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ABSTRACT

The Switched Reluctance Motor (SRM) offers significant benefits over conventional AC
and DC motors which include higher efficiency over wide speed range operation and under
partial loading. Even though it exhibits high starting torque, high power density, high torque
to weight ratio, smaller size and weight, low material cost and maintenance free operation,
its acceptance for industrial as well as domestic applications is limited. It is due to higher
torque ripple for which SRM is known. It also produces acoustic noise as well as it requires
costly position sensing arrangement to be attached with the motor for control. However, the
recent quest of the energy efficiency has promoted the research and development of the
cost effective efficient SRM drive.

In the present work the performance of the SRM drive and the suitability of the same
for the various applications are investigated. Extensive simulation is carried out to evaluate
the performance of the SRM drive and experimentally verified with the help of prototype
model.

The magnetic non-linearity of the SRM increases the complexity of modelling and
controller design. Different effective modelling techniques for the SRM have been proposed
by the researchers in the past. In the present work few vital non-linear modelling techniques
have been exemplified and compared. The embedded control function is designed in
MATLAB simulink environment to model a SRM based on analytical modelling technique.

The concept of the physical modelling technique of the system is introduced which
offers many advantages over conventional modelling techniques. The main advantage of the
physical modelling is its ability to consider the effect of change in physical parameters of the
system. In the present work the physical modelling technique is proposed to model the non-
linearity of the switched reluctance motor. The variable reluctance characteristic of the motor
is utilized to derive the non-linear model of the switched reluctance motor. The mathematical
relation amongst the phase reluctance, angular rotor position and geometrical parameters of
the motor is derived. The results show that the proposed modelling technique which
considers magnetic non-linearity of the motor offers acceptable solution. It also requires only
few geometrical parameters of the motor and information of the winding turns per phase.
Furthermore, the 3-Dimensional (3D) visualization effect is added to the physical model of
the motor with the help of virtual reality tool box of the MATLAB which extends the
capabilities of the simulink software into the world of virtual reality graphics.

The high grade real-time simulation of the complete SRM drive is developed with the
help of Opal's RT-Lab technology, which eliminates the issue of model latency present in

CPU based simulation due to complex model and current overshoot. The drive is comprised



of asymmetric bridge converter, hysteresis current controller and a proportional and integral
(PI) speed controller. The effect of commutation angle on the torque-speed characteristics of
the switched reluctance motor drive is investigated with the help of real-time experimental
studies.

There are applications where the issue of torque ripples of the switched reluctance
motor is a major concern e.g. robotic actuators and electric power steering. Efforts are being
made into both the motor design and control strategy to reduce the ripples in the torque. The
fundamental electronic approach of torque ripple minimization is the current profiling which
stores the non-linear relation of torque-current-angle as a lookup table. Then the rotor angle
is being used as an index to generate the reference current. Accordingly, the phase current
is being controlled by means of hysteresis current controller to maintain the torque to the
reference value. Effort have been made by the researchers in the past to replace the lookup
table by the mathematical relation for representing non-linear relation of the torque, current
and angle. It employs the fuzzy logic controllers, artificial neural networks or the Fourier
series based methods. Another vital approach of the torque ripple minimization is the use of
torque-sharing-function (TSF) in which the phase current applied is controlled such that, the
overall torque becomes constant. More or less all the torque ripple reduction techniques
increase the complexity and cost of the drive. However the simplest solution to the torque
ripple issue is to use of motor having higher number of phases or the higher stator/rotor pole
configuration.

The low-cost switched reluctance motor drive is developed in the present work. In the
developed model multi-phase excitation scheme is used to reduce the torque ripples. The
proposed switched reluctance motor drive includes 8/6 pole four phase motor, one-switch
per phase type converter and low-cost position sensing arrangement. The low-frequency
PWM controller has been proposed and proven to be effective in noise reduction compared
to hysteresis current controller. It also reduces the converter losses and makes the drive
immune to electromagnetic interference. The conventional proportional and integral (PI)
speed controller can be used for the switched reluctance motor drive, if transfer function of
the non-linear switched reluctance motor is known. Due to non-linearity of SRM, it is difficult
to derive the transfer function and hence, the design a controller with proper gains to achieve
the desired stability. The ac small signal modelling technique is proposed for linearization of
the SRM model. Accordingly, the closed-loop speed PI controller is designed for PWM
current controlled SRM drive. Performance of the proposed SRM drive is investigated with
the development of prototype SRM, converter and controller. The proposed SRM drive
shows lower cost-versus-performance ratio and ensures higher efficiency of the drive even
at partial loading. The torque ripple performance of the drive is investigated for the varying

speed, load torque and PWM frequency. The investigation shows that the torque ripples are



guite low for the higher speed application as well as for the applications having heavy load
inertia. It also shows that the selection of higher PWM frequency is advantageous in
reduction of torque ripples for the light load applications; however it increases the converter
losses.

The requirement of position feedback necessitates the mechanical position sensors to
be attached with the motor which increases the overall cost and reduces the reliability of the
operation. Many sensorless control techniques are reported in literature to eliminate the
requirement of mechanical position sensors, but none of them is found suitable for the wide
speed control range without having any constraint on the performance of the drive. It
includes the waveform monitoring, state observer, active probing, modulated signal injection
and flux-linkages based rotor position estimation techniques. In the present work a technique
based on flux-linkage characteristics is investigated in detail with the help of simulation
studies.

In the present work the fixed turn-off method of rotor position estimation is proposed
and investigated for speed control which is low-cost and simple solution for the general
purpose drive. The commutation instant of the phase is estimated by monitoring the phase
voltage and current, while it is not intended to derive continuous rotor position estimation.
The method is suitable where the fixed angle control is sufficient but the harsh environmental
condition restricts the use of mechanical sensors for reliability issue.

To get rid of rotor position sensing, an ANN based sensorless rotor position estimation
technique is proposed where the ANN is used to map the magnetic non-linearity of the
motor. The neural network is designed to approximate the continuous rotor position form the
flux-linkage and current. The feed-forward neural network structure is used to design a
network while the Levenberg-Marquardt technique is used as training algorithm. The
proposed method employs only one hidden layer and the training process is accomplished
offline. The performance of the ANN is investigated to approximate the non-linear magnetic
characteristics as well as the performance of the ANN based sensorless drive is investigated
which shows the higher accuracy of the estimation. However the implementation of the ANN
based method is computation intensive, time consuming and also pre-requires information of
the motor magnetic characteristic.

An analytical sensorless method is proposed which reduces the computation burden
and requirement of the storage space. It requires the information of the motor's magnetic
characteristics at only two rotor positions that are aligned position and mid position. The
simple mathematical expression is derived to estimate the continuous rotor position
estimation form the phase voltage and phase current. The performance of the proposed

sensorless scheme is investigated which shows the good accuracy of estimation.



The sensorless techniques based on magnetic characteristics require prior knowledge
about motor magnetic characteristics which not only increase the time and cost of
implementation, but also restrict the operation of the drive to the particular motor. Even the
magnetic properties of the two motors from the same manufacturer and having same
specifications could not be identical.

The sensorless rotor position estimation techniques that do not require any prior
knowledge of the motor magnetic characteristics includes chopping current waveform
method, regenerative current method and current gradient sensorless method (CGSM). The
design and performance issues of the CGSM are investigated to incorporate with the low-
frequency PWM controlled SRM drive. Result shows that the use of phase-lock-loop (PLL)
and non-synchronized PWM increases the complexity of implementation and reduces the
reliability of the CGSM. It is also observed that the response of the system is unstable to the
step change in load-torque. A Modified-CGSM (MCGSM) technique is proposed which
eliminates the requirement of the PLL and improves the stability of the system. Prototype
setup of the sensorless SRM drive is developed in the laboratory and its performance is
investigated under open-loop as well as closed-loop condition.

The study is carried out to exemplify the features and advantages of the SRM drive for
a specific application. The switched reluctance motor is found favourable in the application of
battery operated vehicle system because of higher efficiency, high starting torque, light
weight, low maintenance and capability of electric braking. Furthermore the issue of the
torque ripple is also not predominant due to the higher inertia loading. The performance of
the low-frequency PWM controlled SRM drive in a low power in-wheel electric vehicle is
investigated in detail. The feasibility of the electric braking with the fixed angle controller is
explored.

The investigation summarized that, the SRM offers an energy efficient solution for the
wide range of applications. However, the complete success of the SRM drive needs proper

choice of application, converter, control scheme and position sensing arrangement.
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Chapter 1: INTRODUCTION AND OVERVIEW

1.1 INTRODUCTION

There has been an enormous increase in the global demand for energy in recent years
as a result of industrial development and population growth. Supply of energy is, therefore,
far less than the actual demand in many developing countries and fast-growing economies
like India. This leads to energy crisis which is apparent in frequent load shedding, power
failure, closure of factories, man-hour loss and decrease in production. As per OECD
(Organization for Economic Cooperation and Development) statistic global energy demand
will be about 30 percent higher in 2040 compared to 2010. On the other hand, the economic
growth and advancement in living standard demand more energy. Besides coal, oil and
natural gas are major sources of primary energy which increase the level of carbon dioxide
(CO2) emissions every year. Thus energy should be used more efficiently to expand new
technologies and emerging sources.

EMDS (Electrical Motor Driven Systems) are the single largest electrical end-use,
consuming more than twice as well as lighting, the next largest end-use. As per the IEA
(International Energy Agency) statistic, EMDS share 46% of total global energy
consumption. The largest proportion of motor electricity consumption is attributable to
mid-size motors with output power of 0.75 kW to 375 kW. Motors in the mid-size range are
most commonly found in industrial applications, but they are also widely used in commercial
applications, infrastructure systems and, less often, in the residential sector. In general, their
main applications are mechanical movement, compressors, pumps and fans.

Many different motor technologies and design types are available, but asynchronous
induction motors (IMs) are most frequently used and consume the most energy. It makes
necessary to pay attention on efficiency of the induction motor drive. At present, most OECD
(Organization for Economic Cooperation and Development) and many non-OECD
economies impose MEPS (Minimum energy performance standard) on asynchronous
mid-size AC motors. Several countries have passed laws which have set deadlines by which
date all motors sold in that country should comply with a specific IE class. According to IEC
(International Electrotechnical Commission) efficiency standard IE1, IE2 and IE3, minimum
efficiency required for 1.5KW AC motor are 77.2%, 82.8% and 85.3% respectively. The
efficiency target a motor has to reach is dependent on the motor size and larger motors need
to meet higher efficiency standards. It enforces the requirement of inverter fed complex
control system (VFD and field oriented control, DTC etc.) to be incorporated with induction

motor to meet the efficiency standards. Consequently it increases the cost and complexity of



the EMDS that is why all countries have not imposed the laws for efficiency standards of
EMDS.

The present scenario obligates the research and development of new alternate
technology for the electric motor drive. EC (Electronically commutated) motors technology
offers a very high efficiency performance compared to asynchronous AC motors. These
types of motor ensure the efficiency higher than the class IE3 (Premium efficiency standard)
and further improvement is also possible with the new design and control techniques. Motors
in this category cannot run direct on AC or DC supply as it always require synchronized
switching of phase current with respect to rotor angle. Thus cost of motor and drive
(converter plus controller) both should take under consideration while comparing with
asynchronous AC motor.

Major types of EC motors employ costly rare-earth-magnet mounted on their rotor or
stator. It increases manufacturing cost and complexity which results in cost of EMDS
becomes more than twice of that of conventional motor drive which prevents use of such
motor technology as a solution for energy efficient drive. Situation seems that the best
alternative to the asynchronous AC motor which can provide energy efficient solution in a
cost-effective manner is nothing but a SRM (Switched Reluctance Motor) as it does not
required rare-earth-magnet unlike other EC motors.

Likewise, a quest for energy efficiency has promoted development of SRM drive. Major
attractive features of SRM are simple mechanical structure, low manufacturing cost,
flexibility in control, adjustable torque speed characteristics, higher efficiency, high torque
weight ratio and constant power output capability over wide speed range. The switched
reluctance motor has been used in many commercially adjustable speed applications.
However, the SRM suffers from the problem of torque ripples and audible noise which
prevents its use in high performance application. Main aim of this thesis is to provide
distinctive contribution in the development of SRM technology by the exercise of

independent critical power of knowledge, investigation and logical coherence.
1.2 APPLICATIONS OF SRM DRIVE

The SRM is suitable for the industrial and domestic fans, blowers, compressors,
pumps, textile spinning, vacuum cleaner, washing machines, automotive application like
power steering and wiper and electric vehicle propulsion system.

The web based survey has been carried out to explore the existing acceptance and
importance of the SRM drive for the industrial and domestic applications [13, 14]. Emerson
Motor Technology, Rocky Mountain Technology (RMT), Emorton, Ametek, Nidec SR Drive
(NSRD), Marvik Motors and Radio Energie are the providers of the SRM technology.



The Maytang Neptune used the SRM developed by the Emerson Motor Technology for
the washing machine. The single motor is used for spin, dry and wash cycle, which forced
the competitors to rethink their inverter-driven induction motor based design. The Emerson
Motor Technology also develops motors up to 100 to 200 hp. The SRMs are utilized in high-
power (45, 75, and 120-kW) variable-speed screw compressors from CompAir UK Ltd and in
off-road equipment such as the LeTourneau L1350 loader which uses an Emerson B40 300-
kW SRM to drive each of its four wheels.

RMT is designing range(100KW to 10MW) of SRMs since 1994. The 7.5KW SR
generator has been utilized in smaller wind turbines, where minimal drag and non-cogging
performance of a generator (with proper current control) becomes advantageous, enabling
operation in low winds. It has been reported that the efficiency of the SR generator reaches
95.5%, or higher, at low speeds. The company has built and tested SR machines up to 300
kW and speeds to 120,000 rpm.

The CG Drives & Automation (former Emotron) utilized the SRM technology for Mining
machinery where extreme motor speeds are needed or acoustic noise of uncompensated
SR motors is tolerable. The company is reputed market leader in Europe for rotary heat
exchangers, for which SR technology provides a solution at 400 rpm nominal speed without
the need for a gearbox.

Ametek Commercial Motor utilized the SRM for blower unit with integral controls and
cooling fan in an unusually compact package. Size reduction was a basic design goal versus
a prior brush dc motor-based system.

Nidec SR Drives Ltd (NSRD) is developing range of product utilizing SRM drive. The
area of application includes aerospace, automotive, consumer appliance, mining, pumps and
compressor and traction. The product includes washing machines, vacuum cleaner, ash-
grab crane, screw air compressor, high pressure pump, train air conditioning, powered
wheel-chair, sliding door operator, rail locomotive, streetcar tram, battery powered vehicle
and other.

Mavrik Motors produces 2 and 3-phase SRM, as well as higher phase designs. It
includes blowers for heating appliances and commercial floor-cleaning equipment.
Combining soft start with variable-speed SRM enables one floor-care unit to do the job of
separate scrubbing, polishing, and burnishing machines.

Radio-Energie (Marcoussis, France) manufactures SRMs (0.7 to 2kW) and digital
controllers for low-voltage (24 V dc) forklift trucks, light vehicles, etc. The motor and drive
provide 4-quadrant operation with regeneration available during braking. The efficiency is
reported up to 80% at 3000rpm.

The SRM based electronic throttle controller is used in the Jaguar S V-6 and V-8

automobile engines.



1.3 LITERATURE REVIEW

The first reference to the term Switched Reluctance Motor was introduced by the
Nasar in IEE proceeding of 1969. Even so the first recognizable SRM were built over 175
years ago by Davidson, which used it as traction drive for an electric locomotive in 1838.
Lawrenson et al [84], Dawson et al [36], Ray et al [123] and Davis et al [35] explored the
potential of SRM drive and explained the fundamentals of machine’s nonlinearity and torque
producing mechanism during 1980’'s. As the SRM is a nonlinear, multivariable and complex
coupling system, the development of the SRM drive is a difficult task without using the
modern numerical calculation technology, power electronics technology, numerical control
technology and computer aided design.

Simulation of the system is an important tool and state-of-the-art in design, testing and
experimental realization however, mathematic modelling of SRM seems to be complex
because of non-linear motor magnetic characteristics. Several modelling techniques have
been proposed by the researchers in the past which include both linear and non-linear
modelling of the motor [82, 85, 104, 105, 144, 146]. The look-up table based approach is an
outcome as very accurate non-linear modelling technique [79, 85, 100]. However it requires
large amount of data to store and to conduct experimental workout for collecting the
magnetic data prior to modelling. On the other hand, the accuracy of the modelling depends
on the method used for obtaining the magnetic data and accuracy of the measuring
instruments. The efforts have been made by the researchers to represent a magnetic non-
linearity of the motor in term of mathematical equation with the help of exponential or
trigonometric functions [104, 105, 144, 146]. These methods require huge calculation to
determine number of unknown parameters from the geometrical parameters of the motor
and numbers of turns per phase. The inductance based modelling technique is proposed in
the literature which considers non-linear relation of inductance-current-angle to represent a
magnetic non-linearity of the SRM, instead of flux-current-angle relation [48, 94]. This
method requires less magnetic data to model a motor and gives reasonable accuracy even
in saturation region. However the simulation of the inductance based model is somewhat
slower than other modelling techniques because it involves larger derivative terms.

Many kinds of converter topologies are available for the SRM [32, 35, 55, 79, 81, 99,
100, 123, 155] which include asymmetric bridge converter, one-switch per phase type
converters, one sharing switch type converters and bifilar converter. The selection of the
converter depends on the cost, control scheme and performance requirement. The
comparative evaluation of various converter topologies has been done [79, 155].

The converter for SRM needs to provide the unidirectional current to the phases which

must be synchronized with the rotor position rotor position. The magnitude and the wave



shape of the current are regulated in order to meet the torque and speed requirements.
Furthermore, the circuit needs to supply negative or zero voltage for freewheeling operation.
Because of unidirectional current requirement, only one switch per phase is needed to fulfill
the requirement of the converter for SRM. Figure 1.1 shows different types of converter
topologies based on single switch per phase. The difference between them is a voltage that
appears across phase during freewheeling period.

One switch and one diode is associated with each phase in the converter topology shown
in Figure 1.1(a). The positive voltage V. is applied across the phase winding when the
switch is ON. When switch is turned off, the phase current freewheels through the diode and
the diode forward voltage drop appears across the phase. The time required for the
freewheeling is too long as the diode forward voltage drop is too small. This will reduce the
phase conducting angle. The main advantages of this configuration are low cost and simple

structure.

Ve Phase _A_ Ve Phase Ve Phase

(a) (b) (©)
Figure 1.1 One switch per phase type converters

An extra resistance is added in series with the diode in the circuit shown in Figure 1.1(b).
The purpose is to reduce the freewheeling period by increasing the negative voltage applied
to the motor phase. However, the reverse voltage decreases with the current which reduces
the effectiveness of the method to fulfill the purpose. Furthermore, conduction loss in the
resistance reduces the system efficiency.

In the circuit configuration shown in the Figure 1.1(c), bifilar winding is used. When the
switch is turned off, the current in the primary winding is transferred to the secondary
winding and freewheels through the diode. Therefore, there is a negative voltage Vdc
applied across the winding during freewheeling period. This circuit can achieve low loss and
small freewheeling period however, the switch having higher voltage rating is required
because double input voltage is applied when switch is off.

In order to increase the reliability and realize certain control strategies, more than one
switch per phase type converters are used. The asymmetrical bridge converter topology, as
shown in Figure 1.2, employs two switches and two diodes per phase. This converter is

similar to the conventional dc-ac converter except that the phase winding is in series with the



phase switches. This converter provides high efficiency, reliability and control flexibility. The
upper and lower switches can be controlled independently to realize different control
schemes like soft chopping and hard chopping. In addition, this converter can provide
maximum regenerative braking capability and equal performance in forward and reverse
directions. Also, there is no protection circuit needed to prevent shoot-through faults
because the switches on each phase conduct simultaneously. All these advantages make

the asymmetrical bridge converter popular in SRM application.

Ve Phase —Zy

Figure 1.2 Asymmetric bridge converter

With the asymmetrical bridge converter, total of six switches and six diodes are
required for three phase SRM. However the requirement of the semiconductor components
can be reduced with the converter with shared components. The arrangement of converter
with shared component is shown in Figure 1.3, which shows that only four diode and four
switches are required for three phase motor. The common (upper) switch and diode operate
all the time, while the other lower switches commutate the phase current in sequence. This
circuit can realize the current control scheme with using only one current sensor as the main
switch carries the current flowing through phase winding all the time. This circuit can save
components, but, it lost the fault-tolerance characteristics as of the bridge converter.

Furthermore, high switching frequency brings the problem of Electromagnetic
Interference (EI) and overheating of the semiconductor devices. Several soft-switching
techniques have been reported in literature to achieve the zero voltage-turn-on condition of
the main switch; however employing these techniques increases the cost and number of
components. Likewise, many of converter topologies are available and more sophisticated

combinations of components is possible to suite the specific application.
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Figure 1.3 Converter with shared component

To control the speed and torque of the SRM, conventional speed PI controller can be
used [20, 100]; however the process of designing the controller is complex compared to the
conventional motor due to non-linear magnetic characteristics of the SRM. The phase
current control can be achieved by the simple hysteresis current control or PWM control but,
even for the constant current the torque of the motor is not constant. The torque of the SRM
is a function of the phase current as well as the rotor angle. Thus for high performance
application of the SRM drive, sophisticated speed controller needs to be developed rather
that the conventional Pl controller. The goal of the controller is not only to adjust the
magnitude and shape of the current, but it should also control the commutation angles (turn-
ON and turn OFF angle). The problem of high-performance SRM drive is investigated in [67].
A state feedback control algorithm is proposed which compensate for all non linearity and
decouples the effect of stator phase current in the torque production. Commutation angle
also affects the efficiency and average torque production. The optimum efficiency can be
achieved by adjusting the commutation angle such that the phase current reach at the
sufficient level at the unaligned position and it decays to zero at the aligned position. The
angle control scheme is proposed in [145] to obtain optimal efficiency for the constant speed
drive. However, to smoothen the torque transfer and to increase the average torque, it is
required to increase the dwell angle. Thus angle control scheme designed to produce
optimum torque output cannot achieve optimum efficiency. Even so the efficiency of the
SRM is comparatively higher than the conventional DC and AC machines. Pollock et al
[116], Husain [63,64], Rahman et al [119, 120] Panda et al [113], Changhwan Choi et al [34],
Barrass et al [12] and Cheok et al [33] proposed new technigues to optimize control & torque

ripple reduction for high performance SRM drive. Mir S at al [106], Rahman et al [119],



Henriques et al [61] and Panda S K et al [114] used the fuzzy and artificial neural networks
(ANN) which also improves the control system of SRM drive. The problem of performance
optimization is investigated in [93]. The online commutation control scheme is proposed to
achieve the balance between energy efficiency and torque ripple criteria.

The major issue of the SRM is high torque ripples which tend to produce higher
audible noise. The simplest way to reduce the torque ripples is to choose higher numbers of
stator/rotor pole configuration. But it increases the cost of switching devices as number of
phase increases. The magnetic non-linearity of the motor is responsible for the pulsating
nature of the motor torque [36, 84]. In conventional motor (DC) the torque is directly
proportional to the current or its transformed component (g-axis in AC motors). However, the
three dimensional non-linear relation of flux-linkage, phase current and rotor angle exists in
the SRM. Thus the torgue is a non-linear function of the phase current as well as rotor angle.
Even for the constant current, torque is varying with the rotor angle.

The most effective electronic approach of torque ripple minimization is to store torque-
current-angle relation as three-dimensional lookup table, and thus optimum current can be
derived for the rotor angle and required torque. The torque-ripple-minimizing technique is
proposed in [124] and is applicable for the wide-speed-range. The commutation algorithm is
speed dependent and does not require pre-calculated stored data. The method requires
large amount of static data which can be derived experimentally. The Neural-network based
torque ripple minimization techniques appeared in [97, 119, 127]. These techniques
generate appropriate phase currents using neural networks in response to a desired torque.
The adaptive fuzzy control scheme for torque ripple minimization is proposed in [106]. The
controller is robust to the error in position information which allows in-expensive low
resolution position sensing arrangement. Review of the torque ripple minimizing technigues
has appeared in [63]. The approach of optimized shaping of the phase current waveform has
been reported in [30, 138]. The torque sharing function (TSF) base methods is discussed in
[34]. The TSF defines the phase torque produced in each phase so that the overall torque
becomes the desired constant torque by applying appropriate phase current. The TSF
method provides a simple computation procedure and it is also capable to consider other
control objectives such as efficiency optimization and voltage requirement. The efforts have
been made to apply the philosophy of Direct-torque-control (DTC) technique of the
conventional AC motor to control the torque and speed of the SRM [33]. DTC is a well
established control principle in which stator voltage vector is selected according to the
difference between reference torque and stator flux linkage and actual value. However AC
motors have a linear characteristics and three-phase balance sinusoidal excitation in
contrast to SRM having non-linear characteristics and non-linear excitation. Furthermore the

phases are independently excited. Thus the DTC of the conventional AC motors cannot



apply to the SRM as usual. The DTC method for the SRM is derived from the analysis of
non-uniform torque characteristics. In the scheme, torque is directly controlled through the
control of the magnitude of the flux linkage and the rate of change of the stator flux vector.
The scheme directly regulates the torque output of the motor within a hysteresis band and
thus provides the ripple free torque. The method is simple and easy to implement as it does
not require a mathematical model or knowledge of motor parameters.

Another, area of research which is in current attention is to eliminate the mechanical
position sensors from the SRM drive by means of sensorless control. The idea is to improve
the reliability to operate in harsh environment and reduce the overall envelope of the SRM
drive. Many types of the sensorless control techniqgues have been developed in the past
which includes state observer [43, 91], active probing [4, 58], modulated signal injection [40,
100] and current waveform monitoring [50, 111] and flux-linkage based [92] method. But
none of them is suitable for the wide speed range without putting limits on the performance

of the drive.
1.4 SCOPE OF WORK AND AUTHOR'S CONTRIBUTION

The objective of this thesis is to investigate the performance of the Switched
Reluctance Motor (SRM) drive for the variable speed application. It also covers the analysis
of modelling techniques, control algorithm and sensorless control schemes.

Literature review shows that there are many linear as well as non-linear modelling
techniques for the design and control of the SRM having some advantages and
disadvantages. Several vital non-linear techniques have been exemplified in the present
work which includes flux-linkage based method, the method based on analytical reasoning
and inductance based modelling technique. All three techniques have been analysed and
compared in this investigation. The MATLAB simulation tool is used in this work for the
modeling and simulation of the SRM. The embedded function is designed in this work to
model the non-linearity of the SRM.

Furthermore, the flux-linkages based modeling technigque is found most accurate
amongst all, which is designed and investigated in detail in this work with the help of
MATLAB 'simulink’ and "simpowersystem" library. The physical modelling technique is
proposed in this work where the variable reluctance characteristic of the motor is utilized to
derive the non-linear model of the switched reluctance motor. This method needs only few
geometrical parameters and turns per phase information of the motor. Furthermore, the 3-
Dimensional (3D) visualization effect is added to the physical model of the motor with the
help of virtual reality tool box of the MATLAB, which extends the capabilities of the simulink

software into the world of virtual reality graphics. In addition the high grade real-time



simulation of the complete SRM drive is developed with the help of Opal's RT-Lab
technology, which eliminates the issue of model latency present in CPU based simulation.

The past investigation and development of the torque-ripple-minimization techniques
made a significant achievement in performance improvement of the SRM drive and efforts
are also made to reduce the complexity and cost of the implementation. Although, to
produce the ripple-free torque through the firing-angle control scheme, require to
compromise with the efficiency and/or average torque production. On the other hand, in
many industrial applications, higher phases SRM and/or phase overlap switching can
provide efficient performance where the small amount of ripple in torque is tolerable. The
scope of this thesis is to investigate the performance of the SRM drive to serve the new
industrial as well domestic application or to replace the excising one, for the quest of energy
efficiency.

The low-cost switched reluctance motor drive is developed and investigated in the
present work which employs multi-phase excitation to reduce the torque ripple and low-
frequency PWM controller for higher converter efficiency. A literature survey shows that one
switch per phase solution is suitable for the low cost application but it prolong the
freewheeling period. The split DC converter is developed in the proposed work which offers
one switch per phase configuration as well as speed up the freewheeling process by
applying negative voltage. The ac small signal modelling technique is proposed for
linearization of the SRM model and accordingly speed PI controller is designed. The
performance of the proposed drive is investigated for the efficiency, noise and torque ripple,
for which the prototype model of SRM drive is developed in the laboratory. The performance
of the SRM drive is investigated using the developed simulation model and compared with
experimental result. Furthermore, the effect of speed, load torque and PWM frequency on
the torque ripple of the SRM is investigated.

An extensive review of the sensorless control schemes is carried out in this work. The
flux-linkage based sensorless method is investigated and analysed in detail in the present
work with the simulation and experimental studies. The fixed turn-off method, based on the
flux-linkage characteristics of the motor, is proposed which offers simple and low-cost
solution for the general purpose drive. The performance of the ANN technique is
investigated to estimate the continuous rotor position form the flux and current. An analytical
sensorless method is proposed in the present work which reduces the computation burden
as well the requirement of the storage space and produces the reasonable accuracy of the
estimation.

The performance of the current gradient sensorless method (CGSM), that does not
require any prior knowledge of the motor magnetic characteristics, is investigated in detail in

this work. The modified CGSM is proposed, which eliminates the requirement of the PLL and

10



improves the stability of the system. Prototype setup of the sensorless SRM drive is
developed in the laboratory and its performance is investigated under the open-loop as well
as closed-loop condition.

Further, the performance of the SRM is investigated for the low power in-wheel
electric vehicle system. Also the feasibility of the electric braking with the fixed angle

controller is explored.
1.5 THESIS ORGANIZATION

The rest of thesis is organized as follow:

The theory and operation of SRM is described in Chapter 2. Different schemes of
current and speed control are discussed.

The non-linear modelling techniques of the SRM are compared in Chapter 3. The
physical modelling technique is explained and run-time 3D-visulization model is developed.
The real-time simulation of the complete SRM drive based the hysteresis current controller
and speed PI controller is presented at the end.

