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ABSTRACT

The - switched reluctance motor (SRM) drive is receiving increasing
attention from various researchers as well as industry as a viable candidate for adjustable
speed and servo 'applications. The switched reluctance motor is simple in construction. It
not only features a salient pole stator with concentrated coils, but also features a salient
pole rotor, which has no conductors or magnets and is thus the simplest of all electric
machine rotors. Combining the unique features of an SRM with simple and efficient
power converter that it uses, a superior motor drive system emerges Which may be
preferable for many applications compared to other ac or dc motor drive systems.

In this thesis, simulation of the current and speed controlled SRM drive is
carried for various operating conditions by changing the load and the reference quantities.
The performance of the drive is investigated for different switching angles .The optimum
turn off angle for a particular load is determined. Different modeling approaches and
simulation models of SRM are presented. Implementation of microcontroller controlled
SRM drive is done experimentally. The starting problem for an SRM is presented with a
solution. Finally, the flowcharts for the open loop operation and current controlled

operation of the drive are given.
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Chapter I: INTRODUCTION

The Variable Reluctance Motor is being used in many commercially adjustable
speed applications since 1969; due to its unique mechanical structure and simple power
electronic drive requirements. The intrinsic simplicity and ruggedness make it superior to
other electric machines. Because unidirectional current is required from the converter,
only one switch per phase is needed. Even though some converters use more than one
switches to increase the reliability or to realize certain control strategies that are not
possible by using only one switch per phase. In addition, each phase winding of the SRM
is independent; so, it can operate with some of the phase windings disabled, at a lower
power output. |

It is a doubly salient machine with salient poles on both stator and rotor. The
stator has Wound field coils as such of a DC machine and the rotor has no coils or
magnets. The rotor is aligned whenever diametrically opposite stator poles are exited. In
a magnetic circuit, the rotating member prefers to come to the minimum reluctance
position at the instance of excitation. While two rotor poles are aligned to the two stator
poles, another set of rotor poles is out of alignment with respect to a different set of stator
poles. Then, this set of stator poles is exited to bring the rotor poles into alignment.
Likewise, by sequentially switching the currents into the stator windings, the rotor is
rotated. The movement of the rotor, hence the production of torque and power, involves
switching of currents into stator windings when there is a variation of reluctance. This is
the reason for considering this variable speed motor drive as a Switched Reluctance

Motor drive.

1.1 Importance of SRM
SRM drives are beginning to penetrate the growing market of adjustable speed
drives. This is mainly due to their unique capabilities of operation. VRMs’ are now
finding increasing use in adjustable speed drives because of the following features and
advantages:
» This motor is simple in construction with no winding on rotor and simple

concentrated coils on stator.



> It can run successfully at high speeds (about 2 x 105 rpm) because of no winding
on rotor and rugged rotor construction.

» Stator windings can be cooled easily and efficiently.

> Because of effective stator cooling, the motor dimensions decrease for a given
machine rating.

» As VRM can be operated from unidirectional drive circuits, cost of micro- and
power-electronics is reduced.

» VRM operates successfully, though at reduced output, even if one or more phases
are out of circuit due to some fault.

» They have capability to run in harsh environments.

» There are no shoot-through faults between the DC buses in the SRM drive
converter because each rotor Winding is connected in series with converter
switching elements. '

» Bidirectional currents are not necessary, which facilitates the reduction of the
number of power switches in certain applications.

» The open-circuit voltage and short-circuit current at faults are zero or very small.

» The maximum permissible rotor temperature is higher, since there are no
permanent magnets.

» There is low rotor inertia and a high torque/inertia ratio.

On account of the favorable features enumerated above, SRM drive is now
emerging as an alternative for the general purpose adjustable speed drives. SRM can now

compete with adjustable speed dc and induction motor drives.

1.2 Drawbacks

"SRM must always be electronically commutated and thus cannot run directly
from a dc bus or an ac line. The SRM comes with a few disadvantages among which
torque ripple and acoustic noise are the most critical. The double saliency construction
and the discrete nature of torque production by the independent phases lead to higher
torque ripple compared with other machines. The higher torque ripple also causes the

ripple current in the DC supply to be quite large, necessitating a large filter capacitor. The



doubly salient structure of the SRM also causes higher acoustic noise compared with

other machines. The main source of acoustic noise is the radial magnetic force induced

resonant vibration with the circumferential mode shapes of the stator. |
The absence of permanent magnets imposes the burden of excitation on the stator

windings and converter, which increases the converter KVA requirement.

