is
strongly related to the size of the data obtained for approximating the model coefficients and
the structure type of the model as the number of the neurons in the hidden layer of an ANN
[64]. Cao et al proposed a flux-linkage model in a 2-D plane for a planar SRM. The model
based on a cascade-forward backpropagation neural network (CFNN) with a sample set
obtained from experimental which were divided for training, model validation, and assessment
of the generalization performance. The developed CFNN consists of one input layer, two
hidden layers, and one output layer which have a maximum relative error of 11.05% and the
mean relative error of 0.42% based on the results presented [50]. In [66] an improved
generalized regression neural network (GRNN) optimized by a fruit fly optimization algorithm
(FOA) is utilised for prediction of the electromagnetic characteristics of SRM. The numerical
method was employed to obtain the set of data for training and verification of the FOA-GRNN
method. In addition, a comparison of the proposed FOA-GRNN was done with intelligent
methods of modelling including; Radial Basis Function Neural Network Back Propagation
Neural Network (BPNN); Extreme Learning Machine to validate its superiority. Li et al
described a general flux-linkage model for SRMs in [67], which was created by normalising
the magnetic structures and magnetic saturation levels of the machine. The flux-linkage
nonlinear behaviour of the SRM calculated with data points only at the aligned and unaligned
rotor positions. Furthermore, a radial basis function neural network is employed to increase the
accuracy of the modelling method. The flux-linkage characteristics of five prototype SRMs
were modelled using the proposed methods and each was validated using the FEA method. In
[68], a combined modelling method for SRM is presented. The modelling method involved
training support vector machine with obtained few samples, and BPNN is used to describe the

reconstructed flux-linkage and static torque characteristics.
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2.1.2 Interpolation Models

The interpolation models are created by using appropriate piecewise interpolation functions
based on the stored magnetic characteristics data of the SRM data to approximate its nonlinear
flux linkage or phase inductance. In [69] and [70], Xue et al. presented a 2-D bicubic spline
interpolation function and bilinear interpolation-based models to express the nonlinear
magnetic characteristics in SRMs. In [71] and [72], a quadratic interpolation technique was
employed to interpolate the flux-linkage of SRM with respect to the phase current and rotor
position.

2.1.3 Closed-Form Model

A Fourier-series based model is a typical type of closed-form models used to characterise the
nonlinear behaviour of SRM flux-linkage or inductance In [73], Shen et al. presented a fast
measurement technique of flux-linkages profile. The dc voltage and phase current waveform
of an SRM are recorded at the aligned, unaligned, and mid-aligned rotor position to created
three flux-linkage curves, and then the curves are used to calculate the coefficients of second-
order Fourier series flux-linkage based model. Song et al. proposed a decoupled analytical
modelling method of SRM based on similar second-order Fourier series to calculate its
electromagnetic behaviour, including flux-linkage and static torque characteristics.
Coefficients of the Fourier series were determined from 21 measured data points from five
rotor positions to improve model accuracy [74]. Khalil et al created an invertible flux-linkages
SRM model based on Fourier series by expressing the coefficients of the Fourier series as
flexible terms which were set in terms of machine geometry-dependent flux-linkage at the
unaligned and aligned position [75]. Hence, the availability of the inverse models makes the
proposed model suitable for real-time implementation. In [76], Chi et al. proposed a simple
flux-linkage based analytical model of SRM was developed using Fourier series with few data
points (only five data points) which were obtained from FEA. The position dependence of the
flux-linkages was expressed as a small number of Fourier series terms while the phase current

dependence of the flux-linkage was expressed as an arc-tangent function.

In summary, developing an accurate and parsimonious model of SRM drives is the basis in the
design and implementation of the electric drive, and the model type selection depends on the
intended application and available resources. Therefore, the Fourier-series based model is

selected amongst the other stated methods above to characterise the nonlinear behaviour of the
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MASRM inductance because of its ability of simple implementation with less compromise to

accuracy. , This modelling is further analysed and described in chapter 3 and chapter 6.

2.2 SRM Drive

In this section, the required considerations in the design and control techniques of SRM drives
to achieve optimal performances are described. The main performance parameters include high
torque density and efficiency, and low torque ripple and acoustic noise.

2.2.1 SRM Power Converter

An SRM drive requires a power converter with non-conventional topologies because of its
unique structure and principle of operation. This is unlike the three-legged converter widely
used for electric machines with the same rotating airgap and sinusoidal phase currents. With
SRM, asignificant DC link voltage fluctuation occurs during the operation of the drive because
a large amount of magnetically stored energy is exchanged back and forth between the phase
windings of the SRM and the DC Link. Hence, a large DC-Link capacitor which acts as a
power balancing buffer is often employed to suppress this fluctuation [77]. Nevertheless, the
cost, size, and thermal management of the capacitor is also a limitation of the converters for
SRM drives.

The SRM converter topologies are often characterised based on the number of power switches
per machine phase. A comparative analyses of several topologies with the different merits and
demerits are presented in [78] [79], including the most popular Asymmetric Half-Bridge
Converter, the Full-Bridge Synchronous Converter, the Buck-Boost Converter, the C-dump
Converter, the R-dump Converter, the Auxiliary Communication Winding Converter, the
Quasi Z-Source Converter, the Variable Voltage Converter, and the Integrated Multilevel

Converter. These mentioned converters are discussed below.
2.2.1.1 Asymmetric Half-Bridge Converter

An Asymmetrical Half-Bridge Converter (AHBC) is the most commonly employed converter
topology for SRM drive because of its advantages mentioned below. It uses 2 switches and two
diodes per phase connected to the DC link voltage which is usually provided by a single
rectifier or DC power supply as shown in Figure 2.1. The phase voltage of each phase in AHBC

is determined in accordance with the functionality of its operational mode which are on-state,
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freewheeling-state, and off- state. When the phase current is to be increased, both power

switches of the active phase are on (on-state), while both power switches are turned off (off

state) happens when the phase current is to be reduced. Furthermore, one power switch is turned

on and the other turned off (freewheeling state) for zero current change mode. Figure 2.1 (a)-
(c) shows the different switching states of the AHBC.

The main advantages of the AHBC topology include:

Its ability to independently control the upper and lower switched hence, providing
higher drive control flexibility.

Its capability of having freewheeling mode of operation can allow maximum
regenerative braking.

It has the same mode of operation (performance) during the magnetization and

demagnetization process.

The main disadvantages of the AHBC topology include:

The AHBC has high power devices count per machine phase.

The on-voltage drop of the two power devices is often significant which can limit low
voltage application.

Its demagnetization speed is reduced at high speeds due to its required fixed voltage
supply which is limited by back EMF.

It needs a large DC-Link capacitor to smooth the voltage ripple related to the
magnetization and demagnetization of the machine phase windings.

A significant power loss during demagnetization in generator mode can occur because

of the large voltage drop across the AHBC freewheeling diodes.

lofs

D,

(@) On state (b) Freewheeling state (c) Off state

Figure 2.1: Circuit Diagram of Asymmetric Half-Bridge Converter
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2.2.1.2 Full-Bridge Synchronous Converter

The Full-Bridge Synchronous Converter (FBSC) topology is a modification of the asymmetric
half-bridge converter by replacing the freewheeling diodes with power switches as depicted in
Figure 2.2 improved operational efficiency during demagnetization and freewheeling modes

of operations. Its principle of operations is very similar to that of the AHBC.
The main advantages of the FBSC topology include:

e It offers very high flexibility in controlling SRM operations.
e It reduces the conversion losses during demagnetization and the freewheeling mode of

operations.
The main disadvantage of the FBSC topology is:

e Ithas high counts of power switches per phase which increases the cost of the converter
whiles the additional switches are underutilised.
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Figure 2.2: Circuit Diagram of Full-Bridge Synchronous Converter

2.2.1.3 Buck-Boost Converter

Buck-Boost Converter for SRM is normally designed to have its output DC voltage to be
greater than the input DC voltage. The circuit diagram for the Buck-boost converter for SRM
is shown in Figure 2.3 (a) and its four modes of operations are shown in Figure 2.3 (b-e). The
switch Qa, the diode Da, the inductor La, and the output capacitor Cyp form the front stage of the

converter. The dual-rail voltage boosting configuration provides an added control flexibility of
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the SRM drive as the magnetization and demagnetization voltage are separated hence,

providing a variable supply voltage to the machine winding.
The main advantages of the buck-boost converter include:

e [tallows the input voltage to each phase to be greater than the DC supply voltage hence
accelerating current build-up, which enables faster demagnetization during motoring
operation.

e Each phase can be controlled independently despite its one switch per phase

configuration.

The main disadvantages of the buck-boost converter include:

e Added circuitry which increases the complexity of the converter,
e The power devices require a higher voltage rating because the voltage across Qa is the

sum of Vs and V.
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Figure 2.3: Circuit diagram of Buck-Boost Converter (a)static view of the circuit (b) magnetization operation (c)
demagnetization operation (d) charging Cb with Qa turned on (e) charging Cb with Qa turned off.
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2.2.1.4 Active Boost Converter

An active boost power converter with a variable voltage gain for SRM is proposed in [80]
based on an improved buck-boost converter. It has a simple configuration with one power
switch and one diode per phase. It provides real-time control of the SRM drive demagnetization
voltage which is achieved using demagnetization energy and a power switch. The modes of

operation of the proposed converter are shown in Figure 2.4.
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Figure 2.4. Operation modes of the Active Boost Converter (a) Excitation mode (b) Freewheeling mode (c)
Demagnetization mode [62].

The main advantages of the active boost converter include:

e It can adjust the demagnetization voltage of SRMs with high flexibility to effectively
increase control performance, especially during demagnetization.

e It has a simple structure and low cost
The main disadvantage of the active boost converter is:

e |t has added control algorithm complexity because the voltage across an auxiliary
capacitor need to be precisely controlled

2.2.1.5 Auxiliary Commutation Winding Converter

As the converter name implies, its topology requires the SRM to include an auxiliary winding.
The configuration of this converter has four modes of operations including magnetization and
freewheeling of the SRM main winding; demagnetization of the SRM main winding to the

auxiliary winding and demagnetization of the surplus energy in the main winding to the energy
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supply. Figure 2.5 shows the circuit diagram of the converter. The 2 dots in the figure shows

the position where the main winding and the auxiliary winding are aligned.
The main advantages of this configuration are:

e The performance of the system is improved because the system can recover the
magnetic energy in the auxiliary winding.

e The stored magnetic energy of the auxiliary winding is utilised to rapidly build-up phase
current.

e A soft-switching mode can be employed with this topology.
The main disadvantage of this topology is:

e It has an additional cost of the extra auxiliary winding.
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Figure 2.5: Circuit Diagram Integrated Multilevel Converter

2.2.1.6 Integrated Multilevel Converter

An Integrated Multilevel Converter (IMC) for an SRM has a topology with an added modular
front-end circuit to the popular AHBC, consisting of switches and diodes as shown in Figure
2.4. The multimode enables the achievement of multilevel voltages through controlling the

switching state of the power switches in the front-end module [81].
The main advantages of this configuration are:

e It has rapid magnetization and demagnetization compared to conventional converters.
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e |t can reduce torque ripple and improve efficiency in SRM drive because of multilevel
voltages because of its increases degree of freedom that enables better flexibility in

controlling the drive.
The main disadvantages of this configuration are:

e It has added cost of implementation because of the added power devices.

e Its control algorithm also has added complexity because of the added module.

Front-end circuit

Figure 2.4. Circuit Diagram Integrated Multilevel Converter [63]

2.2.1.7 C-Dump Converter

The C-Dump converter for SRM is a typical (number of phases + 1)- switch converter topology
[82, 83]. If the chosen control variable rises above the reference setpoint of the controller, the
switch Sy is turned off allowing the diode D: to be forward biased, hence the control variable
decreases such that the magnetic energy stored in the phase winding is charging the capacitor

C, then moved to the power supply through the switch S (Figure 2.5).
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Figure 2.5: Circuit Diagram of C-Dump Converter:

The main advantage of the C-Dump topology is:
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e It has a minimum power device count per phase while allowing independent control for

each phase.
The main disadvantage of the C-Dump topology is:

e Its current commutation can be slow because the negative voltage across the phase
winding is constrained by the difference between the supply voltage and the voltage

across the capacitor C.
2.2.1.8 R-Dump Converter

The R-Dump converter for SRM is a one switch, one diode per phase converter with passive
components R and C added to the topology [82, 83]. The operating principle of the R-dump
converter is like that of the AHBC as described in Figure 2.6 except during the demagnetization
process. Considering phase one, if the control variable (current/torque) increases rises above
the reference value, the switch Si will be turned off. Furthermore, the control variable is
decreased by freewheeling through the diode D; such that the magnetic energy stored in the
phase winding is charging the capacitor C to the DC supply voltage and dissipating in the

resistor R.
The main advantage of the R-Dump configuration is:

e It has a low power device count per phase which reduces its cost of implementation.
The main disadvantages of the R-Dump configuration are:

e |t suffers from reduced power efficiency and control flexibility because it has only two
modes of operation.

e The selection of R is strongly related to the performance of the converter.
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Figure 2.6: Circuit Diagram of R-Dump Converter:

2.2.2 Torque ripple of SRM

As mentioned earlier, the SRM drive is becoming attractive for many applications because of
its potential prospect. However, it generally suffers from larger torque ripple compared to the
other AC machines and DC machines because of its doubly salient structure, that leads to
nonlinear discrete torque production. The torque ripple of the SRM is often caused by
saturation, nonlinear torque characteristics, and current commutation [31, 84-87]. The static
torque—current—rotor position characteristic profile of an SRM and the phase current waveform
of each phase determine the characteristics of its torque during dynamic operation. The high
torque ripple drawback of the SRM can be reduced through machine design methods and/or

control strategy approaches [15].

Optimizing the geometry of the SRM can have a significant effect on its torque characteristics
such as the generated torque density, torque ripple, and vibration. The torque ripple reduction
can be realized by choosing an appropriate number of rotor and stator poles and their respective
diameters, stack length, and pole arcs/shapes. The optimization of arc angle for rotor and stator
pole to minimize the torque ripple of SRM using FEA and neural networks with generalised
radial function has been presented in [88]. It involves analysis to establish the relationship
between the output torque profile and machine parameters to mainly optimize the rotor and
stator pole arc angles for torque ripple minimization. Another torque ripple reduction by
optimizing the selection of the rotor/stator pole arcs using progressive quadratic response
surface technique in addition to the optimization of the turn-ON/OFF angles in a current
controller is achieved in [89]. In [90], a similar approach to the one in [88] is used where a

neural network and Lagrange multipliers are employed to model the torque ripple of SRM. The
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proposed method enabled the conversion of the constrained optimization problem (the cost
function) to an unconstrained problem. The torque ripple of the machine is then minimized
through optimizing the tooth width and pitches of its rotor and stator. Another method of
employing special geometry in the SRM is the application of notch in its rotor teeth. A notch
is applied in the forward rotating direction of the rotor teeth of SRM in [91] and in all rotor
teeth [92], all to reduce the generated torque ripple. Moreover, attachment of a pole shoe to the
lateral face of the rotor pole of SRM is presented in [93] to minimise torque ripple. Also, a non-
uniform air gap structure of an SRM is proposed for torque ripple minimization in [94].

Another way of reducing torque ripple in SRM from its structural development is the Motor
topology. Torque ripple can be reduced by employing a large number of rotor poles to flatten
the dips in the produced resultant torque, however, with a forfeit in the ratio between the

minimum and maximum unsaturated inductances [95, 96].

Conventional SRM control methods like Current Chopping Control (CCC) target at producing
the needed average torque without aiming at torque ripple reduction. Many control techniques
have been suggested to reduce torque ripple of the SRM. Among the generally used techniques
is current profiling, which includes modulation of individual phase currents with predefined
profiles. Though this procedure needs more than a few iterations to realize optimal current
shapes to decrease the torque ripple subject to the required performance and it often requires a
large memory to store the current waveforms [97, 98]. Another common strategy is the
optimization of turn-on and turn-off angles to minimise the torque ripple, but the performance
of this technique reduces with speed increase, as the advancement angle becomes confined by

the limited ability to get the current in and out of the phases [28, 30].

Numerous torque control techniques for the SRM have also been proposed to reduce its torque
ripple. These involve the use of linear/non-linear Torque Sharing Functions (TSFs) with current
or torque hysteresis control [24, 31, 32]. The torque-current relationship of the SRM is crucial
in such approaches to determine the reference for the hysteresis controller. The Direct Torque
Control (DTC) technigue can achieve good torque regulation by concurrently controlling the
rotational speed of the stator flux-linkage and the projected torque of the machine. Nonetheless,
the process requires complicated calculations with multiple parameters [33-36]. On the other
hand, a simpler torque control scheme that has a faster response and higher robustness known
as the Direct Instantaneous Torgue Control (DITC) is developed based on the DTC [37-40]. In
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this torque control method, the desired torque and the measured phase torque of the SRM are
directly compared without the need to convert it into current and the flux-linkage control loop
is also not needed. The switching signals in this method are normally generated from a torque
hysteresis regulator. Generally, the inductance gradient of SRM is inherently reduced at the
aligned and unaligned rotor position. Thus, the produced torque at these regions is low which
causes the DTC and DITC methods to demand high current within the regions in order to trace
the demanded torque. This necessitates that the drive power devices need to be oversized which
increases system cost of implementation. Additionally, the shortcomings of DTC and DITC
also include the dependency of its performance on switching frequency. Commonly, hysteresis
torque control techniques of SRMs require a high switching frequency of 35kHz or more to
keep the output torque within a narrow hysteresis band which increases losses and cost of
implantation [37, 42, 43].

2.2.3 Acoustic Noise of SRM

High acoustic noise is also part of the main disadvantages that have restricted the extensive
application of SRMs compared to other electric machines, especially in noise-sensitive
applications. The noise produced in SRM drive is mainly because of the radial vibrations of
the stator which is linked to the inhomogeneous radial flux density distribution in the airgap

and the torque generation mechanics [99, 100].

The torque of the SRM is produced from the phase current applied to machine phase windings.
As the current is applied, the rotor of the SRM is pulled towards the aligned position with the
minimum reluctance generating a substantial radial force that acts upon the stator. However,
another force in addition to the tangential torque force which is a radial force pushes the stator
along the axis of any excited stator pole(s). this radial force causes the stator to resonate
(vibrate) with a damped and subsequently produce acoustic energy (acoustic noise) [101].
Machine topology design [102-110] and control techniques [27, 111-120] are the main
approach employed to reduce the acoustic noise of the SRM. Nevertheless, a detailed review

of this method is beyond the scope of this study.