The low-cost SRM drive based on one-switch per phase type converter and low-
frequency PWM control is implemented and analysed in Chapter 4. The performance
characteristic of the proposed SRM drive is derived from the experimental and simulation
results. The merits and drawbacks of the SRM drive are summarized at the end.

Different sensorless control techniques of the SRM drive are investigated in Chapter 5.
The flux-linkage based scheme of rotor position estimation is described in detail. The flux-
linkage based sensorless control techniques are proposed which includes fixed-turn-off
angle scheme, artificial neural network (ANN) based scheme and analytical rotor position
estimation.

The sensorless techniques which do not required any prior knowledge of the motor
magnetic characteristics are explained in Chapter 6. The chapter covers the investigation of
CGSM for low-cost SRM drive and development of the modified CGSM with the simulation
and experimental studies.

The performance of low-frequency PWM controlled SRM drive is investigated to serve
the battery operated low-power electrical vehicle system in the Chapter 7.

Finally Chapter 8 draws the conclusion from the work done in this thesis and discusses

further research possible in the future.
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Chapter 22 FUNDAMENTAL OF SRM DRIVE

Fundamental theory and operation of the SRM is described in this chapter. An
equivalent circuit of the SRM is obtained from the phase equation. The simplified torque
equation is derived by neglecting the mutual inductance of the phase. The basic closed-loop
control structure of the SRM drive is discussed in this chapter which includes fundamentals
of asymmetric bridge converter, current control schemes, methods of speed/torque control

and angle control schemes.
2.1 CHARACTERISTICS OF THE SRM

The structure of the SRM is simple to manufacture which consists of laminated yoke,
stator and rotor. Both the stator and rotor have salient pole structure having different number
of poles. A typical geometry of the motor having 6 stator pole, 4 rotor pole normally termed
as 6/4 pole SRM is shown in Figure 2.1. The stator winding is a wound field coil as in DC
motor which forms the phase per pole-pair. However, the rotor has neither coils nor

permanent magnet attached to it.

+ DC Supply

(@) (b)
Figure 2.1 Geometry of 6/4 pole three phase SRM

The torque production mechanism of the SRM is similar to that of stepper motor
because the energized stator coil serves as electromagnet that attracts the nearest rotor
pole. The main difference between the SRM and stepper motor is that the phase excitation

of the SRM is always in synchronism with the rotor position which results in continuous
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rotation at all speed. It requires the continuous rotor position monitoring and control of the
switching of the phase. The SRM is generally designed for the desired power and efficiency
rather than step accuracy as in case of stepper motor. The motor torque and thus direction
of rotation are independent of direction of phase current, but the sequence of phase
excitation governs the direction of speed. The developed motor torque depends on the

magnitude of current and angular rotor position.

B C A B C --- A

0° 30° 60 90° 120° 150° ---  ---330° 360°
Figure 2.2 Phase energization sequence

Figure 2.3 Demonstration of operation with sequence of phase excitation at an angle
(@) 15° (b) 30° (c) 45° (d) 60° (e) 75° (f) 90°

The position of the rotor shows in Figure 2.1 is considered as reference where rotor
poles are aligned with the stator pole pair A-A'. Figure 2.1(b) shows the line-view of the SRM
which represents rotor-stator poles and phase excitation. The sequence of phase excitation
with respect to rotor angle can be represented as shown in Figure 2.2 which produces
torque for anti-clock wise rotation. The synchronized operation of the motor is shown in
Figure 2.3. It is to be noted that 90° of rotation represents a complete electric cycle. The mid
position, that is 45° treated as unaligned position respect to pole pair AA' (Phase-A). Each
phase remains ON for the period of 30° which represents dwell angle and can be expressed

as "Ogwen = Borr — Bon", Where By and Borr represents the turn-ON and turn-OFF instant of
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the phase excitation. The total number of stator-rotor poles and number of phases decide
the minimum dwell angle of the motor.

Considering one cycle of operation, the condition for the phase excitation can be
expressed as-

Phase-A ON  60°> 6 >90°

Phase-B ON  30°> 6 >60° and

Phase-C ON 0°> 6 >30°

where '0' is the rotor position in mechanical degree. Considering the individual
reference rotor position for the each phase, i.e when rotor pole is aligned with their
respective phase (pole pair), the condition of the phase excitation becomes,

Phase ON 60°> B¢ >90°

where 6 is the rotor angle for the respective phase and accordingly K=A,B or C.
There is phase difference of 30° amongst reference rotor position of each successive phase
and can be expressed as-

05=0,+30°

0c=0,+30°

0,=05+30°

The performance of the SRM is altered with the degree of phase commutation,
therefore the following commutation parameters of the motor are specified to get the desired
performance.

Turn-On angle = 6oy

Turn-OFF angle = 6o and

Dwell angle = Bgyen

Furthermore, the inductance profile of the SRM gives the better understanding to
select the commutation parameters. Figure 2.4 shows the variation of phase inductance with
respect to the rotor angle, for the entire cycle of operation. Phase inductance increases as
rotor moves toward aligned position from the unaligned position, and it reduces as rotor
moves from aligned to unaligned position. The tip at the aligned position reflects that both
the rotor and stator pole arcs are same, while for the unequal pole arcs, the inductance
profile will became flat near aligned position. The flat area near unaligned rotor position is
due to large airgap which is generally not present in the motor with the higher pole
configuration for example 8/6 pole. The motor develops the positive torque during rising
inductance profile only, while it develops the negative torque during the falling inductance
period. However, it does not signify that the electromagnetic force produce is zero during the
aligned and unaligned rotor position. The torque developed by the Phase-A, as a function of
rotor angle is shown in Figure 2.4 considering constant current throughout the cycle. It
shows that the torque produced during rising inductance period is such that it tends to move
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the rotor in the positive (anti-clockwise) direction, while the negative torque forces the rotor
to rotate in reverse direction. At the fully aligned and unaligned rotor position, tangential
component of the electromagnetic force is zero while vertical component of the force

produced holding torque.
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Figure 2.4 Inductance profile of 6/4 pole SRM

The phase current cannot rise or fall instantaneously due to phase inductance which
necessitates advance excitation and commutation of the phase prior to the starting of rising
inductance period. The advance phase excitation ensures the required magnitude of current
to produce the desired torque, while advance commutation prevents the production of

negative torque.
2.1.1 Topology of Switched Reluctance Motor

The SRM offers wide variety of aspect ratios and salient pole topologies. Some of the
well known topologies are shown in Figure 2.5. Each topology has different advantages and
disadvantages, thus selection of the SRM configuration depends on the application and

requirement.
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(a) (b) (c) (d)

Figure 2.5 SRM topologies (a) Single Phase (b) Two phase (c) Three phase (d) Four
phase

Figure 2.5(a) shows the simplest SRM structure having 4/4 pole and single phase
winding which offers advantage of fewest connections between machine and electronics.
The high torque ripple and inability to starts at all rotor position are the main drawbacks. This
topology is suitable for high speed application, but starting problem prevents its use.

Figure 2.5(b) shows the two phase SRM having 4/2 pole. The problems of starting can
be overcome by stepping the air-gap, or providing asymmetry in the rotor poles. This
topology may be attractive where the cost of winding connections is important. However, it
also suffers from the problem of high torque ripple.

The SRM topology shown in Figure 2.5(c) offers simplest solution to starting and
torque ripple with the 6/4 pole, three phase configuration.

The 8/6 pole four phase topology, shown in Figure 2.5(d), can be used for reducing
torque ripple further. Five- and six-phase motors offer better torque ripple reduction
compared with four-phase and three-phase. However the large number of power devices

and connections limit the application of higher phase SRM.
2.1.2 Equivalent circuit of SRM and torque equation

The linear analytical model of the SRM can be represented by differential equations
which includes voltage equation, motion equation and electromagnetic torque equation. The
equivalent circuit of the motor represents voltage balance equation of the phase which
consists resistance and inductance. The effect of leakage flux and mutual coupling of
phases are neglected in the developed model as they are negligible in SRM.

The applied voltage to a phase is equal to the sum of the resistive voltage drop and

the rate of change of flux linkages and is given as;

. dy(0,i
Voh =R +% (2.1)

where R; is the resistance per phase, and v is the flux linkage per phase. Flux linkage
is a product of inductance of the phase and phase current as mutual inductance is

neglected.
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p = L(0,i)-i (2:2)
where L is the inductance of the winding and depends on the rotor position and phase

current. The phase equation can be modified as-

Vyp =R+ SO gy oy 90 dLOD
dt at ot dt

It shows that, the applied phase voltage is balanced by the resistive voltage drop,

Rsi+L(€,i)%+eb (2.3)

inductive voltage drop, and induced emf. The induced emf in phase winding can be

expressed as-

e=K,o,l (2.4)
do
= 2.5
Dn =4t (2.5)
dL(6,i)
K, =—2"72 2.6
e (2.6)

where o, is angular velocity and ‘Ky’ is the emf constant.
Using equations (2.1) to (2.6), the equivalent circuit of the SRM can be derived shown

in Figure 2.6.

Figure 2.6 Equivalent circuit of SRM

Multiplying the voltage balance equation with the current results in instantaneous input
power expressed as-

p_Ri?+i 201 (2.7)

dt

where first term on the right-hand side represents copper loss in the winding. Thus
second term on the right-hand side should represent the sum of mechanical power output
and power stored in the magnetic field. Therefore,

Ay (0.0) _dw,, | dw,

dt dt dt

where dW,/dt is the instantaneous mechanical power and dW/dt is the power stored

(2.8)

in the magnetic field. The W, is the mechanical energy and W; is the field energy as the
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power is defined as rate of change of energy. The mechanical power is a product of torque

and speed, therefore,

dw,, do
dt " dt 29)
Equation (2.8) can be re-arranged as below:
i dw
; dy(0.0) do_ oW, (2.10)
dt dt dt
Simplifying equation (2.10) for the torque developed by the motor,
TOw)=10,y)- - 2.11
0.y)=i(0.v) 40 0 (2.11)
For the constant flux, the torque developed can be expressed as,
dw,
T—_ (2.12)
do

It is desirable to express the torque in term of current rather than energy. The torque
equation is first represented as the co-energy Wc instead of field energy Wf, and then
expression for torque is derived in term of current. Figure 2.7 shows graphical interpretation
of the magnetic field energy and co-energy. The magnetization curve defines current as a
function of flux for the constant rotor angle as shown by the shaded area in Figure 2.7(a).
The field energy expression can be derived by integrating (2.10) at constant speed, which
gives-

Wi :Ti(é,y/)dl// (2.13)
0

To define the magnetic field co-energy, let the magnetization curve define flux as a
function of current as shown by shaded area in Figure 2.7(b). Mathematically it can be

represented as-
We = j w(6,i)di (2.14)
0

h A

Wi Stored field energy W, Co-energy
C
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Figure 2.7 Graphical interpretation of (a) magnetic field energy (b) co-energy
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Sum of W; and W, represent a total area, and thus,

Differentiating both side gives-

dW; +dW, =idy +ydi (2.16)
which simplified for Wy as-

dW; =idy +ydi—dW, (2.17)

where the differential co-energy can be written in term of its as partial derivative as-

AWe(,1) :%déw%di (2.18)

From (2.11), (2.17) and (2.18) and assuming constant current, the torque can be

derived as-
T W (2.19)
dé
Neglecting the magnetic saturation, flux can be derived as-
w =L(0)-i (2.20)

where the motor inductance is a function of rotor angle. The magnetic co-energy can
be derived by integrating flux as-

i2

Thus simplified relation of torque and current is given by-
i2 dL
= 2.22
2 .do ( )

2.2 SRM DRIVE SYSTEM

i
Vdc
nv

Converter

O ref Speed 1
- Controller

d
Figure 2.8 Block diagram of the SRM drive

The basic block diagram of the SRM drive with the current and speed feedback loop is

shown in Figure 2.8. In general, the speed feedback is derived from the position information

20



as the SRM is always equipped with the position sensing arrangement. The speed error is
processed through the speed PI controller which generates reference current. The current
controller maintains phase current to the reference value by switching the phases ON and

OFF. Thus speed of the SRM drive is maintained by the controller in varying load condition.
2.2.1 Converter topologies

Several converter topologies are reported in literature for the SRM [32, 35, 55, 79, 81,
99, 100, 123, 155]. The selection of converter depends on the cost, control scheme and
performance required. The basic asymmetrical bridge converter is shown in the Figure 2.9,
where the anti-parallel diodes across switches are not shown for the simplicity. This
converter employs two switches and two diodes per phase which offers high reliability and
control flexibility. To supply the voltage V4. to the phase, both the switches of the converter
leg are turned ON. Turning OFF both the switches simultaneously provide regeneration by
applying reverse voltage to the phase as both the diode of the phase come to conduction.
It's called hard chopping scheme. While turning off only single switch of the phase, say M, of
the phase-1 freewheels the current through the diode D,, switch M; and Phase-1. It's called
soft-chopping scheme. During freewheeling, voltage across commutated phase is zero

which reduces the rate of current reduction as compare to the hard-chopping.

+
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Figure 2.9 Asymmetric bridge converter
2.2.2 Current control scheme

The simplest way to maintain the constant current is to switch ON or OFF the phase
accordingly whether the current is lower or higher than reference value. It's called hysteresis

current controller. Fixed frequency PWM controller with the speed PI controller can also be

used to adjust the current by controlling the PWM duty cycle.
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2.2.3 Speed/Torgue control scheme

B.K bose and Miller achieved the speed and torque control of SRM with the traditional
proportional and integration (PI) controller [20, 100]. The conventional control scheme shown
in Figure 2.8 does not taken into account the effect of the rotor angle on the torque
production, whereas the SRM torque is not constant even for the constant current. It was
found more difficult for the SRM drive to achieve optimal control performance as compared
to conventional motor drive. The optimization process is complex and difficult to realize due
to multivariable control, complex motor model and large calculation quantity. The problem of
high-performance SRM drive is investigated [67] in which a state feedback control algorithm
has been proposed. It compensates for all non linearity of the magnetic circuit and
decouples the effect of stator phase current in the torque production. However, the selection
of the commutation angle affects the efficiency as well as average torque production.

Generally, the firing angle 6,, and B8.,; are selected to avoid the current overlap.
However, in order to reduce the torque ripple, overlapping the phase current is beneficial.
The minimum dwell angle gives maximum efficiency as it utilizes the entire rotor angle
effectively to produce the torque. The increase in dwell angle increases the average torque.
Thus selection of the 8,, and 6, depends on the required performance parameter of the
drive including speed, efficiency, torque and torque-ripple. The firing angle control scheme
can be incorporated with the conventional speed control scheme to satisfy one or more

performance characteristics.

Q
O
o
jas]
+—
Q
o
o]
=
.
T | T T
x|
=
=
1 | 1 1 | | | |
T I | | | I I [
gﬂ_ Vdc &
B0 . 0 R O SO
=
o J
o5 IOV SR SR S N _
| | | | | | | | |
r | T r T 2 T T T T ;
- _
=
L -
i
=l . |
= W
U | | | | |

Figure 2.10 Normal speed operation
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Figure 2.11 High speed operation

The turn-ON angle 6,, should be more advanced at higher speed to achieve the
adequate level of current, as the back emf increases with speed. It may even come in the
previous zone of falling inductance at very high speed. The turn-OFF angle 8 should be
advanced to the aligned position, which provides the time to decay the current before falling
inductance zone. After the commutation angle 8., the current decreases rapidly as the
reverse voltage is applied, however at the same time inductance increases. After the aligned
position, the rate of change of current becomes small as back emf is negative. Thus, the B
should be advanced with increase in speed. Figure 2.10 and Figure 2.11 shows the normal
speed and high speed operation of the SRM drive. It can be concluded that, both the 8,, and
B.+ should be advanced with increase in speed. If speed is exceeding the reference value,
then B,, and B can be increased to have the phase conduction in to the falling inductance
zone. It improves the speed response of the drive by applying brakes as speed increases
beyond reference value. However, design of an angle controller is a complex task as the
commutation angles are not only function of rotor speed but load torque and phase

inductance also influence the performance.
2.3 CONCLUSION

The SRM offers many advantages over conventional ac as well as dc motors.
However the performance of the SRM drive and cost of the implementation varies with the

applications. The position feedback system is must with the SRM drive for phase switching.
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The PWM controller or hysteresis controller can be used to control the phase current of the
motor. The conventional Pl controller can be incorporated to control the speed of the motor,
however, designing the Pl speed controller of the SRM is the complex task as compared to
conventional motor. To reduce the torque ripples, the angle control scheme must be
incorporated with the speed control system of the SRM drive. To obtain the high level of
performance from the SRM drive requires proper selection of the motor geometry, converter
topology, control scheme and even position sensors.
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Chapter 3: MODELING AND SIMULATION OF SRM DRIVE

Three imperative non-linear modeling techniques of the SRM are investigated and
compared in this chapter. These techniques are based on lookup table, analytical modeling
and inductance profile. Complete simulation model of the current controlled SRM drive is
developed using real-time simulation approach and accordingly torque-speed characteristic
of the motor is derived. A new modeling technique based on variable reluctance
characteristics is proposed in this chapter which offers more flexible and realistic solution for
the simulation of SRM. Virtual reality (VR) tool is embedded with the MATLAB based
simulation model of the SRM to produce three dimensional visualization of the motor model

while running a simulation.
3.1 MATHEMATICAL MODEL OF SRM

Simulation of the system is an important and state-of-the-art in the view of design and
experimental realization [20] and for simulation mathematical model of the SRM is required.
Mathematical modelling of SRM seems to be complex because of non-linear motor magnetic
characteristics [84]. Earlier studies of system simulation involve programming languages like
C, FORTRAN or even complex languages [84, 115]. Software design to simulate electric
network have been also used in the past studies but it lacked in flexibility. Use of circuit
based simulation techniques like SPICE has gained an importance in the late 19's and
adopted for simulation of electronic circuits [48, 66].

Lately, there has been considerable progress in simulation software such as
Matlab/Simulink, which allows flexible modeling environment to a wide range of electrical,
mechanical and pneumatic system including electrical machinery. MATLAB is a simulation
tool adopted worldwide for the modeling and simulation of electric system, converter and
controllers. Choice of MATLAB for dynamic simulation of system offers advantages viz. gain
of time for the simulation development, choice of several techniques for numerical resolution,
several libraries are available for different domains, which includes simpowersystem,
simulink, fuzzylogic, neuralnetwork, control, signal processing and many more. MATLAB
simulation tool is used to examine elaborate simulation of the motor, converter and control
techniques.

Main objective of motor modeling is to derive a non-linear function to relate the
mechanical output (torque, speed) of the motor to the electrical input (voltage, current). In
conventional motors torque can be represented as a function of motor current or its
component. As against it, motor torque is non-linear function of phase current and angular

position of rotor. The phase current is also a function of both flux linkage and rotor angle.
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Figure 3.1 Block diagram of SRM model

Figure 3.1 represents simplified model of the SRM. SRM have only single source of
magnetic field production, i.e. stator winding, and there is no winding on the rotor. Magnetic
material (rotor) placed in between this magnetic field experience a force of attraction.
Voltage balance equation for the phase can be written as (3.1) as applied phase voltage is
equal to summation of the voltage drop across phase resistance and rate of change of flux-
linkage. Flux-linkage equation (3.2) is derived using integration. Electrical characteristics of
the SRM obtained from the equation (3.1) and (3.2), are shown in Figure 3.2 where black
box i(y, ©) represents three dimensional nonlinear relation among phase current, flux-
linkage and rotor angle. In the simplified model, torque characteristic represents non-linear
relation among motor torque, phase current and rotor angle. The dynamics of the
mechanical system as represented by equation (3.3) is shown in Figure 3.3. Therefore, to

model the SRM, magnetic non-linearity is the only challenging task of the modeling process.

. d
V, =i,R, + ;/f[a (3.1)
t
walt) =I(Va —izRy)dt (32)
0
T,-T, =392 B0, (3.3)
dt
+ W
Vv 1=
’ > S 1(\y,0) a
0—>
R; [€

Figure 3.2 Simulink model of electric characteristics of the SRM

26



Js+ B

|~

Figure 3.3 Simulink model of basic mechanical loading

Linear model of the SRM can be derived by neglecting the magnetic saturation and
utilizing idealized inductance profile. Phase voltage equation of the SRM can be represented
as shown in Figure 3.2 where the current i(y,0) can be derived from the idealized inductance
profile and phase flux y (2.20). The torque developed by the individual phases of the motor
can be derived by simplified torque equation (2.22). The total instantaneous torque of the
motor is given by the summation of the all phases. Linear model of the SRM is sufficient for
the implementation of the controller; however the non-linear model is required for the
realization of complete SRM drive and to investigate the dynamic behavior of the entire
system.

Many practices have been in use to model the magnetic non-linearity of the SRM, out

of which, several methods are covered in the following sections.
3.1.1 Method 1: Look-up Table Based Approach

The look-up table based approach [79, 85, 100] is very accurate method to represent
the magnetic non-linearity of the SRM. The model of SRM discussed here is designed in [82,
147] for the electric vehicle propulsion, where the goal is optimal efficient operation of the
drive. Magnetic characteristics of the SRM is shown in Figure 3.4, which represents number
of magnetic curves at the different rotor angle [85]. Look-up table is used to store the
magnetic characteristics as a three dimensional data. The flux-linkage, calculated from the
equation (3.2) and the rotor angle are used as an index to select the phase current. One
more Look-up table is used to represent torque characteristics of the motor. The torque
characteristic of the SRM is shown in the Figure 3.5, which represents non-linear relation
amongst torque, phase current and rotor angle. The look-up table based approach to map
non-linear characteristics of the SRM, reduces involvement of the dynamics equations, and
thus reduces the process time. This method is the most accurate method to model a
physical SRM, if precise data of the magnetic as well as torque characteristics are available.

However, it requires a large amount of experimental workout to obtain the motor
characteristics. The accuracy of the model depends on the experimental technique used to
obtain the precise motor parameter as well as on the accuracy of the measuring instruments.

This method is time consuming and costly but, is an accurate modeling technique of the
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SRM. The experimental procedure required to obtain the motor magnetic characteristics is
well explained in [100].
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Figure 3.4 Magnetic characteristics of SRM
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Figure 3.5 Torque characteristics of SRM

This method is suitable to model an existing SRM, where it is required to study the
entire motor performance with high grade of accuracy along with the different types of
converter and control techniques. PC based design and FEA software packages like PC-
SRD and PC-FEA are available, which makes it possible to derive the magnetic parameters
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of the motor from the dimensional detail and winding parameters of the motor. It saves the
time to model a SRM based on look-up table, however it requires a skill to deal with an

available software package.
3.1.2 Method 2: Analytical Modeling Technique

It is possible to develop a mathematical expression to represent the magnetic non-
linearity of the motor with the help of exponential or trigonometric functions. Many modeling
techniques have been published in the literatures to map the magnetic non-linearity in the
form of mathematical equation, where the goal is to determine number of unknown
parameters from the motor parameters with calculations and analytical reasoning [104, 105,
144, 146]. The piece-wise analysis is covered in [146] to connect the fundamental geometry
and turns per phase of the motor with an analytical terminal description.

v(i,0) = 2y (O)[L -l ]+ a5 ()i (3.4)

Equation (3.4) summarizes the magnetic characteristics of the SRM over all the rotor
position and current, where, a;(0), a,(6) and a3(8) are the unknown coefficient needs to be

determined. The derivative of flux represents an incremental inductance as a function of

unknown coefficient as-

16.0)= 289~ —a,(0)2,(0) - +a,(0) (3.5)

Unsaturated phase inductance ‘L’ can be represented as a function of rotor angle as
given below:
L(0) = —a,(6) - a,(8) +a3(6) (3.6)
Equation (3.6) is simplified as,
a3(0) - L(9)
a(0)

It is required to determine three unknown coefficients a;(0), asz(8) and L(8), which

a,(0) = (3.7)

depend on rotor angle. The piece-wise linear models assumed for the coefficients are shown
in Figure 3.6. The angle 8, and 6, refer to aligned and unaligned position of the rotor
respectively. The stator/rotor pole arc is fully covered by the rotor/stator pole arc, from the
rotor angle 6, to the angle 8, and just after 6; pole arcs start uncovering. The angle 6,
represents a position, where both the pole arcs just become fully uncovered. The process of
the determination involves determining all eleven parameters listed in Table 3.1. Seven
parameters are found based on simple calculation, two are based on values from tables and
two are found iteratively. Angular breakpoints are found directly from the motor design
parameter. Inductive constant L. is found from the equation, while determination of Lcomer
and L, require dimensional detail of the rotor and stator pole, to find out the constant from

the table [146]. The magnetization coefficient a;(6,) and a3(8,) are found iteratively. The
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values for a;(6,) and as(8,) are then taken as constant fraction of a;(0,) and L,

respectively. Step by step procedure of finding each parameter is covered in [146].
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Figure 3.6 Piece-wise linear model assumed for unsaturated phase inductance,
magnetization coefficient al and a3, as a function of rotor angle

If all the eleven parameters are known, then coefficients as(8), L(8) and a;(8) can be
found from the simple equations. The MATLAB embedded function is designed to represent
a non-linear relation amongst flux-linkage, phase current and rotor angle approaching
analytical modeling technique. Flowchart of the embedded function design is shown in
Figure 3.7 where it is assumed that, all the eleven parameters are known. The embedded
function provides the value of the flux-linkage for the given phase current and rotor angle.
The design parameters of the motor are listed in the Table 3.2. The magnetization
coefficient, inductance constant and angular breakpoints are derived from the design
parameter of the SRM, as summarized in Table 3.3.

Table 3.1 Eleven parameters needs to be determine

Magnetization coefficient Inductive constant Angular breakpoints
a1(0a) L max 01
az(0,) L corner 0,'
a1(0y) L min 0
as(0y) 0,
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a4(8) = a4(8,)

a3(8) = a3(8,)
L(®) = Limax

—>th

flux60kwsrm  fluxf—>

Flowchart of

Embedded function to calculate

Flux from the angle and current.

a1(8) = m,;0 + a4(8,) - m,,6,
| 23(8) = mMy38 + a3(8,) - M58y
| L®) = my8 + Lz - M8,

a1(8) =a,(8,)

a3(8) = a3(8,)
L(e) = mze + Lcorner' m292

a3(8) —L(6)

= G

W(i,0) = a,(8)[1 — el2®1] + a,(0)i

Where
My = [a1(6a) - a1(6y)/(82-61")
M3 = [a3(6,,) - 83(8,))/(65-64")

my = '(Lmax 3 Lcorner)"(eTe”
m; = '(Lcorner' Lmin)'l(eu'GZ)

Figure 3.7 Flowchart of the embedded function design to represent a magnetic non-

linearity

Table 3.2 Design parameter of 60KW SRM

Motor parameters Value
Shaft radius (Rsz) 0.0143 m
Rotor Back iron radius (R ;) 0.034m
Radius behind rotor pole (Ryn) 0.041m
Width of rotor pole base (W) 0.032m
Rotor radius at airgap (R;) 0.055m
Radial airgap (lg) 0.0002 m
Stator radius at airgap (Rs,) 0.0552 m
Radius at top of stator pole (Rs) 0.082m
Outside radius (R,) 0.1m
Active length (G) 0.3m
Rotor pole arc (6,) 45°
Stator pole arc (65) 32°
Number of rotor pole (N,) 4
Turn per phase (N) 13
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Table 3.3 Eleven parameters of the three phase SRM

Magnetization coefficient Inductive constant Angular breakpoints
a1(0,) = 439.6 mWb L max = 23.68 mH 0, = 6.5 deg
a3(0,) = 177.7pH L corner = 1.19 mH 0,' = 12.83 deg
a1(0y) = 43.96 mwb L min = 0.67 mH 0,=38.5deg
as(0,) =636.5 uH 0, = 45 deg

The magnetic characteristics derived using embedded function is compared with the
actual magnetic characteristics of method-1 in Figure 3.8. The accuracy of the non-linear
function mapping is quite reasonable for the low phase current value. The phenomena of
pole corner saturation and saturation of yoke reduces the accuracy of the mapping, at the
higher current level. The details about motor geometry and winding turns are sufficient for
the analytical modeling technique, however several pre-calculations are required. This
method reduces the time and cost of the modeling technique compared to Method-1, where
it was required to collect a large number of data from experimental setup. The method also
eliminates requirement of experimental skill, which was needed in Method-1. The analytical
modeling method is suitable for the performance evaluation of the power electronics

converter and different control techniques as well as to predict the performance of the motor.