1.3 Applications [4-9]:

The simple motor structure and inexpensive power electronic requirement have
made the SRM an attractive alternative to both AC and DC machines in adjustable-speed
drives. An example of SRM application is in heating, ventilation, and air conditioning
(HVAQ).

SRM drives have great potential for use within the various aspects of
conventional automobiles. Example applications of SRMs within an automobile are for
the electric power steering and antilock braking systems. The SRM drive is also a strong
candidate for the main propulsion drive of an electric or hybrid vehicle. The wide
constant power range of SRM drives is especially suitable for such applications

The SRM is also suitable for many industrial and manufacturing applications. For
example, high-speed adjustable-speed pumping of fluids for a variety of petrochemical,
food processing, and other applications can be done with large horsepower SRM drives.
1.4 Literature Review |

Krishnan, R [1] elaborately discussed the Switched Reluctance Motor Drives in
detail. This book prdvides state-of-the art knowledge of SRMs, power converters, and
their use with both sensor-based and sensorless controllers. This book presents a unified
view of the machine and its drive system from all of its system and subsystem aspects.
With a careful balénce of theory and implementation, the author develops the analysis
and design of SRMs from first principles, introduces a wide variety of power converters
available for driving ‘the SRM, and systematically presents both low and high
performance controllers. The material in this book is a collection of numerous IEEE
papers published up to date, and the author himself has published nearly 100papers in this
area. |

Timothy L. Skvarenina [2], in his handbook covered the very wide range qf

topics that comprise the subject of power electronics blending many of the traditional



£opics with the new and innovative technologies that are at the leading edge of advances
being made in this subject. Emphasis has been placed on the practical application of the
technologies discussed to enhance the value of the book to the reader and to enable a
clearer understanding of the material. Switched reluctance machines chapter has been
described briefly covering all the topics. Bhimbra.P.S [3], in his book had given a concise
introduction to SR Machines. This material gives a good idea about the machine for the
beginners.

Switched Reluctance Motor is being used for many applications because of its
simple constructioh and ruggedness. A lot of research is going on to improve the
performance of SRM. References [4-9] deal with SRM applications such as vaccum
cleaner, Steering Vane Control on the Landing Craft Air Cushion (LCAC) Hovercraft,
blower, spindle motor etc.

Slobodan Vukosavic and Victor R. Stefanovic in their publication [10] titled,
- “SRM Inverter Topologies: A Comparative Evaluation,” ", bring out clearly the working
of each of the topologies for SRM inverter. Also, several inverter power circuits that are
suitable for SRM Drives are analyzed and compared with each other.

A.V.Radun in his publication [11] titled, “Design considerations for the Switched
Reluctance Motor”, had presented the analytical design equations to predict the
performance and to guide the design of the SRM. The use of thesé equations to trade off
different SRM attributes is discussed. [12], [13] also give a good design analysis.

References [14-27] deal with the modeling, simulation and control of SRM.
Liuchen Chang [16], Syed A. Hossain and Igbal Husain [24], Suying Zhou, Hui Lin [27]
have modeled the SRM. The advanced modeling methods were given in these papers. F.
Soares, P. J. Costa Branco [14], H. Chen, J. Jiang, D.Zhang and S. Sun[19], Chong- Chul
Kim, Jin Hur, Dong- Seok Hyun [21], had given the different simulation techniques for
simulation of SRM in MATLAB. The simulations were done in both Simulink and also
using m-file. J. Mahdavi, G. Suresh, B. Fahimi, M. Ehsani [17], O. Ichinokura, T. Onda,
et al. [18] , gave the simulation models in PSPICE. 1. El-Samahy, M. I. Marei and E. F.
El-Saadany [25] gave the simulation model of SRM in EMTDC/PSCAD Software.

Hamid Ehsan Akhter, Virendra K. Sharma, et al. [15], Hamid Ehsan Akhter,
Virendra K. Sharma et al. [23] and Mohamed N. Abdul Kadir, Abdul Halim Mohd.



Yatim [26] give the significance of excitation angles. The performance analysis of the
SRM is done. [15] determines ‘the optimum turn off angle for rated torque. [26]
determines the optimum switching angles for maximum efficiency operation. Tauter T.
Borges, Darizon A. de Andrade, et. al [20] gives the concept on current control of SRM.
Phop Chancharoensook, Muhammed F Rahman [22] used look-up tables in the
simulation of the SRM model. Lookup tables are used for the determination of current
and torque.