2.2.4 Windage Loss of SRM

Generally, losses in SRM drives consist of power electronics loses, winding loses, windage
loses and core loses. Characteristics of the materials used for the stator and rotor have a

significant effect on the core loses in the SRM. Several kinds of low-loss magnetic steels like
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laminated amorphous alloy, general-purpose low-loss silicon steel, high-silicon steel Super E-
Core and 6.5% high silicon steel [121-123] can be used to minimise the core losses in SRMs.
Moreover, the windage loss in SRMs is not significantly disadvantageous to the whole system
in all cases because it depends on individual applications. However, it was described in [124]
that the windage losses of SRMs with salient rotor poles are greater than that of those with
cylindrical rotor poles. In addition, the large windage loses is specifically far more significant
during high-speed applications of the SRM like in drills, vacuum cleaners, and dryers, etc,
because the windage loss is proportional to the square of the motor speed. Several control
techniques [125-129] and geometric design [130-133] of SRM are important approaches to

improve its overall efficiency.

2.2.5 Torque Density of SRM

A unipolar current is applied to each phase of the SRM within the appropriate rotor position
while two or more adjacent phases can be exited concurrently to minimise torque ripple. Thus,
it is difficult to achieve the desired phase current profile during high-speed operation as the
current pulse width is usually wide-spanning into the negative torque zone. This limits the
torque-generating ability of the machine and can cause large errors in torque and rotor position
estimations [39, 134, 135]

Torque density is generally different across ranges of electric machines subjective to the
machine’s size, weight, topology, cost, and control method. Most often, PM machines produce
higher torque densities compared to induction machines (IMs) and SRMs due to its magnet
field excitation. Nevertheless, reluctance machines with competitive torque density are recently
researched and developed. Torque density of an SRM can be significantly enhanced by
utilizing new materials, optimizing the mechanical geometry and stator-winding distributions
[18, 19, 136-149].

2.2.6 Multi-Objective Design and Control Optimization of SRM

SRM drive optimizations are generally focused on a single performance index, as reviewed in
the previous sections. Nonetheless, the potential disadvantage with a single objective
optimization method is the decrease of other essential performance indices due to
comptonization while optimizing the desired one. Several emerging trends in the design and
optimization of SRMs, combining the multi-physics features and the control features with the

electromagnetic characteristics part is recently gaining more interest in academia and industry.
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The design and operation of most practical applications of electric drives require optimization
of more than one performance index, which makes the consideration of multi-objective
optimization in SRM drives very important. The SRM multi-objective design and optimization
approach should consider several performance indices, modelling procedures, control methods,

and computational speed.

Mostly, the studies in multi-objective geometry optimization of SRMs make use of some form
of stochastic algorithms to make the optimal design exploration, through evaluation of many
design prospects based on numerous arbitrarily created unbiased key variables, for the desired
application. These key variables normally include the most important SRM design parameters
like the rotor and/or stator pole heights/arc, the stack length, the air gap diameter, the number
of phases, the number of winding turns, phase resistance, and the current density [28, 89, 130,
150-160].

Multi-objective optimization in the control processes of SRM has also be investigated over the
years. Multiple SRM control objectives, like the torque ripple minimization, acoustic noise
minimization, efficiency improvement, can be simultaneously achieved through optimal tuning
of multiple control parameters and/or controlled variables such as phase current, phase torque
and conduction angles [86, 155, 161-164].

2.2.7 Sensorless Control of SRM

One of the SRM drives requirements is accurate and rapid knowledge of its rotor position
because of its principle of operation. A position transducer is conventionally employed to
detect rotor position in the SRM however, it adds extra size, weight, and cost to the drive
system. Additionally, position transducers have a tendency to reduce the reliability of the drive,
especially in some specific applications, as they add additional physical connections and can
be vulnerable to environmental factors. Hence, an encoder-less control method of the SRM can
be developed to estimate its rotor position through the measured machine’s terminal current
and/or voltage measurements [165, 166]. Though, these measured feedback signals from the
machine are often altered by measurement errors and noise within the signal acquisition chain.
Consequently, the efficacy of the estimation process depends on the robustness of the

estimation procedure employed to cope with these measurement uncertainties.
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The estimation of rotor position in SRM drives is generally based on the relationship between
the machine’s phase flux-linkage, phase current and rotor position. It is often impractical to
directly measure the flux-linkage of the machine; as a result, it is normally approximated by
integrating the voltage across an excited phase, and this process involves the measurement of
the phase voltage and the phase current. The overall accuracy of the estimation process is

affected by several error components as summarized in Table 2.1.

Numerous researches have been conducted to minimize errors in flux estimation for encoder-
less (sensorless) control of SRMs. In [167] a DSP-based automated error-minimization
technique for flux-linkage measurement in SRM drive has been presented, which involves
phase resistance estimation in a virtual instrumentation form and an online offset correction.
Yan et’ al suggested a circuit-based flux-linkage measurement scheme with an automated
winding-resistance correction technique to remove errors in sensorless control of SRMs. This

process needs an additional circuit component [168].

Table 2.1: Sources of Feedback Error in SRMs

Measurement Errors e Sensor offset error

e  Sensor scaling error

Measurement Noise e  Capacitive coupling of measuring circuit
e  Electromagnetic interference from the motor, Power circuit

and other electronic devices within its vicinity.

Flux-linkage Calculation e Integration offset error.

Error e Time and amplitude quantization error

e Variation of phase resistance due to temperature change

On the other hand, different flux-linkage estimation methods with included error reduction
technique but consist of no additional hardware are presented as follows: In [169] Peng et al
proposed the use of a third-order Phase-Locked Loop (PLL) to reduce the effect of terminal
measurement noise and measurement residual error in SRMs for a numerical method of flux-
linkage estimation. An integral flux error correction technique has been designed and
developed in [170] to reduce phase-resistance error as a result of temperature variation in SRM
drives. A feedback controller is used to correct the resistance of each phase when the phase
current is zero. Recently, flux-linkage prediction methods based on Artificial Intelligence (Al)

are employed to eliminate the effects of parameter variation, measurement error noise on flux-
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linkage estimation were also reported. These methods utilized the phenomenon that the error
accumulation in SRM flux-linkage estimation will reset at the end of each electrical cycle of
the process [171-173].

In summary, methods used for estimation of SRM rotor position are based on its flux-linkage
models, which often requires additional of extra device(s) and or function(s) to correct the flux
calculation-errors caused by machine terminal measurement errors and/or noise, increasing
real-time computation/implementation cost. In Chapter 6 of this thesis, an inductance model
based Sliding Mode Observer (SMO) is employed to estimate SRM position without the
requirement of additional functions for flux-linkage calculation and machine-terminal
measurement error corrections. The induction model is built from the MASRM data collected
by running the machine with a position sensor to get the relationship between its rotor position
phase current and inductance. With the built model based sensorless control, the MASRM can
then be operated without the position sensor. It uses only operating signals, so no additional
sensors or external circuitry are needed. Its computational simplicity and robustness make it a

superior choice for sensorless control of MASRM drives.

2.3 Applications of SRM

Switched reluctance machines are recently used in both domestic and industrial applications
especially where high robust and low cost are critical. The most widely applications of SRMs
include EV/HEVs, more electric aerospace systems, wind generators, pumps, and energy
storage systems. SRMs are most suitable for certain applications compared to their counterpart
electric machines where the environment of operation is harsh because of its mechanical and
thermal robustness, as it does not include permanent magnets and copper bars in its rotor poles.
Though, there are various compromises compared to the other electric machines that limit its
applications where high torque density, low torque ripple, low acoustic sound, and low

vibration is crucial.

2.3.1 Electric Vehicles /Hybrid Electric Vehicles

The current trend in reducing fossil fuel consumption and low toxic gas emission to protect the
environment leads to the recent interest in EVs and HEVs. Above all, the regenerative mode

of operation available in EV/HEVS, which can absorb most of the energy released during the
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braking period of the vehicle, increases the EV/HEVs utilization in the urban areas that are

prone to high traffic.

SRMs are suitable for EV/HEV applications because of its lack of PMs in its rotors and are
often constructed with silicon steel, which increases its robustness and lowers its cost [2, 145,
174-176]. This is of high advantage because EV/HEV applications normally involve subjection
of the traction motor to high temperature and cost reduction is a very important factor in
automotive manufacturing. However, SRMs inherent large torque ripple, high acoustic noise,
radial vibration, and unconventional power converter thwarted the extensive implementations
of SRMs on EV/HEV powertrains. These drawbacks can be overcome by the solutions

proposed in this research.

2.3.2 Aerospace Systems

Most of the aircraft operations are done using hydraulic and mechanical systems with few
performed with electrical systems usually a wound-field synchronous machine. For the past
century, research and development in the name of More Electric Aircraft (MEA) have been
done to replace many non-propulsive mechanical and hydraulic systems such as engine starters,
flight control actuators, pumps, and brakes with electrical systems [18, 177-180]. The reason
for converting to MEA is because electrical systems can offer more advantages project towards

improvements in reliability, weight, volume, cost, and maintainability.

The main attraction of SRM towards MEA applications is its superior thermal and mechanical
robustness as aerospace applications normally involve unfavourable environmental factors like
very high temperatures and pressures [181-184]. Thus, the SRM is ideal for MEA because of
the non-existence of any or very small magnets or windings in its rotor. The electric machine

used in this study is an example of the SRM designed for MEA application.

2.3.3 Wind Generators

Wind energy is one of the promising sources of clean and renewable of generating large electric
power. Hence, there is a growing interest in developing and utilizing electric machines-based
natural energy generation systems [185-188]. SRMs have the advantage of robustness to harsh
environments compared to the doubly-fed induction generators and PM synchronous
generators which are often employed for wind energy harnessing. This is because of its lack of
PMs and windings in its rotor [189, 190].
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Nevertheless, the inherent torque ripple, radial vibration, acoustic noise, unconventional
converter topology, EMF, and large DC-LINK current ripple of SRM drives are needed to be
considered when using SRM in wind generators depending on the desired environment of
operation. The multi-objective control problem in this research is an example to this kind of

multi-objective problems

2.3.4 Pumps, Spindles, and Superchargers

High-speed and low-torque electric drives are normally used in and heat pumps, generators,
and starters for portable gas turbines, turbo compressor systems, machining spindles, and
circuit board drillers. PM machines are the most common electric machines employed in the
current ultra-high-speed application above 50,000 rpm [191, 192]. SRMs are also good
candidates for high-speed applications with the added advantage of having a high tolerance to
a harsh environmental condition like very high or low temperature, and high pressure [193].
The topology of high-speed SRMs is often designed to have a lower number of rotor/stator
poles such as to reduce the switching frequency of the power converter. Nonetheless, the
drawback of SRM in this application is the inherent large torque ripple and high acoustic sound.
Furthermore, it has additional limitations during high-speed operations such as increased
windage loss due to rotor saliency, and increased iron loss due to the large amplitude of flux-

linkage variations (caused by the high-speed operation).

2.3.5 Energy Storage Systems

Flywheels are the commonly used energy storage systems because they have comparatively
low size, have a high mean time between failure, have high robustness and it can be used for
long term energy storage because of its low idle losses [194] An SRM has the merit of high
robustness, compactness, and it is simple to cool, compared to other electric machines, which
makes it promising for this application. However, the PM machine shows higher efficiency
compared to SRM and synchronous machines used as generators for the flywheel energy
storage systems [195].

2.4 Summary

In this chapter, a comprehensive review of the modelling, the limitations, the performance
improvement, and the applications of SRM were presented. Applications of SRMs in several

industries are mainly challenged by its inherent drawbacks including its large torque ripple,
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high acoustic noise, high radial vibration, low torque density, and low efficiency over the entire
operating range. Fortunately, there is an increasing interest in the academic industry to improve
the abovementioned limitations through revising, analysing, designing, and developing
numerous new SRM geometries and control techniques. The theories and the properties of the
numerical and analytical methods are reviewed and compared based on their accuracy and
computational cost. The previous and present methodologies aiming to minimize the torque
ripple, acoustic noise, and radial vibration, and enhance the torque density and efficiency of
the SRM drives are discussed. In addition, the performances of various multi-objective
optimization methods are discussed and compared. Lastly, the summary of trending
applications of SRM drives such as HEVS/EVS, aerospace systems, wind power energy

systems, pump systems, and energy storage systems are presented.
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CHAPTER 3

SYSTEM DESCRIPTION
AND MODELLING




This chapter describes the permanent magnet-assisted switched reluctance machine drive
employed in this study. The machine drive is designed to produce higher torque density and
efficiency like a permanent magnet motor drive of the same size and mass with the added
advantage of been fault tolerant. Its torque is increased by increasing non-saturation region of
the stator lamination. This is achieved by laying magnets at the stator slot opening of SRM to
extend its operation rang to the third quadrant of the B-H curve such that the flux from the
magnets opposing the main coil flux, hence, the operating range of the machine can be extended
to third quadrant of the B-H. This process reverse magnetises the stator core material of the

novel machine which results in it taking longer for the stator core to become saturated

The operating range of a conventional SRM is limited to only the first quadrant of the B-H
curve. By laying magnets at the stator tooth tip, the operation range of the MASRM is extended
to the third quadrant of the B-H curve as discussed in Chapter 1 (Figure 1.1). The process
reverses the magnetics of the stator core material which results in it taking longer to become
saturated (peculiarly at the aligned position) increasing the overall area between aligned and
unaligned inductance [18] [196]. This modification of the conventional SRM improves its
torque density but it also increases its nonlinearity and torque ripple hence, increasing its

difficulty to control. The motor is developed for an airplane nose wheel application [196].

Figure 3.1 shows the inductance profile of the MASRM used in this project. As shown, the
inductance at the aligned and unaligned positions is flat while it has a high rate of change in
between. Compared to the conventional SRM, the MASRM has steeper mid, and more
saturated (flatter) aligned and unaligned inductance profile. These high rate of change and
nonlinearity increase the computational complexity of the modelling and control, and also the
sensitivity to measurement errors. Moreover, it can increase the MASRM torque ripple because
of added cogging torque due to the flux from the added magnet. Hence, all these added
limitations increase the MASRM difficulty to be controlled using conventional methods

especially those that require online computation of its nonlinear dynamic model.

38



Inductance (H)
o©
o
0]

0.06
0.04
0.02° peg 180 Deg 360 Deg
0
—1A 2A 3A 4A 5A 6A 7A

Figure 3.1: Estimated Inductance Profile of MASRM for Simulation and Sensorless control

3.1 Static Test of MASRM

There are two sets of data that are needed for the test of the MASRM, which are the torque,
current and rotor position relationship data, and the flux-linkage, current, rotor position data
which will be used for modelling and control design of the drive. The test data can be obtained
from what is called a standstill (static) test. The basic procedure of standstill test is to apply a
short voltage pulse to the phase winding of the machine with the rotor blocked at several

predefined specific positions.

During the testing process, the rotor of the MASRM is blocked at a rotor position from 0 degree to
360 degrees in an interval of 10 degrees using an absolute encoder (an R35i-8192/0-8mm-LD/0-
5/0-1-R-H unit from Hiedenhan/Renco). A Texas Instrument F28377D DSP-based controller
board is used to generate the gating signals to an asymmetric half-bridge converter to apply an
appropriate voltage pulse to that test winding. The rotor position, phase current, phase torque
(estimated from phase current and rotor position) and phase flux-linkage are recoded at these
different rotor positions. Data sets obtained from performing this test can be used to establish
the relationship between magnetic and torque characteristics of the MASRM as it will be
explained in the coming sections. Figure 3.2 shows the experimental setup for the static test of
the MASRM.
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Figure 3.2 Experimental setup for the test of MASRM drive

3.2 Model of MASRM

The characteristic modelling and analysis for the behaviour of MASRM can be done using its

derived torque and voltage mathematical equations.

3.2.1 Torque Characteristics of MASRM

MASRMs are structured to have both salient rotor and stator poles, therefore, the flux-path
reluctance for the phase windings changes with change in rotor position of the machine.
Consequently, torque generation in SRMs is as a result of the rotor pole movement to align
with the excited stator pole so as to minimise the flux-path reluctance. This principle of torque
production can be mathematically explained by using the phenomenon of electromechanical

energy conversion.

Magnetic flux ¢ is generated in MASRM when the stator poles are excited with current i. the
relationship between the flux and the magnetomotive force (MMF) is depicted in Figure 3.3. It
can be observed that the flux-MMF characteristic for the aligned position (= £2) is nonlinear
because the flux-path reluctance suffers from magnetic saturation. While that of the unaligned

position (&= #1) is almost linear because the air-gap reluctance is large in this region.
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Figure 3.3: Principle of SR machine torque production: (a) rotor positions and (b) flux characteristics [197].

The input energy W; can be expressed as in (3.1) upon energizing the phase windings of the

machine.
W; = f eidt (3.2)

Where e is the induced electromotive force (EMF) which is given as:

e =4¥ (3.2)

dt
Hence the input energy can be written as:
W; = [ Fidy (3.3)

Where Fi= N i is the magnetomotive force (MMF) excited in the phase windings and N is the
number of turns of the phase windings.
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Consider the input energy to be equal to the sum of the magnetic energy field stored in the
phase winding W: and the output energy converted to motion W,. So, the expression for

incremental changed can be written as below:
SW; = §Wr + 6W, (3.4)

Furthermore, by considering the flux-MMF relationship depicted in Figure 3.3,

SW, = fjf F,dy = area (ABCD) (3.5)
O0W; = area (OBC) — area (0OAD) (3.6)
Hence,

W, = 6W; + 6W; = area(0OAB) (3.7)

which is the area between the two characteristics for a given MMF. Therefore, the torque T can
be expressed as incremental output with respect to variation in rotor position as follows:

8w,

T 60

(3.8)

8W, is generally equal to the change of co-energy W between the unaligned and aligned rotor

positions, which can be expressed as the complement of the magnetic field energy in the

following form:
Wi = [YFdF; = [ Nydi = [L(6,1)idi (3.9

where L is the inductance which is the ratio of flux-linkage to phase current. Hence, the
produced torque can be written as:

8wy (6,D)

T 66

, 1=constant (3.10)

The inductance L changes linearly with the current for a given rotor position under no magnetic
saturation, but the linearity cannot be guaranteed under magnetic saturation. The torque under

the conditions can be expressed as (3.11) and (3.12), respectively.

_ l ) dL(e)
T = S (3.11)
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i dL(0,i) . ,.
T=], o= idi (3.12)

Finally, the resultant output torque, Te is the summation of torques developed at various phases:
Te =Y3T(i,0) (3.13)
which can also be represented in the equation of motion of the motor

T, =]52 +Bw+T, (3.14)

where J is the moment of inertia, B is the coefficient of viscous friction, T is the load torque,

and w is the rotor speed.

3.2.2 Magnetic Characteristics of MASRM

The voltage equation of the MASRM can be expressed as (3.15) by neglecting the mutual

inductance between the phases:

R
v=iR+ (3.15)
v=iR+ % (L(, D)) (3.16)

dL(e.,i) .
5 L Wm (3.17)

v = iR+ L(9,i)2—i+

where v is the applied phase voltage, R is the winding resistance per phase, and N is the flux
linkage due to the phase current i. The inductance L is defined as the flux linkage over current.
The three terms on the right-hand side represent the resistive voltage drop, inductive voltage
drop, and back EMF of the SR machine, respectively.