0.5 T : T T T f T
045 SO AN WSS Ot oo e e _'_'___F___* R Method2 | |
e -Angle = 0 deg. - - —— Actual | —
" Aligned - (Method 1)} |

0.4

45 dLl‘,g_ (I_.'na]j.gn;cd)

o - _ | i i
0 20 40 60 80 100 120 140 160 180 200
Current (Amp)

Figure 3.8 Magnetic characteristics of the SRM represented by the MATLAB
embedded function

The electromagnetic torque is a non-linear function of the phase current and rotor

angle, which is due to non-linear magnetic characteristics of the motor. The torque produced
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by the phase of the SRM can be calculated as the derivative of the machine co-energy [85]

as-

Te(i, 0) :%wc (Q,0) (3.8)

where, 'W.' is the co-energy. The co-energy can be obtained from the flux linkage as-
W, = [ (i,0)-di (3.9)
Figure 3.9 shows the torque characteristics of the SRM, calculated from the magnetic

characteristics. The electromagnetic torque can be obtained using equation (3.8) and (3.9).
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Figure 3.9 Torgue characteristics of the SRM, calculated from the equation (3.8)

3.1.3 Method-3: Inductance Based Modelling

The inductance based modelling technique considers non-linear relation of inductance-
current-angle relation to represent a magnetic non-linearity of the SRM, instead of flux-
current-angle relation [48, 94]. The phase winding inductance is a non-linear function of rotor
angle and phase current. The variation of the phase inductance with the rotor position is
expressed by a limited number of Fourier series terms. The coefficients of the Fourier series
are determined by the values of the inductance at the aligned position, unaligned position

and midway position. The non-linear relation between the phase inductance and the current
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is represented by the polynomial functions. The coefficients of the polynomial are derived by
static characteristics obtained from experimental results or finite element analysis. The

dynamic phase equation can be represented as a function of phase inductance as-

Vo =R+ EODT gy iyl 900LOD iy oD, ALOD 5 (3.10)
dt d dt dt dt dt
where 'wn,' is the motor speed in rad/sec, 'i' is the phase current and 'L(8,i)' is the

equivalent inductance of the phase. The leakage inductance and the mutual inductance of

the winding are neglected. The phase equation can be simplyfied further as-

Vo =Rgi+ L(6’,i)%+e(9,i) (3.11)
. dL(,i) .
where, e(8,i) is the back EMF = at o,
The equivalent inductance of the phase is represented as a three terms of the fourier
series as-
L(6,1) = Lo (i) + Ly (i) cos(8) + L, (i) cos(26) (3.12)

and thus the back EMF can be represented by the derivative as-
e(0,i) = —w,, (Ly (1)sin(B) + 2L, (i) sin(26) -i (3.13)
The current dependent coefficients Ly(i), L1(i) and L,(i) are expressed by the three-

order polynomials as-

Ly (i) :%[%(La+ Lu) +Lm]
Ll(i)=%(La— Lu) (3.14)

L, (i) :%[%(La+ Lu)—Lm]

where 'L,' is the aligned position inductance, 'L,,' is the midway position inductance
and 'L, is the unaligned position inductance. The aligned and midway position inductance
are function of the phase current, while the inductance at the unaligned position can be
assumed as the independent of the phase current. The inductances L,,L, and L, are

represented as-

k
L, =L(0=0,i)=> a,i"

m=0
k
Ly =L(O=2i)= b,i" (3.15)
2 m=0
L, = L(0=r.i)

where 'k’ is the degree of approximation. The coefficients, a,, and b, are determined
by curve fitting methods such that, the inductance profile obtained using equation (3.12),

would best fit into the profile obtained experimentally.
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3.1.4 Comparision of the modelling techniques

Both the method-2 and method-3 provide analytical solution to account for the
magnetic non-linearity of the SRM. Method-3 requires experimental data of inductance
profile L(B,i) of the SRM to obtain co-efficient of Fourier series. It provides reasonable
accuracy compared to the method-2, however it requires experimental setup which
increases the cost and time of implementation. Also the computation time of the simulation
model is comparatively high as it involves derivative calculations. This method is suitable to
analyse the performance of the converter as well as to obtain the dynamic performance of
the SRM drive. The method-2 does not require experimental data, however it involves
extensive calculations to derive polynomial coefficients. Even though the coefficients are
computed with good precision, accuracy of method-2 is somewhat less due to error in flux
derivative calculation. The details about motor geometry and winding turn parameters are
required initially. This method takes minimum time and cost to derive the simulation model
as compared to other methods. It gives high accuracy for low current level, while effect of
magnetic saturation reduces the accuracy of the model at the higher current level. The
method can be used to investigate the performance of various converter topologies and
control techniques, which helps in its performance and design optimization. The method-1
accounts for the non-linearity of the SRM magnetic characteristics while it minimizes the
simulation time. This is because it avoids all partial derivatives and utilize a look-up table
which approximates the relation flux-current-position and torque-current-position. However it
requires large number of experimental data, and thus it takes maximum time to derive
simulation model of the SRM. Nevertheless, the method provides highest efficiency among
all other methods, and it also has advantage of minimum computation time which results in
faster simulation.

Thus the look-up table based approach is used in further investigation to develop the
model of the 60KW, 6/4 pole, three phase SRM and also for development of the prototype
SRM of 500W, 8/6 pole, four phase SRM.

3.1.5 MATLAB simulink model of the SRM

The non-linear model of the SRM is derived using method-1. The lookup tables are
used to represent the magnetic characteristics (Figure 3.4) as well as the torque
characteristics (Figure 3.5) of the 60KW SRM. The simulink model of the SRM is shown is
Figure 3.10 where lookup tables 'ITBL' and 'TTBL' store the flux-angle-current and current-
angle-torque relation respectively. The motor model produces the torque and speed for the
voltage applied to the phase. The model of the converter is developed using

'simpowersystem' library components. It is also possible to model various converters and
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control techniques using the simulink library. However, 'simpowersystem' library of the
MALTAB offers flexibility and easy to model a power electronic and power system
components using the node based circuit simulation approach. The main advantage of using
a 'simpowersystem’ library to develop the model of converter is that actual devices used in
the drive system can be modelled quickly because of readily available modules of the power
electronics switches. It offers a great flexibility to study the different converter topologies

and certain practical issues can be clearly understood.

ITBL

3 .
< |
ﬁ Hil - Mechanic

1
TTBL [0 }— v

1
™ 3
! P T Angle pr
3 . /\ Te (M : .
Sum of

3
Flx (v7s)

o
.
Rs Elements L=
1
1 Angle w |
Position sensor _»@

Figure 3.10 The simulink model of the SRM

Two methods are developed to incorporate the model of converter, designed with
'simpowersystem' library, and the model of the motor, designed with 'simulink’ library. The
first method uses the resistive element and the dependent current source from the
'simpowersystem' library to represent a phase of the motor as shown in Figure 3.11 [85,
107]. The switching device in series with the motor phase is not shown for the simplicity. The
node voltage across the motor phase is converted in to the single line signal using the
voltage measurement block of the 'simpowersystem' library, and it is applied to the simulink
model of the motor. The motor model produces current, torque and speed according to the
applied phase voltage. The phase current in the 'simpowersystem' based phase model
depends upon the phase current of the 'simulink’ model. Thus, phase voltage applied to the
phase of the 'simpowersystem' model, results in the production of torque and speed in the
'simulink' model, while at the same time, the phase current of the 'simulink’ model reflects to
the phase of 'simpowersystem' model.

The second method is applicable where the flux-linkage is to be estimated from the
phase current and rotor angle, as in method-2. The resistive element and dependent voltage
source from the 'simpowersystem' library form a motor phase. The phase current is
transformed to the single line signal using ampere meter. The voltage source depends on
the rate of change of flux linkage generated from the embedded function, and thus phase
current is governed by the equation (3.11).
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Figure 3.12 Transformation of the SRM model to be compatible with the
'simpowersystem' model using controlled voltage source

Simulation model of complete SRM drive including motor, converter and speed
controller is developed in the following section using the 'simulink’ and 'simpowersystem'

library components.
3.2 REAL-TIME SIMULATION OF SRM DRIVE

The simulation of the SRM drive is conducted with the RT-lab which is a FPGA based
real-time simulator. The goal is to derive torque-speed characteristic of the SRM drive. An

FPGA based implementation of SRM drive offers advantage of very low computational time
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(250 ns) and minimal hardware-in-loop latency just above 1 us [93]. Thus there is no dispute
that RT-Lab based real-time simulation of SRM drive eliminates the problem of model

latency presence in CPU based approach, and have higher accuracy [26, 93, 152].
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Figure 3.13 Block diagram of closed-loop speed controlled SRM drive
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The block diagram of the closed loop speed control system is shown in Figure 3.13.
The conventional converter (two IGBTs and two diodes per phase) supply the three phase
SRM where hysteresis current controller limits the current. The model has a flexibility to
adjust the advance angle and dwell angle along with the speed control system. The error in
speed is processed through the speed PI controller which generates the reference current.
The reference current is limited to maximum value and is decided by the phase winding
current carrying capability. The difference in current is processed through the hysteresis
current controller which limits the phase current within band of tAiy. It is required to derive
maximum possible torque of the SRM drive which is a function of speed, advance angle and
dwell angle. The complete drive is simulated wusing SRM model and
simulink/simpowersystem library components along with the required RT-Lab block-sets.

The RT-Lab supports automatic code generation and FAPGA implementation of
MATLAB simulation. It uses signal-wire interface which provides high speed real-time
communication between FPGA and dual-core CPU. It identifies the separate simulink model
by the suffix used with the name of the subsystem. The complete system of the simulation is
shown in Figure 3.14. The main subsystem 'SM_srm' contains complete model of SRM drive
while subsystem 'SC_user' provides the user interface to control and monitor the parameters
in real-time via dual-core CPU. Figure 3.15 is simulink model of the main subsystem where
'OpComm’ block is required to communicate with each incoming signals to the subsystem
and 'Analog Output' block accomplishes digital to analog conversion to provide real-time
analog signal. The 'OpCitrl" block configures the analog input/output card. It is configured to
provide the real-time analog output of the current and gate pulse of the phase.
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Figure 3.14 Simulation model of SRM drive

Figure 3.16 shows the complete model of three phase SRM which is derived using
look-up table based approach. It is converted for compatibility with the 'simpowersystem’
library components using current source, as explained. The nodes A1-A2, B1-B2 and C1-C2
represent the six terminals of the three phase SRM which input the voltage from the
converter model. Accordingly it outputs the torque and speed signals. Simulation model of
the asymmetric bridge converter is shown in Figure 3.17 which employs two IGBTs and two
diodes to form a lag of a phase. Constant dc voltage of 200V is supplied across the nodes
V+ and V- while controlled voltage will appear across the node A1-A2. The gate terminal 'g'
of the IGBT controls the ON/OFF state of the switch accordingly whether the signal 'g' is high
('1") or low ('0"). Both the switches of the lag are turned ON or OFF simultaneously to employ
the hard-chopping scheme. Figure 3.18 shows the simulation model of the position
synchronization which generates phase commutation pulses. A signal of rotor angle coming
from the motor model is first converted from radian to the degree. Then the rotor angle is
transformed so that it is modulo 27/N, as each phase inductance has a periodicity of 2n/N,
degree. Where N, is the number of rotor pole. The logic block process the rotor angle which
generates phase commutation pulse for each phase as shown in Figure 3.18. It is also made
possible to adjust the advance angle and dwell angle which in turn adjust the turn-On and
turn-OFF angle of the phase. Simulation model of the PI speed controller is shown in the
Figure 3.19 which processes the speed error and generates the reference current. Figure
3.20 shows the simulation model of the hysteresis current controller where Glin, G2in and
G3in are phase commutation pulses coming from position synchronization block, while G1,
G2 and G3 are gate pulses of the IGBTs. The controller switches ON or switches OFF the
phase accordingly whether the phase current is lower or higher than the reference value by
5A.
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Figure 3.15 Main subsystem which contains model of SRM drive
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Figure 3.16 Simulation model of the three phase SRM
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Figure 3.17 Simulation model of the asymmetric bridge converter

The simulation waveform of the phase voltage and phase current are shown in Figure

3.21 at the speed of 1500 rpm. Figure 3.22 and Figure 3.23 show the speed and torque

response at the speed of 1500 rpm with no-load and with the load torque of 10 N-m.
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Figure 3.20 Simulation model of the hysteresis current controller
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Figure 3.21 Phase voltage and phase current at 1500 rpm with (a) no-load and (b) load
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Figure 3.22 Speed and torque response at the speed of 1500 rpm with no-load
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Figure 3.23 Speed and torque response at the speed of 1500 rpm with load torque of
10 N-m

Figure 3.24 shows the simuink model of the subsystem 'SC_User' which provides real
time monitoring and control of the parameters. It provides flexibility to control the speed,
load-torque, advance angle and dwell angle in real-time. The real-time simulation of the

SRM drive is carried out with the model latency of 10ps.
The experiment is conducted to derive the torque-speed characteristics of the SRM

drive. The actual speed of the motor is measured with increase in load torque while
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reference speed, advance angle and dwell angle are maintained constant throughout. The
speed PI controller compensates the effect of increase in torque by increasing the reference
current. The speed remains equal to the reference speed as far as the current control is
possible. Any further increase in torque results in reduction of motor speed, thus the torque
limit is considered as maximum possible torque. The experiment is conducted for several
speed and advance/dwell angle conditions, which results in torque-speed characteristics
shown in Figure 3.25 and Figure 3.26. It shows that the modification in torque-speed

characteristics is possible to meet the load requirement, via angle control scheme.
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Figure 3.24 Real-time user interface to control and monitor variables

Figure 3.25 shows that the speed range can be increased by increasing the advance
angle, even with constant dwell angle of 35°. But it reduces the maximum torque for the
lower speed. Thus, to provide the wide range of speed and torque with the constant (fixed at
low value to maximize the efficiency) dwell angle scheme, angle control scheme must be
incorporated with the speed controller. Figure 3.26 shows that the increase in advance angle
increases the range of speed without reducing the lower-speed torque, for the constant turn-
OFF angle scheme. It reveals that higher range of torque and speed is possible even with
the fixed angle control scheme by selecting the higher values of advance angle and dwell
angle. The coarse rotor position sensors are enough where the angle control scheme is not
required. Thus, fixed angle control scheme also reduces the implementation cost. However,

efficiency of the SRM gets reduced at some extent, for higher dwell angle. Also, advance
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angle and dwell angel can be fixed to suit the load demand, for the narrow-speed-band

applications.
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Figure 3.25 Measured torque-speed characteristics of the SRM with fixed dwell angle
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Figure 3.26 Measured torque-speed characteristics of the SRM with the constant turn-
OFF angle

The real-time analog current and commutation pulse measured using DSO, are shown
in Figure 3.27. It shows the current and commutation pulse of a phase at several speed and
load conditions. Effect of speed and load torque on the shape of the current can be
observed. It is to be noted that the rate of change of current is reduced with increase in

phase inductance, which results in longer width of commutation pulse.
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Figure 3.27 Waveform of real-time phase current and commutation pulse at the

several speed and load conditions (Current scale is 20 ampere per division)
3.3 PHYSICAL MODELING OF SRM

It is beneficial if the simulation model allows variation of physical parameters of the
motor and considers its effect with the minimum changes in the model. This will help in the
performance investigation and design optimization of the SRM. Look-up table based method

requires the experiment to be re-conducted to obtain the new magnetic characteristics for
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any change in the physical parameter of the motor, which is time consuming and costly. The
inductance based method also requires re-conduct the experiment to obtain the new
inductance profile of the motor with the change in parameters. It also requires re-calculate
the co-efficient of the Fourier series. An analytical method involves extensive calculation to
find the new co-efficient with change in parameters. Likewise, none of the modelling method
allows parameter variation of the motor, and each one is applicable to the specific motor
model only.

A new modelling technique is proposed based on physical model of the system, which
offers many advantages over conventional modelling techniques. The main advantage of the
physical modelling of the system is that, it is able to consider the effect of change in physical
parameters of the system and relations amongst them are clearly understood. The variable

reluctance characteristic of the SRM is utilized to model a non-linearity of the SRM.
3.3.1 Physical modeling of the system

The modeling of the system involves representing a mechanical, electrical and
magnetic system or even a complex interrelation in the form of differential equations or
Laplace transformation. The physical modeling technique is an approach of representing a
system model in the more realistic way, rather than representing a model in the form of only
mathematical equations (input-output relation). The basic concept is to use electrical
elements (resistor, inductor and capacitor) and electrical source from the ‘simpowersystem’
library to represent not only an electrical system, but also to represent a mechanical as well
as magnetic system and their interrelation.

As a simple example, the basic mechanical system having mass, damping and spring
is being considered. The system can be represented in the form of differential equation as-

2
%+ B%+ Kx (3.16)

Where ‘M’ is mass, ‘B’ is friction constant and ‘K’ is spring constant. The mechanical

F=M

system can be represent in a transfer function form as-

X(s) 1
F(s) Ms®+Bs+K

(3.17)

The mechanical system of (3.16) is compared with the following electrical system,
di .

V =LE+ Ri+e, (3.18)

Each term of the equation (3.18) represent a voltage, while each term of the equation
(3.16) represents a force. The comparison shows that, rate of change of displacement
(velocity) is equivalent to the electrical current, mass of the system is equivalent to the

inductor and friction constant of the system is equivalent to the electrical resistor, while term
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‘KX’ represents a opposing force of the spring which is equivalent to the back ‘emf* of the
electrical system. The physical model of the mechanical system is derived in the MATLAB
simulink environment using ‘simpowersystem’ and ‘simulink’ library as shown in Figure 3.28.
The transfer function model of the system is also shown in the figure where M=1000 Kg,
B=50 N-sec/m and K=2. The physical model and transfer function model both represent the
same mechanical system, and also produce-same input-output response as shown in Figure
3.29. The transfer function based model can represent an effect of input (force) on the output
(displacement), while it is not able to give clear view about entire parameters of the system.

The physical model of the system gives clear understanding about effect of entire
parameters as well as feedback effect.

: Displacement
s ' Force P
= 1 X
Force @ . @ 10005 2+50s+2
v Physical model o Scopet
] - .
500 T Kx Transfer function

Mechanical
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l Inductance L = Mass (Kg)
D L Resistor R = Frictiona constant B (N-sec/m)
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@. Voltage v = Force F (N)
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Figure 3.28 Physical model of the simple mechanical system
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Figure 3.29 Transient response of the mechanical system shown in Figure 3.13 to the
step change of 500 N-m
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Figure 3.31 The model of the faraday’s experiment of electromagnetic induction

The physical model of the magnetic circuit can be derived by comparing emf with the
magneto motive force (mmf) as shown in Figure 3.30. The flux is equivalent to the electric
current, while reluctance of the magnetic circuit is equivalent to the resistor. In the
electromagnetic and electromechanical systems, magnetic flux or its change is responsible
for the production of electric current (or emf) or mechanical force (or torque). Any energy
conversion process must involve feed-back effect to endorse the ‘law of energy conversion’,
which can be fulfilled by using controlled voltage source. Faraday's experiment of
electromagnetic induction is considered as an example to represent the model of energy

conversation process from the magnetic system to the electric system. It is assumed that the
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constant source of mmf (Amp-turn) is available to feed the magnetic energy, and the piece of
wired coil is moving (sinusoidal displacement) in the constant magnetic field. Accordingly, an
emf will be induced in the coil. The model of the Faraday’s experiment is shown in Figure
3.31. The rate of change of displacement, amount of magnetic flux and number of coil turns
decides the amount of induced emf. The sinusoidal displacement of the coil is represented
by the ‘sine wave generator’, while the feedback effect of the induced electric current on the
magnetic flux is represented with the help of controlled voltage source. Thus the physical
model of the system can represent the electro-mechanic-electrical system in the more clear
way, so that the process of energy transfer and effect of each parameter can be analyzed
and understood more conveniently.

The DC motor is an example of interrelation of the electrical, mechanical and magnetic
system. However, field flux is assumed to be constant and thus developed torque becomes
a function of armature current. The physical model of the DC motor is shown in Figure 3.32.
The model gives more clear representation of various effects viz. mechanical (motor) speed
on the electrical (back) emf, electrical current on the developed mechanical torque, load
torque and about all the electrical as well as mechanical parameters. The physical model
helps to understand the interrelation and cause-effect amongst all the variables, rather than
representing a system as only input-output relation. The physical model of the SRM is
derived by modeling the non-linear reluctance.
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Figure 3.32 The physical model of DC motor
3.3.2 Physical Modelling of SRM

The principle of operation of the SRM is based on the varying reluctance
characteristics, for which the motor is named as "Switched Reluctance Motor". The variable
reluctance characteristic of the motor is utilized to model the non-linearity of the SRM. The

block diagram of the SRM physical model is shown in Figure 3.33, where main aim is to
derive non-linear flux-current-angle relation from the few design parameters. The SRM has
an independent phase windings wound only on the stator, while rotor has no winding. The
reluctance of the motor depends on the angular position of the rotor unlike the conventional
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motors. The main cause of the reluctance variation is the variation in the airgap with the

Current i /
—p

Flux
SRM Model

[

Number of Dimensional
winding turns data

Rotor angle 6

Figure 3.33 Block diagram of SRM physical model

change in rotor angle. The SRM is represented as an electromagnetic system consisting of

winding, core and airgap in the magnetic path as shown in Figure 3.34, where only one

Core

\

Airgap

\ \ Phase

Winding

Figure 3.34 Magnetic circuit of the SRM

phase is being considered. The phase current produces an MMF (ampere-turn) in the
magnetic core of the SRM. The magnetic circuit of the SRM can be expressed as-

MMF =y -S (3.19)

where, V' is the total flux and 'S' is the total reluctance of the magnetic path. The total
reluctance of the magnetic circuit can be represented as-

S=S,+S,+S, (3.20)

where, 'S¢', 'S, and 'Sy" are the reluctances of stator, rotor and airgap respectively.
The reluctance of the stator and rotor are constant and also much small as compared to the
reluctance of the airgap. The reluctance of the airgap depends on the rotor angle, which can
be expressed as-

2%l

s, - (3.21)
’ Ho - Ag

52



where 'l is the radial airgap, 'Ag' is the cross-section area and 'uo' is the permeability
of the air. It seems that the variation in the reluctance, with rotor position, is an effect of
variation of cross-section area only, because the radial length |, and permeability of the air
Lo both are constant. The cross-section area can be expressed as-

Ag=d-G (3.22)

where 'd' is the width of the rotor pole and 'G' is the active length of the rotor (stator).
The variation of the cross-section area with the rotor position is shown in Figure 3.35 and
expressed as-

Ag =[x+Yy-d(@—-cos(b,)]-G (3.23)
where 'X' and 'y' are constant and needs to be determined and '8.' is electric rotor angle in

radian. The variation of the mechanical rotor position from 6=0 to 6=45, represent a
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—_—
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—»

47(1—»/

Rcftor
Pole

Figure 3.35 Variation of effective cross-section area

variation in the electrical rotor angle form 6.=n to 6.= 2n (for the 6/4 pole machine). The
effective cross-section area Ay is a function of rotor angle and its value is maximum at the
aligned rotor position (6=0°). The effective cross-section area A4 reduces with increase in
the rotor angle, and it becomes minimum at the unaligned rotor position (6=45°). In contrast,
the airgap reluctance Sy is minimum for the maximum cross-section area and vice-versa.

The total reluctance of the motor is expressed as a function of rotor angle as-
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2>1<Ig
> by - d0—cos(@,)]-C

where, reluctance of the magnetic core is neglected. The minimum and maximum

(3.24)

reluctance of the motor are calculated from the value of flux at the aligned and unaligned
rotor position respectively. The value of 20 ampere is considered for the current which is
lower than the high-saturation current. The minimum and maximum values of the reluctance
come out to Spin = 909 Amp-turn/Wb and Spa = 26000 Amp-turn/Whb, respectively. The
value of the constant ‘X’ and ‘y’ are derived from the maximum and minimum reluctance of

the motor respectively. The reluctance of the SRM is expressed as a function of rotor angle

as-
2%l
5= (3.25)
14,[0.04+18-d(1-cos(6,))]-G
T e |
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Figure 3.36 Physical model of the SRM

The physical model of the SRM is derived using equation (3.25) as shown in Figure
3.36, which represents a variable reluctance and magnetic model of the SRM. The model
has phase current and rotor angle as input to generate a flux as an output. The rotor angle
and motor dimensions decide the value of reluctance of the motor, while phase current
decides ampere-turns of the magnetic source. The effect of the saturation is added by
limiting the current at the 25 ampere, which does not affect an actual phase current of the
motor. The magnetic characteristics derived from the physical model of the SRM are shown
in Figure 3.37. The magnetic characteristic of the physical model shows a close
approximation to the actual magnetic characteristics for the unsaturated region. However, in
this model, the flux is saturated even at the unaligned rotor position, because the maximum
current is limited to 25 ampere. Instead of limiting the current, a method is used where flux
saturation effect is transposed to the current saturation using look-up table as shown in the
Figure 3.38. The Figure 3.39 shows the magnetic characteristics represented by the physical

model of the motor. It shows the close approximation of the motor magnetic characteristics
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even at the higher current; however the effect of variation in flux-density with the rotor angle

is not considered.

The results and comparison validate the proposed physical modeling technique of the

SRM. The proposed method of the physical modeling is also applicable for the SRM having

different pole geometry and rating. The summary of the physical modeling is covered in brief

as-

0.45
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0.35

0.05

The simulation of the physical modeling method is fast compared to all three
methods of the simulations.

It involves least calculation and required a minimum data of the motor
geometry.

The modelling technique is more flexible, which reduces the time in case of
changing design parameters or even motor geometry.

It gives more clear understanding of energy transformation from one form to

other, as well as the effect of the parameters.
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Figure 3.37 The magnetic characteristics derived from the physical model of the SRM
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Figure 3.38 The transpose effect of the magnetic saturation to the current saturation
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Figure 3.39 The magnetic characteristics of SRM represented by the physical model

3.3.3 Physical model with virtual realization

The physical model is derived from the geometrical data of the SRM; at the same time
it is also possible to produce the three-dimensional (3D) moving visualization of the motor
with the original aspect ratio. The virtual reality toolbox is introduced in brief which can add a
visualization effect to the simulink model.

The MATLAB offers a 3D animation simulink product, which is a solution for interacting
with virtual reality models of dynamic systems over time. It extends the capabilities of the
simulink software into the world of virtual reality graphics. Complete working environment in
the simulink 3D animation product provided with the additional components. The standard
Virtual Reality Modeling Language (VRML) is being used to create virtual world (3D scenes).
The V-Realm Builder software is used to create and edit VRML code with the MATLAB
software. The Virtual Reality (VR) tool box of the MATLAB can create and define dynamic
system with the simulink model. It is possible to view the moving 3D scenes using the VRML
viewer of the MATLAB. The 3D animation is driven by the signals from the MATLAB simulink
software, and it is possible to change the positions and properties of the objects in a virtual
world while running a simulation.

The 3D animation model of rotor of the SRM is developed, which can run with the
simulation model of the motor. The simulation model is shown in Figure 3.40 while the VRML
editor and viewer are shown in Figure 3.41. The 3D model of the rotor is designed using two
'box' elements and one 'cylinder' element using the VRML editor. The 'VR sink' tool box
provides the interaction to the MATLAB simulink environment with the VRML editor and

viewer. The active length of the motor decides the length of the both boxes and length of the
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cylinder. Two boxes form the four rotor poles, thus width of the boxes is decided by the rotor
pole arcs, while the rotor diameter decides the height of the boxes. The synchronized
rotation of both box simulate the visual effect of the moving rotor. The rotor angle of the
motor from the simulation model decides the rotation of the boxes and thus rotation of the
rotor. This animation gives the 3D visualization of the rotor which is driven by the simulation
software in run time. It is also possible to view the 3D animation of the rotor at any viewing

angle and distance while simulation is running.
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Figure 3.40 Virtual realization simulink model of the SRM

(a)
Figure 3.41 (a) V-Realm Builder and (b) VRML viewer

3.4 CONCLUSION

With the advancement in simulation and software packages it becomes more practical
to model a non-linearity of the SRM with accuracy, ease and time-saving. Implementation of
the standard methods like look-up table based approach and analytical approach, becomes
more convenient. Users have a choice to select a modeling technique based on accuracy,
cost, time and applications. The concept of physical modeling and 3D visualization adds a
new height to the simulation and modeling of the physical system. Modeling of the power

electronics becomes more easy, realistic and practical with the ‘simpowersystem’ library.
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Real-time simulation and FPGA base implementation increase the limit of model latency
which provides an accuracy of simulation for even more complex model and current
overshoot. It also reduces the significant time of simulation. Overall, an approximation of the
physical system comes closer to the real one and thus, to investigate the performance of the

SRM and drive becomes more accurate and ease.

58



Chapter 4: DEVELOPMENT OF LOW COST SRM DRIVE

The low-cost SRM drive is designed and developed in the present work. The ac small
signal modelling technique is proposed for linearization of the SRM model and accordingly
speed PI controller is designed. The performance of the drive is investigated under the open-
loop and closed-loop condition in this chapter. A prototype experimental setup is also

developed with the four-phase, 500W, 8/6-pole SRM to validate the simulation results.
4.1 INTRODUCTION

The main objective of this work was to explore the potential of the SRM for the variable
speed drive and constant speed drive applications. The SRM was developed in 1800s but
apart from the few drive applications they have not been widely applied. The SRM is found
most suitable candidate for the electric bicycle [31] and electric vehicle propulsion
applications [74]. Now, with emphasis on energy efficiency, it is felt by the researchers that
the SRM is ready to take more potential role in applications viz. industrial equipments and
domestic devices. Present scenario is that number of converter and controller modules are
readily available for the medium size (1-75KW) Induction motors and Brushless DC motors,
which reduces the overall cost of the drive. Thus the cost of the SRM drive must be
competitive with a conventional motor drive system. It makes necessary for the SRM drive to
provide the low-cost control solution, nevertheless SRM must require rotor position sensing
and precise phase excitation in addition.

The low-cost SRM drive is developed in the present work which employs one switch
per phase type converter and low frequency PWM controller. The low cost controller, that
provides all the necessary functions of the variable speed drive, is developed for the four
phase SRM drive. The ac small signal modelling technique is proposed for linearization of
the SRM model and accordingly speed PI controller is designed. The performance of the
drive is investigated under the open-loop and closed-loop condition. Both the simulation and
experimental investigations are conducted for the proposed SRM drive. The prototype drive
is developed with the four phase SRM of 500W having 8 stator pole and 6 rotor pole for the
experimental validation. The RT-Lab is used as hardware-in-loop (HIL) controller to
implement the controller for the ease of implementation; however this implementation is also
possible with the fully analog electronics. The position sensing arrangement is developed

using only two optical sensors for the four-phase SRM.
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4.1.1 Prototype four phase SRM

The prototype SRM used is shown in Figure 4.1(b) where the single phase induction
motor is also shown to compare its size with SRM. The power/weight ratio of the SRM is
quite higher than that of the compared IM. The inertia of the rotor is also comparatively lower
than the IM, which is due to their salient pole winding-free structure. The geometry of the
four phase SRM is shown in the Figure 4.1(a). The detail parameters of the prototype SRM
are listed in the Table 4.1.

= 500W SRM

373W IM

L —Bil -z

1 Rl ls A=)

(@) (b)

Figure 4.1 (a) Cross section of the prototype 500W, 8/6 pole, four phase SRM (b)
Photograph of the prototype SRM to compared it in size with the 370W single phase
IM

Table 4.1 Details of the prototype SRM

Motor parameters Value

Rating 500W, 150 V (Phase voltage), 3.5A
Number of phase 4

Number of stator pole 8

Number of rotor pole 6

Winding resistance 4.5 Q/phase

Outer diameter of the stator 90.8mm

Inner diameter of the stator 48.6mm

Outer diameter of the rotor 48.4mm

Inner diameter of the rotor 18.0mm
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4.1.2 Low-cost position sensing arrangement

It is true that precise synchronization of the phase pulse with the angular rotor position
is must for the SRM, but it does not necessitate the use of costly high resolution encoders.
The resolution of the position sensor required is relatively coarse as compared to the
transducer used on a motion control applications. In fact, it needs to have only the same
number of pulses per revolution as the number of rotor poles, because the position sensor
feedback serves only to switch the phases ON and OFF. The high resolution encoder is
required only with the high performance drive applications, where the current profiling, direct-
torque-control (DTC) or torque sharing function (TSF) technique is adopted for the torque
ripple minimization. Further, the high resolution encoder is required if the efficiency
optimization algorithm is utilized for the wide speed and torque range. Simple low-cost
method is used to fulfill the requirement of the position feedback, which employs optical
interrupter on the stator and shutter on the rotor. The physical appearance of the position
sensing arrangement with the schematic diagram is shown in the Figure 4.2. Slotted disk
having teeth symmetrical to the rotor pole is attached on shaft and is in perfect
synchronization with the rotor pole. Two optical light-sources are attached on the stator
assembly, apart from each other at the same angular distance as the dwell angle (30°) of the
motor. Slotted disk allows or blokes the transmission of light emitted by the source which
generates two digital pulses 'L' and 'R’, to decide commutation period of the two sequential
phases 'Phase-3' and 'Phase-4' respectively. The commutation pulses of the ‘Phase-1' and
‘Phase-2’ are derived from the commutation pulses of ‘Phase-3' and ‘Phase4’ respectively
using high speed TTL logic gates as shown in Figure 4.3. Likewise, the low-cost optical
sensing arrangement requires only two sensors to produces the synchronized position
pulses for the all four phases of the SRM. The pulses C; to C, decide the commutation
period of the four phases. The position of the optical light-sources on the stator assembly
and separation between them decide the value of the advance angle and dwell angle. The
desired torque speed characteristics can be achieved by selecting the advance angle and
dwell angle. Figure 4.4 shows the possibility of modifications in the torque-speed
characteristics of the motor by adjusting the position of the optical sensors. The advance
angle is set to the 7.5° while the dwell angle is set to 30° (minimum) by arranging the optical
interrupter, which keeps the turn ON and turn OFF angles to the 22.5° and 52.5°,
respectively. The advancement in turn ON angle ensures the level of current to produce the
required torgue at the instant of increasing inductance, particularly at the higher speed, while
advancement in turn OFF angle reduces the chances of negative torque production during
commutation period. The dwell angle can also be set to the higher value to meet the

requirement of higher torque, but it is fixed to the minimum to have the higher efficiency.
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However, more numbers of position sensors may be used to have flexibility in the torque-
speed characteristics, so that shifting amongst the normal, high speed and high torque mode

of operation is possible.

Optical interrupter

Poxsition Sensor 1 Vor \\\ e R.
L R We—Ty :

-
- > | agk
i “
\&)\ Slotted disk

Figure 4.2 Position sensing arrangement using optical interrupter
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Figure 4.3 (a) Logic used to derive phase commutation pulses from the optical
interrupter’s signals (b) Waveform of synchronized phase commutation pulses
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4.1.3 Low-frequency PWM control

The fixed frequency PWM pulse is combined with each phase commutation pulse
using logic gates as shown in Figure 4.5, where 'G1' is the GATE pulse of the phase-1. The
duty cycle of the PWM pulse controls the phase current and thus torque of the motor. The
frequency of the PWM pulse decides the switching rate of the converter switches. The PWM
frequency can be set to very low value as compared to VFD drives that uses relatively higher
switching frequency to synthesize sinusoidal AC waveform and keep down the harmonic
content. The minimum frequency of the PWM pulse is decided by the maximum speed of the
motor. It is because of the fact that the frequency of the PWM pulse must be higher than that
of the phase commutation pulse for entire speed range. The maximum possible speed of the
motor is the no-load speed with the full voltage. The frequency of the phase commutation
pulse becomes 1.4 KHz at the maximum speed (14000 rpm) as the number of pulses per
revolution is 6. Thus, PWM frequency is set to the 1.67 KHz, that is 1.2 time higher than
maximum frequency of the phase commutation pulse. The switching frequency per phase is
about 8 to 10 times lower than for the equivalent inverter (12 or 18-switched VFDSs) that is
why the term "Low-frequency" is used with PWM control. Switching losses are also 10 times
lower which allows use of the power semiconductors having power rating lower than that in
an equivalent AC drive. On the other hands, inverter of the VFDs tends to run hotter than
that of the proposed low frequency PWM controlled drive, because of appreciable switching
losses.

The RT-Lab is used as hardware-in-loop controller to generate PWM pulses as well as
control part of the SRM drive for the ease of implementation and measurement. However,
many low-cost integrated circuits (IC) have been developed which includes the control circuit
necessary for a pulse width modulating regulator [103]. Thus benefits derived from the low-
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cost PWM scheme include lower RFI, reduced switching losses, less electronics heating and

better system efficiency and cost.
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Figure 4.5 PWM current control strategy
4.1.4 Split DC Converter

The possibility of the one-switch per phase type converter adds benefits in the cost
and efficiency of the SRM drive, since phase-to-phase currents need not be bipolar (or
reversed). The Split DC converter topology preserve one-switch per phase [79], as shown in
Figure 4.6, is used to control the power input to the SRM, and it is more justifiable with the
220V AC supply. The converter configuration also eliminates the risk of shoot-through faults
that can happen in AC inverters, because they have power switches wired in series. Another
benefit of the converter configuration is that motor is able to run continuously with reduced
torque output after loss of a phase. Motor is able to run even with the short-circuited
switching device with the reduced efficiency. The operation of the converter is as under.

One switch and one diode are associated with each phase. The Phase-1 is energized
when switch M; is ON, and current will flow through capacitor C1, switch M; and Phase-1.
When M; is turned OFF, current will continue to flow through Phase-1, capacitor C2 and
diode Dj. In that process, stored magnetic energy of the phase-1 is depleted quickly by
charging the capacitor C2, thus regeneration takes place. Multiphase excitation scheme is
adapted to maximize the torque. At any instant two phases are ON which also minimizes the

torque ripple. In general, alternative phases (1,3 and 2,4) never conduct simultaneously,
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which also helps in balancing the voltage across capacitor C1 and C2. At any instant either
of the two switches or two diodes are ON for regeneration of current. In the phase energized
condition, voltage across particular phase becomes +V4./2, while it is -V4./2 during
regeneration. Figure 4.7 explains the four possible modes of operations of the converter for
the two phase excitation scheme. Mode 1 is an energized mode where switch M1 and M2
both are ON to supply the current to the phase. Mode 3 is a regenerating mode where D1
and D2 both are ON to charge up capacitor C2 and C1 respectively. The Mode-2 and Mode-
4 are the effect of previously conducting phase, which is in regenerating mode before
completion of their commutation period. Mode-2 and Mode-4 are energized and regenerating
mode respectively, when phase-4 is at their last regeneration mode of the commutation
interval. During these modes, three devices are ON at a time. Figure 4.8 explains the mode
of operations using waveforms of phase current, while Table 4.2 summarizes the voltage

across phase during modes of operation. Similar operation follows for all phase.

-~—
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Cl=v,.n»
Phase l%
Bridge ) j_
/\/ Rectifier |Vac T R o
Phase 2 Phase 4-
C2 /= Vg2
M
Gyt J ﬁ 2 G+ J ﬁ M4
o | _

Figure 4.6 Split DC converter topology

Table 4.2 Phase voltage during mode of operation

Sr.No | Mode of operation Phase-1 Phase-2 Phase-3 Phase-4
1 Mode 1 (M4, M,) +Vdc/2 +Vdc/2 0 0
2 Mode 2 (M1,M;, D,) +Vdc/2 +Vdc/2 0 -Vdc/2
3 Mode 3 (D4, D5) -Vdc/2 -Vdc/2 0 0
4 Mode 4 (D4, Dy, Dy) -Vdc/2 -Vdc/2 0 -Vdc/2
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4.2 AC SMALL SIGNAL MODEL OF SRM AND CONVERTER

To evaluate the performance of the SRM drive through simulation, model of the drive
is required. The AC small signal model helps in design of controller of the SRM drive.

The voltage equation of the one phase winding during switches ON can be expressed

as-
- - diTs
Vph = Rylrs + g0 Ko + Lo dt (4.1)
During switch OFF state,
o diq,
_Vph = RSITS + ITSwm KGL + LA (42)

dt

where, phase voltage V' is equal to V4/2, 'Rs' is the phase resistance, 'on,' is the
speed, 'Kg ' is the inductance gradient, 'L,' is the average inductance over one switching
period, 'i+' is the average current over one switching period and 'Ts' is the switching period.
Assuming 'd,' is the duty cycle of the PWM, average voltage applied to the phase winding
during one switching period can be expressed as-

diTs
dt

Vndy —Vg(=dy) = Rgis +irs0,Kg + L, (4.3)

or

diTs
dt

To develop the model, the input voltage, phase current and duty-cycle are perturbed

by small signal about their quiescent operating values. Therefore,
its =1 +0i
d,=D+«
Von :Vph +&/ph
Substituting the values of V,, d, and irs in equation (4.4),

d(l + i)
dt

Linearizing the equation (4.5), gives the ac small signal equation for the motor drive

Von + N )[2(D + &) = 1] = Ry (1 + 1) + (1 + di) o, K + Ly (4.5)

as-

d (i)
dt

Taking the Laplace's transformation, the transfer function of the output current to duty-

260V, + (2D =13V y, = Ry (81) + () Ky + L

(4.6)

cycle 'Gjg = 0i/dd' can be expressed as-
2V,

R + @, Kg +5La

Gig (4.7)
It can be written as-
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Tid

o 4.8
id 1+ S/a)id ( )
where,
2Vph
o “'ph 4.9
Tld Rs +meGL ( )
oy =Rt OnKer (4.10)
I-A

The ramp signal is compared with the control voltage 'V.' to generate a PWM pulses,
where frequency of the ramp signal decides the frequency of modulated wave while the duty
cycle is decided by the magnitude of the control voltage (Vc). Transfer function of the pulse-

width modulator can be written as-

Gom =2 = 1 (4.11)

Where, 'V,,' is the maximum value of the comparator signal. The speed-torque
equation of the SRM can be written as-

1. dw
T, = ?%SKGL =] d—9m+ Baw,, (4.12)

The transfer function of the speed to the current can be expressed as-

_ irsK Kb
_oon(®) _inke _ " % _ % (4.13)

“TN(s)  sI+B ,J 14Ty
B

Transfer function of the PWM controlled SRM drive can be summarized from the (4.7)
(4.11) and (4.13) as shown in Figure 4.9.

V(s)

EE—

i(s) 0 y(S)

d,(s
Gpwm L’ Gg —* G, FH——

PWM Converter SRM
Figure 4.9 Open-loop transfer function of the PWM controlled SRM drive

4.3 DESIGN OF SPEED CONTROLLER

The purpose of desighing a speed controller is to achieve stable and reliable control
with desire transient response and minimum steady state error. Open-loop and closed-loop
controller are designed for the prototype SRM, which have following parameters -

R, = 4.5Q

L, =19.18mH

L, =123.30mH

Oawen = 30°
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KoL = La—by _ 3474103

J =1.21x10"*Kg - m?
B=05x10°N-m-s
@y, =1000

V,, =150 V

V, =1V

The basic requirement of the drive is that the motor should come to reference speed
with minimum overshoot and minimum settling time. Typically, the steady state error of
speed should also be less 1%. To design the controller for desired performance, the
transient response of the drive for a step input of 1 rad/sec both under open loop and closed
loop operating conditions is investigated using the transfer function of the drive system.

37.64

L L 4.14

41450219 (4.14)

P . (4.15)
1+ 50.242

G pum =1 (4.16)

Using equation (4.14)-(4.16), the overall transfer function of the open-loop system is
obtained and is given by,

260 1
© 0.05352+0.461S +1  0.0002038S2 +0.001773S +0.003846

(4.17)

GOL

With the additional gain of 1/260, the open-loop transfer function of the system

becomes-
1
= 4.1
Co = 005387 + 0.4615 +1 (4.18)
37.64 i 6.94 O
P> o
0.219s+1 0.242s+1
Gain PWM Converter SRM

Figure 4.10 Transfer function of openloop PWM controlled prototype SRM drive

Figure 4.10 shows the transfer function diagram of the open-loop speed controlled
SRM drive. The step response of the open-loop system is shown in Figure 4.11, which is an
over-damped system having settling time of about 1.2 second. It shows that, open-loop
PWM controller is suitable for the most of the low cost constant speed as well as variable

speed application wherever precise speed control is not the prime requirement. It is also
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applicable to the low power electric vehicle (E-bike) system where human being is involved

in the process of the speed control. However, to meet the requirement of the constant speed

in all varying load condition and against environment disturbance, closed-loop speed control

iS must.

1

Amplitude
=
N

<
.

Ti;ne

Figure 4.11 Step response of the openloop system with the gain = 0.0038.
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Figure 4.12 Root locus of the openloop system without Pl compensator

The root locus method is used to design a closed loop speed controller, which gives

closed-loop response from the open-loop root locus plot. Figure 4.12 shows the root locus
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plot of the open-loop system. The two grids in the plot show the damping factor of 0.8 and
frequency of 4.5 (i.e 4.5/1sec), which reflects the requirement of overshoot (<5%) and
settling time (<1 sec) respectively. The intermediate gain K, is selected as 0.217 for the
proportional controller to achieve the desire response. Closed-loop transfer function with the
gain K, becomes-

0.217

_ : (4.19)
0.053S“ +0.461S +1.217

GCL

The step response of the closed-loop system is shown in Figure 4.13. It is an over-

damped response and settling time is also less than the required one.
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Figure 4.13 Step response of the closed-loop system with proportional gain K,=0.217

The proportional gain K, is required to be incresed to reduce the steady state error,
which increases an overshoot and settling time. Thus proportional-integral (PI) controller is
used which adds one zero and one pole in the open-loop transfer function. The PI controller
transfer function is expressed as-

" Kp(S +%)

Gpy :Kp+?:Tp (4.20)

The controller adds an asymptote which starts at the origin (pole) and end at the -
Ki/Kp (zero). A fast response corresponds to points on the root locus far left to the imaginary
axis. To determine the controller parameters, different combinations of Kp and K; were
selected and response of the drive was observed. For few combinations of Kp and K; the
response of the drive is shown in Figure 4.14. The overshoot and the settling time for these

controller parameters are given in Table 4.3.
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Figure 4.14 Step responses of the closed-loop system with PI speed controller

Table 4.3 Response of closed-loop system with Pl speed controller

Sr. No Controller Parameters % Overshoot Settling Time (sec)
1 K,=055&K;=11 Overdamped 4
2 Kp=22&K;=44 ) 1.4
3 Kp=41&K;=8 22 3

From the table, it is clear that for K, = 2.2 and K; = 4.4 the response is acceptable.

Thus, these values are selected and the closed-loop transfer function becomes-

Geipr =

22S+4.4
0.0535°% +0.461S2 +3.2S + 4.4

(4.21)

The complete block diagram of SRM drive with the closed-loop PI speed controller is

shown in Figure 4.15, where overall open-loop proportional gain of the system becomes

Kp=2.2*0.038=0.084. The precise simulation model of the prototype SRM drive is derived

using the MATLAB simulink environment.

6.94 Om

s+2 \ dy 37.64
e 0.0038
S 0.219s+1

| 0242541

Speed PI Gain FPWM Converter
Controller

SRM

v

Figure 4.15 Transfer function diagram of the closed-loop speed PI controlled
prototype SRM drive
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4.4 SIMULATION AND MODELING OF SRM DRIVE

Precise model of the prototype SRM is derived using the modeling Method-1 as
described in Chapter 3, which employs look-up table based approach to store the magnetic
characteristics of the SRM. Speed laboratory's PC-SRD software is used to derive the
magnetic characteristics of the SRM from the geometry and the winding details. Figure 4.16
and Figure 4.17 show the magnetic characteristics and torque characteristics of the
prototype SRM, stored as a lookup table. Simulation model of the motor is developed using
‘simulink’ library and then converted to become compatible with the ‘simpowersystem’ library
components, using controlled voltage source (Chapter 3). It provides ease and flexibility to
model a power electronic converter.

The ‘simpowersystem’ library provides ready to available model of the semiconductor
switches like MOSFETS, IGBTs and Diodes with the flexibility to set the parameters to match
with an actual component. The split DC converter employs one MOSFET and one diode per
phase. The ON state resistance and forward voltage drop of MOSFET and diode model are
set according the specifications of the components used; MOSFET IRFP450A and diode
MURZ1560. Thus the simulation model will be more closer to the experimental SRM drive.
However, GATE signal of the MOSFET is driven by the simulink signal which signifies that
GATE circuit is a lossless component and it does not draw any current from the source. The
simulation model of the split DC converter is shown in Figure 4.18 where A1-A2, B1-B2, C1-
C2 and D1-D2 represent four phases of the motor.

PWM pulse is generated by comparing control voltage V. with the fixed frequency
(1.67KHz) ramp signal using simulink library, where maximum amplitude of the carrier signal
V., is equal to 1. The synchronized GATE pulses for the each phase are generated from the
rotor position feedback to set the turn-ON and turn-OFF angles as desired. PWM pulses are
combined with each of the GATE pulse using logic GATEs of the simulink library, before
giving to the GATE signal of associated phase. Likewise, speed of the motor is controllable
through the PWM duty cycle or says control voltage V.. Simulation models of position sensor
and PWM pulse generator are shown in Figure 4.19 and Figure 4.20 respectively. Open-loop
speed control and closed-loop Pl speed control system are also simulated using simulink
library. Figure 4.21 shows the simulation model of the PI speed controller while simulation
model of the close-loop SRM drive is shown in Figure 4.22.

The complete simulation model of the SRM drive approximates to a prototype SRM
drive. It also provides full flexibility to adjust the advance angle, dwell angle, parameters of
PI controller for fine tuning, PWM frequency and load torque. Power electronics converter is
simulated using 'simpowersystem’ library components which realize the converter losses in

the modeled SRM drive. The torque developed is also measured for the different conditions.
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Figure 4.16 Magnetic characteristics of the prototype SRM
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74



440uF T

M1

4.

(R

-4;321\44

(D
Gate Pulses

AND

1.67 KHz

M-

mod

OFF

Figure 4.19 Simulation model of position sensor

PWM duty cycle

G

>
PWM pulse

KTs

Figure 4.20 Simulation model of PWM pulse generator

75

Speed




o
p ||
D _ —> »(1DO
Spl:ed . x{pl/s [ ol PWM
Ref. Speed — duty cycle
Ki

Figure 4.21 Simulation model of Pl speed controller

r

PWM duty cycle

Flux (V*s)

r

Gate Pulses

Phase Current (A)

| 0 F#{Load Torque

Torque (N*m)
v+

RMS
v Speed (rad/s) » 30/pi

SRM Drive

Speed [+

Gate Pulses ONf«— 22.5

OFF [+ 52.5

Position Synchronization

Speed (rpm)[«
Ref. Speed+ 1000

PWM duty cycle
ey Kp 0.005

Ki 0.01
Speed PI Controller

Figure 4.22 Simulation model of closed-loop SRM drive

4.5 IMPLEMENTATION OF SPEED CONTROLLER

Nevertheless, simple analog electronics can fulfill all the requirements of the controller,
RT-Lab, from Opal-RT Technologies, is used as real time hardware-in-loop controller to
implement a control part of the drive for the ease and flexibility. RT-Lab is a real-time
simulation platform that enables real time and HIL (hardware in loop) simulation of
controllers, electric plants or both, through automatic code generation methods. Automatic

code generation enables very rapid deployment of prototyped controllers or HIL-simulated
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plants. The process is notably very efficient when applied to I/0O code because RT-LAB
provides a set of simulink blocks that automatically configure common /O functions, like
analog input/outputs and time-stamping capable digital 1/0s, with a resolution of 10
nanosecond. RT-LAB is equipped with a user-programmable FPGA card. Table 4.4
summarizes the characteristics of FPGA board and Table 4.5 summarize the input output
cards of RT-LAB.

Control/Adjust @ Monitor

PWMduty cycle Z————>  Speed/Torque
PWM frequency E PWM duty cycle
Speed Control Phase current 1
PI controller gain Phase pulse

Implementation

Speed calculation § ggl
PWM
PI Speed Controller RT- LAB

Max. Current Limildr

Split DC
Converter

Analog Output Card

Analog Input Card

F 3 A
Pr.P i ol =1
R-I'L 1-4 el slg
ole [ =k
E1h i
Figure 4.23 Block diagram of experimental setup of SRM drive
Table 4.4 Reconfigurable FPGA board
Model FPGA Bus FPGA | Gate Logic Slices | CLB 1/O Lines
Name Type Clock Cells Flip Flop
OP5142 | Xilinx PCI- 100 SM 74,880 33K 66K 296
Spartan 3 Express | MHz (74K)
X(C38500 1x
Table 4.5 Input-output configuration
[/O Slot | Carrier Type Section A Section B
1 OP5220 0OP5330 Analog Qut 0OP5340 Analog In
2 OP5210-83 0P5311 Digital In OP5312 Digital Out

The implementation of the SRM drive using RT-Lab is shown in Figure 4.23. As shown
in figure, two rotor position signals are applied to the analog input card of RT- Lab. From
analog output card, four gate pulses are taken out and supplied to the MOSFET driver circuit
as shown. The controller is developed in the MATLAB simulink platform, which is converted
and transported to the FPGA of RT-Lab using Opal-RT's compiler RT-Lab 10.3 version.
Each simulink model contain two subsystem as shown in Figure 4.24, where subsystem

“SM_speed_control” contain the model of the actual controller and input/output configuration
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blocks while subsystem “SC_speed_control” is a model which provides user interface for

online parameter control and monitor via PC with the dual core CPU. Internal model of the

subsystems for the open-loop and closed-loop speed controller are shown in the Figure 4.25

and Figure 4.26 respectively, while available user interfaces for each speed controller are

shown in the Figure 4.27 and Figure 4.28.
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SRM Speed Control
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Figure 4.24 MATLAB simulation model of (a)openloop and (b) closed loop speed

control system
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tutnmatically generated by RT-LAB during compilation.
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Figure 4.27 User interface with open-loop speed controller
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Figure 4.28 User interface with the closed-loop speed controller

The circuit diagram of the experimental setup is shown in Figure 4.29, where the

numbers in red color represent a pin number of the each ICs or component. Detail hardware

specification about Opal's RT-Lab is given in Appendix-B.
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Figure 4.29 Circuit diagram of experimental setup
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4.6 RESULT AND ANALYSIS

Experimental results are compared with the simulation results at each stage to analyze

closeness of approximation of the modeled SRM drive to the actual one.

measuring instruments are used to measure, capture and store the data.

High precision
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(b) Experimental (Phase curret : 0.2 amp per division)

Figure 4.30 Waveform of phase current at 1000 rpm

0.905

Figure 4.30 shows the waveform of phase current at the motor speed of 1000 rpm for

the simulation as well as experimental result. The peak value of the phase current is 0.42 A

for the simulation while it is 0.5 A for the experimental. It shows the closer approximation of

the simulation to the prototype SRM drive. Figure 4.31 shows the waveform of input AC

current for the simulation and experimental result. The peak value of the input AC current is

0.7 A for the simulation while it is 1 A for the experimental result. Furthermore, the waveform

of the voltage across the phase is shown in the Figure 3.29. Theoretically, dc line voltage is

325 V for the input of 230 V AC as (230 V x V2). The voltage across the phase is 163 V

during phase excitation and -163 V during freewheeling or regeneration. Likewise, the
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simulation results for the phase current, input current and voltage across phase matched

closely to the experimental results. This validate that the electrical properties of the

simulation model including motor, converter and controller are accurate and reliable to

investigate the performance of the prototype SRM drive.
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Figure 4.31 Input AC current at 1000 rpm
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Figure 4.32 Phase voltage at the speed of 1000 rpm and load torque of 0.618 N-m

The speed response to the step change in PWM duty cycle for the open-loop speed

controller is shown in Figure 4.33. PWM duty cycle variation versus steady state speed at

no-load is plotted in Figure 4.34.
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84



The response of the closed-loop speed PI controller is shown in Figure 4.35. Flexibility

in real-time adjustment of gain, damping factor and settling time is used to achieve the

desired transient response. Accordingly, values of the controller gain K, and K; are fixed to
the 0.005 and 0.01 respectively. Figure 4.36 shows the transient responses of the closed

loop speed controlled SRM drive, to the speed change, where simulation and experimental

responses are comparable.
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Figure 4.35 Transient response with adjustable speed PI-Controller
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The retardation response of the motor is shown in Figure 4.37, where free run time
required to settle down the motor speed to zero from the speed of 1000 rpm is measured
with no-load condition. Experimental and simulation retardation times are comparable, which
validates an approximation of the mechanical parameters, rotor inertia and friction, used in

simulation model.
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Figure 4.37 Retardation response (time required to settle a speed to zero from 1000

rpm)

Efficiency is measured as motor shaft output power divided by electrical AC input
power to the converter thus it includes electronics and converter losses plus motor loss. High
precision single phase FLUKE meter is used to measure the input AC power, current and
power factor, while standard spring balance load arrangement is used to adjust and measure
the torque of the motor. The motor speed is derived as N = f,, x 10, where ‘fon" is the

frequency of the phase commutation pulse. Real-time monitoring of the motor speed is
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possible with the dual-core CPU and RT-Lab based HIL controller. Measured efficiency
versus speed plot is shown in Figure 4.38(a) while the efficiency versus load plot is shown in
Figure 4.38(b). It shows the high efficiency of the drive over wide speed as well as wide load
range. Figure 4.39 shows the plots of no-load power loss and no-load input AC current

versus motor speed.
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Figure 4.38 Measured efficiency of SRM drive versus (a) speed at varying load (b) load
torque at constant speed of 1500 rpm
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Torque speed characteristics of the SRM is derived using RT-Lab based real time

simulation approach as described in Chapter 3, where it was used to derive the torque-

speed characteristics of 60KW SRM. The characteristic is derived for the fixed commutation

angle and with the fixed PWM frequency, which is shown in Figure 4.40.
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Figure 4.40 Torque-speed characteristics of the SRM

The pulsating torque of the SRM is responsible for the acoustic noise production, while
a high frequency switching current also contributes to the same. Frequency spectrum
analysis shows that the level of acoustic noise is less for the low frequency PWM controlled
SRM drive as compared to the hysteresis current controlled drive. Frequency spectrum
analysis of the phase current and motor torque for the PWM controlled drive is shown in the
Figure 4.41 and Figure 4.42. While, the Figure 4.43 and Figure 4.44 shows the frequency

spectrum analysis for the hysteresis current controlled drive.
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Figure 4.41 Frequency spectrum analysis of the phase current with PWM control (1.67
KHz) at 1000 rpm and 0.7 N-m load
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Figure 4.44 Frequency spectrum analysis of torque with hysteresis control (hysteresis
band of 0.2 amp) at 1000 rpm and 0.7 N-m load

The machine analyzer MK-500, from the Kawatetsu Advantech Co. Ltd is used to
measure the noise and vibrations of the motor. Figure 4.45 shows the measured noise and
vibration of the SRM versus speed.

Torque ripple of the motor is measured using RT-Lab based real-time simulation

approach and is given as-

Trmax — Tmin (424)

Tripple = T

avg

where Tna' is the maximum torque, 'Tnyi,' is the minimum torque and T, is the
average torque over one electrical cycle [124]. Figure 4.46 is the result from the real time
simulation of the motor which shows the waveform of phase current, current through the
MOSFET, diode current and phase pulse. The motor speed, load torque as well as PWM
frequency affect the amount of ripple in torque. Figure 4.47 shows the plot of torque ripple
versus motor speed, while Figure 4.48 shows the plot of torque ripple versus load torque.
Amount of torque ripple is reduced at the higher speed as well as for the higher load torque.
Torque ripple response with the higher PWM frequency is plotted in Figure 4.49, which
shows that the torque ripples are reduced with the higher switching frequency. Figure 4.50
shows the waveforms of the motor torque over one electric cycle for the varying conditions of
load torque, speed and PWM frequency. The variations in motor developed torque with
change in speed are shown in Figure 4.50(a) ,(b) and (c), for the constant load torque and
PWM frequency. The variations in torque with change in load torque changes are shown in

Figure 4.50(a) ,(d) and (e), for the constant speed and PWM frequency. The variations in
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torque with change in PWM frequency for the constant speed and load torque are shown in
Figure 4.50(a) ,(f) and (g),.
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Figure 4.45 Measured (a) vibration and (b) noise response of the motor
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4.7 CONCLUSION

Rotor inertia of SRM is very low because of salient pole type construction which leads
to lower weight and smaller size compared to conventional AC and DC motor and thus the
response of the drive is fast enough. Motor provides higher torque compared to dc and
induction motor at all speeds. Furthermore, starting torque can be made very high without
the problem of excessive inrush currents. The controller of the SRM has the benefit that it
does not need a bipolar (reversed) device because torque is independent of direction of
current. In addition, the converter allows two-phase excitation at a time which reduces the
ripple in the torque as compared to the single phase excitation scheme.

The analysis shows that the amount of acoustic noise production is less for the
developed low frequency PWM controlled SRM drive as compared to the hysteresis
controller. It also reduces the switching losses of converter which makes it easier and
convenient to cool. The SRM drive offers high efficiency over wide speed range and even
with the partial loading condition. The result shows that the developed SRM drive achieved
the efficiency up to the 92%. Comparing with VFD based induction motor drive; the
implementation cost of the proposed SRM drive is quite low. The performance to cost ratio of
the developed SRM drove is quite high.