In conventional switched reluctance motor, the flux-linkage varies linearly with phase current
under the unsaturated condition at any rotor position while under saturation condition, the SRM
has the same saturation point as the current remains constant and the flux linkage.[198, 199].
On the other hand, the magnet-assisted switched reluctance motor as it has a different saturation
point for different rotor position. Considering Figure 3.4 it can be observed that the flux-linkage
changes linearly with phase current at lower current values. It can also be seen that at lower

angles (unaligned region), the linearity of the flux with respect to current has a larger linear
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region and it decreases as the rotor approaches the aligned position. In summary, the MASRM
flux-linkage characteristics have higher non-linear characteristics than conventional SRM
which makes it more difficult to model and control. The flux- linkage and torque characteristics
nonlinearity of the MASRM can be analysed at a given operating point with respect to phase

current and rotor position in the coming sub-sections.
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Figure 3.4: Measured Flux-linkage characteristics of MASRM.

3.2.3 Analysis of Flux-linkage characteristics in the Unsaturated Condition

It can be observed from Figure. 3.4 that the flux linkage varies linearly with current for any
rotor position under unsaturation condition up to a certain value of current i(¢) = c. Therefore,

the flux-linkage can be formulated as follows:
Y = L; (0)i, i@)<c (3.18)

where L1 (6) is the unsaturated inductance, which varies with rotor position 6. Expressions for

flux-linkage in unsaturated condition are:

2 =10 (3.19)
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oY _ dlLy .
ﬁ_del (320)

Based on equations (3.15), (3.19) and (3.20), the dynamics in the phase current under

unsaturated condition can be represented as:
dL . di
v=(R+ d—(;wm)L + L (3.21)

Note fron Figure 3.1 that L, is minimum at & = 180° (unaligned rotor position) and is

maximum atd = 360° (aligned rotor position). Similarly, % is maximum close to § = 270",

3.2.4 Analysis of Flux-linkage characteristics in the Saturated Condition

The flux-linkage curves can also be approximated as a straight line under saturation condition
but with a different value of incremental inductance. As seen in Figure. 3.1, the saturated
incremental inductance L» is strongly dependent on 6. Hence, each y—I curve can be

approximated as shown below, where c(6) represents the knee of the y~I curve at -
Y(i,0) = L(0)i + [L1(0)-L,(0)]c(B), i>c. (3.22)

Lo varies with position, and its change is significant where incremental inductance is least. The
MASRM used in this study is strongly saturated beyond a critical position (6 =290°). The

partial derivatives and the phase voltage under saturated condition can be expressed as follows:

2 = L,(9) (3.23)

o _ .42 ac _ 42y 4 4c

36 = S8 +L20u9 c— lee (3.24)
— a daLy ac _ 4Lz dC

v—lR+L2dt+(c " +L2d9 c— lee)wm (3.25)

The last term in the right-hand side of (3.25) is the back-EMF term.

3.2.5 Analysis of the instantaneous torque

Figure 3.5 depict the non-linearity of the MASRM torque characteristics. As explained in
section 3.2, the nonlinear instantaneous torque of the machine can be found from the co-energy

principle. By considering (3.11) and (3.12) the total phase torque can be expressed as:
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_oY(ie) |
T~ 22 (3.26)

The incremental inductance of an SRM has larger value therefore, its phase current and rotor
speed can be assumed constant in a single sampling interval [200]. With this assumption (3.17)

can be reduced to:

v = iR+ % [ Wy, (3.27)
Therefore,

v—iR
T =~ o (3.28)

And for negligible resistive drop, equation (3.29) shows that phase voltage can be an effective

control variable for torque control, nevertheless, with low accuracy.

v

T ~ o (3.29)
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Figure 3.5: Estimated Torque Characteristics of MASRM at different current level

3.3 System Simulation

Simulation is generally performed first to ensure the successful controller development. The
parameters of the real system will be identified at this stage of control system development.

Hence, the simulation of the MASRM drive is discussed in this section.

As explained in Chapter 2, there are two main categories of SRM control which are the current

control and the torque control. In this study, the focus will be on torque control of the MASRM
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drive. Firstly, a simulation model of the three-phase MASRM used in this study is developed
in MATLAB Simulink for analysis and controller design. Secondly, the asymmetric power
converter employed in the drive is also simulated. Lastly, the conventional hysteresis current
controller is also simulated to be used as a benchmark for the considered torque control

methods.

3.3.1 Dynamic model of the MASRM

The static parameters obtained through experiment depicted in Figures 3.3 and 3.4 are used in
the creation of a dynamic model using MATLAB/Simulink software. The dynamic model
consists of (3.17) and two lookup tables (Flux LUT and Torque LUT) as shown in Figure 3.5.

The dynamic model is used to simulate the transient and steady states response of the drive.

» La
inductance (mH)

Lookup Table1

elec_angle elec_angle

g
2
£

torqueA

Torque Table1

N
VoltageA » CurrentA
Curfent1

Flux/angle to
V-iR Current Table

i

B

Figure 3.5. Phase A simulation of MASRM dynamic model

3.3.2 Modelling of MASRM Converter

A standard IGBT based asymmetric half-bridge converter is employed to energise the MASRM
drive considered in this study because of its good efficiency and control flexibility as explained
in Chapter 3. Figure. 3.6 shows the three-phase MATLAB/Simulink simulation model of
asymmetric half-bridge converter for the MASRM drive. The unique operations of this

converter with respect to this study will be explained in detail in Chapter 5.
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Figure 3.6: Simulation Model of Asymmetric Half-Bridge Converter

3.4 MASRM Model for estimation of rotor position

The preferred online dynamic model for this study is the curve fitting model in the closed form
because of its merits as stated in Chapter 2. There are two main types of SRM closed-form
models are suitable for online implementations as suggested by several researchers;
inductance-based model [201, 202] and flux-linkage based model [203-206]. Following a
review of the two online dynamic models, the inductance-based model has been selected for
the MASRM system, because it provides a flexible and simple method for taking the unique
shaped inductance profile of the MASRM into consideration when estimating its rotor position.
Below is the discussion of the two modelling methods and a detailed explanation of the rotor

position estimation procedure is given in Chapter 6.

3.4.1 Flux-linkage based model

The flux-linkage based model of SRM uses the nonlinear relationship between the phase flux-
linkage, phase current and rotor position of the machine. The mathematical expression of this
relationship is presented in equation (3.30). From this relationship, the rotor position of SRM

can be deduced from the known value of phase flux-linkage and phase current [204].

P =P, (1—e 7O (3.30)
where
f(@)=a+b-cos(0)+c-cos(20) +d -sin (0) + e - sin (26) (3.31)
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1, is a saturated flux-linkage and a, b, c, d and e are the coefficients of the series.

In an SRM control systems, the flux-linkage 1 can be computed by equation (3.32) as the phase
resistance R is assumed to be known and constant, and phase voltage V and phase current i can

be measured.
Y= [(V-Ri)dt (3.32)

The basic principle of flux-linkage based estimation of rotor position in SRM is based on the
fact that the rotor position 8 can be calculated from the 1 — 6 — i relationship, because ¥ and

i are known.

It is normally required for MASRM to run for its full range of speed in most applications, from
very low speed (near zero) to very high speed at steady state. Given That the flux-linkage based
method of estimating rotor position utilizes the integration in (3.32) to estimate the flux-
linkage. Errors in values of parameter such as the phase resistance, and measurements V and i
can accumulate during conduction of the active phases, which can only reset when a phase is
not conducting [39, 178, 207]. However, same problems do not exist in inductance-based
method of estimating of rotor position. This makes the inductance-based model a better choice
for applications of SRMs that require full range of speed. An inductance based model that can
be used for accurate estimation of rotor position for wide range of speed is proposed in [201].
Nevertheless, considering different signals, devices used and intended application, the
inductance model-based method of estimating rotor position can require modifications which
depends on computational cost and accuracy. The inductance-based model developed for this

study is discussed in the next section.

3.4.2 Inductance model of MASRM

Generally, the phase inductance of SRMs changes periodically with its rotor position ‘6’.
Therefore, it can be expressed as a Fourier series function of the rotor position. The inductance
‘L(6,1)’ in the MASRM online model for this study can be derived from finite terms of the
Fourier series as explained in Chapter 2, with the coefficients of the series representing the

non-linear change of the inductance with the phase current.

For simplification of the expression for the inductance function, the origin of the rotor position

is chosen to be at the aligned position. For 3-phase switched reluctance machines, the number
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of rotor poles Nr = 6. By considering Figure 3.1, ‘0 = 0 © can be selected at the aligned rotor
position of phase A, and ‘6 = 180 ©* can be selected at the unaligned position of phase A.

Therefore, the individual phase inductance can be expressed as in (3.32)
L(6,i) =Y y-0A,(0) - cos(nN,.6 + ¢,). (3.32)

where ¢, is the phase shift between the machine phases, and 4,, represents the coefficients of

the series whose values are generally obtained through curve fitting method.

The coefficients A, (i) in the Fourier series can be obtained using the inductances at different
specific rotor positions. Let the phase inductance at a rotor position be expressed as in (3.33),

which is a function of phase current ‘i’
Lo(D) = X_o Ggni" (3.33)

Where ‘ag ,,” and ‘q’ are the coefficients and the order of the polynomial, respectively. A value
of ‘q = 5” and the first Four terms of the Fourier series are selected in this study as to ensure a
balance between good approximation and computational cost, after comparing the fitting
results (q = 3, 4, 5 and 6, and Fourier series terms of 3, 4 and 5) using the algorithm presented

in Appendix A,

The four coefficients of the Fourier series can be computed as 4,, 4, 4,, and A5 from the
MASRM phase inductance at four rotor positions: Lyo (aligned rotor position), Lggo (lower
mid-aligned rotor position), L;,00 (upper mid-aligned rotor position), and L,gge (unaligned

rotor position), which can therefore be represented in (3.34).

1 Ao

L600 1 cos (600) cos (120°)cos (1800) Ay 334
L1500 1cos (120°)cos (240°)cos (360°) | |A, (3.:34)
L1ggo 1cos (1809)cos (360°)cos (540°)]1 LA

Therefore, we have:

A1 [1/6 13 1/3 1/6 [ Lo

Al |13 173 =173 —1/3]]| Lego (3.35)
AT 113 =1/3  -1/3 173 ||Ligee :
A1 116 —1/3 173 =176 [lLigeo

Which can further be expanded as follows for better representation:
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11
Ao =73 [E (Lgo + Lyggo) + (Leoo + leoo)]\
1
Ay = 2 (Loo + Lego — Lizo0 = Ligoo) (3.36)
; .
Ay = §(L0° — Lgoo — Lyz00 + Lyggo)

1M1
Az = 3 [E (Loo — Lyggo) — (Lggo — leoo)]J

These four coefficients generated as polynomial functions from inductance profiles of the
MASRM are shown in Figure 3.7.

Coefficent at Al

Coefficent at UMI

Coefficent at LMI

Coefficent at Ul

Inductance

Phase Current

Figure 3.7. Curve fitted coefficients for Fourier series based inductance approximation of MASRM

Where the lebel in Figure 3.7 are Al is the aligned inductance, UMI is the upper mid-aligned
inductance, LMI is the lower mid-aligned inductance, and Ul is the un aligned inductance.
Now, the dynamics of the MASRM can be modelled from its differential equations which
include the electromagnetic equations, the electromechanical equations, and the mechanical

equations by using the inductance estimation method above.

The voltage equation (electromagnetic equations) is a nonlinear differential equation in (3.37):

=, (0,08 g LD O OD L
Vi=1i;-R+L;j(0,1) — Tt 2, at’ (3.37)
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with j=1...m, where m is the number of phases.

To reduce the weight and size of the motor drive system in this study, the individual terminal
voltages are not measured using separate sensors instead, each phase voltage is approximated
using the bus voltage and the calculated PWM duty cycle as expressed in (3.38) [208].

Vi = Vius * dj = Vigie (i) — Vaioae (i) (3.38)

where V.5 is the bus voltage, d;, the phase duty cycle, V; 4., the voltage drop across the power

transistor, and V;,4. the diode voltage drop. By substituting (3.38) in (3.37) we get (3.39).

. i i . di; . 0L;(6,D) . 0Li(6,i) di;
Vbus ' d] - Vigbt(lj) - Vdiode(lj) = lj ‘R + Lj (9, l)d_t] + lj 39 w + lj gij d_t] (339)

For simplicity, the voltage drops across the winding resistor, power transistor and power diode
are summed up into a single term, V.. then substituted in (3.39) and rearranged to the standard
format of the differential equation of MASRM as presented in (3.40).

Lj(8.0)

dij _ Viusdj=Viess(ij)=ij—5g—® _ X(6,iw)
ar 0 = . (3.40)
at L,-(G,i)+i,-aLé(i?") Y (6,0)
The torque-speed equation (electromechanical equations) can be expressed as:
dw
J e =2z Te; =T (3.41)

where Tejand T, are phase torque and load torque, respectively.

The resultant torque can be obtained by the summing up the individual phase torques as

expressed below:

owe; m 0[Lj(6.D)ijdi

Therefore, the angular acceleration of the machine can be expressed as:
dw Z}'n=1Tej_TL .
=Y D= 7(6,0) (3.43)

dt J

The mechanical equation can be expressed as:
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dae
0 (3.44)

Finally, the online differential equation for the MASRM can be solved based on the inductance
model derived in (3.40). Where the required expressions are expressed in (3.45). This derived
inductance model is employed in the sliding mode-based estimation of rotor position of the
MASRM.

_de \
T ode
aL;(6,0) . .
a5 = ~ Zita i (Onl, sin (nN,6) | (3.45)

aL;(6,i) dA (D)
1= = Yy —2—cos(nN,.0)
611- alj

L(6,i) = Yo An(D) - cos(nN,.0 + ;) .

A model of the MASRM has been designed, simulated, and analysed. A new torque controller
and position sensorless control algorithm for the MASRM drive has been designed simulated
and analysed and presented in the coming chapters. In next section, the setup and
implementation of an experimental test rig for testing and validation of the proposed control
system is explained.

3.5 Experimental Test Rig

An MASRM drive test rig was designed and constructed to test and validate the better
performance of the proposed torque controller in real-time. The three-phase MASRM was
coupled to an induction machine as a load. The test rig consists of two sets of electric motor
drives. One is based on the magnet assisted switched reluctance machine, which is the
servomotor system for investigation of the proposed control system. The other one is for an
induction machine, which serves as the load to the MASRM. A torque sensor is shaft coupled
in between the two electric machines. Both motor drives are DSP based, with power converters,
position encoders, and voltage and current sensors. A block diagram of the test rig is presented
in Figure 3.7.
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Figure 3.7: Block Diagram of Experimental Test Rig Setup.

The experimental test rig is used for data collection for modelling the MASRM, as described
in section 3.1and also for implementation and performance evaluation of control algorithms.
The induction machine drive used for loading the MASRM is based on the ABB ACSML1 drive.
An IGBT based three-phase asymmetric bridge converter is used to energize the windings of
the MASRM with main component as stated in Table 3.1. A Texas instrument F28377D DSP-
based control board is used to implement the HCC, DITC, and proposed AQSM control
algorithms. The DSP contains a dual CPU and provides a reliable interface that links with
MATLAB/Simulink to access the hardware and software system of the controller board, which
is a very convenient tool for control system development. For feedback, an absolute encoder
(an R35i-8192/0-8mm-LD/0-5/0-1-R-H unit from Hiedenhan/Renco) and a current transducer
for each phase were employed for a fair comparison, the optimum turn-on and turn-off angles
are calculated at different speeds and used in a lookup table within the three compared control

algorithms. The motor and power converter setups are shown in Figure 3.8.

Table 3.1: Components of the power converter
Gate Drive A Seven pack IGBT Driver (SKHI 71) from Semikron
IGBT A 12 pack IGBT (SKiiP 23Acc12T4V10) from Semikron
DC-Link Capacitor 2 Polypropylene, DC Link Capacitors (220uF 800V dc capacitor 944U221K8)
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Figure 3.8: Test Rig Setup.

3.5.1 Texas Instrument F28377D based General Control Board

The control and interface board used in this project for the MASRM drive’s power converter
control is a copy of a general control board (GCB) that has been designed at Newcastle
University and used in many research projects. The board is designed to provide an interface
between the Texas Instrument F28377D microcontroller and power converter hardware. The
functions included on the board are discussed presented in Appendix B. The GCB includes
large number of general-purpose input/output (GPIO), ADC and PWM channels which are
more than adequate for this project. It also includes RS232, Isolated USB, Encoder, Resolver
and CAN bus interfaces. It can be connected to a host computer via an external XDS100v2
JTAG emulator.

The board is designed to be flexible, catering for a wide range of power electronic control
applications. It is usually important that sensors and gate drive circuits are physically close the
power hardware. For this reason, the sensors and gate drive circuits are not included on the
general interface board. The on-board interfaces have been designed to cater for a range of

different external sensors and gate drive circuits.
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To create a converter, separate sensors and gate drive circuits must be provided in addition to
the power circuit hardware. The gate drive interfaces of the GCB can be connected to a purpose
designed gate drive circuits or to boards containing commercial gate driver modules as is the
case in this project.

3.5.2 IGBT and gate driver boards

A Semidriver SKHI 71 unit from Semikron is used as the core of the gate driver board in this
project. Each device caters for six IGBT outputs (high and low devices). This gate drive PCB
also provide a facility for monitoring the DC link voltage, over-voltage trip, device temperature

indication and over-temperature trip facility.

For this project, an IGBT module (Skiip 24ACC12T4V10) with six input devices, a thermistor
and six output devices has been selected. This is designed to be used as a controlled input
rectifier and output inverter but in this application, it has been used as a three-phase MASRM
converter (Asymmetric half-bridge). For the MASRM application, two devices in each phase

are never switched and only their antiparallel diodes are used.

The use of a one leg from the input bridge and one leg from the output bridge of the
24ACC12T4V10 enables us to optimise the usage of the on-board devices as the devices in the
input and output bridges of the 24ACC12T4V10 module are not the same. Figure 3.6 (a) show
the default device arrangement in the IGBT module and Figure 3.6 (b) shows the device
arrangement for the 3-phase asymmetric half-bridge converter. The simplified layout of the

gate drive board and its main functions are included in Appendix B.

(@)
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Figure 3.6: Device arrangements for (a) Skiip24ACC12T4V10 (b) Three - Phase ASHB
3.5.3 F28377D General Control Board

The multi-core processors are useful in this project because control of the MASRM drive have
several concurrent tasks. It involves phase current, phase voltage, temperature, device faults
and rotor position feedback sensing, fault detection, phase windings energization signals,
control algorithm and GUI. Different tasks can be assigned to different cores. Although the
F28377D is described as a dual-core processor, it has four processing units on the chip. Each
of the two CPUs has an associated Control Law Accelerator (CLA). The CLA is a 32-bit,
floating-point processing unit with the same clock frequency as the CPU. So, in terms of
computational capability it is equal to the CPU. In addition, each CPU within the F28377D
also contains another two computational accelerators in the TMU (Trigonometric Maths Unit)
and the VCU (Viterbi, Complex Maths Unit). These units speed up various numerical
calculations. The speed enhancements provided by these accelerators are invoked
automatically by the C compiler and so do not require any consideration when writing code. In
this project, control software is developed to distribute computational load between the two
cores of the F28377D DSP of the GCB. A MATLAB based graphical user interface (GUI) is
developed for this project which runs simultaneously with the proposed toque control algorithm

software.

3.5.4 MATLAB based GUI code

MATLAB software has pre-defined functions to support the creation of a GUI. In this project
a MATLAB GUI interface that has been developed at Newcastle University for the GCB is
modified and wused for monitoring algorithm execution and providing continuous

communications with the target hardware (GCB). The developed GUI interface is shown in
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Appendix A. The GUI contains a number of widgets (e.g. pushbutton, popup menu, text box,
axis, and slider). On the left there are 3 identical graphical axes which are used to display the
data collected in the 8 data store arrays s1 — s8. Each graphical axis has 3 popup menus
(coloured red, blue and yellow) which are used to select up to 3 data arrays for simultaneous

display on the associated axis.

At the top right there are 4 pushbuttons ‘PWM ON’ (green), ‘PWM OFF’ (red), STORE’
(yellow), and ‘PLOT’ (blue) to activate/deactivate the target PWM and store and plot the
selected set of acquired data. The GUI interface allows monitoring parameters in real time and
also adjusting parameter reference values with the sliders located at the bottom right of the
GUL.

The MATLAB GUI communicates with the target (i.e. F28377D GCB) via an RS232 serial
interface. As most modern PCs/laptops only have USB serial ports, the target control board has
an RS232 to USB converter.

3.6 Summary

Static experimental data and mathematical formulation were used to develop a motor model of
the 3-phase magnet assisted switched reluctance drive in this chapter. Furthermore, the
methods for creating the simulation and online implementation of the overall MASRM drive
have been described in this chapter. Since the MASRM used and the multi-objective control
proposed in this research differs from the conventional SRM and control objective, proposed
by others, the relative algorithms on torque control, torque-ripple minimization, and sensorless

control are different too. This will be described in detail in the following chapters.
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CHAPTER 4
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Reliability is of great concern in safety-critical applications like automotive, aerospace,
medical and home appliances in which switched reluctance machines are getting more
acceptance. Thus, the overall reliability of the machine drive hardware and control software
should be ensured. The reliability of hardware has been investigated by many researchers
working on the areas of Machine Design and Power Electronic Converter design and, therefore,
will not be investigated in this thesis. Although the use of unreliable control could be
destructive to the drive system, the reliability of control algorithm, however, has not been paid
a lot of attention in the literature. In this chapter, the relationship between, reliability,
complexity, and performance of several widely used SRM drive control methods are
investigated using theoretical and analytical methods. Experimental verification of the results

in this chapter is included in Chapter 5.

The effect of common errors associated with a practical MASRM drive on its control systems’
reliability is analyzed. In addition, an examination on the relationship between control system
complexity and reliability of MASRM control based on the matric of information flow
complexity within the control technique is also presented. Three common SRM control
methods namely Hysteresis Current Control, Direct Torque Control, and Torque Sharing based

Direct Instantaneous Torque Control are considered and compared.

4.1 Introduction

In the DTC method, the desired resultant torque output is obtained by selecting a stator voltage
space vector according to calculated errors of the instantaneous torque and stator flux. DITC
method is created by simplifying the DTC method in which only the instantaneous phase torque
is directly regulated with no consideration of the stator flux error. A comparison of DITC and
DTC is presented in [209]. Linear, cubic, and exponential Torque Sharing Functions (TSFs)
are also commonly employed to reduce the torque ripple in SRM drives. This technique
predefines online or off-line torque waveform to distribute the desired resultant torque among
the phase torques of the SRM first before employing torque control for the phase torques. The
merits and limitations of these commonly used methods to control SRM drive are depicted in
Table 4.1. This considers the functional structures of a three-phase HCC, a three-phase DTC,
and a three-phase TSF-DITC of a MASRM shown in Figure 4.1. As shown in the figure, a
conventional HCC has two functional blocks that maintain the resultant current at a specified
reference with no consideration of reducing torque ripple [210]. A conventional DTC consists
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of seven functions to ensure good torque characteristics over a wide range of operation while

in TSF-DITC, the functional modules in DTC are reduced to four with compromising torque

ripple reduction performance across the speed range of the machine.

Table 4.1. Comparison of MASRM Control Methods

Technique Methodology Advantage Disadvantage
¢ High torque ripple
The current is controlled by * Simple control e Poor closed-loop dynamics because
structure .
CCC using a hysteresis current only the phase current is regulated
¢ Robustness to
controller.
measurement errors.
The desired torque is obtained | e Low torque ripple * Prior knowledge of machine
_ h L .

e by using torque and flux « Good performance characteristics is required
estimation with hysteresis over a wide range of * Requires multiple control calculations.
controller. speed. ¢ Requires high switching frequency

. . * Low torque ripple e Offline design of torque profile is
A linear or non-linear torque
. i . o Accurate reference required.

sharing function (online or ‘

torque trackin i i
TSF-DITC offline) is designed and used b a g * Prior knowledge of machine
ecause torque is istics i i

to obtain a desired resultant ] a characteristics is required

torque following the torque | o Requires high switching frequency
sharing technique.

Generally, MASRM drives should ensure a good torque characteristic with high reliability both
from hardware and software perspectives. Despite the development of several control methods,
SRM drives over the last decade, especially for applications that require a high level of
reliability and robustness, the technique of evaluating the reliability and robustness of the
control methods remains largely undetermined. Feedback measurement error and system
complexity can be the main factors that may result in a fault that leads to failure of the system
by studying the reliability of the electric drive’s control system. A fault, in this case, can be
defined as a defect with an open loop or closed-loop control of the electric drive that has the
potential of causing its failure. So, the MASRM drive’s control system failure can be defined
as the inability of the control system or any of its components to perform a required function

according to its specification. Therefore, the objective of this investigation is to study the effect
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of errors and structural complexity on reliability and robustness of torque control techniques

for MASRM.
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Figure 4.1: Control methods of MASRM

4.2 Reliability Analysis of MASRM Control

Having a standard method of quantifying the reliability of electric drive control systems has
been an unresolved issue for decades because their failures are time and environment
dependent. Nevertheless, factors that can be proportional or inversely proportional to the
reliability of control algorithms have been presented by researchers. These factors include
Mean Time Between Failure, Flexibility, Accuracy, Robustness, Error Tolerance, Fault
Tolerance, Device Dependence, Recoverability, Usability, and Simplicity [211-214]. Control
algorithm failures often occur if its functionality differs from the desired one because of errors

in the system.

Error-prone systems have a high probability of failure. Furthermore, systems that are error-
prone and complex will have a significantly higher probability of failure, thus reducing the

overall system reliability.

4.2.1 Error and Noise in SRM Control

As mentioned in Section 4.1, the errors in the control algorithm are key factors that increase its
failure rate and make it unreliable. Error components can be introduced into the control
algorithm from different factors and the number and magnitude of these error components are
proportional to the failure rate of the system [173]. Most errors in the control of MASRM drive
are often because of measurement noise, measurement errors and parameter variation within
the drive system. These errors affect the torque and flux estimations required in present high-
performance SRM control method that can be employed on the MASRM drive. Instantaneous

expressions showing the common error components in current measurement, voltage
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measurement, rotor position measurement, flux-linkage estimation and torque estimation are

as follows:

E;(n) = Ejo(k) + Eis(k) + Ejn (k) 4.1)
E, (k) = Eyo (k) + Eps (k) + Eyy (k) (4.2)
Eg(k) = E, (k) = Erg(k) + Eaq (4.3)
Ey(k) = Ei(k) + E, (k) + Erq(k) + Eaq + Er (k) (4.4)

where E;, E, Eg, E,,, and E, are the total measurement error in measuring current, voltage,
rotor position, and angular speed, and the total flux-linkage error, respectively. E;, and E,,, are
the current and voltage offset error. E;s and E,s are the current and voltage scaling error. E;y
and E,,y are the current and voltage signal noise error. E7, and E,, are the time and amplitude

quantization error. Ey is the error in resistance variation.

Ideally, the instantaneous torque produced by MASRM drive is often estimated from a lookup
table T'(6, i) generated from a static-torque test. Therefore, the effect of both current and rotor
position measurement should be considered when analysing the error involved in the torque
estimation. Error in the measured current and/or rotor position will impose corresponding error
in estimated torque. The following relationship can be used to calculate the resultant error in

toque estimation at a given instance ‘k’:

9T (6 (k) i(k))

oT(0(k),i(k
Er (k) = Eg (k) T2 4 f () TEEED

Py (4.5)

where E(k), 6(k), i(k) and T(6(k),i(k)) are resultant torque estimation error, actual rotor
position, actual phase current and instantaneous torque, respectively. For a given error in
current and position measurement, the torque error will be proportional to the sum of the partial

derivative of torque with the current and partial derivative of torque with the position.

For the errors mentioned above, it is difficult to quantify the instantaneous error components
of the current, voltage, and flux-linkage because their causal factors are system type dependent
and time-varying. Hence, random error signal with predefined maximum magnitude can be

assumed to represent the total error in these quantities for analysis reasons.
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4.2.2 Reliability of SRM Control from the Complexity Perspective

As explained in section 4.1, the complexity of a control technique is one of the key factors that
can significantly affect the reliability of MASRM drive. Errors can be introduced into the
control algorithm from different factors especially via modules in the system that are depended
on measured signals and the effect of the measured signal can be increased as the number of
modules in the system that required those signals to function increases thus, the failure rate of
the system also increases. Therefore, the less complicated the system, the more reliable it can
be [214].

An important metric of structural complexity known as Information flow metric is employed
in this study to analyse the effect of system complexity of the MASRM control methods. Henry
et al. defined structural complexity in terms of the amount of information flow (IF) between
modules in software algorithms [215]. It is proven that it is a suitable and practical basis for
measuring the complexity of large systems [215-219]. Thus, the complexity of the MASRM
control system can be measured by observing the number of modules and the patterns of
communication between the system them. Consequently, an information flow complexity that
considers a functional block structure as a module and the interconnection between the modules
is proposed and used in this study. The expression for calculating the information flow

complexity is defined as:
IF = Y"(fan_in(n) * fan_out(n))? (4.6)

where n, fan_in, and fan_out are defined as the number of modules in a system, the number of
input variables passed into the module, and the number of output variables returned from the

module, respectively.

The product of fan_in(n) and fan_out(n) in (4.6) represent the number of possible combinations
of the input variables to the output variables of a sub-function (module). While the power of
two in the equation as it employed by Belady et al in system partitioning is used to represent
the non-linear relationship between a specific sub-function and other sub-functions interacting
with it [220]. Finally, the measure of the total complexity of the system is obtained by summing
up all the sub-functions’ ‘IFs’. For example, considering the calculated ‘IF’ of HCC, the speed

control module has an ‘IF(speed) = (2x1)? = 4, the hysteresis comparator module has an
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‘IF(hysteresis) = (4x3)? = 144’ therefore, the IF complexity of HCC is ‘IF(HCC) =4 + 144 =
148’

The information flow complexity of the three methods is calculated based on the system
structures in Figure 4.1 and IF formula expressed in (4.6) to determine the differences in
complexity between the control methods, and the results are presented in Table 4.2. It can be
observed that the complexity of the control methods is proportional to the number of error
component involved in the system. HCC has less complexity hence less prone to error followed
by TSF-DITC and finally DTC having the highest complexity and error components. This
method of analysis can help to directly reduce the complexity and failure-rate of control
algorithms by finding dispensable functions like in the case of reducing DTC to DITC and
finding functions affected by measurement errors. Therefore, minimizing computational time

and improving reliability.

Table 4.2: Complexity and error components in MASRM drive control methods

METHOD | MODULE MODULE IF | SYSTEM IF | SOURCES OF ERROR
SPEED CONTROL 4 Eccc(k) = E;(k) + E, (k)
HCC HYSTERESIS » 148 = Ejo(k) + Eis(k) + Ein (k)
COMPARATOR + Erq(k) + Ezq
SPEED CONTROL 4
TORQUE SHARING 36
Ersp(k) = Ex(k) + E,, (k)
TSF- HYSTERESIS
DITC COMPARATOR
TORQUE
144
ESTIMATOR
SPEED CONTROL 4
HYSTERESIS o4
COMPARATOR
TORQUE »
ESTIMATION Eprc(k) = Elp(k) + Er(k) + E, (k)
= 2E,, (k) + 2E;c(k) + 2Ey (k
DTC FLUX ESTIMATOR 324 613 i0 (k) is (k) i (k)
a_B +Ev0 (k) + EvS(k) + EvN(k)
36
TRANSFORMATION +3Er(k) + 3E,q
FLUX-VECTOR .
CALCULATION
ZONE SELECTION 1
SWITCHING TABLE 36
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It can be decided from this findings that complexity and measurement error have a significant
negative effect on the reliability of MASRM drive control, and therefore, consideration of
reliability and complexity should be involved in the development of torque control algorithms
of the MASRM.

4.3 Simulation Analysis of MASRM Control Methods

To analyse the real-time effect of the measurement uncertainties on the control methods, a
simulation model of the MASRM drive with the three control algorithms is employed. It is
difficult to accurately calculate the measurement uncertainties because it is time and
environment dependent. Therefore, white noise with a maximum amplitude of 10% of the
terminal measurement is generated as shown in Figure 4.2, to represent the measurement
uncertainties common to an electric drive. This error signal is injected to the phase current
feedback signals and its effect on the HCC, TSF-DITC and DTC method is shown in Figure
4.3-4.5, respectively. Furthermore, the DTC method requires phase voltage for flux estimation
module therefore, the effect of error signals on the measured phase voltage is also shown in

Figure 4.6. The significant deviation in the current and voltage can be observed in these figures.
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Figure 4.2: 10% error signal injected to measurement terminals
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Figure 4.3: Phase current of HCC method (a) without error (additional noise) (b) with error (additional noise)
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Figure 4.5: Phase current of DTC method (a) without error (additional noise) (b) with error (additional noise)
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Figure 4.6: Phase voltage of DTC method (a) without error (additional noise) (b) with error (additional noise)

The comparison of the resultant torque with and without measurement uncertainties of the three
control methods for the MASRM drive running at low speed (hysteresis mode) and high speed
(pulse mode) are presented in Figures 4.7-4.9. The effect of the introduced simulated error can
be observed for the reason that the performance of all the methods is affected at both speed
levels. Though, a reliable control system should have a reasonable accuracy under a certain
level of uncertainties like the 10% deviation employed in this study. From these results
obtained, the HCC method shows better robustness to injected measurement error because the
measured feedback is only used by the current hysteresis comparator. By observing the TSF-
DITC and DTC results the deviation is high because the feedback signal is used by more than

one component of the control methods which increased the effect of the error.
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Table 4.3 summarised the comparison of the normalised peak to peak torque between the HCC
method, the TSF-DITC and the DTC method with and without measurement error. Both the
TSF-DITC and the DTC methods showed less peak to peak torque as compared to the HCC
method at low and base speeds of the electric drive without the error signal injected into the
measurement terminals. Nevertheless, injecting the error signal to phase current measurement
of the HCC method caused 4% and 8% increase in peak-to-peak torque at100rpm and 500rpm,
respectively. For the TSF-DITC method, the injected error caused 12% and 3% increase in
peak-to-peak torque at 100rpm and 500rpm, respectively. Moreover, results for the DTC
method showed 257% and 216% increase in peak-to-peak torque at100rpm and 500rpm,
respectively, which is very large compared to the other two control methods. This is because
the DTC algorithm depends on both phase-current and phase-voltage measurements and with
the error signal added to each, the flux and torque estimations produced erroneous values,
hence, the zone selector can select a wrong switching sequence which can cause torque spikes

as depicted in Figure 4.9.

Table 4.3: Normalised Peak to Peak Torgue (%)

Methods Speed Without Error With Error
100 rpm 0.38 0.42
CcCcC
500 rpm 0.35 0.43
100 rpm 0.21 0.33
TSF-DITC
500 rpm 0.33 0.36
100 rpm 0.26 2.83
DTC
500 rpm 0.33 2.49

In summary, the HCC method shows the highest robustness to measurement error in the set of
results depicted above. However, the TSF-DITC method achieved superior torque
characteristics while maintaining high robustness and reliability. Comparing these three
methods, it is clear that increasing the functionality (complexity) of the control method, to
improve its torque characteristics, in the case of DTC and TSF-DITC can increases the
dependency of the method on the feedback signal hence, reducing its accuracy in the presence

of significant measurement uncertainty which can compromise its reliability.

Based on these findings, the Adaptive Quasi Sliding Mode (AQSM) control proposed in this

thesis for SRM/MASRM is designed in the next chapter to have the same modular structure as
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the TSF-DITC to have similar information flow complexity and error components however, to

have improved robustness and reliability.

4.4 Summary

In this chapter, an analysis of the relationship between system structural complexity and
reliability of different SRM control methods are presented based on information flow
complexity within the control techniques. The results obtained showed that the HCC method
has the highest robustness to measurement error followed by the TSF-DITC method then the
DTC method. The HCC method can provide high robustness to measurement errors, but it has
poor torque ripple reduction capability compared to torque control methods. Consequently, the
torque control methods such as TSF-DITC method and DTC method can provide a superior
torque ripple reduction. On the other hand, the DTC was found to have less robustness to
measurement noise and errors compared to the other two. This is because it has higher structural
complexity with more feedback signal dependency, which increased the dependency of its
accuracy of the control system to the accuracy of the feedback signal.
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CHAPTER 5

ADAPTIVE QUASI-
SLIDING MODE
CONTROL OF SRM
DRIVE




Generally, torque control of switched reluctance drives aims to consistently produce right
control action so that the resultant torque generated can track the desired torque as accurate as

possible with less ripple.

In this chapter, a novel torque control that is based on a new Adaptive- type of a Quasi-Sliding
Mode (AQSM) is developed and implemented to control the torque of magnet-assisted
switched reluctance motor drive. The control technique is designed to eliminate the high
switching frequency, and high peak current requirements of torque control techniques like the
commonly used conventional DITC and DTC methods, which leads to an increase in losses,
thermal effects, and sensitivity to measurement errors, in the power devices and also increases
the cost of the drive. It is a torque characteristics regulator with included magnitude and rate
of change constraints on the control action to reduce the high peak current demand that imposes
current stress on the power devices. It also reduces the higher switching frequency commonly
required by torque control methods of SRMs. Thus, it reduced the over-rating of the drive
components, the energy losses, the thermal effects, and the computational cost. Comparison of
the proposed control method with the current chopping control method and conventional DITC

with current limiter methods is presented.