The investigating shows that the amount of torque ripple is depended upon the speed,
load torque and PWM frequency. It is observed that the amount of torque ripple, with the no-
load condition, is found 7.5 at the speed of 2000 rpm while it reduced to 2.8 at the speed of
10000 rpm. The amount of torque ripple, with the constant speed of 3000 rpm, is found 5.6
at the no-load while it reduced to 1.7 at the load torque of 1.5N-m.
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Chapter 5: SENSORLESS CONTROL OF THE SRM DRIVE

The fixed-angle control scheme with the coarse position sensor fulfils all the
requirements of variable speed drive, as described in previous chapter. However, a high
performance drive requires high resolution position sensor to implement angle control
scheme. An absolute encoder or resolver is used, in general, to obtain precise position
information, which increases cost of the drive significantly. Different sensorless rotor position
estimation techniques of the SRM are explored in this chapter which eliminate the
requirement of mechanical position sensors. The flux linkage based technique is
investigated in detail in the present chapter. The fixed-turn-off angle method is developed
which makes use of minimum magnetic characteristics data to obtain coarse position
information. ANN based sensorless method is also developed which provides rotor position
information with accuracy and resolution. Further, an analytical method of rotor position
estimation is proposed and developed which provides good accuracy of estimation without

imposing burden of heavy computation and storage space on the processor.
5.1 INTRODUCTION

The high performance motor drive and motion control applications demand ripple free
torque, precise speed control and optimized efficiency. It makes necessary to incorporate an
optimized angle control scheme or one of the torque control algorithms like TDF(Torque
Distribution Function) [33], TSF(Torque Sharing Function) [34] or look-up table based current
profiling [64]. All these methods require an accurate rotor position feedback system, while
low cost and low resolution arrangement like hall sensor or optical sensor together with the
slotted disk is not suitable. Thus, high resolution mechanical sensors like absolute encoder
and resolver are normally used to supply the position information. However, there has been
enormous attention in eliminating the mechanical position sensor for reducing the cost,
overall physical dimension and weight which also increases the reliability of operation in all
environmental condition. A good number of sensorless rotor position estimation techniques
have been proposed by the researchers over the last two decade [4, 39-41, 43, 50, 52, 58,
65, 72, 91, 92, 97] that include state observer [91, 43, 65], active probing [4, 58, 50],
modulates signal injection [40, 41], flux-linkage based method [92] and current waveform
monitoring technique [111, 50].

In the state observer method the model of the complete system is simulated
simultaneously with the real system. The model generates a current for the applied voltage,
which is compared with the actual system current. The current error adjust the gain for the

three state variables; flux, speed and position. Literature shows that the linear model of the
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observer has been used for the simulation [91] for simplicity, while non-linear model of the
observer has also been presented [43] along with the experimental results. The observer
based method offers high resolution position estimation but its practical implementation is
quite complex. The sliding mode based observer has been appeared in literature [65] which
reduces the complexity of the model. Past investigation of the state observer based
sensorless method [50] shows that the accuracy of this method depends upon the
mathematical model and computational power of the hardware. This method uses
mathematical model of complete system including mechanical load, thus application of the
designed observer model is fixed for the particular system. The real-time implementation
requires complex algorithm, extra circuitry and significant amount of stored data. It greatly
increases the implementation cost and speed limitation is imposed by hardware due to
computation burden.

In the active probing method, the high frequency probing pulses are injected into the
non-conducting phase. The magnitude of the injected current pulses are kept low to reduce
the negative torque production as compared to the active torque of the motor. The phase
inductance is estimated from the peak value of the probing current which is inversely
proportional to the inductance. The rotor angle for the estimated phase inductance is found
from the relation of rotor position versus phase inductance stored as look-up table. The main
advantage of this method is that it is applicable at standstill. However, it is difficult to
implement the method for a high speed operation because there is a little time for probing
the pulse. Another problem that arises in the implementation is that it is very sensitive to the
mutual inductance, as the current of the active phase induces voltage in unenergized
phases, which distorts the probing pulse. It is also required to have prior information about
phase inductance as a function of rotor position. The variation in the phase inductance is flat
near-to the unaligned position, thus it is difficult to estimate the rotor position in this region.
The major drawback of the method is that it deteriorates the efficiency of the drive because
of negative torque production by the probing pulses.

The modulated signals, used in communication systems employing techniques like
frequency modulation, amplitude modulation and phase modulation; are used to estimate the
phase inductance of unenergized phase [40, 41]. In [40], an unenergized phase is
connected to the oscillator which is designed such that the frequency is inversely
proportional to the phase inductance, and by measuring frequency, inductance is estimated.
Also, the sinusoidal voltage with the fixed frequency and amplitude is applied to an
unenergized phase via resistor [41]. The inductance is measured by detecting change in
phase displacement between voltage and current. The method is applicable at standstill and
offers reasonably good accuracy. This method suffers due to mutual effect of energized

phase, speed limit and requires knowledge about the specific inductance of the phase. The
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method requires a multiplexer to connect and disconnect the modulator from the power
circuit. The external modulator and isolation circuit increases the cost and component

required compared to previous method.
5.2 FLUX-LINKAGE BASED SENSORLESS ROTOR POSITION ESTIMATION

Flux-linkage based sensorless method is the most accurate sensorless method because it
uses an actual motor magnetic characteristic to estimate a rotor position. Lyons made use of
magnetic characteristics of the SRM first time in 1991 to estimate the rotor position [92]. The
method use a set of magnetization curves stored in a multi-dimensional table. The basic
theory of the flux-linkage based sensorless method is based on the fact that, the magnetic
characteristics is a three dimensional non-linear relation amongst current, flux-linkage and
rotor angle, thus if any of the two variables are known then the third can be found from the
stored magnetic characteristics. A typical magnetic characteristic is shown in Figure 5.1

where few magnetic curves for different rotor position are shown for the simplicity.
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Figure 5.1 Magnetic characteristic of the 60KW 3-phase 6/4 pole SRM

High resolution rotor position estimation requires large number of magnetic curves to store. It
is to be noted that half an electrical cycle is enough to represent the complete magnetic
characteristics of the motor from the unaligned to aligned position because unaligned
position is a case which occur at the middle of the electrical cycle for the regular motor. The
magnetization curve at unaligned position is the straight line while at aligned position it

shows two deflections, one at current of 40 amperes and other one at 250 amperes. First
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deflection is mainly due to magnetic saturation of the stator and rotor pole corners and
second deflection is due to magnetic saturation of the stator and rotor core (yoke). The large
numbers of magnetic characteristics are stored as 3-dimentional look-up table where phase
current and flux-linkage are used as indices to find the respective values of the rotor
position. The flux is calculated using (5.1). The block diagram of the sensorless method is
shown in Figure 5.2. The rotor position can be derived from the instantaneous values of
phase voltage and phase current as the flux-linkage can be derived from the phase voltage

and phase current.

w(®) = [ (Vgn —ipnRs)dt (5.1)
Flux Phase Voltage _
Magnetic Angle 6 Hp Rotor Position ngle
C”w, Characteristics Phase Current . Estimation

Figure 5.2 Basic block diagram of the flux-linkage based sensorless method

This method requires experimental setup and takes time to measure the magnetic
characteristic of the motor for the range of position [100]. The accuracy of the position
estimation depends up on the stored data, that means more data is required for higher
resolution. The rotor position can be estimated from the active phase only which might be
used to commutate the same conducting phase or to energize the succeeding phase.

Performances of the following flux-linkage based sensorless methods have been
investigated using simulation analysis.

» Fixed turn off angle method
* ANN based sensorless method
* An analytical method

The fixed turn-off angle method of rotor position estimation is proposed which store
only one magnetic curve instead of all rotor position. The method gives the coarse rotor
position, which decides the turn-OFF instant of the conducting phase. The ANN (artificial
neural network) is used to represent magnetic characteristics of the motor in the ANN based
sensorless method. An analytical sensorless method is proposed which store two magnetic
curves, one at mid position and the other at aligned rotor position. The method reduces the
significant amount of stored data to estimate continuous rotor position.

The simulation model of 6/4 pole three phase SRM is used with conventional bridge
converters and hysteresis current controller to investigate the performance of the sensorless

methods. These methods are described in detail in the following sections.
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5.2.1 Fixed turn-off angle method

The block diagram of the fixed-turn-off angle sensorless method is shown in Figure
5.3. The magnetic curve at the reference rotor angle 85° is stored as a look-up table. The
reference rotor angle is selected to provide advance phase commutation. The phase voltage
and phase current are measured continuously, from which an instantaneous flux for each
phase is calculated in real-time using (5.1). The phase current is used as an index to
generate the reference flux v from the look up table. The calculated flux ., is compared
with the reference flux s, which generates a flux difference 4. The commutation logic
block generates an individual phase commutation pulse from the flux difference.

Phase pulse
——» A

Voltage
Flux Yeal

. Calculation

Commutation
Logic

Stored
magnetic curve
at 85°

Current Y/
V//4

Y

Figure 5.3 Block diagram of fixed turn-off angle method

Comparator

Vdifz — >0 AND Phase 1
Wdiff3 ——| > -0.08
Vdiffs ——» >0 AND Phase 2
Wdiffl —| > -0.08
Vdiffl —— >0 AND Phase 3
Wdiff2 ——| > -0.08

Figure 5.4 Commutation logic of the fixed turn-off angle method

It is assumed that the initial rotor angle is 45° (unaligned position). If the phase-1 is
excited at an unaligned rotor position then the difference between .y and vy, becomes

maximum, which reduces as rotor moves toward aligned position. The vy becomes zero at
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a reference rotor angle that is 85°. The flux difference increases again with further increase
in rotor angle that is from 85° to 90°. However, the conducting phase is commutated when
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Figure 5.5 Waveform of (a) flux difference and (b) commutation pulse of each phase

v becomes zero and subsequent phase is turned ON at the same time. Thus the phase
conduction is advanced by the same degree as the commutation advance. The flux

difference of the commutated phase is zero as y.u and vy both are zero. If the conduction
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sequence is assumed to phasel-phase2-phase3, and flux differences for the each
respective phases are ygir, Va2 @and iz, then the phase-1 is commutated and phase-2 is
excited at a condition w gi; =0.

The logic of commutation is implemented as shown in Figure 5.4. The comparator
output is logic ‘1’ if the specified condition is TRUE else ‘0’. The waveforms of flux difference
and phase commutation pulses are shown in Figure 5.5. At the instant when only phase-2 is
ON, the yqir is Nnegative which approaches to zero as rotor angle increases, while g and
Wiz are zero. At an instant, when g, IS close to zero (>= -0.08), phase-3 will turn ON as
both the inputs of the AND gate are at logic ‘1’. Consequently 43 becomes negative which
dissatisfies the condition for phase-2 to remain ON. Likewise, each respective yg turns ON
the succeeding phase and self commutates as shown in Figure 5.5.

The waveform of the flux, phase current and torque are shown in Figure 5.6 for the
sensorless operation of the drive. The result shows that the method gives the same
performance as provided by the coarse mechanical sensors like Hall Effect and optical
interrupter.
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Figure 5.6 Waveform of the flux, phase current and torque at the speed of 1500 rpm

The method is simple, cost effective and easy to implement as it does not involve any
complex computation and require very less amount of data to store. The method also offers
high accuracy with the wide speed range operation.

The angle control and multi-phase excitation are not possible. However reference
angle can be selected to achieve desire phase advance. More than one magnetic curves
can be stored to have flexibility in selecting mode of operations like low speed, medium
speed or high speed. The dwell angle cannot be increased which deteriorates the peak
torque capability in high speed operation.

The method is suitable for the applications where the use of a mechanical sensor
seems to be unreliable due to harsh environmental conditions.
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5.2.2 ANN based sensorless method

The ANN technique is applied to estimate the continuous rotor position of SRM. The
ANN forms a very efficient mapping structure which utilizes to map a non-linear magnetic

characteristic of the SRM.

5.2.2.1 An introduction to ANN

Artificial neural networks are composed of simple neuron operating in parallel which
inspire from the operation of the human brain [60, 163]. Figure 5.7 shows the model of
simple neuron introduced by the McCulloch & Pitts which compose of inputs X; & X,
weights W; & W, bias 'b', summing function and activation function. Weights can acquire &
store the experimental knowledge which also called synaptic weights because its function is
identical to the synapses in biological neuron. The activation function is used for limiting the
output of a neuron while the bias has the effect of lowering the net input of the activation

function. Mathematically it can be described as follow.

Net = X; xW, + X, xW, +bxW, (5.2)
Output = f (Net) (5.3)
X
Wi
Net [ Activation Output
W, Function
X2
Wh
b

Figure 5.7 Simple neuron model

Process of acquiring knowledge is called learning or training which required large
number of input and target output patterns. Figure 5.8 shows typical learning process of the
neural network. The first pattern of input and targeted output is applied by selecting the initial
weights randomly. Calculated output for this input pattern is compared with the applied
targeted pattern which generates an error. The weight adjustment mechanism modifies the
current weight to reduce an error. Modified weights are used for calculating the output for the
next pattern of input and compared with the next pattern of targeted value, which generates
the new error and modify the weight again. The process goes on until results are get
satisfactory. The ways that neurons are interconnected, categorizes the neural networks in
different type. Different learning techniques are also published which may associate with

some particular type of the neural network. Choosing an appropriate activation function is a
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vital part of the designing a neural network. Neural networks are capable to solve different

types of problems mainly function approximation, pattern reorganization and classification.

Target

Input . Activation
Function

Weight Adjust
Mechanism

Figure 5.8 Learning process of the neural network

5.2.2.2 Neural Network Design for rotor position estimation

The neural network is designed to estimate a rotor angle from the applied phase
current and flux linkage for 6/4 pole three phase SRM. Basically, ANN replaces the stored
multidimensional look-up table from the basic flux-linkage based method by providing a
complex mathematical structure to represent a non-linear magnetic characteristic of the
SRM. Accuracy of the mapping function depends upon preciseness and amount of data
available to train the neural network. The training is done offline which requires having
magnetic characteristics of the motor. Magnetic characteristic with the 46 magnetic curves at

an angle difference of one degree is used to train the neural network.

Input Hidden Layer

Output Layer ' Output
1 tan-sigmoid |

1 Flux ¥

Linear !

2 Current i

~ )| Rotor
T "Angle

Figure 5.9 Feed-forward neural network structure

The feed-forward neural network structure is used as it found useful for most of the

function approximation problem [163]. The structure of neural network used is shown in
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Figure 5.9 which has two inputs and one output, while there is one hidden layer and one
output layer. The tan-sigmoid transfer function and linear transfer function are used as
activation function of the hidden layer and output layer respectively. Sixteen neurons are
preferred for the hidden layer for the given problem. More neuron in the hidden layer allows
the network to solve more complicated problems, but more neuron requires more
computations. Number of neurons in hidden layer is decided after covering some simulation
experiments with different number of neuron for the present problem. Feed-forward neural
network is designed & trained using ‘nftool’ of the MATLAB [62].

The Levenberg-Marquardt technigue is used as a training algorithm which reduces the
training time as compared to back-propagation technique [97]. The required training data is
available in term of 46 magnetic curves. Total data is divided in to two vectors called input
vector of the dimension 2x4646 and the target vector of dimension 1x4646. The input vector
represents the flux linkage and current while output vector represents the rotor angle 6. Input
vector and output vector are randomly divided in three sets such that 70% are used for
training, 15% are used to validate that the network is generalizing and to stop training before
over-fitting and 15% are used as a completely independent test of network generalization.
During training, all the input vectors to the network appear at once in a batch. One can also
change the training style to present the input vector one at a time. Training is stopped when
validation error increase for six continuous iteration which occurred at 678 iteration. Figure
5.10 shows the training performance which is a plot of training error, validation error and test
error. It shows that final mean square error is small, while test set error and validate set error
have very similar characteristic and no significant over fitting has occurred by iteration 672
where the best validation performance occurred. Figure 5.11 shows linear regression
performance of the trained neural network between network output and corresponding
targets. It shows that the output tracks the targets very well for training, testing and validation
and the R-value is over 0.99 for the total response. Result of training performance and
regression performance dictate that response of the neural network is satisfactory and it is
ready to estimate rotor position for any input vector. Since network model and simulink
model of the neural network is generated, weight matrix of the hidden layer and output layer
for the generated neural network are (5.4) and (5.5) respectively where bias b=1.

Input vector [2x4646] is applied to the designed neural network to generate the
estimated rotor position as an output [1x4646]. Figure 5.12 is a three dimensional plot of the
magnetic characteristics which shows the comparison between actual magnetic
characteristic of the motor and the magnetic characteristic represented by the designed
ANN, where only 10 magnetic curves are shown for simplicity. It shows that the magnetic

characteristic of the motor is mapped with good accuracy by the designed ANN.
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Best Validation Performance is 1.4687 at epoch 672
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Figure 5.10 Training performance
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Figure 5.11 Performance analysis of the trained neural network
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Figure 5.12 Three dimensional view of the actual magnetic characteristics and the
characteristic represented by the ANN

Figure 5.13 shows the

two dimensional views of the magnetic characteristics

represented by the designed neural network. These characteristics are also compared with

each ones in the same figure. These characteristics show the high accuracy of the mapping

over full range of rotor angle. However, angle-flux and angle-current view of the

characteristics show that the accuracy of the mapping is somewhat low at very low value of

flux, i.e below 0.02 (V.s), at very low value of current and also close to the aligned rotor

position, i.e from 85° to 90°. The effective region is defined as the region of the mapped

magnetic characteristic where the accuracy of the estimated rotor angle is of more concern.
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Figure 5.13 Two-dimensional view of the magnetic characteristic
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The effective region is derived based on general requirement of commutation process.
The phase commutation logic is derived from the estimated rotor angle. However, all the
estimated rotor positions are not required to generate commutation pulse. The basic
requirement of the commutation process can be summarized as follow.

1. The rotor position from the active phase is required to turn ON the next subsequent
phase and to commutate the current excited phase.

2. ltis required to commutate the excited phase, slightly before the aligned position of
the rotor, to prevent the negative torque production during current freewheeling or
regeneration mode.

3. The phase commutation needs to be done little bit in advance to ensure the
appropriate level of current to produced desire torque.

The first statement is applicable to all the flux-linkage based sensorless techniques.
Other two statements are general requirement of the SRM drive. It all dictates that the rotor
position at close to the unaligned position and at very close to the aligned position are not
used in the commutation process. It also reflects that the rotor position estimated during
phase transaction will also not be used for the commutation where magnitude of current and
flux are relatively low. Figure 5.13 shows that the accuracy of the estimated rotor angle is
good at all range of angle-current for the effective region.

5.2.2.3 Simulation of ANN based sensorless SRM drive

The simulation model of the designed ANN is used along with the simulation model of the
three phase SRM drive to obtain the performance of the complete sensorless SRM drive.
Block diagram of the ANN based sensorless scheme is shown in Figure 5.14, where ANN is

Voltage
Flux /AN Phase pulse
_| Calculation V//4 " . A
> ‘ ANN C onznu.tatlon B
i R ogic C

Current y/4
/4

Figure 5.14 Block diagram of ANN based sensorless method

used to estimate a rotor position from the calculated flux and measured current. The
estimated rotor angle is compared with actual rotor angle in Figure 5.15. Figure 5.16 shows
the waveform of flux, current and torque while motor is running at the speed of 1500 rpm and
with the load torque of 15 N-m. The result shows that the ANN based method provides good
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accuracy of estimation. Thus, this method can be used to replace the resolver or absolute

encoders to provide the rotor position information required for the commutation process.
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Figure 5.15 Error in rotor position estimation
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Figure 5.16 Waveform of flux, current and torque at the speed of 1500 rpm and load
torque of 15 N-m

The continuous rotor position estimation is possible with the ANN based sensorless
method. It offers high accuracy of the rotor position estimation and that of the commutation
process. Both the advance angle control and dwell angle control are possible. The method is
suitable for the application that requires precise speed control. It is also suitable where the
wide range of speed-torque is required, which demands variation of advance angle and
dwell angle to adjust a speed-torque characteristics. However, implementation of the torque
control or optimum efficiency algorithm does not allow the phase transaction error in rotor
position. An additional ANN based flux estimator can be used to eliminate the error, which

estimates the flux from the estimated rotor angle and measured phase current [97]. The
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difference between estimated flux and calculated flux can be used to compensate for the
angle error.

The accuracy of the estimation can be increased with larger amount of training data,
however it increases the training time. Also, it requires more time and cost to obtain the
magnetic curves at more precise rotor angle. The accuracy of the feed-forward neural
network can be increased by selecting the higher number of neurons for hidden layer;
however it increases the complexity, and demands higher computational capability. It is to be
noted that the relation between accuracy of the mapping and numbers of neuron is not a
linear. Thus selection of training data and numbers of neuron are the key feature of the

method which should be decided according to hardware capability.
5.2.3 An analytical method of rotor position estimation

A method of continuous rotor position estimation is proposed in the present work to
reduce the computation burden and an amount of data to be stored. It connects the
magnetic characteristic of the motor to an analytical expression to estimate the rotor
position. The block diagram of the sensorless method is same as an ANN based sensorless
method, except that an analytical expression is used to derive the rotor angle from the input

flux and current, instead of neural network.
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Figure 5.17 Magnetic curves at an aligned, unaligned and mid rotor position

The method requires only two magnetic curves to store, one at mid rotor position
(67.5°) and other at aligned rotor position (90°). Expression for the rotor position estimation
is derived from the physical reasoning about distribution of flux-angle over current range.
Figure 5.17 shows the required magnetic curves of the motor. At low current level (below
saturation), small flux difference represents a large angle difference, while at the higher
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current level, (after saturation) the flux difference is comparatively large to represent the

same angle difference. The aim is to map a distribution of flux difference over e

range, using a simple mathematical algorithm.
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Figure 5.18 Block diagram of rotor position estimation using analytical met

hod

Figure 5.18 shows the block diagram of analytical method of rotor position estimation.

Similar to previous method, all phase currents and voltages are measured continuously, and

flux is calculated online. The current is used as an index to find the flux y(i)go
from the stored magnetic curves. Mapping factor a(i) represents the ratio of ang
and flux difference as a function of current, and is expressed as-
. 90-67.5
ai)=—-: .
w(i)oo — ¥ (Ders

1000

and y(i)e7s
le difference

(5.6)

OO0 | e

FoL00]  ER L RO OO T OO T TP O PO PO Ot TS U T O OU OO O TS O PO OT O T TSt PO OU T DT OO TT OO P OU PO STV O PUU P PUOR ORI

600

Mapping factor alpha (i)

200

100

0 | | | | |

70 O 0t U O OO SRR

0 50 100 150 200 250
Current (Amp)

Figure 5.19 Variation of mapping factor a(i) over current

300

Mapping factor a(i) maps the nonlinearity in the relation of flux difference versus angle

difference as function of current. The plot of mapping factor versus current

is shown in

Figure 5.19. The Flux y(i)e75 is taken as reference which is compared with calculated flux to
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generate flux difference yqs. The rotor angle is estimated form the mapping factor a(i) and
flux difference y g as-

0 =675+, -a(i) (5.7)
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200 300

Current i (Amp) ———p
Figure 5.20 Magnetic characteristic mapped by an analytical equation

The equation (5.7) revels that the magnetic curves for the rotor angle 45° to 90° are
distributed in equal segments. Figure 5.20 shows the difference between actual magnetic
characteristics and that mapped by an analytical equation. Further, an analytical equation
produces a zero error in estimation at an angle 6 = 67.5° as yg iS zero, and at 6 = 90° as
Yair IS maximum. The respective positive and negative errors are present at the rotor
positions below and above to the reference position.

Simulation results of an analytical sensorless method are shown in Figure 5.21 where
motor is running with minimum dwell angle of 30°. It shows the difference between actual
rotor position and position estimated by an analytical method at a current of 50 A. The error
is zero at an angle of 67.5° while it is progressive in nature with increment/decrement of the
rotor angle.

The rotor angle error is good enough to provide the continuous rotor position which
can be used for the adjustment of advance angle and dwell angle. The method offers low
cost and easy to implement solution for the rotor position estimation. It is suitable for the
applications which require flexibility in torque speed characteristic. The method is not
suitable to incorporate efficiency optimize algorithm and torque control scheme as they

require precise position information throughout the electric cycle and for the entire range of
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speed. However, the error in estimated position is almost linear in nature, which can be

easily compensated over linearized current.
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Figure 5.21 Comparison of estimated rotor angle and actual rotor angle

The error in estimated rotor angle can be compensated as-
Onew = Oost +AO (5.8)

where '8¢’ is the estimated rotor angle, 'A6' is required correction in angle and '0,e,' is
the corrected rotor angle. The required correction A8 is a function of estimated rotor angle
B.t and phase current, however the effect of current is negligible compared to the rotor
angle. Even, assuming constant current (i=50 A), the dependency of A8 on estimated rotor
position is not linear. One possible solution is to store the relation between A8 and 6 in a
look-up table. Instead of storing relation in a look-up table, higher order polynomial method
can be used for the curve fitting. The non-linear relation is linearized over four segments of
rotor angle, as shown in Figure 5.22(a). The first section represents a small linear region
where negative error increases with increase in rotor angle, thus it requires positive
correction as rotor angle increase. After that error reduces linearly increases up to the mid
rotor position, thus required correction is added as shown in section-2. Likewise the linear
correction is added in section-4. The correction AB is added as a function of square of the
current in section-3. Consequently, the corrected rotor angle is shown in Figure 5.22(b)
which is a function of estimated rotor angle.

Figure 5.23 shows the simulation result of the analytical sensorless method with the
compensation in estimated rotor angle. It shows that the accuracy of the angle estimation is
reasonably good to incorporate with the efficiency optimization technique and torque control
algorithms. The Figure 5.24 shows the error in estimation of rotor angle at the higher current

(speed) than the compensator is designed for.
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Overall the analytical method offers a simple and effective solution to the rotor position

estimation which also considers a magnetic non-linearity of the motor.
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Figure 5.23 Estimated rotor angle after correction at the speed of 1500 rpm

116



100 _ :

— Actual Angle
¥i| ——-Estimated Angle

Rotor Angle(Deg)

Angle Error

30 i \ \ \ i i \
%.672 0.674 0.676 0.678 0.68 0.682 0.684 0.686 0.688
Time (sec)

Figure 5.24 Estimated rotor angle with compensation at the speed of 3000 rpm

The method reduces computation burden as well as it requires less stored data to
estimate continuous rotor position. The accuracy of the method is good and comparable to
the ANN based technique. Advance angle control and dwell angle control is possible
however compensation in angle estimation is required to implement the torque control and/or

torque ripple minimization technique.
5.3 CONCLUSION

The major advantages of the flux-linkage based sensorless technique are good
accuracy, wide speed operation and immunity to the saturation effect. Load torque, inertia
and viscous damping do not have any impact on the operation of estimating methods unlike
observer based method. An initialization routine is always required because the method is
not applicable at standstill. One phase excitation or two phase excitation at a time are the
general methods adopted for the initial startup. It sets the initial rotor position aligned to the
excited phase or at the known intermediate position. Active probing method or modulated
signal injection method can also be incorporated to get the initial position. The problem of
ageing effect on the magnetic characteristics is always associated with the flux linkage
based method. The method also suffers from the error in calculation of flux-linkage at very
low speed and that is due to temperature effect on resistance value. However, the on-line
resistance estimation scheme can be incorporated to eliminate this effect.

More or less all the methods required prior information about magnetic characteristics
of the motor. Special care has to be taken in the measurement of magnetic characteristics of
the motor because the accuracy of the method is highly depended upon it. The flux-linkage

based methods are applicable to the specific motor only for which it is designed. Even
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motors with the same specification could also have a bit variation in magnetic characteristics
during the bulk production.

The sensorless methods based on the current waveform do not require any prior
knowledge of the magnetic characteristics and also do not suffer from the problem of

applicability to the specific motor unlike flux-linkage based method.
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Chapter 6: CURRENT GRADIENT SENSORLESS METHOD

Various sensorless control techniques are explored in this chapter. These techniques
are independent of the motor magnetic characteristics. Performance of the current gradient
sensorless method (CGSM) is investigated experimentally. Design and implementation of
the standard CGSM with the low-frequency PWM controlled SRM drive was found difficult
and unreliable. To overcome the problem of standard CGSM modified CGSM is proposed

and investigated.
6.1 INTRODUCTION

Most of the sensorless methods require the prior information about the motor magnetic
characteristics to incorporate sensorless algorithm with the motor. The magnetic
characteristic of the motor can be obtained experimentally. Accuracy of the magnetic
characteristic is quite important because performance of the sensorless methods depend
upon it. However, measurement technique and accuracy of instruments used affect the
determinant magnetic characteristics and in turns the performance of the sensorless
method. Besides, these methods also require intensive computation and bearing burden of
lots of storage space on processors. Cost of implementation of sensorless scheme, for the
medium size EMDS, becomes higher than twice of cost of the motor plus converter, which is
not feasible. This has motivated search of a sensorless method which is economical and
easy to implement.

Some interesting sensorless methods have been proposed in the late 90's which do
not require any prior knowledge of motor magnetic characteristics except the rotor and stator
pole configuration [32, 35, 81, 82, 107, 123, 155]. These methods basically monitor the
phase current and detect the instant for one rotor position per stroke. Sensorless methods of
this category include chopping current waveform [123], regenerative current [155] and
current gradient sensorless method (CGSM) [82, 107]. All these methods can be easily
implemented on any motor having same stator-rotor pole topology without prior knowledge
of magnetic characteristics or electrical parameters.

Sensorless method based on chopping of current waveform is applicable only when
current is regulated through hysteresis current control loop. In this method rotor position is
detected by calculating rise time and fall time of chopping waveform which is a function of
incremental inductance. However, due to uncertainty of the phase resistance and back EMF,
which depends on speed and rotor position, the calculation of rise time and fall time
becomes difficult. Furthermore, as the incremental inductance is current dependent it

contributes extra complexity in the rotor position estimation. It is applicable to only low speed
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operation, where current regulation is possible thus single pulse operation is not possible. As
the resolution of rotor position is inversely proportional to the speed, the high speed control
is quite difficult.