Figure 5.1 shows the structure of the proposed AQSM torque control. It involves a torque
estimator, a simple torque distributor, and an adaptive- quasi-sliding mode-based torque

regulator. The phase voltage, v is the controlled input to the MASRM while the total torque is

the output.
U PWM
AQSM CONTROLLER —U; — GENERATOR
I U3 _
]
R VRRVARVA
E, E, E;
‘ ‘ ‘ 3-PHASE
ASYMMETRIC
Torque Demand —— TORQUE ESTIMATION AND DISTRIBUTION CONVERTER
L Measured ———
Phase Current

Measured Position

Figure 5.1 Proposed ASQSM based torque control method
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5.1 Reliability and Complexity of AQSM Control of MARSM

As mention in Chapter 4, the structural design of the proposed AQSM based torque control
method is done taking into consideration the finding on the effect of complexity and
measurement error on the control system. It is structured to be as simple as possible with less
prone to measurement error without compromise to performance. The reliability of this
proposed AQSM based torque controller can be estimated based on the information flow
complexity method proposed in Chapter 4 by considering the structure in Figure 5.1 and the

findings are presented in Table 5.1.

Table 5.1: Comparison of SRM Control

METHOD MODULE MODULE IF | SYSTEM IF SOURCES OF ERROR
SPEED CONTROL 4
Eqosm (k)
TORQUE
AQSM Q 144 = Ep(k) + E, (k)
TORQUE ESTIMATION 458 = Eip (k) + Ey5()
CONTROLLER TORQUE 275 + E;jn (k)
DISTRIBUTOR 2B ) + 2Eng
AQSM
81
CONTROLLER

As shown in Table 5.1, the proposed AQSM control offers significantly smaller value (better)
of information flow complexity compared to the commonly used torque control methods
considered in Chapter 4. The calculated value (IF = 458) is lower than that of the TSF-DITC
which was found to be the best (IF = 508) from the three analysed control methods in Chapter
4, in spite the improved torque control performance offered by the proposed AQSM control,

which will be explained in detail in this Chapter.

5.2 Torque Distribution

It is difficult to directly measure the instantaneous torque produced by an SRM during
operation, therefore, it is often estimated from a lookup table T'(i, 8) that can be generated by
an experimental or a finite element static test of the machine [221, 222]. A look-up table
generated from an experiment is employed in this project because it is more accurate and less
computational demanding compared to analytical (equation-based) torque estimation methods.
Figure 5.2 shows the static torque characteristics of the MASRM. The phase-currents of the

motor are measured together with its rotor position to instantaneously estimate the
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corresponding torque of each phase. Linear interpolation is then implemented on the

parameters read from the look-up table to improve estimation accuracy.

Figure 5.2: Static torque measurement for different levels of current in each phase of MASRM
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Several methods can be employed to ensure desired torque tracking in SRM drive with

minimized ripple by ensuring right coordination of the individual phase torques during

overlapped commutation. Therefore, a phase torque distribution function that needs no off-line

torque sharing profile or complex online torque sharing calculation is proposed in this project

to reduce computational cost. The following equations are used to obtain a distributed torque

reference for each phase by comparing the overlapping phase torques.

Ty (kt) =

Ty (kt) =

T3 (kt) =

T*(k) = Ty(k) —T3(k)  for O,p < 01 < O,
0 fOT 90n> 91> Hoff

T*(k) = Ty(k) = T5(k) for BOpn < 0; < O,
0 fOT 90n> 92 > Hoff

T*(k) = Ty(k) — T5(k) for Bpn < 03 < O,
0 fOT 90n> 93 > Hoff

(5.1)

(5.2)

(5.3)
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Where T* is the motor desired resultant torque, Tm is the phase instantaneous torque and T*m
is the phase reference torque 8,, is the electrical position, m is the phase number, 6,, is the
turn-on angle, 6, is the conduction angle and t denotes the sampling time the controller.
Each phase is compared with the adjacent phases to produce the appropriate reference that will
ensure smoothed resultant torque. For example, to obtain an appropriate torque reference for
phase 1 at a given instance, the instantaneous torque of phase 2 and phase 3 are subtracted from

the desired resultant torque.

5.3 Quasi-Sliding Mode Control

A traditional torque controller uses a hysteresis torque regulator to maintain the output torque
within the reference torque. One of the limitations of this method is the generation of large
phase-current ripple that produces phase-torque ripple. This limitation can be reduced by
reducing the hysteresis band, hence, increasing the switching frequency requirement of the
controller which often increases switching losses, thermal effects, and rating of the power
devices. Another limitation of traditional torque control method is its tendency to demand high
current at aligned and unaligned rotor position of SRMs. This is due to the inherent low
inductance gradient (high saturation) of SRMs within these regions. The high current demand
requires over-rating of the power devices or it will impose current stress on the phase windings

and power electronics of the drive if not limited thus compromising the system reliability.

Use of conventional sliding mode control to reduce torque ripple in switched reluctance motor
have been recently studied. A flux-linkage controller based on a sliding mode method with
integral compensation (SM-1) is proposed in [223] to minimize the torque ripple of an SRM. A
proportion—integration is added to the conventional sliding mode control to compensate for its
chattering at steady state. The proportion—integration control properties are utilised at steady-
state and that of conventional sliding mode control at the transient state of the nonlinear SRM.
However, the fixed parameters of the proportion—integration control and high saturation of the
MSSRM can limit the performance of the method to a certain range or condition of operation
for this. Furthermore, the flux estimation method employed in this method can be vulnerable
to measurement errors because the high inductance of the MASRM explained in Chapter 3. A
fixed-switching-frequency model-based sliding mode current controller with an integral

switching surface for switched reluctance motor drives is proposed in [224]. The controller
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developed required a complex model of switched reluctance motor, considering the effects of

magnetic saturation and mutual coupling.

A discrete sliding mode control, which is also known as Quasi Sliding Mode (QSM) control,
is a promising digital control method for regulating uncertain, nonlinear, time-varying systems
like a MASRM. Its main concept is to select a correct hyperspace in the state space to confine
the motion of the representative point (the system’ state) within it. The position, direction and
outline of the hyperspace determine the dynamic behaviour of the control system. A sliding
variable ‘x(z)’ analogous to a sliding hyperplane in the space is used to determine the control
action at every instance. Its value is either zero, positive or negative if the representative point
is on, below or above the selected sliding hyperplane, respectively. Furthermore, its magnitude
is relative to its position from the hyperplane [225]. Generally. a sliding mode controller is
designed based on the following:

i Reaching phase: The controller will ensure the representative point will eventually

reach the sliding hyperplane in a finite time.

ii. Sliding phase: The controller will maintain the representative point within the sliding

hyperplane.

Figure 5.3 depicts the concept of sliding mode control. An appropriate reaching law for a
specific control problem that will ensure convergence of the ‘X(t)’ to zero is developed. The

reaching law calculates the next desired value of the ‘x(z) " based on its present value.

Ae(t)

Sliding Surface S(EO) Reaching Phase

20

LW
o / N
Sliding Phase s(ty) ‘\
S

=0

Figure 5.3: Concept of the sliding mode control
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The reaching law based technique is one of the most employed methods for design sliding
mode control because there is no need to prove the sliding mode is ensured and the convergence
of the state to the hypersurface is directly taking into account in the design of the reaching law.
The two reaching law-based sliding mode control design for the discrete-time control systems
named switching and non-switching reaching type reaching laws are described in the following

sections.

5.3.1 Switching Type Reaching Law for QSM Control

Let the reference (demand) state vector x,- and the closed-loop error can be represented as

e(k) = x, — x(k). Therefore, the sliding variable can be expressed as:
s(k) = de(k) (5.4)

where & is a pre-calculated 1xn vector which ensures the desired performance of the closed-

loop system.

The reaching law can be defined as in [226]:
s(k+1) = (1= Q)s(k) — e(sgn[s(k)]) (5.5)

where Q € (0, 1) and & > 0 are constant real numbers. sgn[s(k)] is negative if s(k) < 0 and
positive if s(k) > 0 The first terms in (5.5) is used to reduce the inherent chattering of sliding
mode while the second term is used to set the rate of change of the sliding variable in proportion
to the variable, hence, as the sliding variable significantly increases, its rate of change tends to
infinity. This is a disadvantage to the reaching law presented in [226] that makes it impractical
to implement in systems with limited input and limited rate of change of output, because the
control signal and state variable can easily reach unacceptable values at the start of the control

process or when the sliding variable is small.

Improvement have been acheived by modifying the first term of the reaching law as shown
below [227]:

s(k+1) = (1= Q[s(k)Ds(k) — e(sgn[s(k)]) (5.6)

where,
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So

Qls(k)] = (5.7)

T Is(®)|+so

The value of Q[s(k)] increases as |s(k)| decreases and the term s, is a positive real number.
This specifies the rate of change of the sliding variable scaled by a non-linear term of choice
with this, a maximum rate of change of sliding variable that results in bounded input and state
variables can be imposed on the control process.

Now considering a perturbed discrete-time system in [226]:
x(k +1) = Ax(k) + @[x(k)] + Bu(k) + a(k) (5.8)

where x(k) the state vector, A is the state matrix, B is the input matrix, u(k) is the input,
@[x(k)] is a non-linear function denoting the model uncertainties and a(k) represent an

external disturbance.

Equation (5.4) and (5.8) are used to calculate (5.9) which will ensure the input signal u(k)
satisfies (5.6).

u(k +1) = (1 = Q[s(k)Ds(k) — e(sgn[s(k)])
—S(k) — F(k) + Sy + F, — (S, + F,)sgn[s(k)] (5.9)

where S(k) and F (k) represent the total effect of model uncertainty and external disturbance

on the evolution of the switching variable, respectively. This variable can be defined as follows:
SU) = S[x(k)] = 8(@[x(]) (5.10)
F(k) = S[a(k)] (5.11)

S, and F; are the mean values of S(k) and F (k) while S, and F, are the maximum deviation

of S(k) and F (k) from nominal values, respectively, and are expressed as follows:

g = (Sy+SL) F o= (Fy+FL)
R (5.12)
_ GSu-s1) _ Fu-FL) '
2

S, .

) FZ

where S;; and S;, are upper and lower bounds of S, and F;; and F, are upper and lower bounds
of F.
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Now, the control signal u(k) at any instance, k can be calculated from (5.8) and (5.9) as

follows:

u(k) = —(6B){{1 - QIs()}s(k) — e(sgnls()D)
+0Ax(k) — 6x, + S1 + F; — (S + F,)sgn[s(k)] (5.13)

The above equation (5.13) can be directly applied to control a discrete-time perturbed system

by properly selecting the controllers’ variables.

5.3.2 Non-Switching Type Reaching Law for QSM Control

Another quasi-sliding mode technique known as non-switching type reaching law for discrete-
time sliding mode control that describes discrete-time sliding mode as a motion of a system
was derived in [228], such that its states always remains within a specified band around the
sliding hyperplane. In the non-switching reaching law, the system trajectory is only required to
stay within the predefined band without the need for it to cross the sliding hyperplane in each
control cycle as it is the case in the switching reaching law. The non-switching reaching law
for a perturbed system stated in (5.8) can be expressed as follows:

stk+1) = (1= QIsU)Dsk) —e([sU)]) —SUk) —F(k) + S, + F (5.14)

where Q[s(k)] is defined as in (5.7) and s, > S, + F, is a constant which should be chosen to
balance the magnitude of the input signal produced by the controller and the robustness of the
closed-loop system. The main advantage of this reaching law is that it generates no chattering
because it does not have discontinues terms. It can also ensure faster convergence and better
robustness because it has a variable decrease rate of change of sliding variable with the same
limitations of the rate of change of the output. Hence, it provides more efficient use of the

system's input within an imposed constraint.
The non-switching reaching law results in a control signal as expressed below:
u(k) = —(6B) {1 — Q[s(k)]}s(k) + 6Ax(k) — 6x, +S; + F; (5.15)

It can be observed from (5.7) and (5.15) that the derived non-switching reaching law has a

limited rate of change of the sliding variable which is always smaller than s, + S, + F,.
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5.4 Proposed Adaptive Quasi-Sliding Mode Torgue Control

As defined above, a non-switching based QSM control is described as a motion of the system
that ensures asymptotical convergence of the control error to a given vicinity of the sliding
hyperplane by eliminating the requirement of crossing the hypersurface in every successive
sample time of the controller, assuming the uncertainties of model parameters and external
disturbances satisfied the matching conditions. The non-switching law has the advantage of not
generating chattering in control action which can reduce current ripples hence reduce torque
ripple compared to the conventional sliding mode and hysteresis torque controls. While a
switching reaching law based QSM control was also defined as the one which once its
representative point has crossed the switching hyperplane the first time, it crosses it again in
every successive sampling period with the size of each successive zigzagging step being fixed.
However, both methods require highly complex model computation of the system, especially
with the high nonlinearity of the MASRM.

In this approach, a new adaptive quasi-sliding mode control is derived based on the principles
of non-switching QSM control and proportional control to improve the torque characteristics
of MASRM drive while reducing the limitations of the commonly employed torque control
methods such as high current and high switching frequency demands. Another consideration
of the controller design is to significantly reduce the computational cost and the errors due to
approximations from the highly nonlinear analytical model of MASRM compared to other
nonlinear control methods. The main ideas of AQSM can be discussed in the following sub-

sections.

5.4.1 Base Function

A control variable (input signal) ‘u(k)’at an instance ‘k’, is required to be generated such that
the process variable (output) of the system ‘PV(k)’ tracks the setpoint (demanded output)
‘SP(k)’, that is the difference between them asymptotically converges to zero. Let the dynamic

difference be defined as a dynamic error represented in (1).
E(k) = SP(k) — PV (k) (5.16)

Then the future control variable is expressed as a prespecified proportional function as shown
in (2) below.
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u(k + 1) = B(E(k)) (5.17)

where £ is a proportional gain that that should be chosen to apply the right error correction
signal as fast as practicable but avoids instability. The value of ‘u(k)’ is either zero, positive
or negative if its representative point is within, below or above the desired setpoint,

respectively. Whilst its magnitude is relative to its position from the set point.

5.4.2 Constraint Handling

A nonlinear control function based on the concept of the non-switching quasi-sliding mode is
incorporated to the control law in (5.17) to avoid unacceptable values of the control signal and
state variable during the control process. Hence, the future manipulated variable can be
restructured as the prespecified nonlinear function as shown in (5.18), such that the system

trajectory is only required to stay within a predefined band.
u(k +1) = P[E(K)](S[E (K)]) (5.18)

‘P[E (k)] is anon-linear term defined in (5.19) which specifies the rate of change of the control
action to ensure that the maximum rate of change of the control action keeps the system state
variables within desired limits. That is, it leads to the variable decrease rate of the control input
and the state variable.

PIE(K)] = (o) (5.19)

I8[E(K)]|+eo

where, ‘e, > 0’ is a constant chosen to optimize the closed-loop control system. It enables
obtaining a satisfactory compromise between the magnitude of the input signal generated by
the controller and the robustness of the system designed according to (5.18) which is always
smaller than e, as shown in Figure 5.4. This improved control law can provide more efficient

use of the system’s input within an imposed constraint.
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Figure 5.4. Change of control signal u(k) with the change in error E(k) for different values of e, .

5.4.3 Design of AQSM Torque Controller

The new ASQM developed in the previous section is proposed for the torque control of
MASRM mainly because of its simplicity, and robustness in handling system nonlinearity and

constraints.

The control input ‘u(k)’ is required to be generated such that the output torque of each phase
‘T, (k) tracks its reference torque ‘T™,,(k)’. Considering (5.16), let the torque dynamic error

be defined as follows:
er,, (k) = T"n(K) — Tn (k) (5.20)

The value of the error can be normalized is in (5.21) to make the control signal be within -1 to

1 to simplify the of the PWM control that will be explained in the next section.
Er (k) =er, (K)/T: : (5.21)
where T, denotes the rated torque of the MASRM.

Therefore, the future control variables can be expressed as a prespecified proportional function

as shown in (5.22) based on (5.19). Where ‘P[Er. (k)] is calculated as in (5.18).

Uk + 1), = P|Er,, (k)] (B[ET, ()] (5.22).

The control law proposed in (5.22) for the MASRM torque regulation utilizes the benefits from
the proposed non-switching QSM advantages. It dynamically specifies the control signal rate

of change based on the non-linear term P[ETm(k)] from (5.19) which decreases when the
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absolute value of E;._(k) increases. Hence, the desired rate of change of the control signal that
leads to a bounded switching frequency requirement and bounded phase current of the
MASRM drive can be achieved. Specifically, around the aligned and unaligned inductance of
the MASRM machine because both rapidly increase due inherent inductance profile of the

SRM which was discussed in Chapter 3.

The new torque control proposed in this study for the MASRM is an adaptive quasi-sliding
mode controller that dynamically utilizes both the proportional functional control and non-

switching quasi-sliding mode control.

The torque regulator operates according to (5.22) if the phase current i,,(k) is not within a
selected allowable band ‘e’ and it operates as a proportional controller if i,,,(k) is within the
band. Figure 5.5 depicts the operation of the AQSM controller. The value of ¢ identifies
whether the controller should maintain its operation in the proportional function type or switch
to the nonlinear function type (non-switching QSM) to reduce the rapid input signal (control
variable) rate of change that leads to high phase current (state variable of the system) and
switching frequency in the drive. Therefore, to produce desired torque characteristics with

mentioned constraints, the following control law is proposed.

8[ET,, (F)] lim (k)| < €

PEx,, ()] (B[Er, (D) lim(K)] > & (5.23)

Un(k+1) = {
Where the values of B, e, and ¢ are needed to be appropriately selected to achieve the desired

control action.

In brief, the AQSM torque control technique results in a control action that is not aggressive
because of large absolute values of E; (k) but can still provide enough control effort to track
the demanded torque and reduce the torque ripple as well. 8, e, and & are chosen (using trial
and error) to be 1.5, 1.1, and 5.4, respectively to ensure the desired performance of the closed-

loop system.
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Figure 5.5. Schematic of adaptive control.

5.5 Converter Switching Condition

Asymmetric half-bridge converters are commonly used for SRM drives because of its high
control flexibility and low switching loses. Figure 5.6 shows the three switching states of the
converter which are on-state, freewheeling-state and off- state. The switching condition for the
direct instantaneous torque controller is developed to operate at soft chopping and hard
chopping depending on the value of the control variable, with approximately an 80% soft
chopping operation to reduce loses and stress in the converter. To handle the required degree
of freedom of the QSM, a PWM control is combined with the AQSM based torque control.

Each phase of the machine is energized at a carrier frequency of 20 kHz.

lots

Lip
D,
(@) (b) (©
Figure 5.6 Switching state of asymmetric half-bridge converter. (a) on-state. (b) freewheeling State. (c)
off-state.

These three operational states can be realized with hard chopping or soft chopping. In hard
chopping, a PWM signal with duty cycle Dm is simultaneously applied on both converter
switches (S1 and S) of phase m. It is normally used when a high rate of change of phase current
is required. However, in soft chopping, one of the switches (say Si) is controlled by a PWM
signal with duty cycle Dm (Dm1 = Dm) while the other switch is kept “on” (Dm2 =1) or “oft”
(Dm2 =0) to limit the rate of change of current and the switching losses. Figure 5.7 shows a

simplified flowchart of the converter switching based on the control signal U,,, (k). As shown,
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soft chopping is utilized when the magnitude of U,,(k) is less than unity while the hard

shopping is used when the magnitude of U,, (k) is greater than or equals to unity.

Table 5.2 shows how the effective phase voltage is calculated per switching cycle based on the

value Dy, (k) obtained from Fig. 6. Where, V,,,, V,,, Vs, and V¢ are the effective phase

voltage, on-state voltage, freewheeling-state voltage, and off-state voltage, respectively. To

increase a phase torque (if U,, (k) > 0), the phase is set to on-state with a duty cycle equals to

|Up, (k)| (or D,,,(k)) and then turned into the freewheeling-state for the remaining part of the

switching cycle. To decrease a phase torque (if U,,(k) < 0), the phase is set to off-state for a

period proportional to |U,, (k)| (or 1-D,,(k)) and then turned into the freewheeling-state. That

is the polarity of U,, (k) determines the polarity phase voltage while its magnitude determines

the duty cycle.

Start

Yes

Du(K)=1] | Dn(k)=0

—¢—

Dmi(k)= D2 (K)= Dp, (k)

No

Dun(K)= Un(K)

Din(K)= 1+Un(K) |

'

'

Dimi (k)= Da(K)
sz(k): 1

Dimi(k)= Dm(K)
sz(k): 0

Figure 5.7. Flowchart of voltage demand

End

Table 5.2: Converter Switching Condition

Control Demand Dm1 Dm2 |Chopping |Phase Voltage Per Cycle (Vm)
(Um(k) > +1) 1 1 Hard Von

(0 < Un(k)<+1) Dm 1 Soft Dm(K) Von+ (1 - Dm(K)) Viw
(Um(k)=0) Dm 1 Soft Viw

(0> Un(k)>-1) D 0 Soft (1 - Dm(K)) Vott + Dm(K) Viw
(Un(k)<-1) 0 0 Hard Voff
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5.6 Simulation Results

Analysis and comparison of the proposed method with other commonly employed control
method is done in this section. A closed-loop Simulink model of the MASRM drive has been
developed to investigate the performance of the proposed controller as described in Chapter 3.
Simulations at several operation conditions were carried out. The phase current, phase torque
and resultant torque of the MASRM drive controlled by an HCC method, a DITC method, and
the proposed adaptive quasi-sliding mode method operated at constant torque speed region,
constant power speed region and natural speed region of the test MASRM under a different

load torque are presented in Figure 5.8 to Figure 5.10.

For these tests, the DC link voltage and the maximum allowable current for the test MASRM
drive are set at 240Vdc and 7A respectively. As mentioned earlier, one of the limitations of the
DITC method is that it generates a current spike and use high switching frequency at the
beginning and end of every phase conduction period. Therefore, an inner current limiting
control loop is added to the DITC control with the peak value of the phase limited to 6.5A with
a hysteresis band of 0.4Nm. It worth mentioning this added current limiter loop to the DITC
method increases its computation cost and limits its capability of torque regulation but it is
necessary for overcurrent protection. For the HCC, the current demand is set at 5A with a
hysteresis band of 0.2A. A constant switching frequency of 20 kHz is considered in all the

methods for a fair comparison.

It can be noticed from the comparison of the results, that all the three control methods produced
good results in tracking the desired reference. A smoother torque is achieved by the proposed
method (Figure 5.10) at a reference torque of 8 Nm. Which is due to the absence of torque
ripple arisen from the hysteresis type switching in HCC and DITC methods, which can be
noticed in Figures 5.8 and 5.9. The torque ripples generated from phase commutation is
significantly reduced in the two torque two control methods. Figure 5.11 shows the comparison

of the resultant torque of the three control techniques at different speed.

In the traditional DITC and DTC techniques, the control signal needs to change very fast when
the dynamic error ‘Er,_(k)’ is equal to the upper or lower limits of the hysteresis, and the
narrower the hysteresis band of the torque controller the better its torque ripple reduction.
However, if a very narrow band is selected for better performance, the control drive needs to

switch very fast to cope, especially in region where ‘Ey, (k)’ is very large Switching frequency
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can reach up to a maximum of 500kHz, which is almost impractical to implement with regards
to computational cost and thermal effects on the drive [229]. Commonly a switching frequency
of 35kHz and above is employed for reasonable performance because lower than that can have
a significant effect on the controller performance and robustness. As mentioned earlier, for a
fair comparison in this study, the same switching frequency of 20kHz and the same peak current
limit of 6.5A is employed in all the three methods. It was observed that the switching frequency
limitation together with the added current limiter control loop in the DITC leads to its irregular
current shapes and less performance compared to the proposed AQSM based method, which

can be seen in the simulation and experimental results.
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Figure 5.9
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The tests represented at a different normal operational speed of the drive to show the
relationship of the torque ripple with speed and the results are summarized in Table 5.3. As
shown, the proposed AQSM based method offers superior torque ripple minimization over the
tested range of speed followed by the DITC and then the HCC. It can also be noticed that all
the compared methods show a decline in performance above the base speed (500 rpm) of the
machine because of the effect of back EMF. Despite the increase in torque ripple because of
the external load, the proposed control method can reduce it better over the tested range of
speed. This demonstrates the higher robustness of the proposed control method to external

disturbance. The torque ripple ratio of the results is calculated based on the following:

Maximum Torque — Minimum Torque
TRR =

Average Torque
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Table 5.3: Torqgue Ripple Ratio Across Speed

Methods 100rpm | 200rpm | 300rpm | 600rpm | 900rpm
Torque | HCC 54.0 52.7 60.2 61.4 65.6
E;F;f’o'e DITC 27.7 40.6 50.5 42,5 70.2
(%) AQSM 17.0 21.9 21.2 34.7 28.9

Furthermore, the generated average torque by the control methods at different speed demand
is compared in Figure 5.12. The average torque produced by the compared methods to track
the desired speed decrease as the reference speed increased. It is found that the proposed
method generates a negligible less average torque to track the desired speeds of the SRM under
the applied load because it was able to produce much smoother constant torque than the other

methods.

Average Torque (Nm)

100 rpm 300 rpm 600 rpm

00

()}

SN

N

o

EHCC EDITC mAQSM

Figure 5.12 Comparison of Average Torque Across Speed

Figure 5.13 shows the comparison of control signals between the two torque controllers within
the medium speed of the MASRM drive. The conventional DITC generates a discrete control
signal of either maximum, zero or minimum voltage while the proposed DITC generates a
continuous control signal within a predefined band to smoothly converge the error to zero. That
is, the proposed controller can produce fewer oscillations in the control signal, hence reduce
the current ripples that reduce the generated torque ripple of the drive.
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5.7 Experimental Results of AQSM Control of MASRM

The HCC method generated a constant peak current of 5A to achieve the desired average torque
without considering torque ripple minimization as shown in Figure 5.14. This phase current
shape is typical of the HCC method. While in the DITC method, the phase currents are shaped
to maintain the resultant torque close to the reference considering the reduction of torque
ripples in the resultant torque. In addition, the action of the added current limiting control loop
can be observed during the magnetization of the phases as it limits the current demanded by
the DITC technique to properly regulate each phase torque. Thus, the DITC method can offer
a better resultant torque characteristic if no current limiting is included, but the drive will need
to be oversized to withstand the higher current peaks and higher switching frequency
requirement of DITC. The selection of the control hysteresis band is limited, by the proposed
20 kHz switching frequency of the MASRM drive, to 0.4 Nm. This selection was done through
manual trial. Though, if higher switching frequency would be allowed, a narrower hysteresis
band and consequently smoother torque can be achieved. Also, the proposed AQSM based
method shapes each phase current to regulate the resultant torque. Nevertheless, as explained
in Section 5.4.3 it uses the P[ETm (k)] and ¢ to limit the rate of change of the phase current and

its magnitude in proportion to the size of Ex_(k). Thus, this maintains the individual phase

currents of the MASRM drive within constraints without affecting the phase torque distribution
and regulation that produces smooth resultant torque output.

Figures 5.15 and 5.16 show the measured phase current and resultant torque with the HCC,
DITC, and proposed AQSM methods at speeds of 100 rpm and 600 rpm, respectively.
Considering the test at 100 rpm, the proposed method offers much less torque ripple of 20.3%
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compared to 49.6% and 67.5% of the DITC and HCC, respectively. Similarly, an improved
torque ripple reduction is achieved by the proposed AQSM method at 600 rpm. Accordingly,
the measured torque ripple for the AQSM is recorded to be 40.7% compared to 65.4% and
89.3% with the DITC and HCC, respectively.
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Figure 5.14: Experimental results showing the three-phase currents at 100 rpm and average torque of 8 Nm.
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Figure 5.15: Experimental results showing phase A current and resultant torque at 200 rpm with 8 Nm load
torque.
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Figure 5.16: Experimental results showing phase A current and resultant torque at 600 rpm with 4 Nm load
torque.

Table 5.4 present the comparison between the three control methods for the torque

characteristics across the range of speed of the MASRM drive. It can be observed that the

proposed AQSM based method has better torque ripple reduction capability compared to the

HCC and DITC methods across the MASRM drive range of operational speed. However, the

torque ripple in the simulation results is less than that of the experimental results because the

non-linear dynamics of the load and the mutual inductance and cross-saturation effects in the

MASRM were approximated in the simulation.

Furthermore, the current that produces the torque during high-speed operation is limited by the

high back EMF produced by the machine. Thus, all the considered control methods show

higher torque ripple ratio during high-speed operation, which is noticeable in both the

simulation and experimental results.

Table 5.4: Comparison of Torgue Ripple Ratio

Methods 100rpm | 200rpm | 300rpm | 600rpm

HCC 67.5 52.7 50.5 89.3
Torque Ripple Ratio (%) DITC 49.6 41.6 424 65.4

AQSM 20.3 25.9 23.9 40.7
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5.8 Experimental Results of Reliability and Complexity analysis of
MASRM control

An experimental measurement was run with the DITC and AQSM methods signals to analyse
the real-time effect of the measurement noise and errors on the control methods. For safety
reason, extra noise and errors were not injected into the system as it is done in the simulation
instead, the experiments were done with and without terminal measurement filtering to test the
effect of the measurement noise. The experiments in the previous section (section 5.7) were
carried out on the MASRM drive test rig without filtering out the measured phase current for
both the HCC and AQSM control methods but for a fair comparison with regards to torque
ripple minimization, the DITC required measurement filtration. Figure 5.17 shows the effect

of not filtering the phase current measurement on the DITC.
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(b) DITC Method (Ch1: 2.5 A/div and 10 ms/div; Ch 3: 5 Nm/div)
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Figure 5.17: Experimental results of DITC method without measurement filter showing phase A current and
resultant torque at (a)100 rpm (b)300 rpm (c) 600 rpm.

By comparing the resultant torque with and without measurement uncertainties of the DITC
method with the MASRM running at different speed is presented above. The effect of the error
can be observed to affect the performance of the DITC method across the speed of the drive
when observing Figure 5.14 to Figure 5.16. Thus, a reliable control system should have a
reasonable accuracy under a certain level of uncertainties. The results obtained for the three
methods show that the HCC and AQSM methods has better robustness to measurement error
because the measured feedback did not show significant distortion with no filtering. While the
DITC showing significant effects on its performance without filtering the feedback signals.

5.9 Summary

Considering the limitations of general torque control technique such as high switching
frequency requirement, generation of current ripple during phase magnetization due to
hysteresis type switching and high current demand near aligned and unaligned rotor position,
a novel improved torque control based on an adaptive type QSM method is proposed. The
adaptive QSM control regulates the machine’s torque error to zero while maintaining the
control signal and output torque within desired constraints. The proposed control law can
reduce the resultant torque ripple, the losses and thermal stress on the power devices, and
computational cost of the control process. A PWM based switching is proposed instead of the
conventional hysteresis switching because it is flexible to handle the required higher degree of
freedom of the proposed torque regulator. An experimental test rig has been setup in the lab to

test the performance of the control algorithms developed above. Simulation and experimental
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results verified that the proposed control method can significantly reduce the torque ripple over
the speed range of the MASRM compared to conventional HCC and DITC methods.
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CHAPTER 6

SENSORLESS CONTROL
AND MODIFIED
CONVERTER
TOPOLOGY




Magnet-assisted switched reluctance machines have been considered for electric drive
applications because of its low cost and robustness. Nevertheless, the power electronics and
transducers normally required to operate the drive, increase its cost, size, and weight, and it
also reduces its running reliability and robustness. Therefore, the number of switches, diodes,
and sensors involved are needed to be reduced by improving the power converter topology and

its control strategy.

A new sensorless drive (without direct speed or position sensor) of MASRM using a single
current sensor based Resistor-Dump (R-Dump) converter is proposed in this study to reduce
the power components and transducers compared with the traditionally use converters like an
asymmetric half-bridge converter. The sensorless control method is developed based on a new
sliding mode observer (SMO) that is defined to only use a single current measurement and an
inductance model to estimate the rotor position of the MASRM.

6.1 Introduction

MASRM has advantages of its low-cost, fault-tolerance, high torque density and wide speed
range of operation. Nevertheless, its drive needs accurate and rapid information of machine
rotor position to work effectively due to its principle of operation. Conventionally, a separate
rotor position transducer is employed to detect the rotor position of the MASRM though, it
normally adds extra size, weight, and cost to the drive. Furthermore, rotor position transducers
(sensors) often reduce the reliability of the drive as they add additional physical connections
and can be vulnerable to environmental factors. Hence, an encoderless method can be used to
estimate SRM’s rotor position using the measured machine terminal current and voltage [165,
166]. Nonetheless, these measured feedback signals are often affected by measurement noise
and errors during the acquisition process. Hence, the efficacy of the estimation method depends

on the robustness of the estimation technique to these measurement uncertainties.

Normally, estimation of rotor position in SRM drives is based on the relationship between the
machine’s phase current, phase flux-linkage and rotor position. Yet, it is impractical to directly
measure the flux-linkage, thus, it is conventionally estimated by integrating the voltage across
an excited phase which requires measurement of phase current and phase voltage. However,
the accuracy of this estimation technique can be affected by several error components presented
in Table 2.1 in chapter 2
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Additionally, the power electronics involved in the implementation of the MASRM drive
increases its size, weight, and cost and reduces its running reliability as mentioned earlier.
Commonly, a voltage sensor and current sensors for each phase are used to estimate the
MASRM rotor position.

In this study, the use of a single current sensor and single voltage sensor with a modified version
of the standard asymmetrical converter of MASRM drive is investigated. Although this reduces
the number of current sensors, nevertheless, the power devices count, and ratings remain the

same as with the traditional asymmetrical converter.

The reliability, weight, volume, and power density of the sensorless MASRM drive can be
further significantly improved by employing a converter topology with a reduced number of

switches, and diodes, in addition to the reduced count of transducers involved.

In this chapter, a single switch per phase R- Dump converter configuration of SRM drive is
modified to employ a single current sensor. A new sliding mode observer (SMO) based
sensorless control is developed for both the proposed R-Dump converter and single current
sensor asymmetrical converter for analytical comparison. Figure 6.1 presents the structure of
the SRM drive simulated to evaluate the performance of the considered converters.

Speed | +o  rp L,  AQSM . POWER
Demand %—1 Pl | CONTROLLER ¥ CONVERTER ——= MASRM
Estimated ' T
Speed Estimated |
Position DC-Link
Current
Estimated
Phase Current DC-Link
Voltage
+

INDUCTANCE-MODEL BASED SLIDING MODE OBSERVER

Figure 6.1: Structure of the proposed sensorless variable-speed MASRM drive
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6.2 Single Current Sensor R-Dump Converter

Figure 6.2 show the conventional AHBC topology, has main advantages of control flexibility
and good efficiency over a wide range of speed because the phases in the machine can be
operated independently with each having three operation states of on, off and freewheeling.
The main demerit of this converter is that it requires a high count of power devices per phase.
It needs 2 switches, 2 free-wheeling diodes and 1 current sensor and/or 1 voltage sensor per
phase to operate, which increases the drive’s cost, size, weight, and rate of failure (reducing its

reliability).

Normally, the phase currents of SRM are individually controlled to effectively generate the
desired resultant output torque. Each of the phase currents is often controlled by using either
hysteresis control, voltage PWM control or current PWM control. As detailed in Chapter 5, a
modified version of the second is employed in the torque control proposed in this study. Most
control methods are implemented using the measured instantaneous values of the SRM phase
currents, and separate current sensors are often used for each phase in the conventional
converters to implement the current or torque control. These added sensors come with the

disadvantages mentioned above.

Idc
|_

Vi g

[+

Current Sensors

Figure 6.2: Circuit diagram of traditional AHBC Converter

To overcome these limitations, a phase current reconstruction method is proposed in [230] to
reduce the number of current sensors by using only the DC-LINK current sensor measurement,

rewiring the conventional AHBC and injecting double high-frequency pulses into the lower
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switches of the conducting phases. That is, the proposed method uses only one current sensor
measuring the dc-link current to implement a hysteresis current control with no additional
circuit elements. Since a DC-link current is the sum of all phase currents of the SRM, hence,
this new AHBC configuration allows the decomposition of the DC-link current into the phase

currents.

An R- Dump converter topology for an SRM converter is designed to have a minimal number
of power devices compared to its counterparts. It employs only 1 switch, 1 diode, 1 current
sensor and/or 1 voltage sensor per phase. Still, it requires additional passive components of a
resistor R and a capacitor C. Normally, the reduced components count can lower the cost, size

and weight of the power converter and improve its reliability.

Figure 6.3(a) shows the single sensor R-dump converter proposed for the control of the
MASRM drive. Its working principle is like that of the AHBC except during the turn-off
operation. If a phase switch is turned ‘off’, the phase current will freewheel through the phase
diode. Hence, the magnetic energy stored in the phase winding will be charging the capacitor
C through the DC supply voltage and will also be dissipating in the resistor R. hence, compared
to other converters with higher count of devices like the AHBC, the efficiency of the R-Dump
is lower. This study focuses more on the investigation of sensorless torque control of the R-
Dump and AHBC converters with only one current sensor and therefore full efficiency

comparison between the two converters is beyond the scope of this thesis.