In regenerative current method, the current is monitored continuously and a phase is
de-energized in response to reversal of current. To control the drive, phase current is turned
off for constant period when it exceeds the reference value. The current control is performed
in soft chopping mode by observing the slope of the current through the freewheeling diode.
When rotor passes the aligned position, slope of the current changes from negative to
positive because inductance starts falling. Efficiency of this method is poor because of
considerable negative torque produced during de-energized mode. Other drawback is that

turn-off angle cannot be advanced so speed is limited below base speed.
6.2 CURRENT GRADIENT SENSORLESS METHOD

CGSM (Current Gradient Sensorless Method) is applicable where current is controlled
through voltage PWM techniques. First sensorless method with PWM control is applied in
[155], which monitors the rate of change of phase current (di/dt) in each PWM period. Thus,
rotor position can be estimated, since di/dt is a function of incremental inductance. However,
it is clear that this method also suffers from uncertainty of the incremental inductance at
higher current level and error introduced by the back EMF. Also single pulse operation is not
possible.

6.2.1 Principle of CGSM

The CGSM, as proposed by [107] and then implemented and analyzed [82], provides
low cost solution for the rotor position estimation of the SRM. It detects position 8,4, Where
rotor and stator pole begin to overlap by observing change in di/dt. A typical current
waveform for fixed frequency PWM controlled three phase SRM drive is shown in Figure 6.1.
It shows the current and ideal inductance of phase-A, while other phase currents are not
shown for simplicity. PWM duty cycle is constant throughout the phase commutation period.
Rotor positions at different angular positions are shown in Figure 6.2. Angular positions of
stator/rotor and phase excitation condition at different angular position are tabulated in Table
6.1.

Sequence of phase excitation is taken as A-B-C with phase overlap which results rotor
rotation in anti-clockwise direction. Phase-A is energized at an instant 6, where the
inductance value is at minimum L, and ideally remains constant till 8,4,. The phase equation

can be expressed as;
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] d|ph . dL
Von = Rgiph + @pLph ——+ @pl

1
d  "Pde dH 6.1)

Where, ‘Ly,’ is phase inductance, ‘R’ is phase resistance, ‘i, is phase current, ‘wy,’

is speed, and ‘@’ is rotor position.

Ideal

Inductance

Phase

Cm‘rent\é\»

r‘" ;“’ v’ ~@
é\ / \ / e \ ; ‘

(@) (b) (c) (d)
Figure 6.2 Rotor position at (a) 8.5 (b) 8, (¢) 8,4, (d) 8,4

Two situations are considered for the analysis, one just before reaching 6,4, referred
to as 'pdp-' and other just after passing 6,4, referred to as 'pdp+'. Phase equation for these

two situations, neglecting voltage drop across resistance, become -
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di pdp-

dL,

Vo = @O L, " + o, odp- _d¢9u
di dL
_ pdp+ i
Vpdp+ - wm Lu dt + a)mlpdp+ dl9u

(6.2)

(6.3)

When 'pdp-' inductance is constant, dL,/d6 = 0. Equation (6.2) can be rewriten as -

\"

di odp-

o L

pdp— = Wnly dt

(6.4)

Since, voltage is maintained constant throughout the commutation period -

\

pdp—

= Vodp+

Combining equation (6.3), (6.4) and (6.5) results in,

pdp-

L,

di

di
dt dt

L

u

i Ty
pdp+j _ pdp+( do

(6.5)

(6.6)

Table 6.1 Mechanical position of stator/rotor and phase excitation at the different
instant of angular position

Angle Mechanical Position Phase A Phase B Phase C

O Rotor pole pair 2-2' is Not energized Ending of Fully energize
fully aligned with stator commutation
pole pair B-B' period

6, Stator pole pair A-A' Starting of phase | Not energized Fully energized
(phase-A) is in fully conduction
unaligned position.

Opap Stator pole pair A-A" and Fully energized Not energized Ending of
rotor pole pair 2-2' is just commutation
begin to overlap. period

Oan Stator pole pair A-A'is Ending of Fully energized Not energized
fully aligned with rotor commutation
pole pair 2-2'. period

Since, all the variables on the right-hand-side in (6.6) are positive,

always true.

iy iy ) o
dt dt

and thus,
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dldp—‘;p > dlg% (6.8)

It states that the slope of phase current is always greater for 6 < 6p4,. This is the
principle of CGSM that detects the instant when rate of change of current (di/dt) changes
from positive to negative value, that means at the instant 6,4, rate of change of current
becomes zero (di/dt = 0) and value of phase current iy, is reached to its peak.

It is clear that the pulse per stroke can be produced by monitoring di/dt and by
checking condition (di/dt=0). These pulses are called "peak detection pulse (pdp)" because it

imitates an instant of current peak.
6.2.2 Rotor position estimation & phase commutation

Implementation of the sensorless SRM drive based on theory of CGSM requires
continuous estimation of rotor position from the peak detection pulse. Figure 6.3 shows the
basic block diagram of PWM controlled sensorless SRM drive based on CGSM. Main role of
the sensorless scheme is to produce a phase commutation pulse by monitoring and
processing the phase current. Sensorless scheme of CGSM is divided into two major blocks
named 'Current Peak Detection' and 'Commutation Logic'. The first block output is current
peak detection pulse (pdp) as explained earlier. The continuous rotor position is obtained
from the peak detection pulse, and accordingly phase commutation pulses are produced

from it. Detailed block diagram of sensorless scheme is shown in Figure 6.4.

-+ —
Relerence PWM | DC |
Speed Switching
R Speed PI l)uly. Pulse
Controller Power
Actual Converter
Speed |
Commutation
Pulse
¢ T TTTTTTTTETmEETEEE A E T T E T '
! [ Tl :
Speed e tati pdp Current Peak i
. ' ommutation , '
| Calculation : Logic Detection =
|
]
]

Sensorless Scheme

Figure 6.3 Block diagram of Voltage PWM controlled sensorless drive based on CGSM
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Advance
Angle Control

Current Peak Detection Commutation logic
Figure 6.4 Block diagram of sensorless scheme

6.2.2.1 Current peak detection

Current peak detection stage is comprised of low-pass filters, differentiator, zero-
crossing detector and one-shot. Process starts with sensing phase current with the help of
current sensors. Low pass filters are added to filter out the switching frequency and noise.
Cutoff frequency of the filter is decided by frequency of the PWM. Differentiator is used to
monitor the rate of change of current (di/dt) and zero-crossing-detector (ZCD) followed by
the one shot that produces a pulse at the instant when di/dt = 0. Here, it is apparent that fully
analog implementation of the current peak detection stage is a simple, reliable and cost

effective solution.

(=]

Scurrent

=]

pulse
T

Peak detection Current derivation Filterred phase Current iph (Amp)

(=]

Time/Angle
Figure 6.5 Waveform of current peak detection stage

Waveforms for current peak detection at different stages are shown in Figure 6.5. It
consist of phase current sensed by the current sensor, current filtered by filter, current
derivative and peak detection pulse by the ZCD, with one-shot. Only a single phase
waveforms are shown here since, each phase produces a pulse at regular interval, that is
90° (mechanical) for the three phase 6/4 SRM. However, for all phases, peak detection
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pulses are produced at each stroke that is 30° (mechanical) for the same case. Peak
detection pulses produced from each phase should be processed further to obtain
continuous rotor position. Final commutation pulse for each phase can be generated from

the rotor position so obtained for the desired direction of the torque.

6.2.2.2 Commutation logic

Commutation logic decides the turn-ON and turn-OFF instant for each phase by
producing the commutation pulse. In most of the sensorless methods commutation logic is
obtained from the continuous rotor position estimation. The continuous rotor position is
estimated from the peak detection pulse and then commutation logic is derived from that in
the conventional way.

Commutation logic starts with PLL (phase-lock-loop) which multiplies the frequency
of peak detection pulse with the condition that phase and frequency are locked to input.
Block diagram of PLL is shown in Figure 6.6. PLL detects a difference in phase and
frequency of input and output. Error in phase and frequency adjusts the input voltage of VCO
to control the output frequency. Frequency of output is divided by M; times in the feedback
loop and compared with input (peak detection pulse) to achieve the frequency multiplication.
PLL matches the frequency of compared signal with the peak detection pulse with zero
phase difference. As a result, frequency of output signal becomes M; times multiple of input

signal's frequency. Mathematically it can be explained as;

f
If f = 6.9
compare M . ( )
then f, =M, x f (6.10)

because f, = f when phases are locked, where f =frequency of compared

compare compare

signal, f,, =frequency of output and f,, =frequency of input signal. The output of the PLL

0

is shown in Figure 6.7 which indicates M; pulses in the time interval of 1/ f;, second.

Input /;,
—

Output
.| PFD LPF H VCO ]——>
f;zur
fé@mpare
I Frequency |

Division

Figure 6.6 Phase lock loop
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Figure 6.7 Frequency multiplication using PLL

The main purpose to multiply the frequency of peak detection pulse is to estimate
the rotor angle in between the two peak detection pulses by interpolation. Figure 6.8 shows
the current peak detection pulse for all three phases with respect to conduction period of
each phase. Peak detection pulses from each phase represents an angle of 90°
(mechanical) (i.e stroke angle*Number of phases) while considering combine peak detection
pulses for all phases, each next pulse is separated by an angle of 30° (mechanical) (i.e
stroke angle). If the frequency of peak detection pulses of each phase is multiplied by an
integer M¢ using PLL, then minimum rotor angle that can be discriminated by the PLL’s
output pulse will be (stroke angle*Number of phase /My)° or say (90/M¢)° for the case. As
shown in Figure 6.4, pulse counter is used to estimate a rotor position from the high
frequency pulse which results from the PLL output stage. Count value is incremented by one

at each low-to-high transaction and counter will reset to zero on low-to-high transaction of

the peak detection pulse. Accordingly, resolution (&,

) of rotor angle estimation can be

calculated as,

*
Ormin = 8M:n (6.11)
Where, ‘¢’ is stroke angle, and ‘m’ is-number of phase and ‘My' is frequency multiplier. Figure
6.9 shows the waveform for the rotor position estimation using PLL and counter for M; = 90.
The 6/4 pole three phase SRM will give resolution of 1°(mechanical)., It is apparent from the
Figure 6.8 that zero count value represents a rotor angle of 60°(mechanical) or say 6,4, thus
estimated rotor angle is -

O,5 =CV © 0, + 0., (6.12)

Where, ‘0., ' is estimated rotor angle in mechanical degree, ‘CV " is count value and ‘6.’

is the minimum rotor angle that can be estimated by the scheme.
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Figure 6.8 Current peak detection pulses
It is apparent from the above that any single phase detection is enough for rotor
position estimation and commutation pulse can also be derived from it. However, it is true
only when motor is running with mechanical position sensor or by some other position
sensing arrangement. Furthermore, if combined peak detection pulses are used to estimate
a rotor position using PLL and counter stage then resolution increases by 1/m times, and

eqguation (6.11) becomes:

g =2 (6.13)

It gives a resolution of 0.333°. Even though it gives accurate rotor position estimation, it is
quite difficult to implement the sensorless SRM drive using commutation pulses obtained
from it. This is due to the fact that during transaction from initial start-up to the sensorless
control, operating parameters like speed, commutation angle and torque vary which may
cause the instability and loss of synchronization. However, sensorless control is possible

only if these parameters remain constant during changeover, but practically it is not possible.
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Figure 6.9 Output of pulse counter

Keeping in view the above analysis, following rules are made to decide commutation
logic of any sensorless method which is based on principle of active phase monitoring.
These rules are formed to avoid any misinterpretation and misleading appreciation regarding
the sensorless operation of SRM.

Rulel. Rotor angle information derived from active phase must be used to energized (turn
ON) the next subsequent phase and it is applicable even for continuous rotor position
estimation scheme.

Rule2. To de-energized (turn OFF) the excited phase rotor angle information derived from
the same phase or from the next subsequent phase can be used depends upon
whether the commutation overlap is required or not.

iA ( A Turn ON Phase B (at 15°)
—P\Sensorless Scheme Turn OFF Phase A ( at 30°)
"
iB (. A ON Phase C
Turn ON Phase C ( at 15°)
—» Sensorless Scheme _’Tum OFF Phase B ( at 30°)

A

( I
1

HOEN Sensorless Scheme —
" y,

Figure 6.10 Phase commutation logic

Turn ON Phase A (at 15°)
Turn OFF Phase C ( at 30°)

The above rules are applicable in all sensorless methods where rotor position is
derived from the energized phase.
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Peak detection pulses are derived for each phase to follow the compliance of the
above rules, as shown in Figure 6.10. In this scheme estimated rotor angle from each phase
will decide self turn OFF instant and turn ON instant of next successive phase. Thus, each

phase will turn ON the next phase after 15° and itself turn OFF after 30°.

6.2.2.3 Speed estimation

Speed can be calculated from the frequency of peak detection pulse or phase
commutation pulse. But, peak detection pulses are used in practice to derive the speed of
the motor because the phase commutation pulses are the outcome of the peak detection
pulse in sensorless method. In the case of 6/4 pole three phase SRM, frequency of peak
detection pulse is 4 cycle per revolution. If one revolution per second is the speed, then 4

cycle will appear in one second. Thus speed of the motor can be represented as -

f . *60
N, ="""T (6.14)

Where, ‘ f " is frequency of peak detection pulse and * N’ is motor speed in rpm.

In general speed can be defined as-

f . *60
N, ="“;— (6.15)

cr

where ‘n .’ is number of cycle of peak detection pulse per revolution, which can be

calculated as -

360
N = (6.16)
g*xMm

Speed can be obtained from the peak detection pulse of any phase using equation
(6.15) and (6.16).

6.3 DESIGN AND PERFORMANCE INVESTIGATION OF CGSM

Implementation of current gradient sensorless method can be accomplished with only
analog electronic circuits as the algorithm is simple. Nevertheless, major issues of CGSM,
associated with design, implementation and performance are investigated for indepth
analysis. These include current peak detection, rotor position estimation and commutation
logic. Non linear inductance characteristics, effect of low PWM frequency, use of low pass
filter and PLL are the main concern. Each of the problem and cause is described in detail

with the possible solution.
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6.3.1 Effect of rotor/stator pole arc

Three phase SRM having six stator pole and four rotor pole is being considered in all
previous discussion related to CGSM. It can also be observed from Figure 6.1 and Figure
6.8 that both rotor and stator pole arcs are 30° for the three phase SRM. However, any
difference in pole arcs affects inductance profile as well as angular position of current peak.
Three phase 6/4 pole SRM having dissimilar rotor and stator pole arc is considered to
demonstrate the effect. Phase current and inductance variation of the SRM (Model 1-

chapter 3) is shown in Figure 6.11.

A ; - Phase Current <’ _ .

: e i : \

\\ A /"‘ A : A\

\ / ! A\ \
' / / Y \

f/Acmal Inductance i \

30° 35° 40° 45° 50° 55° 60° 90°
Rotor Angle (Mechanical Degree) ———»

Figure 6.11 Phase current and inductance variation of 60KW, 6/4 pole, 3 phase SRM

Rotor pole arc (6;) and stator pole arc (6s) of motor are 45° and 32° respectively.
Hence, rotor angle (6,4,) at which stator and rotor poles just begin to get aligned, will
advance more than that in the previous case, where both 6, and 6 were 30°. Comparison
of both the cases is shown in Figure 6.12 from which it is obvious that 8,4, is advanced by
an angle of 8.5° (i.e 7.5° + 1°) for the case compared to previous one. Hence, Bpq, Will

become 51.5° for the three phase SRM. For the 6/4 pole three phase motor, 6,4, can be

derived as -

dep =60—- (6, —30+ 6, —30) (6.17)
or

Gpdp =120-6, -6, (6.18)

For 8/6 pole four phase motor, rotor angle 6,4, can be derived as-
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0,4 =90-6, — 6, (6.19)
In general, equation for rotor angle 8,4, can be written as-
0, = (2%&+60) -0, -0, (6.20)

where ‘¢’ is a stroke angle.

30—
320
Stator ;
: —75%~
| P 30—
-— 450——b
Rotor

Figure 6.12 Rotor and stator pole arc

Since, the performance of the CGSM depends on the instant of peak detection pulse
only, other motor parameters like phase inductance, resistance, temperature and magnetic
characteristics do not affect the CGSM. Thus, it is easy to design a generalized CGSM,
which can work for most of the motor topologies with or without minor changes in equation
(6.12) and (6.20). Parameters required to implement a CGSM are number of phases,

number of rotor/stator pole and pole-arcs.
6.3.2 Current peak detection

Accuracy of the sensorless method depends on the instant of current peak detection.
However, current peak detection stage requires only few components including op-amp as a
base to implement. Low-pass filters are used in the current peak detection stage for
eliminating switching frequency, thus cut-off frequency (f.or) Of low-pass filters should be
designed based on selected PWM frequency. Wide range of f.« will produce the same
performance for high frequency (greater than 10 KHz) PWM control. The cut-off frequency of
filter is generally chosen as,
coff = %,to,% (6.21)
Filters add delay in current peak detection instant, which is directly proportional to the

f

speed of the motor and inversely proportional to the cut-off frequency of the filter. However,
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in high frequency PWM controlled drive, this delay is less than 1°, which is negligible and
even some times it becomes helpful to compensate the advance effect in peak detection
instant due to corner flux. The scenario looks different with the low frequency PWM drive,
which is meant for energy efficient solution. The delay produced in peak detection instant is
prominent with the low PWM frequency and cannot be neglected. On the other hand, PWM
frequency is set to 1.6 KHz in the low cost efficient PWM controller, designed in chapter 4.
Design and performance of CGSM for such a low frequency PWM drive is investigated.
Simulation diagram of current peak detection stage in MATLAB simulink environment is
shown in Figure 6.13, where fq is selected to 400 Hz and 1000 Hz for the PWM frequency
of 1.6 KHz and 5 KHz respectively. Issues related to the current peak detection stage are

described in the following sub-sections.

Fo=400Hz Fo=400H7
L du/dt —» \ Positive Edge Trigger —»(1D)

ab.
il \ Derivative 7CD Peak detection pulse
2nd-Order CIVAIVE 5 nd-Order phase 1

Filterl Filter2

Figure 6.13 Simulation diagram of current peak detection stage

6.3.2.1 Effect of current chopping method

Soft chopping and hard chopping are two basic modes of operation to control the
phase current. Figure 6.14 and Figure 6.15 show the waveforms for current peak detection
stage with soft chopping and hard chopping techniques respectively, when applied to
simulation model of SRM with PWM frequency of 5 KHz at no load. In the soft chopping
mode, phase voltage is zero during current freewheel, while in the hard chopping mode, full
reversed voltage will appear across phase during regeneration mode. Therefore, current
decays more slowly in soft chopping mode as compared to hard chopping, and thus current
is discontinuous particularly at light load with the hard chopping mode, especially for the low
frequency PWM. It requires more filtering as compared to soft chopping and consequently
delay produced in peak detection pulse is also more. The required duty cycle of PWM is less
in soft chopping mode as compared to the hard chopping for the same speed. It is because
of less peak current required in soft chopping mode to maintain the same average current.
Although, the soft chopping mode is more suitable for implementation of CGSM,
performance of CGSM for SRM with the split DC converter (hard chopping mode) is also
investigated later on.
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Figure 6.14 Waveform for current peak detection stage with soft chopping
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Figure 6.15 Waveform for current peak detection stage with hard chopping

6.3.2.2 Delay in peak detection pulse

Simulation model of PWM controlled SRM drive with split DC converter is used to
analyze the current gradient sensorless method. The peak detection angle 6,4, for the 8/6
pole four phase SRM is obtained as 30°(mech) using equation (6.20). Various waveforms of
the current peak detection stage for the phase-1 and at no load are shown in Figure 6.16,

where PWM frequency is 1.6 KHz and speed of the motor is 1300 rpm. Ideally current peak
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detection pulse (PDP) should indicate the rotor angle of 30° (6,4,) irrespective of turn ON
angle, speed and load. But, phase delay produced in current peak detection due to second
order filter, adds an error in estimation of rotor angle. Furthermore, delay produced in peak

detection pulse is directly proportional to the motor speed.
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Figure 6.16 Waveforms of the current peak detection stage for phase-1 at no load and
1300rpm with PWM frequency of 1.6KHz

The transfer function of the second order filter and current peak detection stage are

obtained as given below,

1
N 6.22
iter (5) 1.583e7752 +0.0007958S +1 o

1
25066145 +2.52¢195% 4 9.499¢ 7S 2 +0.001592S +1

Frequency response of the filter and peak detection stage is shown in Figure 6.17.

(6.23)

Tdes (S)

Delay in current peak detection is a function of rotor speed, while variation in delay due to
the load current is very small and can be neglected.
If an error, introduced in the rotor angle estimation, is Beror, then rotor angle pointed by

the peak detection pulse (8,4 new) Can be expressed as-
(6.24)

Opdp_new = Opdp + Cerror
Variation of rotor angle, indicated by the peak detection pulse (PDP) for the PWM
frequencies of 1.6 KHz and 5 KHz are shown in Figure 6.18 and Figure 6.19 respectively.
Error produced in the current peak detection pulse can be compensated during the rotor
angle estimation by replacing 6pg, With 8,45 new in the equation (6.12). Experimental results

represent the measured value of rotor angle which is non-linear in nature. For the continuous
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rotor angle estimation for control of SRM, an approximate linear equation is derived from the

measured rotor angle as shown in Figure 6.18 and Figure 6.19.
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6.3.2.3 Error in peak detection instant due to non synchronized PWM pulse

A specific problem arises with the low frequency PWM control, particularly at a higher
speed. Frequency of commutation pulse f.,, is a function of motor speed, while PWM
frequency f,.m is constant throughout. Because, f.,n is same as frequency of peak detection
pulse f,q4, it can be expressed as-
_ Ngxng

60

Frequency of commutation pulse increases with increase in motor speed. Consider a

f

com

(6.25)

case shown in Figure 6.20 for the high speed operation, where f.n is greater than f,,,/10,
while it is assumed that, duty cycle of PWM pulse remains constant throughout the
commutation period and current is discontinuous. It is a general practice to generate a PWM
pulse independently with or without frequency control. However, Figure 6.20(a) shows the
case where it is assumed, that PWM pulse is always in synchronism with commutation
pulse. With the rising inductance profile and constant duty cycle, current peak at each PWM
pulses gets reduced. Thus, the angle 8,4, can be obtained accurately from the peak
detection pulse. However, in real practice, PWM pulses are not synchronized and so
effective duty cycle is not constant throughout the commutation period, as shown in Figure
20(b)&(c). Consider a case shown in Figure 20 (b), for which first current peak is less in
magnitude as compared to the second one, even with increase in inductance. This is due to

the fact, that effective duty cycle is less for the first pulse due to non synchronized PWM,
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while effective turn ON instant 0., is not altered. It will introduce an error in the angle
directed by the peak detection pulse thus, the rotor angle directed by the peak detection
pulse will always be higher than the actual angle 6,4,. But, for the case shown in Figure 6.20
(c), current peak reduces with the increase in inductance while, it produces delay in turn ON
instant. Consequently, low frequency non-synchronized PWM pulses results in wide
variation in estimated rotor angle particularly at higher speed. Furthermore, the
compensation of the error produced in rotor angle estimation becomes difficult because,
variations of peak detection instant and effective turn ON angle both are independent in

nature and may vary for each commutation period even with constant speed.

Ideal ,
Inductance .-

Oon 9;::“3 Oofr [E Or dp By UU] 0-;‘1;; By

[ITT R, [ 11,
@ (b) (c)

Figure 6.20 Effect of non synchronized PWM pulse on instant of current peak (a)
synchronized PWM pulse (b) & (c) non-synchronized PWM pulse.

PWM  Commutation

pulses pulse

Current
peak

Simulation model of 8/6 pole four phase SRM with PWM frequency of 1.6 KHz for the
non-synchronous PWM are shown in Figure 6.21 and Figure 6.22, where turn ON angle 6,
= 22.5° and turn OFF angle 6, = 52.5°.The figures shows the variation in instant of current
peak. Figure 6.21 explicate a case (b) of Figure 6.20, where error is produced in peak
detection, due to variation in effective duty cycle during commutation interval. Figure 6.22
shows the case (c) of Figure 6.20, where delay is produced in turn ON angle. Rotor position
directed by current peak detection pulse is varying at each commutation interval. As a result,
implementation of CGSM with the low frequency PWM controller is quite difficult for the high
speed operation. Figure 6.23 shows the waveform of phase current at a speed of 10440
rom. This phenomenon limits the lower value of the PWM frequency for desired motor
speed. Irrespective of motor winding parameter and motor magnetic characteristics, lower
limit of PWM frequency can be constrained by following equation for the implementation of
current gradient sensorless method.

foum >10x f (6.26)

From equation (6.25)
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- N, xn,

pwm

6

(6.27)

Minimum PWM frequency for the desired motor speed can be derived from equation

(6.27). However, if PWM pulses are synchronized with the phase commutation pulse, then

CGSM can give errorless rotor position estimation even for fyym = feom.
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Figure 6.23 Variation in an instant of current peak for the non-synchronous PWM at no
load with duty cycle of 60% and speed of 10440 rpm

Phase locked loop can be used to synchronize the PWM pulses with the commutation
pulses. Another simplest way to achieve synchronization is to reset PWM chip, at the rising
edge of commutation pulse. However, practical implementation of both the methods is much
complex because of the fact that the commutation pulses are derived from the peak
detection pulses. Thus it is a better choice to limit the PWM frequency for desired motor
speed. Moreover, synchronized PWM techniques can be used to derive an accurate delay
produced in current peak detection, where commutation pulses should be result of the

accurate mechanical position sensing arrangement.
6.3.3 Phase lock loop

A PLL (Phase-locked-loop) system is a closed-loop electronic circuit that controls an
oscillator so that it provides an output signal that maintains a constant phase angle with

respect to a reference signal, which can range from a fraction of Hz to many GHz.

6.3.3.1 Basic PLL circuit theory

Basic block diagram of PLL system is shown in Figure 6.24. It starts with phase
detection system (PD) which detects a phase difference (Ag) between input (V;,) and output
(Vour) Signals through the feedback system. Phase error is then smoothed out by low pass
filter (LPF) which adjusts the phase of output with the help of voltage controlled oscillator
(VCO).
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Figure 6.24 Basic block diagram of PLL

A simple phase detection circuit for a square (pulse) signal can be realized with a
single XOR gate which outputs a phase error as-

{1 forv,, 2V,
Ap=

(6.28)
OforV,, =V,

for an input ‘V;," and output V' as shown in Figure 6.25. LPF module smoothes the
phase error to generate control signal (V). Control voltage Vy is directly proportional to
the phase difference Ag.

VCO is a circuit module that oscillates at a controlled frequency (w). The oscillation
frequency is controlled using voltage ‘V.y’. Frequency of oscillation (w) can be expressed
as-

o=a0,+K,V,

ctrl

(6.29)

Where, ‘K,’ is proportionality constant of VCO module in rad/s/V and ‘w,’ is initial
(minimum frequency) frequency at zero control voltage. Operation of the PLL can be
summarized as, if Vi, and V are out of phase (Unlocked), then the PD module detects the
error and LPF module smoothes the error signal. The control signal (Vctrl) slows down or
speeds up the VCO module; hence, the phase is corrected (Locked). Graphical
representation of PD and VCO module are shown in Figure 6.26. Initial phase difference @,
produces a control voltage ‘V,’. Frequency of oscillation changes to ‘w;’ which corresponds
to control voltage ‘V,’ and thus phase difference changes to a new value. This process
continues until phases are being locked. Mathematically phase locked condition can be

represented as-
d
. — =0 6.30
1t (Pn = Pu) (6.30)

where ‘@i,’ and ‘@, are phase delays of input and output respectively. This implies
that

a)in = a)out (631)

where ‘w;," and ‘wq,’ represents frequency of input and output signals respectively.
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Figure 6.27 PLL with frequency multiplication

6.3.3.2 Design analysis of PLL

Design problem of PLL is approached using Laplace Transform technique. The
Laplace Transform permits representation of time response f(t) of the system in complex

domain F(s). The Laplace Transform of input and output phases are given as,
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@i () = G () (6.32)

Pout (t) = Gyt (9) (6.33)

The phase detector, filter and VCO comprise the feed forward path, while the feedback
path contains the programmable divider as shown in Figure 6.27. Since, the VCO produces
a frequency proportional to its input voltage, any time variant signal appearing as control
signal will modulate the frequency of VCO. Thus, the output frequency during phase locked
condition is -

foe=M,xf, (6.34)

and therefore,
Wy =M x,, (6.35)
where ‘w;,’ and ‘we,’ denote the frequency of input and output in rad/s. Transfer

function of programmable counter can be represented as-

bou®) e o 1 (6.36)

0.5) " M,
The phase error is given as,
6.(s)=86,(s)-6.(s) (6.37)
Phase detector produces a voltage proportional to the phase error 8¢(s). If V,(s) is a
voltage produced by a phase detector then -
\;ZT(SS)) =K, (6.38)
Where, 'K, is a proportional gain of the phase detector in volt/rad. This filtered voltage

is used as control signal (V) for the VCO. Transfer function of filter stage is represented

as-
VCL(S) =K, (s) (6.39)
V,(s)
Where, K(s) is a filter transfer function. The transfer function of VCO is given as-
Ol k5= 1 (6.40)
Vctrl (S) S

Where, ‘K, is proportional constant of VCO, expressed in rad/s/V. Transfer function of
PLL is a result of equation (6.36) to (6.40) as expressed in Figure 6.28.
By using control theory, open loop transfer function of the system is given as,

KoK (8)K Ky

G(s)H () = K K (8)K i, (S)Kyy = (6.41)

Different types (1, 2 or 3) of system can be realized by selecting appropriate filter gain K¢(s).

The type of system refers to the number of poles of the open loop transfer function G(s)H(s)
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located at the origin. Typical open loop transfer function for the type 1, type 2 and type 3 are
presented in Table 6.2.
V,

> 9c:ut(s]

out

0)out

G(S) BOIII(E).