Figure 6.3(a) depicts the current excitation profile of MASRM drive using the single sensor
based R-Dump Converter. Where 61, 62, 63, 64, and 65 are the turn-on angle of phase A, turn-
off angle of phase C, turn-on angle of phase B, turn-off angle phase A, and ending angle of
phase A, respectively. It can be observed that by neglecting the demagnetization current of all
the phases, the dc-link current is equal to the sum the overlapping phase currents at Region |
and 111, and it is only equal to the current of phase A at Region Il and only equals to the phase
current of phase B at Region 1V. Furthermore, it can be seen from Figure 6.4(b) that the single
current sensor is positioned at a unique point to be able to measure the dc-link current without

the effect of the demagnetization current of any of the phases.
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Figure 6.3: Single sensor R-dump converter (a) Excitation Profile (b) Circuit diagram

Therefore, the dc-link current with zero demagnetization current that is the same as the sum of
the phase currents at a particular sampling instance k, can be defined as in Table 6.1 and

mathematically expressed as:

ic(k) +i,(k), 6,<06<0,

, B i, (k), 8, <0 <0,
fac(l) = i, (k) + i (k), 8;<0<80, (6.)
i, (k), 0, <0 <0;
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Table 6.1: Relationship Between the Switching States and DC-Link Current

Si | S, | Ss fac
1 |o 0 iy
1 |1 0 ig + iy
0 |1 0 iy
0 |1 1 ip + i,
0 |o 1 i,

6.3 Sliding Mode Observer Using Single Current Sensor

Estimation of MASRM rotor position is developed in this section using a sliding mode
observer. Traditional SMO uses the errors between each measured and estimated phase
currents. Whilst, in this study, an SMO that employs only the error between the measured DC-
link current and estimated DC-link current to predict the motor drive parameters is proposed.

The proposed estimation method has the following merits:

e The phase current reconstruction method using the SMO does not require any signal
injection to any of the phase switches to reconstruct the machine’s parameter. This

gives it the advantage of not having any torque drag due to signal injection.

e Significant reduction in size, weight, and cost of the MASRM drive because of absence

of encoder and reduced current sensors

e Significant improvement in reliability and robustness of the MASRM drive because of

reduced complexity and number of transducers.

6.3.1 Sliding Mode Observers

The SMO-based approach delivers a robust estimation of position and speed in comparison
with the other rotor position estimation technique. It can exhibit a high degree of robustness in
the face of model uncertainty, parameter variation, load torque disturbance, and initial rotor
position error [224]. Other approaches like the lookup-table-based approach are highly
dependent on the accuracy of the static characteristics of the machine. The error in flux
estimation or model uncertainty will easily lead to error in position estimation. In addition, the

speed of the machine in the lookup-table-based approach is obtained by differentiating its
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angular position, which can lead to instability problems during four-quadrant operation in the
presence of errors in position estimation. Alternatively, the inductance-based model assists the
SMO to be observable at the zero-speed crossing, enabling the SMO to simultaneously predict
both the rotor position and speed [231].

6.3.2 MASRM differential equation

A real-time model of the MASRM system is needed to define a sliding mode observer for the
position estimation of the drive. The sliding mode observer is designed based on the following
differential equations of the MASRM as derived in Chapter 3.

A standard format of the MASRM differential equations can be presented as:

, oy L OLj(0D)
aij Vbus'dj_Vloss(lj)_le'w _ X(6,i,w)

ac 9Lj(0,i) Y(6,0)
ai]-

(6.2)

Lj(@,i)+ij

where

dé \
dt

aL;(6,0) . '
o = — Zn=14y,;(OnN; sin (nN,.0) >
0Lj(8,) _ wm 9Ak;(®)

oi, T &m=0" i cos(nN,-6)

L(8,1) = XnoAn (D) - cos(nN,60 + ¢y,) .J

(6.3)

The torque-speed equation (electromechanical equations) can be expressed as:

dw
]; = Z;nzl Tej - TL (64)
where Tejand T, are phase torque and load torque, respectively.

The resultant torque can be obtained by the summing up the individual phase torques as

expressed below:

T —ym oWe; m 0[Lj(6Dijdi
= il A0 b

j=1 00 - j=1 00 (65)

Therefore, the angular acceleration of the machine can be expressed as:
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do XjiiTe;—TL _ .
W= =200 (6.6)

The mechanical equation can be expressed as:

ao
— = (6.7)
6.3.3 Definition of traditional Sliding Mode Observer

A sliding mode observer for the estimation of the rotor position of an SRM is generally defined
based on the sign of an error variable derived from the dynamics of the system. The error
variable E is often based on the difference between the measured and estimated phase current
or phase flux of the machine as expressed in (6.8) and (6.9). It is used to stabilize the error
dynamics of the estimation [223, 224, 231].

N J—
E; = Zj=1(lj — i) (6.8)

N —_
=), @-¥) (6.9)

According to the system differential equations derived from the inductance model of the
MASRM, a traditional second-order sliding mode observer for rotor position and speed

estimation can be defined by the following expressions:
0=+ Ko sgn(E;) (6.10)
w=Z2(6,1) + K, sgn(E) (6.11)

where ®, 8, and T, are the estimations of ,0, and i. Z(8, 1) is the estimated angular acceleration.
E; is an error function based on measured and estimated variables that are used to stabilize the
error dynamics of the estimation process. sgn() returns the sign of the expression sent to it.
The following error function is used for the implementation of the traditional SMO on the
MASRM:

N —
E, = ijl(l =) (6.12)

Then, the following estimation errors are defined to describe the observer error dynamics:

114



Eyg=0—0 (6.13)
E,=w—® (6.14)
Differentiating (6.13) and (6.14) yields (6.15) and (6.16), respectively.

Eg=0-0 (6.15)
E,=®—® (6.16)
By substituting (6.10) and (6.11) in (6.15) and (6.16), respectively we get:

Eg = 6 — {® + Ko sgn(E))} (6.17)
E,=®—2(8,1) + K, sgn(E;) (6.18)
Equation (6.17) and (6.18) can also be represented as:

Eg = E, — Kg sgn(E;) (6.19)
E,=Z(8,i)—[Z(8,0) + K, sgn(E;)] (6.20)

Since the gain K,, is often selected to be large enough, then Z(8,i) — Z(8,1) in the speed error

equation (6.20) can be approximated as:

E, = —K, sgn(E;) (6.21)

From (6.19), it can be seen that if the error function E; is selected to have the same sign as Ej,

and the observer gain Ky is selected to satisfy the following inequality:
Kg > |E,| (6.22)

then Egwill always have a sign that is different from that of Eg and then the sliding surface

Eg = 0 will be reached in finite time.

From the analysis above, it can be concluded that the error function E;, which compares the
measured phase current variable with its corresponding estimated value, need to have the same
sign as Eg. Therefore, whenever the sliding surface is reached, the estimation error dynamics

decrees to zero i.e Eq = 0 which also leads to E,, exponentially decaying to zero.
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6.3.4 Definition of Proposed Sliding Mode Observer

In this study, a new error variable is proposed for the SMO to be used in the position estimation
of MASRM with the proposed single sensor R-Dump converter. The proposed error compares
the measured and estimated DC-Link current as shown in (6.23). The estimated value of i, is
calculated from the expression for current reconstruction in (6.1) and Table 6.1, while the phase
currents of phase A, phase B, and phase C are obtained from the MASRM dynamics presented
in (6.2).

Eqc = (_ldc - idc) (6-23)

The new estimation of the rotor position and angular speed can be obtained from the SMO

dynamics in (6.10) and (6.11) and then expressed as follows:
0=+ Kg sgn(E4.) (6.24)
w=2(0,1)+K,sgn(Ey) (6.25)

where @, 8, 1, are the estimations of ®,0, i, and Z (8, 1) is the estimated angular acceleration and
the function sgn() returns the sign of its operand, as it is in the conventional per phase error

calculation.

6.4 Results and Discussion of sensorless control of MASRM

The sliding mode observers defined above has been developed in MATLAB/Simulink. The
actual machine’s representation model and the estimation model were created using the
measurement data from the motor and Fourier series based model, respectively. With a
practical system, the current and voltage measurements are often corrupted by noise and
uncertainties. To test the developed observer under the effect of measurement error and noise,
sensor scaling, and offset errors and measurement noise were added to the actual

measurements.

However, it is difficult to quantify each error component in the instantaneous measurements of
the machine’s feedback signal because their causal factors are system dependent and time-
varying. Therefore, an error signal with random amplitude and frequency can be assumed to

represent the total measured current and voltage error for analysis.
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Preferably, the effect of both current and voltage measurement together with the estimation-
model uncertainties should be considered when analysing the error involved in both the
position and speed estimation. The effects of each phase voltage and phase current error in the
rotor position and speed estimation are represented by a resultant error of 10% in the phase
voltage measurement and 10% in phase current measurement. A white noise with a 10%

amplitude and 20 kHz sampling time is used in the simulation to represent the errors.

6.4.1 Results Analysis of Traditional SMO sensorless Control

The traditional SMO is employed on a traditional AHBC. Figure 6.4 and Figure 6.5 depict the
phase current waveforms and the phase voltage waveforms respectively, both with and without
measurement error at 500 rpm. The effect of the error on the measured phase voltage and phase
current signals can be observed to cause a significant change. This change can be employed to
analyze the accuracy of the SMO under the efferent of measurement noise and error.
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Figure 6.4: MASRM phase current with and without measurement error comparison
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Figure 6.5: SRM phase voltage with and without measurement error comparison.

Furthermore, it is difficult to obtain a perfect dynamic model of the machine. Hence, the model
is generally not ideal due to the inherent high non-linearity and tine varying properties of
MASRMs. Therefore, a good rotor position estimation method should have reasonable
robustness to uncertainties. Hence, a small deviation of the feedback signals from its true value
due to the measurement error and noise, together with the model uncertainty should only

decrease its accuracy by a small and reasonable amount.

Figure 6.7 shows the comparison of the actual and estimated phase current at 500 rpm. The
difference between these phase currents is used to calculate the sliding surface of the SMO. It
can be easily seen that the phase currents are not exactly equal because of the measurement

error and model uncertainties.
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Figure 6.7: Comparison of actual and estimated phase current with the random error signal.

The waveform of the comparisons between actual and estimated rotor position and speed of
the MASRM with the traditional SMO, running at a steady speed of 500 rpm is presented in
Figure 6.8. It can be observed that the results show an acceptable accuracy in the estimation of

both rotor position and speed.
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Figure 6.8. Actual and SMO estimation at 500rpm (a) rotor position (b) Position estimation error
Moreover, a very low-speed result of the position estimation is shown in Figure 6.9. The
observer estimated position has a large error at near zero speed. This is because regular
operating electrical signals are not available within this region. Hence, a larger error from the
estimation-model calculation is produced which affects the rate of convergence of the SMO.
In addition, the noise effect is also more significant when compared to the available measured
feedback signals. Therefore, a simple technique that excites and aligns the MASRM drive at

start-up is developed.
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Figure 6.9: Actual and SMO estimation at low speed (a) rotor position (b) Position error
Table 6.2 summarized the performance of the traditional SMO at several speeds. It shows the
absolute values of the average errors. The SMO depicted a good performance in spite the model
uncertainties and the errors in feedback signals across a wide range of speed, but it shows poor
performance in the estimation of rotor position speed at a standstill and near-zero speeds. A
signal injection method is implemented in this region. The phase to be energized is determined
by injecting an equal amount of voltage to each phase and comparing their generated maximum
current. Nevertheless, the accuracy of the SMO started to decrease above the base speed of the

SRM as can be seen from the average error at 900 rpm.

Table 6.2: Average Position and Speed Estimation Error Using SMO

Reference Speed Position average error (deg).
10 rpm (Chopping mode) 241.85

300 rpm (Chopping mode) 2.62

600 rpm (Chopping mode) 3.83

900 rpm (Single pulse mode) 7.46

6.4.2 Results Analysis of Single Sensor Sensorless Control

A MATLAB/Simulink model of the asymmetric half-bridge converter and the single sensor R-

Dump converter are developed and analyzed in this section, together with a model of 3-phase
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MASRM and the AQSM based torque controller. Additionally, the proposed SMO for the

single sensor application employed is based on the one developed in Section 6.4.4.

Figure 6.10 shows the comparison of the SMO based estimated rotor position for the AHBC
and the single sensor R-Dump converter. It can be seen from Figure 6.10(a) that the measured
and estimated DC-Link current are similar, therefore, the Proposed SMO can produce a good
estimation of the rotor position. The SMO only deals with the error dynamics of the DC-Link
current in the proposed method which can converge faster and have better robustness than when
it deals with the summation of error dynamics of the individual phase currents as in the
traditional SMO method. Nevertheless, the estimated rotor position produced by the
conventional SMO technique with AHBC presented in Figure 6.10(b) is also good but less
accurate compared to the proposed single current sensor SMO with the R-dump.
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Figure 6.10: Estimated current and rotor position. (a) With AHBC. (b) With Single sensor R-Dump

The asymmetric half-bridge converter and the single sensor R-Dump converter (R-Dump-SS)
is tested on the MASRM drive with the proposed torque control. Figure 6.11 depicts the
simulation results of the sensorless systems both at 100rpm and 4Nm torque reference. Figure
6.11(a) shows the current and torque waveforms of the sensorless system with AHBC while
Figure 6.11(b) shows the current and torque waveforms of the sensorless system with R-Dump-
SS. Comparing the two figures, it can be noticed that the AHBC based system and the R-Dump-
SS based system generate different current profiles. Yet, the R-Dump-SS switching principle
causes more chattering in phase currents, hence, in the generated resultant torque. This is
because the R-Dump converter uses only one switch per phase, therefore, it only has two modes
of switching: the turn-on (Magnetization) and turn-off (demagnetization) without the
freewheeling mode as in the AHBC. This means the R-Dump operates in hard chopping mode
hence its switching losses will increase compared to the AHBC that can operate with soft

chopping mode.
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Figure 6.11: Phase currents and resultant torque at 100 rpm. (a) With AHBC (b) With R-Dump-SS

Figure 6.12 (a) and (b) shows the phase current and resultant torque of the compared drives
(AHBC with conventional SMO and R-Dump with modified SMO) at 600 rpm. It is noticeable
that both drives produced similar results with regards to the generated torque ripple. The
increased torque ripple at this speed is because of the back EMF because 600 rpm is within the
field weakening region of the test MASRM. The comparison of the performance of the drives
is presented in Table 6.3. The proposed R-Dump-SS topology, the single sensor SMO position
estimation method, and the AQSM torque control, can significantly reduce the size, weight and
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cost of the MASRM drive with improved reliability at the price of a small increase in torque

ripple and decrease in efficiency.
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Table 6.3 Performance comparison

Parameters SMO using AHBC SMO using R-Dump-SS
Average Estimated Current Error (A) 1.55 0.26
Average Estimated Position Error (Deg) 3.40 1.75
Normalized Peak to Peak Torque ripple (%) 30.68 38.45

6.5 Summary

The traditional electric drive needed to operate MASRM often reduces the drives reliability

and increases its cost and volume. So, sensorless torque control of MASRM drive using a

Resistor-Dump converter with a single current sensor is proposed in this study. The proposed

drive has minimal power component and transducer count compared to commonly use power

converters like the asymmetric half-bridge converter. The proposed sensorless control method

utilizes a single current measurement and a modified sliding mode observer to estimate the

rotor position of the MASRM instead of using individual current measurements for each phase.

The proposed sensorless electric drive can improve the system reliability, and reduced the

number of components, with non-significant compromise in torque characteristics and

efficiency.
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CHAPTER 7

CONCLUSIONS AND
FUTURE WORK




The impact of the breakthroughs in electrical/mechatronics technology is increasing the rate of
change in electrical drive systems. This change is driven forward by research and development
in power conversion and drive control techniques in terms of system dynamics and design
packaging. In many drive systems, the conventional combustion, hydraulic and pneumatic
actuated system are replaced by electrical drives. Moreover, a reliable, fault-tolerant, and
efficient operation of the electric drives in almost all the areas of application is highly desired.
This project investigated the torque ripple minimization, complexity, reliability, and size of
SRM drives. The main findings of this research are summarised in this chapter and suggested

future work is also presented.

7.1 Summary

Switched reluctance machines have the inherent advantages of suitability for harsh
environments, fault-tolerance, low cost, and ability to operate over a wide range of speed.
These characteristics make SRM a good choice for many actuation systems. Nonetheless, it
has limitations such as torque ripple caused by saturation, nonlinear torque characteristics and
current commutation, low torque density compared to permanent magnet machines, and it
suffers from high acoustic noise due to the inhomogeneous radial flux density distribution in
the airgap and the torque generation mechanics. Advancement in modern technology can
currently favour the wide adoption of SRMs despite its inherent limitations. Therefore, the
principal aim of this research is the design, development and, implementation of torque control
for a unique switched reluctance motor drive with multi-objective of achieving zero toque
error, minimal torque ripple, high reliability and robustness, and lower size, weight, and cost

of implementation.

In order to achieve this aim, commonly used control systems were identified from literature
review including current hysteresis control, direct torque control and direct instantaneous
torque control methods, which were used to obtain desired torque characteristics like optimal
toque density and minimized torque ripple. These control methods were simulated and used as
benchmark in this study. A test rig comprising an MASRM driven by an asymmetric converter
is constructed to analyse, test and validate the proposed torque control method through the
comparison of its performance with that of direct instantaneous torque control, and current
hysteresis control methods. The characteristic modelling and analysis for the behaviour of
MASRM has been done using experimental data and mathematical formulation, which were
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then used to develop a simulation model of the overall 3- phase MASRM drive in
MATLAB/Simulink. Since the machine used and the multi-objective control proposed in this
research are unique, the relative algorithms on torque control, torque-ripple minimization, and

sensorless control are different from those proposed by other researchers.

Encoder-based and sensorless torque control techniques have been investigated and the main

findings are summarised for these two cases in the next two sections, respectively.

7.2 Encoder Based Torqgue Control

A model of the 3-phase magnet assisted switched reluctance machine drive is developed in
MATLAB/Simulink based on its magnetic characteristics and presented in the form of phase
voltage equations and torque equations. The MASRM model is developed from the
experimental data that represent the relationship between the flux-current-rotor position and
the torque-current-rotor position. The model is used for both torque control development and
analysis. Another model is developed for a sliding mode-based rotor position estimation of the
MASRM, which is based on a Fourier series approximation and the experimental data.

Reliability is of great importance in almost all applications in which switched reluctance
machines are employed. Thus, the overall reliability of the control system should be ensured.
Therefore, the relationship between, reliability, complexity, and performance of several widely
used SRM drive control methods were investigated (using theoretical and analytical methods)
based on their applications on the proposed MASRM drive. The investigation of the
relationship between the complexity and reliability of MASRM control methods is carried out
based on a matric of information flow complexity within the control techniques. The results
obtained depicted that HCC method shows the highest robustness to measurement error
followed by DITC method then DTC method, but the HCC has poor torque ripple reduction
capability compared to the two torque control methods. Torque control methods such as DITC
and DTC can provide an improved torque ripple reduction. Nevertheless, the DTC was found
to have significantly less robustness to measurement noise and errors, followed by the DITC
then the HCC. This is because the DTC has higher structural complexity increased the

dependency of its accuracy to the accuracy of the feedback signal.

A new adaptive quasi sliding mode torque control for the MASRM drive is developed based

on the findings from the complexity and reliability studies. It is designed to be a simple and
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intuitive control technique that regulates the machine’s torque error to zero while maintaining
the switching frequency and the phase currents within desired constraints, despite the steeper

mid, and more saturated align and unaligned inductance profile of the MASRM.

DTC and DITC are the popular torque control methods used in minimizing torque ripple in
SRM drives. However, these torque control methods, compared to the conventional hysteresis
current control method, require the use of power devices with a higher rating of about 150% to
achieve the torque ripple reduction. Thus, these requirements leads to added extra cost of
implementation, conduction loss, and stress on the drive’s semiconductors and machine
winding. To overcome these limitations, the proposed AQSM controller is a torque
characteristics regulator with included magnitude and rate of change constraints on the control
action. Thus, it overcomes the limitations common to torque control methods such as high
switching frequency requirement, and high current demand near aligned and unaligned rotor
position. Furthermore, a PWM based power device switching method is proposed for the
controller instead of the conventional hysteresis switching, to handle the increased degree of

freedom of the proposed torque regulator.

Injecting 10% error signal to phase current measurement of the MASRM with the HCC method
caused 4% and 8% increase in peak to peak torque at low speed and based speed, respectively.
For the DITC method, the same injected error caused 12% and 3% increase in peak to peak
torque at low speed and based speed, respectively. Besides, in the DTC method, the same error
signal produced 257% and 216% increase in peak to peak torque at low speed and based speed,
respectively, which is significantly larger compared to the HCC and DITC method. This is
because the DTC algorithm depends on both phase-current and phase-voltage measurements
and with the error signal added to each, the higher number of sub-modules in the DTC
algorithm including the flux and torque estimations produced erroneous values, hence, the zone

selector can select a wrong switching sequence which can cause torque spikes as depicted.

In addition, as the information flow complexity of the three methods is calculated based on
their module system structures to determine the differences in complexity between the control
methods. The results obtained show that the HCC. DITC, DTC, and AQSM have information
flow complexity of 158, 508, 613 and 458, respectively It can be observed that the complexity
of the control methods is proportional to the number of sub-modules involved in the system.
This method of analysis helped in the design of the AQSM controller considering the

importance of reducing complexity and failure-rate of control algorithms by finding
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dispensable functions/sub-modules. Therefore, minimizing computational time of the AQSM

and improving its reliability.

An experimental setup and results for the proposed torque controller based on a new Adaptive
Quasi Sliding Mode Control method for MASRM drive were presented. The experimental
results confirmed that the proposed torque control method has the advantage of providing good
torque characteristics without having the limitations of most SRM torque control methods such

as high switching frequency requirement, and high phase current demand.

By testing the MASRM drive at low speed (100 rpm), the proposed method offers much less
torque ripple of 20.3% compared to 49.6% and 67.5% of the DITC and HCC, respectively.
Also, a better torque ripple reduction is achieved by the proposed AQSM method at speed of
600rpm (above the base speed of the drive) with the measured torque ripple for the AQSM
recorded to be 40.7% compared to 65.4% and 89.3% with the DITC and HCC, respectively.

The results obtained showed that the AQSM methods show the better robustness to
measurement error while the DITC method shows significant performance degradation. In
addition, the simulation and experimental results verified that the proposed AQSM control
method can significantly reduce the torque ripple of the MASRM drive across its range of
speed, compared to the HCC method and the DITC method. Therefore, the proposed adaptive
quasi sliding mode torque control method enables the reduction of losses and thermal effects
on the power devices and their over-rating. In addition, it also enables the reduction in
computational cost and sensitivity to measurement errors because it requires no online
dynamic-model computation of the machine and no extra current limiter control loop, hence

reducing the digital processing cost.

7.3 Sensorless Torque Control

The common power converter needed to operate an SRM drive increases its cost and volume,
and also reduces its running reliability. Therefore, sensorless torque control of MASRM drive
using an asymmetric half-bridge converter and Resistor-Dump converter with a single current
sensor is studied in this research work. The proposed drive use single sensor Resistor-Dump
converter has minimal power components compared to mostly use converters like an

asymmetric half-bridge converter. It utilizes a single current measurement to estimate the rotor
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position of the SRM instead of using individual current measurements for each phase and also

one switch and one diode per phase.

By comparing the simulated results, the following performance of the SMO using AHBC and
the Single sensor SMO with R-Dump converter was observed. The average estimated current
error in the traditional SMO with AHBC and the proposed single sensor SMO with R-Dump is
1.55A and 0.26A, respectively. Furthermore, the average estimated position error in the
traditional SMO with AHBC and the proposed single sensor SMO with R-Dump is 3.40deg
and 1.75deg, respectively. In addition, the normalized peak to peak torque ripple in the
traditional SMO with AHBC and the proposed single sensor SMO with R-Dump is 1.55A and
0.26A, respectively. The results show that the proposed converter topology, torque control, and
position estimation methods can improve the system reliability, reduce the size and cost of
SRM drives however the R-dump converter reduces the drive efficiency.

7.4 Future Work

This research work covers most of the problems related to the development and implementation
of a switched reluctance motor based electrical drive system. However, there still some aspects
of this particular research project that can be improved in the future. There are also many areas
of contributions related to SRM/MASRM drives that need more investigation and research
work in the future. The main aspect of this project that need more investigation in the future

are:

e The sensorless control method developed in Chapter 6 needs to be implemented and
verified on experimental test rig across the full speed range of the MASRM. Due to
time limitation, only the experimental work of the proposed torque controller with rotor
position measurement has been carried out.

e The proposed low-count power device converter based MASRM drive needs to be
implemented and integrated with the proposed sensorless torque control method for
experimental verification.

e The performance evaluation of the proposed torque control for very low speed
applications like electro-mechanical braking system and ultra-high-speed applications
like electric dryers should be carried out as the MASRM used in this study is designed

for fault tolerant nose-wheel aerospace application.
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Broader applications of SRMs are mainly limited by the large torque ripple, high acoustic
noise, mediocre power density, and low efficiency over its entire range of operation. Within
the general area of SRM/MASRM drives, there are many areas that need more investigations

including:

e Further investigation on employment of low device count converters with less
efficiency reduction that can leverage the proposed single current sensor based
sensorless control is to be carried out.

e More investigation on control system reliability and robustness assessment, and
development of more accurate measures in addition to information flow complexity is
to be carried out.

e Assessment of employing wide band gap semiconductors with high switching
frequency and soft switching to increase power density of SRM/MASRM drives is
needed be carried out.

e Efficient and reliable methods for torque ripple reduction in SRM/MASRM under
converter fault conditions including open- and short-circuit faults should be
investigated by utilizing fewer power devices.

e Integration of online condition monitoring for predicting faults in SRM/MASRM drives

for safety critical applications needs to be investigated.
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APPENDIX A

Matlab code for curve fitting inductance profile of MASRM

The Matlab code for curve fitting inductance profile of MASRM is presented below. It is used
to curve fit the coefficients A,, (i) in the Fourier series can be obtained using the inductances at
different specific rotor positions which is a function of phase current. It is also used to plot the
curve fitted profile of these four coefficients that were generated as polynomial functions from
inductance profiles of the MASRM are shown in Figure 3.7.

fontSize = 16;

syms theta I;

% Generate the sample data.

LODeg 0 = [1.97E-01 1.97E-01 1.97E-01 1.96E-01 1.95E-01 1.94E-
01 1.93E-01 1.82E-01 1.70E-01 1.53E-01 1.30E-01 1.05E-01
8.26E-02 6.66E-02 5.38E-02 4.33E-02]

L60Deg 15 = [1.60E-01 1.60E-01 1.60E-01 1.53E-01 1.49E-01
1.41E-01 1.27E-01 1.15E-01 1.05E-01 9.69E-02 8.83E-02 7.82E-
02 6.75E-02 5.80E-02 4.93E-02 4.25E-02]

L120Deg_30 = [6.99E-02 7.03E-02 7.03E-02 6.98E-02 6.93E-02
6.82E-02 6.70E-02 6.58E-02 6.44E-02 6.25E-02 6.00E-02 5.62E-
02 5.16E-02 4.66E-02 4.25E-02 3.94E-02]

L180Deg 45 = [5.35E-02 5.39E-02 5.38E-02 5.37E-02 5.35E-02
5.33E-02 5.31E-02 5.28E-02 5.25E-02 5.19E-02 5.06E-02 4.84E-
02 4.52E-02 4.21E-02 3.96E-02 3.77E-02]

I0 = [0.1826399¢67, 0.36522737¢, 0.547814785, 0.73220149,
0.922446521, 1.112691553, 1.302936584, 1.57727149¢, 1.902881759,
2.355756891, 3.035911306, 4.122815649, 5.65947248 7.559904104

10.02314627 13.27613252]

I60 = [0.224676129, 0.449287602, 0.673899076, 0.937436669,
1.203483289, 1.532169144, 1.974508714, 2.493680382, 3.0695118¢,
3.711012078, 4.47900398, 5.51984341, 6.929009629, 8.675574577,
10.93409771, 13.54389958]

I120 = [0.514501412, 1.02322177, 1.534986113, 2.060217267,
2.596502749, 3.162611928, 3.754577313, 4.372220898, 5.028334453,

149



5.750532817, 6.594983184, 7.674019074, 9.063082183,
12.70343789, 14.61168251]

I180 = [0.671768716, 1.334685501, 2.003500754,
3.363012468, 4.050061539, 4.741893988, 5.443975614,
6.932438872, 7.81505584, 8.920158858, 10.33592952,
13.60852143, 15.24481738]

% Find the coefficients.
coeffsL0Deg 0 = polyfit (IO, LODeg 0, 6);
x1 = linspace(0,15);
$ yl = 1./(1+x1);
fl = polyval (coeffsLODeg 0,x1);
plot (I0, LODeg 0, 'ro', 'MarkerSize', 10);
hold on

plot(x1,£f1l, 'r—-")

o\°
o\°

coeffsL60Deg 15 = polyfit(I60, L60Deg 15, 6);
x1 = linspace(0,15);
$ yl = 1./(1+x1);

fl = polyval (coeffsL60Deg 15,x1);

plot (I60, L60Deg 15, 'ro', 'MarkerSize', 10);
hold on

plot(x1l,fl,'r—--")

coeffsLl20Deg 30 = polyfit(I120, L120Deg 30, 6);
x1 = linspace(0,15);
$ yl = 1./(1+x1);

fl = polyval (coeffsLl20Deg 30,x1);

plot (I120, L120Deg 30, 'ro', 'MarkerSize', 10);

10.79519327,

2.680987804,
6.167352432,
11.97222547,
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hold on

plot(x1,£f1l, "r—-")

o

coeffsL180Deg 45 = polyfit (I180, L180Deg 45, 6);
x1 = linspace(0,15);

$ vyl = 1./ (1+x1);

fl = polyval (coeffsL180Deg 45,x1);

plot (I180, L180Deg 45, 'ro', 'MarkerSize', 10);
hold on

plot(x1,£f1l, 'r—-")

set(gcf, 'units', 'normalized', 'outerposition', [0 0 1 171);

% % % Four terms of the Inductance fourier series model
% Fourier series coefficient (magnitude of the nth harmonic)

A0=1/3*(1/2* (coeffsL0Deg 0 + coeffsL180Deg 45)+ (coeffsL60Deg 15
coeffsL120Deg 30));

Al=1/3* (coeffsL0Deg 0 + coeffsL60Deg 15 - coeffsL120Deg 30
coeffsL180Deg 45);

A2=1/3* (coeffsL0Deg 0 - coeffsL60Deg 15 - coeffsL120Deg 30
coeffsL180Deg 45);

A3=1/3*(1/2* (coeffsL0Deg 0 - coeffsL180Deg 45)- (coeffsL60Deg 15
coeffsLl120Deg 30));

% 1L = inv (L)

L0 = A0 + Al +A2 +A3;

L15 = A0 + Al*cos (deg2rad (4*15)) + A2*cos (deg2rad (8*15))

+A3*cos (deg2rad (12*15));

L30 = AQ + Al*cos (deg2rad (4*30)) + A2*cos (deg2rad (8*30))

+A3*cos (deg2rad (12*30));

L45 = AQ + Al*cos (deg2rad(4*45)) + A2*cos (deg2rad (8*45))

+A3*cos (deg2rad (12*45)) ;
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o\
o\
o\
o\
o\

DelAO

polyder (AO) ;
DelAl = polyder (Al);
DelA2 = polyder (A2);

DelA3 = polyder (A3);

L THETA I = A0 + Al*cos(4*theta) + A2*cos(8*theta) + A3*cos(l2*theta);
Del L theta = -Al*sin(4*theta) - A2*sin(8*theta) - A3*sin(l2*theta);

Del L I = DelAO + DelAl*cos (4*theta) + DelA2*cos (8*theta)
DelA3*cos (12*theta) ;

$ V = R*I + L THETA I*Del I + I*(Del L theta*Del theta +Del L I*Del I)

IntAQ I polyint ([AO0,0]);

IntAl T polyint ([A1,0]);

IntA2 I = polyint([A2,0]);

IntA3 I polyint ([A3,0]);

T = -4*sin(4*theta) *IntAl I - 8*sin(8*theta) *IntA2 I
12*sin(l2*theta) *IntA3 I;

+
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APPENDIX B

General Control Board

This appendix describes the general control board used in this project which is based on the

Texas Instrument F28377D microcontroller. The functions included on the board are shown in

Figure B1.

Encoder interface

RDC

Sensor Interface #1

Sensor Interface #2

Sensor Interface #3

Sensor Interface #4

Sensor Interface #5

Sensor Interface #6

Sensor Interface #7

Sensor Interface #8

ITAG

F28377D
microcontroller

Relay Drivers

Gate drive interface #1

Gate drive interface #2

Gate drive interface #3

Gate drive interface #4

RS232 interface

FigureB1: Sub-circuits for GCB
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The simplified layout of the proposed multilayer gate drive board with indicative locations for

B2.
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CET |
Figure 7.8: Gate output connections

Gate resistors

The IGBT’s on the input bridge and the output bridge in the 24ACC12T4V10 Skiip unit are
not the same. For the input devices (1-6) we required RG =30 Ohm and for the output devices
(7-12) we require 24 Ohm. In both cases this should give a rise time of around 35ns. Taking
into account the anticipated losses and the need to provide flexibility for other device users,
using two 0.4Watt resistors in parallel is recommended. i.e 2 X 62 Ohm 0.4W for devices 1-6
and 2 X 51 Ohm for devices 7-12.

Voltage detection and overvoltage trip

The DC link voltage sensing circuit comprises a 4.99MOhm resistor and a 10kOhm resistor
chain. The isolation amplifier is rated for 0-2V input. Thus, this chain will work for a DC link
up to 1000V (anything higher than this is protected by the zener across the input to the isolation
amplifier). The output signal is fed through the isolation amplifier to a comparator and
minimum pulse generator to trigger the BRK device. A second similar circuit fed from the
same isolation amplifier is set to a higher voltage threshold to detect an overvoltage fault and
disable the IGBT’s

Temperature detection, analogue output and over temperature
trip

The on-board thermistor unit within the SKIIP is isolated in case of internal failures linking the
thermistor to an IGBT. Most of the circuit is similar to the DC link voltage sensing circuit
above with the exception that an isolated voltage source is provided by the Gate drive board to

create a voltage drop across the thermistor for sensing purposes.
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APPENDIX C

software description of F28377D general control board

Appendix C gives the software description of F28377D general control board. Each project
contains a number of source files most of which are unmodified or slightly modified versions
of that available from TI example files. The majority of code written for this application is

contained in the following source files.
Project: GCB_cpu01

run_cpul.c (CPU1)

testClal.cla (CPU1.CLA)

In project GCB_cpu01, CPU1.CLA is used for torque control and its code includes a AQMC.
This AQSMC makes use of look-up tables for torque estimation, and conduction angle
optimization. The setting up of these look-up tables is done by CPU1 code. The RAM used for
the look-up tables is first made accessible to CPUL during the set up and then access is
transferred to CPUL.CLA.

Basically, the functions performed by the various processing elements are:
CPUL1: GUI data exchange, data recording, peripheral interfacing
CPUL.CLA: torque control code, peripheral interfacing

In File: run_cpul.c, A number of #define statements are included to set various parameters

such as the converter switching frequency, dead-time etc.

A list of #pragma directives follow which associate several variables to the CPU1/CPU1.CLA
message RAM and the CPU1.CLA data RAM blocks.

It was decided to pack flag bits into a single byte for transfer to and from the GUI. This makes
more efficient use of the serial message payload. A union/struct type is defined for this and
TXflagReg and RXflagReg are defined for transferring the flag bits in either direction.
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After execution of various initialisation functions there is an endless loop. This loop flashes an
LED on the GCB to confirm that code is running on CPU1. The variable LoopCount is updated
inside the loop to act as a loop counter.

F28377D comparator trip logic for fault detection

The F28377D microcontroller contains on-chip hardware to allow the implementation of fast
converter protection. A number of analogue input pins are connected to an analogue
comparator system in addition to an ADC input. In this project, the comparator system is used
to monitor the current sensors, voltage sensors and temperature sensors output which is used

to trip-off the PWM outputs in the event of an over-value conditions.

Details of the comparator sub-systems can be seen in Figure C1. Each comparator sub-system
contains two 12-bit digital to analogue converters DACs (DACH and DACL) which are used
to hold the upper and lower pre-set threshold voltages corresponding to the upper and lower
current trip levels. An optional digital filter is available to remove noise from the comparator
outputs. In order to implement a bipolar overcurrent detection the pair of comparators are
operated as a “window detector” requiring that the lower threshold comparator output is

inverted before both outputs are OR’d together.

Considering Figure C1, it can be seen that individual comparator output signals (e.g.
CMPSS6.CTRIPH and CMPSS6.CTRIPL) are fed into the EPWM X-bar sub-system. The
EPWM X-bar subsystem is a flexible arrangement for connecting various trip signals to the
EPWM sub-system. In this case, the output signals from 3 comparator sub-systems are fed as
inputs to the EPWM X-bar sub-system. An option within the EPWM X-bar configuration is to
OR together the two comparator signals to form one trip signal (e.g. TRIP4 for Comparator
Subsystem 6). The other two comparator subsystems correspondingly produce TRIP5 and
TRIP7.

In this project it is desired that any comparator trip condition causes all EPWM outputs to turn
off. It is therefore necessary to feed all trip signals into each EPWM sub-system. Each EPWM
sub-system contains a Digital Compare (DC) sub-system which propagates trip signals to the
Trip Zone (TZ) sub-system. The DC sub-system is very flexible but is currently configured to
simply OR the 3 trip signals together to form a common trip signal DCAH. As configured this
signal directly drives DCAEVT1 which in turn directly drives DCAEVTL1.force. To clear the
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trip condition the flip-flop must be reset by software by setting the TZCLR[OSHT] bit. It is
also possible to force a trip from software by setting the TZFRC[OSHT] bit.
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Figure C1: Comparator sub-systems of the F28377D microcontroller

GUI for interacting with MASRM drive

The graphical user interface (GUI) for interacting with the F28377D GCB target boards hence
the MASRM drive in writing in MATLAB and it is shown in Figure C2. If necessary, refer to
MATLAB’s documentation on creating GUIs.
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Figure C2: Example of GUI appearance
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