H(s)

Figure 6.28 Transfer function model of PLL

Table 6.2 Typical open loop transfer function for the type 1, type2 and type 3

Type of the system Open-loop transfer function G(s)H(s)
Type 1 K
s(s+a)
Type 2 K(s+a)
S2
Type 3 K(s+a)(s+b)
S3

In evaluating the system, phase error 8,(s) must be examined in order to determine
the optimum or satisfactory steady state error and transient characteristics. Using transfer
function theory, phase error is equated as-

1

%) =GR

Gin(S) (6.42)

The steady state evaluation can be simplified with the use of final value theorem associated

with Laplace transformation. This theorem permits finding the steady state error 6.(s)

resulting from the input 6;,(s) without transforming back to the time domain. It states -
Lim[O(t)] = Lim[s&(s)] (6.43)

t—>o s—0

The input signal 8;,(s) is characterized as follows -
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For step position
6,(t)=C, t>0 (6.44)

or in Laplace transformation,
Cp
O (s) = S (6.45)

Where, 'C,' is the magnitude of phase step in radians. This corresponds to shifting
the phase of incoming reference signal by C, radians.

For step velocity

6,t)=C,-t t=0 (6.46)

or in Laplace transformation,

an:%} (6.47)

Where, 'C,' is the magnitude of rate of change of phase in radian per second. This
corresponds to input a frequency that is different than the feedback portion of
VCO frequency. Thus C, is a frequency difference in radian per second seen at the
phase detector.

For step acceleration -
0,)=C,t* t=o0 (6.48)

Or, in Laplace transformation; -

2C,

3 (6.49)

ein (S) =

Where, 'C,' is the magnitude of rate of change of frequency in radian per second per

second. This corresponds to time variant frequency input.

Steady state error of the system can be determined for a given input signal type from
the equation (6.42) and (6.43) as-

%ﬁzgﬁbiig%ERS] (6.50)

By applying the different inputs to the type 1, 2 and 3 system and utilizing final value
theorem, following Table 6.3 can be constructed which shows respective steady state phase
errors.

A zero phase error identifies phase coherence between the two input signals at the
phase detector. A constant phase error identifies a phase difference between the two input
signals at the phase detector. Magnitude of this differential phase error is proportional to the
loop gain and magnitude of the input step while, a continuously increasing phase error
identifies time rate change of phase. This is an unlock condition for the phase loop.

Table 6.3 Steady state phase error for various system types
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Step Input Typel Type 2 Type 3
Position Zero Zero Zero
Velocity Constant Zero Zero

Acceleration Continuously increasing Constant Zero

Using Table 6.3, system type can be determined for specific input. PLL is used to
achieve the objective of frequency multiplication for the case. It is required that, the
frequency of output signal should be multiple of the input signal. Here, input signal is a peak
detection pulse or phase commutation pulse. Thus frequency of input signal is a function of
motor speed and therefore, any speed change results in corresponding change in frequency
of input at the phase detector. Minimum of type 2 system is required for PLL, to trace a
reference frequency with zero phase error. Therefore, open loop transfer function G(s)H(s)

must take the form of-

G(s)H (s) = RE+3) (6.51)

s2

Or, from the equation (6.41),

KoK (5)K\ Ky K(s+a)
s Y

(6.52)

The parameters thus far determined include K,, K,, Ky leaving only K; as the
variable for design. Thus K must take the form -

K, (s) oc(S:—a) (6.53)

in order to provide all of the poles and zeros for the required G(s)H(s).

Considering type-2 system, stability analysis of the system is analyzed. The root
locus technique of determining the position of system poles and zeros in the s-plane is often
used to graphically visualize system stability. Stability of the system requires that all poles
must lie in the left half of the s-plane.

Root locus for the open loop transfer function G(s)H(s) of type two system (eq. 6.51)
is constructed in Figure 6.29. It has two branches beginning at origins with one asymptote
located at 180°. The root locus lies on the circle centred at (s = —a), and continuous on all
portion of the negative real axis to left of the zeros. The breakaway point is (s = —2a). It
should be noted, that zero added to the type 2 system provides stability. Without zero, the
poles would movie along the jw axis as a function of gain and the system at all time would
be oscillatory in nature.

The order of a system refers to the highest degree of the polynomial equation -

1+G(s)H(s) =0 (6.54)

which is termed as the characteristics equation(C.E). The roots of characteristics equation
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become closed loop poles of overall transfer function -

Oout _ G(s)
?t_ue(s)H(s) (6.53)

jo

K increases

K=0)

K increases

Figure 6.29 Root locus contour for type 2 second order system

The characteristic equation for the type 2 system of equation 6.51 is derived as-
s?+Ks+Ka=0 (6.56)
which is a second order polynomial. Thus type 2 second order system is obtained. The
second order characteristic equation is normalized to a standard form -
$? +2fw,s+ w2 =0 (6.57)
Where, the damping ratio § = cos¢, (0°<$<90°) and 'w," is the natural frequency as shown in
Figure 6.29.

The phase or output frequency response of this type 2 second order system to a step
position (phase) or velocity (frequency) input is shown in Figure 6.30. The required value of

wy, can be determined by the use of graph for specific damping factor & and lock-up time.
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Figure 6.30 Step response of type 2 second order system

PLL is designed to achieve a resolution of 1° for the 8/4 four phase SRM, considering

following parameters-

1

K. =— 6.58

"=e5 (6.58)
K, =01V /rad (6.59)
K, =10x10° rad/s/V (6.60)
K, :@ (6.61)
From the equation 6.52 G(s)H(s) can be written as -

3

G(S)H(s) = 16.7:10 _ K(ss+ a) (6.62)
and characteristic equation of the system becomes -
1+G(s)H(s) =52 +16.7x10% - K -5 +16.7x10%-K -a (6.63)

Here, two unknown constants 'K' and 'a' need to be determined.

Comparing characteristic equation with the standard second order form (eq.6.57),
w2 =16.7x10% K -a (6.64)
2w, =16.7x10° . K (6.65)

From the above two equations, 'K' and 'a' are determined as -

147



(6.66)

(6.67)
For & = 0.8, peak overshoot is less than 20% and will settle within 5% at w,t = 4.5.
Required lock-up time is considered as 1ms.

@, =$:4.5><103 rad/s

(6.68)
The selected values of constant 'K' and 'a’ for desired performance are given as,
a=28125x10° (6.69)
K =0.4311 (6.70)

The open loop transfer function of the system is given by equation 6.71.

3 3
G(s)H (s) = 16.7x10 -0.4311-2(S+2.8125><10 ) (6.71)

Figure 6.31 and Figure 6.32 show the root locus contour and simulation diagram of
the PLL system.
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Figure 6.31 Root locus contour of the designed PLL system
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Figure 6.32 Simulink diagram of the PLL system
6.3.3.3 Charge pump PLL

Basic PLL system with only phase detector (PD) suffers from the problem of lock
acquisition. If the output frequency is far away from the input frequency, when the PLL is
turned ON, it is possible that PLL would never lock. Modern PLL uses frequency detector
(FD) in addition to PD. Figure 6.33 shows the possible implementation of the module which
detects both phase and frequency difference. Phase and frequency detector (PFD) module
uses two edge triggering modules of D- Flip Flop. This module senses the rising transition in
A or B. If A becomes "1" then flip-flop A is set (QA = "1") and when B becomes "1", the flip-
flop B is set (QB = "1"). If both flip-flops are set, AND gate resets both output QA and QB to
"0". Figure 6.34 shows that the waveform for the case A leads to B. Similarly, if B leads to
"1", then QB ="1", when A becomes "1", then QA ="1", momentarily, while AND gate resets
both output QA and QB to "0". The V,, is average of (QA - AB) is used to phase and
frequency difference. Basic block diagram of PLL with phase frequency detector (PFD) is
shown in Figure 6.35 which contains PFD, LPF, differential amplifier and VCO with negative

feedback system.

Vbp
A —CLK
CLR
A
Vbp
|_ \
CLR
D Q OB
B———CLK

Figure 6.33 Phase and frequency detector (PFD) module

149



PLL module with PFD and differential amplifier is sensitive to noise and offset voltage,
and it also leads to ripples in Vnro. Charge pump PLL module does not suffers from the
above problem. Block diagram of charge pump PLL is shown in Figure 6.36. Main structure
consists of PFD, two switches, capacitor and VCO with negative feedback. Two switches are

controlled by QA and QB, which charge or discharge the capacitor.
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Figure 6.34 Waveform of PFD module
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Figure 6.35 PLL module with PFD
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Figure 6.36 Charge pump PLL

6.3.4 Implementation and Results

The model of 500W, 8/6 pole, four phase SRM with split DC converter is used, as
described in chapter 4, with the low frequency (1.6 KHz) PWM controller. The current peak
detection stage is simulated for each phases as shown in Figure 6.13, which gives four
individual peak detection pulses (PDP). Experimental results for the delay in peak detection
instant are shown in Figure 6.18, recorded from real time hardware-in-loop (HIL) simulation
approach. Figure 6.37 and Figure 6.38 show the waveform of current peak detection stage
for the motor phase, at speeds 1300 rpm and 3500 rpm respectively. The waveforms clearly
show that a delay is produced in peak detection instant at higher speed. The charge pump
PLL is used with the counter to form a frequency divider feedback system. PLL outputs the
multiple frequency pulse for the input of phase pulse. The gain of VCO is compensated for
the motor speed using lookup table, providing fast tuning and wide speed range. Four
separate counters count the multiple frequency pulse, outputs from the PLL. Each counter is
reset by the peak detection pulse of respective phase. The rotor angle for each phase is
derived from the individual count value using linear equation as shown in Figure 6.18, which
is also compensated for the delay produced in peak detection instant. It gives individual rotor
position for each phase. Commutation logic for each phase is derived from the rotor position

of previously conducting phase. Commutation logic for the phase '2' is derived from the
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estimated rotor position of the phase '1' as shown in Figure 6.39. Figure 6.40 shows the

error in rotor position estimation at the constant speed of 1000 rpm.
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Figure 6.37 Peak detection pulse at 1300 rpm
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Figure 6.38 Peak detection pulse at 3500 rpm
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Figure 6.39 Rotor position estimation and commutation logic
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Performance of the CGSM is investigated with the open-loop and closed-loop speed

control scheme. A fixed angle control scheme is used for the initial startup with the turn ON

angle of 22.5° and turn OFF angle of 52.5°. Ripples in the torque, PLL tuning and delay in

the peak detection instant depend upon the speed of the motor, which deteriorates the

dynamic performance of the CGSM with the openloop speed control system. On the other

hand, rotor position can be estimated from the active phase only using this method, which

makes it necessary to follow the rules derived to produce the commutation logic in section

6.2 of this chapter. Rotor position information derived from the phase is used to turn ON the

next successive phase and to commutate the same phase. It limits the maximum possible
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speed of the motor, even an error in rotor position estimation due to delay in peak detection
instant is compensated for the speed. Maximum turn ON angle is restricted to 30° or less for
the constant dwell angle of 30° to eliminate the negative torque production. Rotor angle
represented by the previously conducting phase for the maximum turn ON angle is 45°,
because each phase is lagging by 15°. The maximum possible speed for the maximum turn
ON angle is 1700 rpm as shown in Figure 6.18. However, for the higher PWM frequency of 5
KHz, speed limit is also high i.e. 4500 rpm. Any further increase in the speed increases the
effective turn ON angle, which results in negative torque production. It may lead the system

towards instability. Any sudden change in speed or load torque also affects the stability of

the system.
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Figure 6.41 Open-loop performance of CGSM with 14% PWM duty

Performance of the sensorless method with the openloop speed control scheme is
shown in Figure 6.41 to Figure 6.45. Both the advance angle and dwell angle are kept
constant throughout. Changeover from the initial startup to the sensorless control makes
sudden change in the motor speed due to the change in advance angle and dwell angle.
The motor is started with the fixed angle position sensing arrangement and then changeover
to the sensorless control with the same advance angle and dwell angle is shown in Figure
6.41. A small error in the rotor position estimation causes the transient in speed during the
changeover to achieve the new steady state value. It is due to the reflection of error in
calculation of turn ON and turn OFF angle. This error can easily be compensated during
conversion of the estimated rotor angle into the phase commutation pulse to eliminate the
speed transient during changeover. However, general method used for the initial startup is
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feedforward method, in which train of pulses with the initial frequency is applied to the motor
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Figure 6.42 Open-loop performance of CGSM with 20% of PWM duty

with 100% PWM duty cycle. The frequency is increased linearly and the PWM duty cycle is
reduced to speed-up the motor. The motor generates the enough torque to accelerate the
speed, at which peak detection pulse can be detected. A turn ON angle and turn OFF angle
both vary to a large extent during initial startup. Thus motor always experiences a transient
in the speed during changeover, even with the general startup method. With the fixed turn
ON angle of 22.5°, maximum speed of 1200 rpm can be achieved without change in the turn
ON angle. This case is shown in Figure 6.41 where changeover takes place at a speed of
600 rpm with the PWM duty cycle as 14% throughout. Here, increase in speed is observed
due to change in the advance angle during changeover. At the higher speed, increase, both
in the turn ON angle and turn OFF angle, is proportional to the speed of the motor, even fif
advance angle and dwell angle are fixed. The case is shown in Figure 6.42, where
changeover takes place at the speed of around 1300 rpm with the PWM duty cycle of 20%.
Here, increase in speed is observed, but at that time speed is oscillating because both the
advance angle and the dwell angle are varying with the speed. At a higher speed, turn ON
angle increases and reach near 30° or even higher, which produces the negative torque. It
limits the motor speed to increase further with the sensorless method. The case is shown in
Figure 6.43 where changeover takes place at a speed of 1900 rpm with the PWM duty cycle
of 33%. Speed is reduced and oscillates around 1600 rpm, nevertheless it could be much
higher with the position sensing scheme (initial startup scheme) compared to sensorless
method with the same advance angle and PWM duty cycle. Figure 6.44 shows the case of
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changeover to the sensorless method with load torque of 0.1 N-m. Dynamic response of the
system is shown in Figure 6.45 with change in PWM duty cycle. However, large change in
PWM duty cycle or load torque results in loss of stability of CGSM with the open-loop speed

control system.
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Figure 6.45 Open-loop performance of CGSM with varying PWM duty

Performance of the CGSM with closed-loop speed control system is shown in Figure
6.46 to Figure 6.49. The speed PI controller adjusts the PWM duty cycle to compensate for
the error in speed, from initial startup to the sensorless operation. It is because the speed
controller compensates the change in speed during changeover by adjusting the PWM duty
cycle. Figure 6.46 shows the changeover to the sensorless method with no-load and with
load torque of 1 N-m respectively. Transient response to a load torque step of 0.2 N-m is
shown in Figure 6.47. PWM duty cycle is adjusted by the speed PI controller, and it
compensates the effect of load change. Transient response to a speed step of 200 rpm is
shown in Figure 6.48 with no-load and with the load torque of 0.2 N-m. The analysis of the
results shows that the steady state as well as dynamic response of the CGSM is better with
the closed-loop speed control scheme. However higher speed limit, imposed due to the
negative torque production, still remains with the closed-loop speed controller. Figure 6.49
shows the transient response to a speed change from 1300 rpm to 1400 rpm. The turn ON
angle is nearer to 30° with the constant dwell angle, therefore it produces negative torque. It
results in average torque reduction, which reduces the motor speed. At the same time PI
speed controller increases the PWM duty cycle to maintain the constant speed. But, with the
increases in PWM duty cycle, negative torque magnitude also increases, which results in
speed dip and oscillation. Reduction in the efficiency and speed oscillation restricts the high

speed operation.
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Figure 6.46 Closed-loop performance of CGSM with no-load
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Figure 6.49 Closed-loop performance of CGSM at higher speed

Simulation and experimental results confirm the theory and prove the concept of the
CGSM. Guidelines for the practical implementation of the CGSM are prepared from the
results of investigation. It covers design and performance issues along with the summary of
basic requirement and limits and are as under -

v" Method is applicable with PWM voltage control scheme.
v No prior knowledge of motor parameters is required except the pole

configuration.
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v' Indeed, it estimates one rotor position per phase, while PLL position
interpolation is used to derive intermediate rotor angle.

Implementation requires only few Op-amp, resistors and capacitors.

Low-pass filter is not necessary for single pulse operation

Feasibility with both closed-loop as well as open loop speed controller.

<N XX

Closed-loop speed control system remains stable with speed as well as torque
transient.
= |tis required to incorporate any initial startup method with CGSM.
= PWM frequency limits the upper speed due to delay produced in peak
detection pulse by filter.
= QOscillations in higher speed are observed with open-loop speed control system,
due to variation in turn-ON and turn-OFF angle.
= Open-loop speed control system is unstable for the torque transient.
= Closed-loop speed control system does not remain stable for the large
transient in speed or torque. This is due to negative torque production at the
higher turn ON angle and error produced due to delayed tuning of PLL.
Overall the implementation of the CGSM is quite challenging, particularly with the low
frequency PWM controller as compared to the high frequency PWM controller.

6.4 MODIFIED CURRENT GRADIENT SENSORLESS METHOD

A new CGSM is proposed particularly for the low frequency PWM controller, called
modified current gradient sensorless method (MCGSM). It eliminates the use of PLL from
the commutation stage and improves the stability of the system.

6.4.1 Design principle of MCGSM

Proposed MCGSM differs with the conventional CGSM in the design of current peak
detection stage and the method used to produce the commutation logic. Basic block diagram
of the speed control system with the MCGSM is same as shown in Figure 6.3. Block diagram
of MCGSM is shown in detail in Figure 6.50. Sensorless scheme for only one phase is
shown, for the convenience, while it is used for each phase current to derive individual
phase commutation pulse. In the conventional method, PLL is used to produce train of
multiple frequency pulses from the peak detection pulse, which produces intermediate rotor
position, and then phase commutation pulse is derived from continuous rotor position.
Proposed method eliminates requirement of PLL or any other frequency multiplying
techniques. Details of current peak detection stage and commutation logic are described as

below;
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6.4.1.1 Current peak detection

Process of current peak detection involves obtaining one pulse per stroke at the
instant of current peak and it is same as in conventional CGSM. However, filter adds a delay
in peak detection instant which is more prominent for the low frequency PWM controller.
Proposed method takes advantage of delay produced in current peak detection to derive
commutation logic, rather than compensating for error. ZCD of the conventional current peak
detection stage is replaced by the comparator. Further, the delay in peak detection instant
can be introduced by varying delay constant (K,q,) Of the comparator. Waveform for the
current peak detection stage is shown in Figure 6.16 where K, is zero, while it is apparent

that more negative value of K.y, adds more delay in peak detection instant.

6.4.1.2 Commutation logic

Commutation logic generates an individual phase commutation pulse to ensure the
torque production in the positive direction. Phase commutation pulses are derived directly
from the peak detection pulse in the MCGSM. Consider a Figure 6.51 which shows a phase
commutation and peak detection pulse of the each phase with Ky, = 0, while motor is
running with the constant turn ON angle of 22.5° and turn OFF angle of 52.5° at the constant
speed of 1300 rpm. Assuming constant motor speed, PDP of the active phase decides turn
ON instant of the next successive phase, and PDP of the same successive phase decides
turn OFF instant of the previously conducting phase. As shown in Figure 6.51, PDP1 turns
ON phase-2, while PDP2 turns OFF phase-1. Figure 6.50 shows the commutation process
of the phase-2 where PDP1 turns ON phase-2, and PDP3 turns it OFF. Phase commutation
pulses from the sensorless operation are compared with the commutation pulse from the

fixed position sensing arrangement in Figure 6.52. Delay in peak detection instant is a
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function of speed which results in variation of advance angle with the motor speed. Advance
angle is inversely proportional to the motor speed, thus both turn ON and turn OFF angles
increase with the speed. Maximum and minimum turn ON angles are bound to 30° and 20°
respectively to ensure the positive average torque. Measured commutation angles for the

simulation and experimental results are plotted in Figure 6.53 and Figure 6.54, respectively.
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Effect of angle variation on the motor speed can be controlled by controlling PWM duty cycle
with the closed-loop speed controller; however it needs to compensate this effect with the
open-loop speed controller. Even with the closed-loop speed controller, motor speed is
bound for the uncompensated commutation angle. Effect of angle variation can be
compensated by controlling delay constant K,4,. Consider a phase -2 where PDP1 decides
turn ON instant, which is bound by upper and lower limits. Reflected upper and lower limits
for the PDP of phase 1 become 45° and 35° respectively, which decide range of peak
detection pulse. Ideally PDP represent rotor angle of 30°, while in practice delay is added by
the filter which is proportional to the motor speed. In general, it is required to add a minimum
delay even at very low speed, which can be accomplished by reducing K,q,; however, it is
not applicable for the case of low frequency PWM controller. The delay factor K4, can be
set constant to achieve optimum angle with the closed-loop speed controlled, constant
speed drive applications. Effect of load torque can be neglected to map a linear relation
between K,q, and motor speed, to compensate variation in commutation angle to some
extent, for the variable speed drive application demands wide speed range of operation.
Variation of commutation angles for high frequency (5 KHz) PWM controller is shown in
Figure 6.55. Both the upper and lower speed limits are higher compared to low frequency
PWM controller. Thus additional delay must be added to the peak detection instant at low

speed even with the constant speed drive.
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Figure 6.56 Waveform of peak detection stage at the motor speed of 500 rpm (a) K,qp =
— 120 and (b) Kpqp =— 150

MCGSM is also able to perform with the K,q, = O or say, with ZCD instead of
comparator to complete a peak detection stage for the limited speed bandwidth and with the
compromised efficiency. The delay factor Kyy, can be designed to set optimum angle to
improve efficiency for the constant speed drive applications, while for the variable speed

drive application, Kpg, can be linearized for a limited speed band to improve the efficiency. It
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reduces a large variation in commutation angle with motor speed, to a constant narrow
bandwidth of 1° to 3°, which can be treated as nearly constant commutation angle, as
desired. However, large variation in load torque affects bandwidth of commutation angle.
The delay factor K,4, can be represented as-

K pgp = Kea x N + Ko (6.72)
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Figure 6.57 Rate of change of current at the speed of 1500 rpm

Particular commutation angle, where 'K.,' is the constant, depends on the required
commutation angle, 'N¢' is the motor speed in rpm and 'K,' is the initial constant. Consider a
case of constant commutation angle with the turn ON angle of 25° and constant dwell angle
of 30°, shown in Figure 6.56. It shows waveform of entire peak detection stage for phase-1
at a speed of 500 rpm. Ideally, the PDP1 should represent a rotor angle of 40° to maintain a
constant turn ON angle of 25°, because it decides turn ON instant of phase-2. However, the
turn ON instant is 33° for the K,4,=0 (ZCD), which demands reduced value of K,q,, to
maintain the PDP1 to 40°. The PDP1 reflects an angle of 36° for the Kpy, = -120, while it is
39° for maximum possible delay factor of K4, = -150, as shown in Figure 6.56. It is required
to reduce a delay in PDP at higher motor speed, to maintain PDP1=40° as shown in Figure
6.57, which can be fulfilled by increasing the K4,. The PDP1 reflects an angle of 44° for the
Kpap = O, at the motor speed of 1500 rpm, which reduces to 40° at the K4, = 200, as shown
in Figure 6.57. The delay factor Kyy, can be linearized as shown in Figure 6.58 from the
measured values. However, it is quite difficult to map nonlinearity among Kyq,, phase current
and motor speed. The MCGSM is intended to be incorporated with low cost PWM controlled

drive, therefore, it is preferable to allow a small variation in commutation angle which
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reduces a computation burden and implementation cost, nevertheless efficiency is not
optimized. Implementation and results for the MCGSM with and without compensation of
commutation angle are explained in next section for the open-loop as well as closed-loop

speed controller.
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Figure 6.58 Variation in delay factor K,q4, with motor speed

6.4.2 Implementation and Results

Prototype model of MCGSM with 500 W, four phase SRM, split DC converter and low
frequency PWM controller is developed. The transitions from the initial startup to the
sensorless control with the open-loop control and with no compensation in commutation
angle are shown in Figure 6.59 and Figure 6.60. The torque developed by motor during
transition should be greater than the load torque. It might be possible that the torque
developed with the initial startup method is higher than that of the sensorless method for the
same speed as well as constant PWM duty cycle, and it is because of the difference in
commutation angle. However, the torque can be increased by increasing the PWM duty
cycle during the transition if required. Consider the case shown in Figure 6.59, where
transition takes place at a speed of 880 rpm and with the constant duty cycle of 20% at no-
load. It shows the transition from fixed commutation control (6,, = 22.5°) to the variable
commutation angle scheme (6,, proportional to speed) with the constant dwell angle and
duty cycle. It is evident that, average torque becomes more at the instant of transition, which
increases the motor speed. This variation in 8,, with the motor speed results in the stable
oscillatory behavior of the speed. Figure 6.60 shows the operating condition when the motor

torque becomes less than the load torque just after the transition, which reduces the average
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torque and motor speed. The turn ON and the turn OFF angles both reduce with the

reduction in motor speed which increasingly reduces the average motor torque. However,
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Figure 6.60 Changeover to sensorless control at the speed of 680 rpm

operation can be achieved for the same case by increasing duty cycle after transition. The
transient response to a speed change with the open-loop speed control is shown Figure

6.61. Any sudden change in duty cycle leads a system towards instability, because if motor
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speed increases beyond the limit, then torque gets reduced at higher turn ON angle. It
imposes the limit on the PWM duty cycle to keep the speed below maximum limit, thus
maximum possible duty cycle is dependent and proportional to the load torque. The open-
loop response of the MCGSM is comparable with that of the CGSM. The motor speed is
having oscillatory behavior and there is significant reduction in motor efficiency beyond the
speed limit. Torque transient is not allowed with open-loop control. The transition from initial
startup to the sensorless method for the open-loop speed control, with the compensation in
commutation angle, is shown in Figure 6.62. Compensation in the commutation angle with
the linearized delay factor results in performance improvement of the open-loop control
system, which includes significant increase in motor efficiency, higher speed limit, better
speed transient response and allows torque transient. However, prior knowledge about
motor parameters is required to implement the compensation with linearized delay factor.
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Figure 6.61 Transient response to a speed change with open-loop control

The performance of the MCGSM with the closed-loop speed control system and
without compensation in commutation angle is shown in Figure 6.63 to Figure 6.65. It shows
smoother transition from initial startup to the sensorless control. Transient response to a
large speed step is also better with MCGSM patrticularly with light load condition. CGSM
does not allow even small load transient (0.3 N-m maximum for the case) while MCGSM can
withstand large torque transient as shown in Figure 6.65. A linearized delay factor or a
constant delay factor with the continuous speed drive can be implemented with the closed-

loop control for efficiency improvement.
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Prototype sensorless drive is developed and implemented for 500 W, 8/6 pole, four
phase SRM. Detailed block diagram of MCGSM implementation is shown in Figure 6.66.
The RT-Lab is used as a real time HIL (hardware-in-loop) controller to implement the open-
loop as well closed-loop speed controller and modified current gradient sensorless method.
Figure 6.67 shows the two subsystems named SM_speed_control and SC_speed_control
built in MATLAB simulink environment. A subsystem SM_speed_control includes the

process blocks to configure the input/output card. It produces the desired analog output by
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processing on the input signals, with the time step of 10us. Figure 6.68 shows the detailed
model inside this subsystem which includes blocks to configure and control input/outputs,
PWM control, speed measurement, Pl speed controller and modified sensorless scheme. A
subsystem SC_speed_control provides a user interface for the real time monitoring and
controlling the parameter of the main subsystem. It is made possible to control the motor
speed, to changeover from initial startup to the sensorless control and to adjust the delay

factor in the real time, via user interface as shown in Figure 6.69.
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Figure 6.66 Block diagram of MCGSM implementation with RT-Lab
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The waveform for the current peak detection pulse at the speed of 1300 rpm and 3500

rpm are shown in Figure 6.37 and Figure 6.38, respectively. The changeover response of

the MCGSM with the open-loop speed control system and the closed-loop speed control

system are shown in Figure 6.70 and Figure 6.72, respectively. The transient response of
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the MCGSM to a PWM duty change is shown in Figure 6.71. The transient response of the
MCGSM, with the closed-loop speed control system, for the speed change and torque
change is shown in Figure 6.73 and Figure 6.74, respectively. Experimental result ensures

the feasibility of proposed MCGSM and supports simulation results as well.
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Figure 6.70 Changeover to MCGSM with open-loop speed control at no-load for (a)
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6.5 CONCLUSION

Simulation and experimental studies validate the practical feasibility of the MCGSM for
the low cost SRM drive. Advantages of the MCGSM over conventional CGSM can be
summarized as-

v' PLL is not required, which reduces design constrain, and cost and saving in
time
Ease of implementation
Improve stability over speed and torque transient

Allow large torque transient

AN NN

Wider speed range

v"Higher efficiency with the commutation angle compensation
Other aspect of the MCGSM regarding practical issues and applications are as-

= The MCGSM gives practical solution for the sensorless control of the low cost
SRM drive, which enhances the industrial as well domestic applications of the
efficient SRM drive.
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= |f the motor parameters are available, then it is also possible to optimize a
performance of sensorless drive for a particular application.

It is required to carry out the further research work for the performance improvement
of the MCGSM in the following area.

0 Speed limit imposed by the MCGSM is due to variation in the commutation
angle with the speed. However, the commutation angle is not only a function of
motor speed, but there is a non-linear relation exists amongst commutation
angle, motor speed, and rate of change of phase current. It makes complex the
task to design a delay factor which compensate the commutation angle for all
speed and load condition. One solution is to store the non-linear relation as
lookup table which is required and are available from the pre measurements or
accurate modeling of the SRM drive. But, this is not a viable solution for the low
cost SRM drive. On the other hand, peak value of the rate of change of current
limits maximum delay factor. It depends on the load torque, motor speed as
well as rotor angle which increase complexity of the design.

o lItis also required to concentrate in the research and development of the initial
starting methods for the sensorless control. Most of the sensorless methods
available today are unable to start without initial starting method, which reduces
the effectiveness of sensorless methods in practical applications.

The MCGSM is applicable to the low cost PWM controlled SRM drive to eliminate the
mechanical position sensing arrangement for the limited speed range.
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Chapter 7: IN-WHEEL SRM DRIVE FOR AN ELECTRIC VEHICLE

In this chapter, performance of the in-wheel SRM drive is investigated for the battery
operated low-power electrical vehicle system. The model of 8/6 pole, four phase SRM is
used with asymmetric bridge converter and low-frequency PWM controller. Passive loading
scheme is proposed to simulate the complete system model of the in-wheel SRM drive. Also,

the performance of the electric braking is investigated with the fixed-angle control scheme.
7.1 INTRODUCTION

The comparison of the SRM drive over other drives has been well documented in the
literature [8, 29, 42, 55, 56, 59, 71, 80, 150]. It is proven that the SRM drive offers superior
performance over others in varying applications; however its application is still limited to the
few industrial and domestic applications.

General advantages of the SRM are low cost (motor and converter), small size and
higher efficiency (above 90%), which makes it suitable candidates for the industrial and
domestic fan, blowers, compressor and pumps. Capability of high speed range makes it
suitable for the textile spinning and vacuum cleaner. The possibility of the wide-speed range
operation is beneficial for the washing machines wherein single motor can used in spin, dry
and wash cycles. Special features of the SRM like shape adoptability, countable cycle
(number of revolution) and fast stop makes it advantageous to the food processor
applications. Gear-less operation or reduction of the gear ratio is also favourable for some
applications. High low-speed torque and integrated management capability makes it suitable
for the automotive application like power steering and wiper. Features like high starting
torque, wide constant power region and higher efficiency at varying load make the SRM as
most suitable candidates for the electric vehicle propulsion system. The investigation is

carried out to analyse the performance of SRM for low-power two-wheeler vehicles.
7.2 CASE STUDY: SRM FOR AN IN-WHEEL ELECTRIC VEHICLE

Performance of the 500W, 8/6 pole, four phase SRM is investigated for an in-wheel
electric vehicle system. The SRM drive consists of asymmetric bridge converter and PWM
current controller. A 48V battery is used to supply the power to the drive. Passive loading
scheme is proposed which makes it possible to develop a simulation model of the in-wheel

electric vehicle system from the separate model of the SRM and vehicle system.
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7.2.1 Modeling of SRM drive

Simulation model of conventional bridge converter is used with the model of four
phase SRM developed earlier. The model of the MOSFET IRFP450 is used as a power
switch. The fixed frequency (1.67 KHz) PWM control is incorporated to control the speed
while hysteresis current control is used to limit the maximum current. The turn-ON and turn-
OFF angles are fixed to the 27° and 57°, respectively. The generic battery model from the
'Electrical source' library is used to supply the power to the converter. The parameters of the
equivalent circuit of the battery can be modified to represent a particular battery type, based

on its discharge characteristics. The Li-lon type battery model is used in this application
having parameters as under -

Nominal voltage (V) = 48

Internal resistance (ohm) = 0.02

Full charged voltage (V) = 55
Nominal discharge current (A) = 10.5

Rated capacity (Ah) =24

The discharge curve of the 48V Li-lon battery is shown in Figure 7.1.
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Figure 7.1 Discharge characteristics of the battery

7.2.2 Modeling of electrical vehicle

The mathematical model of the electrical vehicle with two equally sized wheels,
moving forward or backward along its longitudinal axis is developed. The geometry of the

vehicle is shown in Figure 7.2. It is assumed that vehicle is in vertically balanced condition
and thus wheels are always perpendicular to the horizontal plane.

The vehicle parameters are as follows:
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‘m’ is a mass of the vehicle in (kg) = 150

‘a’ is a horizontal distance of CG from front axis in (m) = 1.4
‘b’ is a horizontal distance of CG from rear axis in (m) = 1.6
‘h’ is a height of CG from the ground in (m) = 0.5

‘A’ is a front area in (m?) = 0.8

‘C4’ Is a drag co-efficient = 0.1

V' is a longitudinal velocity of the vehicle in (m/s)

‘0’ is a mass density of air in (Kg/m®) = 1.2

‘Fq’ Is an aerodynamic drag force in (N)

‘F«’ is a longitudinal force applied at the front wheel in (N)

‘F«r’ is a longitudinal force applied at the rear wheel in (N)

‘r' is a radius of the wheel in (m) = 0.21

‘\ m(dV,dt)

A
Figure 7.2 Geometry of the vehicle

Output of the model of the vehicle is the longitudinal velocity for the longitudinal force
applied to the front and rear wheels. Assuming the rear wheel drive requires longitudinal

force at the rear wheel to accelerate the vehicle with the velocity Vy is -

F,=Fg = mddltx— Fy +mgsin(p) (7.2)
Simply,

dv .
m dtx = F, + F4 —mgsin(53) (7.2)
Where, aerodynamic drag force,
Fd = —%Cd -p-A-V2.sgn(V,) (7.3)
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Figure 7.3 Simulation diagram of the vehicle model

Dynamic model of the vehicle system is simulated in the MATLAB simulink

environment from the (7.2) and (7.3) as shown in Figure 7.3.
7.2.3 Simulation of in-wheel electric vehicle

To study the exact behaviour of the in-wheel SRM drive, a complete mathematical
model of the SRM loaded with the exact model of the vehicle is required. However, two
separate models are used for the SRM and electric vehicle. In the vehicle system model
torque is an input and instantaneous velocity is an output. The load torque is an input signal
to the SRM model which can be used to apply the load torque as constant or function of
motor speed. While, SRM model provides an electromagnetic torque for the measurement
purpose only, the passive loading scheme is used to load the SRM model with the vehicle

model to complete the in-wheel electric vehicle system.
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Figure 7.4 Speed-torque curve of the vehicle
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Passive loading scheme is divided in two parts. In first part vehicle system model is
used. Constant torque is applied as an input to the vehicle model to find the steady state
speed of the vehicle. Table 7.1 shows the steady state speed achieved by the vehicle for an
applied constant torque. The speed-torque curve of the vehicle is shown in Figure 7.4 which
is stored as a look-up table, where measured speed of the SRM is used as an index to
obtain the required torque. This torque is applied as a load torque to the SRM model. Thus
load torque imposed on the SRM is a function of speed.

Table 7.1 Speed-torque characteristic of vehicle

Sr. No Torque Steady state speed of wheel of Steady state speed of vehicle
(N-m) the vehicle (Km/h)
(rpm)
1 0.10 143 11
2 0.25 226 18
3 0.50 320 25
4 0.75 393 31
5 1.00 453 36
6 1.25 507 40
7 1.50 555 44
8 1.75 600 47
9 2.00 641 51
10 2.25 680 53.8
11 2.50 716 56
12 2.75 752 60
13 3.00 785 62
14 3.25 817 64.5
15 3.50 848 67
16 3.75 877.5 69.44
17 4.00 906.3 7171
18 4.25 934.2 73.92
19 45 961.3 76.06
20 4.75 987.6 78.15
21 5.00 1013 80.18
22 5.25 1038 82.16
23 5.50 1063 84.09
24 5.75 1087 85.98
25 6.00 1110 87.83

In the second part, combined body of the SRM and vehicle is considerd as the lumped
cylindrical shape body having weight same as weight of the vehicle and radius same as the
radius of the wheel. The inertia of SRM model is considered as same as the inertia of

lumped cylinder as-

J=mr?=6.615 (7.4)
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where 'm' is mass of the vehicle and 'r ' is radius of the wheel and 'J' is the inertia in
Kgmz. Thus, the SRM model which is loaded with the vehicle speed-torque characteristics,
and has inertia of the lumped cylinder, acts as the model of the in-wheel vehicle system.
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Figure 7.5 Speed response of the in-wheel vehicle
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Figure 7.6 Plot of vehicle speed

To validate the proposed scheme, measured torque of the SRM is supplied to the
vehicle model, and the speed response of the designed in-wheel SRM model and actual
vehicle model are compared. The in-wheel SRM is supplied with the full voltage. The speed
response curves shown in Figure 7.5 confirms that the speed response of both the cases are
very close which validates that the designed SRM model representing the in-wheel electric
vehicle system.

Figure 7.6 show the speed response of the vehicle in Km/hour. It shows that the
maximum possible speed of the vehicle is 63 Km/hour, while it takes 150sec to accelerate

form 0 to 60 km/hour.
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Figure 7.7 Waveform of phase current and motor torque at full speed
Waveform of phase current and torque are shown in Figure 7.7. It shows that the peak

current is less than 3.5 Ampere and ripple in torque is very low (0.3 unit) to produce

significant effect on the performance of the electric vehicle.
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Figure 7.8 Battery voltage and current at full speed

Figure 7.8 shows the battery voltage and current which dictates that the peak current
of the battery is less than 6 Ampere. However, the battery current during starting was around
18 Ampere. Assuming average battery current of 10 Ampere, the fully charged battery will
serve approximately for the next 2.5 hour. Considering constant speed of 40 Km/h, the

vehicle will run for 75 Km with one charge.
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Figure 7.9 shows the mechanical output power of the motor at full speed. The average
output power is 282W while the peak value is 317W.

The results confirms that the SRM is the suitable alternative to replace the costly
BLDC motors for the low-power in-wheel electric vehicles.
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Figure 7.9 Power output at full speed

7.2.4 Performance of regeneration braking

It is convenient to incorporate an electrical regeneration braking with the SRM as
compared to conventional motors. The effectiveness of the regeneration breaking is
investigated.

The SRM offers easiest way to change the operation mode from motoring to
generator. It is required to change the commutation angles (turn ON and turn OFF) such that
the phase energizes during the falling inductance profile instead of rising. The scheme is
proposed to implement the braking with the low cost fixed angle controller. It uses a simple
mechanical switch which interchanges the commutation pulse of each phase as-

Phase-1 to Phase-3

Phase-2 to Phase-4

Phase-3 to Phase-1

Phase-4 to Phase-2

The simple mechanism changes the turn-ON angle to the 57° and turn-OFF angle to
the 87°. It produces the negative torque as the falling inductance region of the 8/6 pole, four

phase SRM is from 60° to 90°. The simulation results of the electrical braking applied to an
in-wheel vehicle system are as follow.
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Figure 7.10 Waveform of phase current and torque during regenerative breaking
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Figure 7.11 Battery voltage and current during regeneration operation

Figure 7.10 shows the waveform of phase current and torque while braking is applied
with the full voltage, to the in-wheel vehicle model. Figure 7.11 shows the battery voltage
and current for the regeneration operation. However, kinetic energy of the vehicle is not fully
utilized because even with regeneration, it consumes the energy in braking. An angle control
scheme can offer a more efficient regeneration by ensuring the prevention of phase
excitation during rising inductance period. Efficiency of the regeneration can also be

increased by reducing the dwell angle to allow the more regeneration time. But, at the same
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time it reduces the amount of braking torque. The phenomena is comparable with the
motoring operation, where torque can be increased by increasing the dwell angle but at the
cost of efficiency. Figure 7.12 shows the battery current and voltage with reduced dwell
angle (15°). The regeneration allows recharging of battery during braking and improves the

range.
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Figure 7.12 Battery voltage and current with reduced dwell angle
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Figure 7.13 Braking torque control

The braking torque can also be controlled by the PWM duty cycle. Figure 7.13 shows

the control of braking torque by the PWM duty cycle. It seems that electric braking system
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can be used along with the mechanical braking system. The motor that develops more

acceleration can also provide fast braking operation.
7.3 CONCLUSION

The SRM offers numbers of advantages compared to conventional BLDC motor for the
in-wheel vehicle system. It includes low-cost, smaller size, less weight, higher starting torque
and higher efficiency drives. The SRM fits the best for the vehicle propulsion application

without having an issue of torque ripple.
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Chapter 8@ CONCLUSION AND FUTURE SCOPE

8.1 CONCLUSION

This work has been carried out to investigate the performance of the SRM drive and to
explore the potential of the same. It has the capability to replace the conventional motors for
the variable speed drive application.

The SRM offers many advantages over conventional dc and ac motors as well as over
other electronically commutated (EC) motors. The doubly salient structure with no winding
on the rotor makes the SRM smaller in size, less in weight, and cheaper in cost compared to
dc and ac motors of the same power rating. The repair and maintenance of the motor
becomes more convenient as there is winding on the stator only. Besides, the rotor of the
SRM is made up of laminated iron or steel unlike other EC motors which use permanent
magnet. It reduces the material cost of the motor compared to other EC motors. It has
advantage of higher permissible temperature and easy to cool. However, the selection of the
stator/rotor pole configuration is an important factor for the efficient operation of the SRM
drive as different topologies of the motor are possible. The most adopted SRM topology is
the 6/4 pole three phase, as lower phase leads to higher torque ripples and higher phase
adds an extra cost and components.

Advancement in technology and simulation software makes the design and
development of the SRM drive more convenient. The modeling and simulation study shows
that the accurate model of the SRM can be derived with the MATLAB based simulation tool.
Several vital schemes to model a SRM are also explored and compared, from which an
appropriate modeling technique is selected to meet the application demand. The look-up
table based modeling technique offers high accuracy and minimum computation time for the
simulation. However, the development cost is higher and it also takes more time. This
method is useful where the performance of the existing SRM is to be investigated for the
specific drive application. The inductance based modeling method gives reasonable
accuracy as well as reduces time and cost of implementation. The analytical modeling
method uses geometrical parameters and information about numbers of turns per phase to
model a motor. Thus, this method is more economical and convenient to develop compared
to others. However, it requires large calculation to obtain the co-efficient of the analytical
expression. This method would be a better choice to investigate the performance of power
electronics converters and control techniques of the SRM drive. The physical modeling
technique is proposed and developed in the present work which allows variation of the
physical parameters of the model. This method is useful to obtain the optimized performance

of the drive. This method is easy to implement and offers good accuracy. The 3D
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visualization model of the motor is developed which added a new dimension to the modeling
of the motor. Furthermore, the real-time simulation model of the complete SRM drive is
derived in the present work with the RT-Lab based simulator. Also, the effect of variation in
advance angle and dwell angle on the torque-speed characteristics of motor is investigated.
The desired torque-speed response of the motor can be obtained by adjusting the dwell
angle and advance angle. Higher advancement in the turn-ON angle results in higher speed
while average torque of the motor can be increased by increasing the dwell angle. It was
observed that the minimum dwell angle reflects maximum efficiency of the motor.

The low-cost 8/6 pole four phase SRM drive is designed and developed in this work
and performance is investigated. The investigation shows that the proposed four phases
SRM with two phase excitation scheme reduces the torque ripple significantly without
increase in component cost as the one switched per phase converter is used. The amount of
torque ripple is 3.05 at the speed of 1000 rpm and load of 1 N-m, while it is 4.2 for single
phase excitation with the same condition. Further, the proposed low-frequency PWM
controlled scheme reduces the converter losses, motor noise and electromagnetic
interference to the system as compared to the conventional hysteresis current control
scheme. The AC small signal model of the SRM is designed in the present work and
accordingly Pl speed controller is developed. The performance of the SRM drive is
investigated for the open-loop and closed-loop condition. The result shows that the efficiency
of the proposed SRM drive is higher even at partial loading condition. It is observed that
maximum efficiency of the SRM drive is 92% at the full load and 91.2% at the half load
(Table C.3). This SRM drive offers higher performance to cost ratio. The investigation shows
that the amount of the ripple in the torque is not constant but it varies with the speed, load
torque and PWM frequency. It was found that the problem of torque ripple is not
predominant for the high speed application and for the application involving heavy inertia
load. This investigation shows that, the SRM provides an energy efficient solution to the
electric motor driven system for the wide range of applications.

In the present work an investigation is carried out to eliminate the need of mechanical
position sensors. Different sensorless control techniques of the SRM drive are analyzed and
then performances are compared. The flux-linkage based method is found more accurate
than others as they utilize motor magnetic characteristics to estimate a rotor position. In the
present work, this method is investigated in detail. The downside of this method is that it
requires large amount of data of the motor magnetic characteristics which must be derived
experimentally. Thus, it increases the cost and time of implementation. The accuracy of the
method also depends upon the accuracy of the measurement and experimental setup used.
Efforts have been made to reduce the requirement of the storage space and complexity of

the implementation. The fixed-turn off angle method of rotor position estimation is proposed
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and developed in the present work which requires lesser amount of data to store. This
method is also cost effective, easy to implement and offers high accuracy. Downside of this
method is that it does not allow multiphase excitation to reduce the torque ripple. It also
deteriorates the peak torque capability of the motor in the high speed operation. This method
gives coarse position information rather than estimating continuous rotor position. The
method is suitable for the applications where the mechanical position sensor seems to be
unreliable due to harsh environment condition. The ANN based rotor position technique is
proposed and developed in the present work which is able to estimate the continuous rotor
position where the neural network is used to map the non-linear relation of flux-current-
angle. This method offers high accuracy of rotor position estimation and allows both the
advance angle control and dwell angle control. However, this method is computation
intensive which increases the cost and the complexity of implementation. An analytical
method of rotor position estimation is also proposed and developed in the present work
which reduces computation burden as well requires less storage data to estimate continuous
rotor position estimation.

The implementation of the flux-linkage based sensorless technique is limited to the
particular motor because it utilizes the magnetic characteristics of that motor. Even the
magnetic characteristics of the two motors from the same manufacturing lot may not have
exact match. This problem is investigated by the sensorless method that does not require
prior knowledge about the motor magnetic characteristics. These methods monitor the
phase current waveform and accordingly derive the pulses per electric cycle to represent a
rotor angle. The current gradient sensorless method (CGSM) found accurate and easy to
implement compared to others. This method is applicable to the SRM drive which
incorporates PWM current controller. In the present work, the performance of the CGSM is
investigated in detail to be incorporated with low-cost low frequency PWM drive. It was found
that the issue of the stability arises during the transient in speed and load variation, which is
mainly due to use of PLL. A modified CGSM proposed in the present work which does not
require the use of PLL, shows the improvement in the transient stability of the system. This
method is found economical and simple to design and implement. Furthermore, the CGSM
can be incorporated with any motor having same numbers of stator/rotor poles, without any
change in hardware.

A case study is conducted in the present work to investigate the performance of SRM
drive as an In-wheel electric vehicle. This investigation shows the superior performance of
the SRM drive in many aspects. The SRM drive provides high starting torque without
excessive current and also provides larger battery range per one charge. The SRM offers
numbers of advantages compared to conventional BLDC motor for the in-wheel vehicle

system. It includes low-cost, smaller size, less weight, higher starting torque and higher
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efficiency. The investigation concludes that the SRM fits the best for the vehicle propulsion
application without having an issue of torque ripple.

The SRM technology is gaining acceptance from the industries mainly on account of
its efficiency, speed-torque characteristics, size, weight and cost. The suitability of the SRM
covers a wide operating range from few watts to MW and large numbers of application.
Although, the complete success of the SRM drive needs proper choice of application,
converter, control scheme and position sensing arrangement.

To summarize, in this dissertation, consolidated efforts are made to investigate the
performance of the SRM drive. A non-linear modelling and simulation technique of the SRM
is developed and examined in this dissertation. The low-cost SRM drive is designed and
developed in this work where its performance is investigated with the simulation and
experimental analysis. This thesis covers extensive investigation of sensorless techniques to
eliminate the need of mechanical position sensors. Also, the applicability and advantages of

SRM drive for the low power in-wheel electric vehicle are analysed.
8.2 FUTURE SCOPE

Research is a never ending process. In fact, an end of a research project is a
beginning of a lot of other avenues for future work. Following aspects are identified for future
research work in this area —

» The ANN based rotor position estimation technique developed in this work can be
extended to reduce the phase transient error by incorporating ANN or fuzzy based flux
estimator with the same. In case of ANN based implementation, numbers of hidden
layers and numbers of neuron can be optimized using genetic algorithm.

» Furthermore, an effect of mutual inductance can be considered to obtain the precise
simulation model of the motor.

» The analytical sensorless technique developed in this work provides accurate rotor
position information with the requirement of minimum magnetic data to store. The
algorithm for the compensation of the error in rotor position is derived for the operating
speed range. The error in rotor position estimation is increase at other operating speed.
Thus, further work can be carried out to extend the analytical sensorless method to
produce the higher accuracy of rotor position estimation for the wide speed range without
losing its simplicity.

» The modified CGSM offers accuracy with simplicity in implementation for the low
frequency PWM controlled drive. However, to handle the large transient in load and

speed, gain of the peak detection stage must be compensated for the speed and current.
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It increases the complexity of the implementation as the relation amongst gain, speed

and current is non-linear.
Further investigation must be carried out to design the application specific SRM drive
which not includes only selection and designing of speed controller, but also includes the

selection of motor geometry, converter topology and position sensing scheme.
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APPENDIX-A

PHOTOGRAPHS OF THE EXPERIMENTAL SETUP

T 7 [
: CPU Monitor

Fluke Meter

Machine Analyser

Figure A.1 Complete hardware setup of SRM drive with RT-Lab
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Power supply for

current sensor

Gate Pulses Position pulses
From RT-Lab to RT-Lab

Figure A.2 Split DC converter and MOSFET drivers unit

Analog Input/Output
Interface

Figure A.3 Analog input-output interface of RT-Lab
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APPENDIX-B

RT-LAB CONFIGURATION

Table B.1 RT-Lab Simulator Characteristics

Hardware PC with dual quad-core Intel processor (2.3 GHz)
Real-time operating system QNX or RedHawk Linux

RT-Lab Version 10.3

Digital 1/0 16 Di,, - 16 Dy (Time Stamped)

Analog I/O 16 Inputs and 16 Outputs

User Programmable FPGA Xilinx Spartan 3

o R

Figure B.1 Rear view of the RT-Lab simulator

Table B.2 Power slots

Power Slot Power source
A +5VDC, +12 VDC
B +/-18 VDC

Table B.3 Input output slots

1/0 Slot | Carrier Type Section A Section B
1 OP5220 OP5330 Analog Out OP5340 Analog In
2 OP5210-S3 OP5311 Digital In OP5312 Digital Out
3 Empty Empty Empty
4 Empty Empty Empty

RECONFIGURABLE FPGA BOARD

Table B.4 FPGA Configuration

Model FPGA Bus FPGA | Gate Logic Slices | CLB 1/0 Lines
Name Type Clock Cells Flip Flop
OP5142 | Xilinx PCI- 100 5M 74,880 33K 66K 296
Spartan 3 | Express | MHz (74K)
XC3S500 | 1x
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OP5142

PCle X1
SignalWire

14 DIO

100 MHZ
298 DIO SPARTAN3
: | Q 5 Mgates

1
MEMORY
FLASH
32 Mb

Figure B.2 Block diagram of OP5142
SignalWire : 625 Mb/sec
PCle X1: 2.5 Gb/sec

Figure B.3 The OP5142 reconfigurable board

Table B.5 Configuring FPGA board through ‘OP5142EX1 Ctrl’

1/0O BitStream Index

OP5142 1-EX-0000-1 3 4-S 160 C3 C1 EB EA_EB_EA-01-0Lbin 0
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ANALOG CONVERSION INTERFACE

Two types of analog conversion modules are available: the OP5340 is a bank of
analog-to-digital converters and the OP5330 is a bank of digital-to-analog converters. It

features follows
OP5330 Analog Output Module

Feature/Overview
e Up to 16 analog output channels
e One 16-bit DAC per channel
e Simultaneous output on all channels: eliminates skew errors inherent in
multiplexed channels
e 1 MS/s max. update rate per channel
e Total throughput of 16 MS/s for 16 channels
e \oltage ranges of +/- 16 Volts
¢ On-board signal conditioning
e Maximum current +/- 15 mA
e Outputs short-circuit protected at 30 mA
e Minimum conversion/acquisition time is 1 pys per channel
e Library of drag-and-drop blocks for Simulink
The OP5330 features 16 channels with individual 16-bit Digital-to-Analog Converters
(DAC) that ensures simultaneous signal generation from multiple channels, thus eliminating
the skew errors associated with multiplexed channels. Each DAC can update up to 1 MS/s,
giving a total throughput of 16 Ms/s. On-board signal conditioning provides voltage ranges of

+/- 16 V.

From

FPGA —» C | i { =[ Analog Qutput #1
Boards f .
> O ! Analog Output #2
e e

by (chanmels 1-8)

" Analog Output #3 L
mESETRNE——_T—

— O | H‘:E[ Analog Output #14 e
—> C ! Analog Output #15 \
D '
—» O | II =| Analog Output #16 ;
S "-' - .—.—{ Ground A

Figure B.4 Schematic of 0P5330 analog output module
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From

FPGA Board
Analog
From Output
Gain DAC .
From
Offset DAC ©

-18V -18V
Ground £

(from I/O board) Ground

Figure B.5 Schematic of one channel of OP5330

Figure A.6 represents a simplified schematic of one channel of the OP5330 module. It
is composed of three stages: the first stage consists of one gain DAC and one offset DAC;
the second stage consists of a signal DAC with an operational amplifier that allows for gain
adjustments; the third stage consists of an operational amplifier that receives final signal

value and integrates the offset.

STAGE 1 STAGE 2 STAGE 3

SIGNAL DATA /REF SIGNALDAC > A
GAINDATA| campre S A >

OuTPUT

+
OFFSET DATA oerseroac. D MJ

;
Figure B.6 simplified schematic of one channel of the OP5330 module
OP5340 Analog Input Module

¢ Up to 16 differential analog Input channels, one 16-bit ADC per channel
¢ Simultaneous sampling on all channels: Eliminates skew errors inherent in
multiplexed channels

e Up to 500 kS/s update rate per channel. Total throughput of 8 MS/s.
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¢ Independent programmable ranges from +/- 100 mVolt to +/- 16 Volt, with
software calibration (gain and offset)

¢ Minimum conversion/acquisition time is 2 pus per channel

e On-board signal conditioning

e Library of drag-and-drop RT-LAB blocks for Simulink

The OP5340 features 16 differential channels with individual 16-bit Analog-to- Digital

Converters (ADC), which ensures simultaneous signal capture from multiple channels, thus
eliminating the skew errors associated with multiplexed channels. Each ADC can sample up
to 500 kS/s, giving a total throughput of 8 Ms/s. Onboard signal conditioning provides offsets

and gains from +/- 100 mV to +/- 16 V as well as over-voltage protection.

To
FPGA
-~ Board
o Analog Input #1 o O -
Q 1
P—
O Analog Input #2 &t — O
Q 1
r—-
O N
O B R r Ground (from 1/0 board)g
Figure B.7 Schematic of 0P5340 analog input module
Analog + To
Input - EDC>-0 FPGA Board
Ground

(from I/O board)

Figure B.8 Schematic of one channel of OP5330
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Differential Amplifier Level Shifter A/ D Converter

A

+
Vin \
- VIN ouT
V ref. /

Serial Data Out

V ref. REF

Figure B.9 Simplified schematic of one channel of the OP5330 module

Figure A.9 represents a simplified schematic of one channel of the OP5340 module. It

is composed of three stages. First stage consists of one operational amplifier that works in

differential input mode and permits the gain adjustment. Second stage, the level shifter,

forms the signal for the A/D converter input. Then, after the conversion to the digital type, the

signal is sent to the FPGA.

Up to 16 analog Input (OP5340) or Output (OP5330) channels

One 16-bit ADC (OP5340) or DAC (OP5330) per channel

Simultaneous sampling on all channels eliminates skew errors inherent in
multiplexed channels

Up to 500 kS/s update rate for every channel. Total throughput of up to 8 MS/s
Dynamic range of £ 16V

Accuracy of +/- 5mV

Current/Load of + 15mA

Hardware configurable on-board signal conditioning and antialiasing filter
On-board EEPROM memory for calibration parameters

Library of drag-and-drop Opal-RT RT-XSG blocks for Simulink

Pin assignement

All inputs/outputs are accessible via a 96 pin, 3 x 32, DIN96 connector which shown in

Figure A.10. Model OP5941 shown in Figure A.11 is a dual 38-screw terminal used to
connect field I/O signals to the OP5330 and OP5340 module. Table shows the Pin assigned
to the each terminals of OP5330 and OP5340 board.
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B32
A3 C32

A'I_‘iJTiO
1

Figure B.10 Carrier front view of male connector

Figure B.11 Model OP5941 Terminal connection board
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Table B.6 Terminal description of analog inputs/outputs

Section A: Analog Output

Section B: Analog Input

Channels Pin Number Output Channels Pin Number Input
0 A32 + CH 00 16 Al6 + CH 00
B32 GND B16 -CHO0O0
1 C32 + CHO1 17 Cle6 + CHO1
A3l GND Al5 -CHO1
2 B31 + CH 02 18 B15 + CH 02
C31 GND C15 -CHO02
3 A30 + CH 03 19 Al4d + CH 03
B30 GND B14 -CHO03
4 C30 + CHO04 20 c14 + CHO04
A29 GND Al3 -CHO4
5 B29 + CH 05 21 B13 + CH 05
C29 GND C13 -CHO05
6 A28 + CH 06 22 Al2 + CH 06
B28 GND B12 -CH 06
7 Cc28 + CH 07 23 C12 + CH 07
A27 GND All -CHO7
8 B27 + CH 08 24 B11 + CH 08
c27 GND Cl1 -CHO08
9 A26 + CH 09 25 Al0 + CH 09
B26 GND B10 -CHO09
10 C26 + CH 10 26 C10 + CH 10
A25 GND A09 -CH10
11 B25 +CH11 27 B0O9 +CH 11
C25 GND C09 -CH11
12 A24 + CH 12 28 AO8 + CH 12
B24 GND BO8 -CH12
13 C24 +CH 13 29 Cco8 +CH 13
A23 GND A07 -CH 13
14 B23 +CH 14 30 BO7 +CH 14
Cc23 GND co7 -CH14
15 A22 + CH 15 31 A06 + CH 15
B22 GND B0O6 -CH 15
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MAPPING 1/0 BLOCKS TO SIGNAL CONDITIONING

Slot 1 Section A: 16 Analog Out

Relation between Simulink blocks and OP5330
Description: Icon Name: OP5142EX1 AnalogOut
OpFcnOP5142EX1AnalogOut Parameters

Controller Name ‘OP5142EX1 Ctrl’
Data-In port number 1
Number of AOut channels 8

Slot 1 Section B: 16 Analog In

Relation between Simulink blocks and OP5340:
Description: Icon Name: OpOP5142EX1 Analogin
OpFcnOP5142EX1Analogin Parameters:

Controller Name ‘OP5142EX1 Ctrl’
Dataln port number 1
Number of AOut channels 8
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