References [28-31] deal with fuzzy logic control of SRM. Silverio Bolognani and
Mauro ZigliottoFuzzy [28], deals with the fuzzy logic control of an SRM drive. The
fundamentals of the switched reluctance motor using fuzzy logic are illustrated, pointing
the aspects related to the speed control. A fuzzy logic controller (FLC) of the motor speed
is then designed and simulated. [32,33] deal with torque ripple minimization.

References [34-40] give different hardware implementation techniques. Virendra
Kumar Sharma, Bhim Singh, S.S. Murthy [34], developed an analog scheme for speed
control of switched reluctance motor. The scheme is simple, cost effective and is useful
for low rating applications. The power and control circuits of the SRM drive were
designed and developed. B.K.Bose et al. [35] describes a microcomputer based four
quadrant control system of an SRM. The angle confroller is designed using dedicated
digital hardware. Intel 8751 single chip microcomputer is also used for the
implementation.

References [41-44] give the application notes for DSP based applications of
SRM. These documents deal with solutions to control a switched reluctance motor using
the DSP kits. They giVe cost-effective design of intelligent controllers for switched
reluctance motors. Speed control algorithms were given which allow the Switched
Reluctance Motor drive to reach high efficiency, smooth operation, very good dynamic
behavior, very high speed and low acoustical noise. These atticles also present some
mechanical position sensorless algorithms in order to reduce the overall system cost and

to enhance the drive reliability.



1.5 Organization 0f the Report:

CHAPTER II: This chapter focuses on the constructional details, basic principles, basic
design considerations and control parameters.

CHAPTER III: This chapter includes the modeling approaches, simulation models and
the simulation of current and speed control of SRM. Simulations using and without using
Simulink block are shown. The simulations are done in MATLAB R2006a version. The
simulations are done on a 6/4 pole SRM.

CHAPTER 1V: The hardware implementation is presented in this chapter. Various
circuits’ description like power circuit, power amplification and isolation circuits, etc are
discussed. Interfacing circuits are presented. The starting problem of SRM is diécussed
and an algorithm to solve it is given. Software implementation is' explained through
flowcharts.

CHAPTER V: This chapter has the results of the simulation for current control and
speed control of the SRM. The simulations are done for step change in load and
reference. Fuzzy controller was also used as speed controller. Performance of SRM is
also investigated for different switching angles. The impact of turn off and turn on angles
is studied. The optimum turn off angle for a particular load is determined. The affect of
turn-on angle on speed response for a particular load for different turn-on angles is also
determined.

CHAPTER VI: This chapter presents the conclusion of this thesis and scope for future
work in this area. ’

1.6 Conclusion:

Different modeling approaches and simulation models of SRM are studied.
Analytical modeling approach of SRM is implemented and a simulation model with
mathematical evaluation of the inductance is used in the thesis. The speed response of an
SRM drive is studied for changes in the load, reference current and speed. Performance
investigations on SRM are done by emphasizing on the switching angle control.
Hardware implementation of the microcontroller controlled SRM drive is done with a

simple converter topology.



Chapter II: SWITCHED RELUCTANCE MOTOR

2.1 Constructional Details: Switched Reluctance Motor is a doubly-salient, singly-
excited reluctance machine with independent phase windings on the stator, usually made
of magnetic steel laminations. The rotor is a simple stack of laminations, without any
windings or magnets. The cross-sectional diagram of a three-phase, 6/4 SRM is shown in
Fig. 2.1. The stator windings on diametrically opposite poles are connected either in
series or in parallel to form one phase of the motor. When a stator phase is energized, the
most adjacent rotor pole-pair is attracted toward the energized stator to minimize the
reluctance of the magnetic path. Therefore, it is possible to develop constant torque in
either direction of rotation by energizing consecutive phasés in succession.

The aligned position of a phase is defined to be the situation when the stator and
rotor poles of the phase are perfectly aligned with each other attaining the minimum
reluctance position. The unsaturated phase inductance is maximum at this position. The
phase inductance decreases gradually as the rotor poles move away from the aligned
position in either direction. When the rotor poles are symmetrically misaligned with the
stator poles of a phase, the position is said to be the unaligned position. The phase has the

minimum inductance in this position.

FIGURE 2.1 Cross-Section of a 6/4 SRM
Several other combinations of the number of stator and rotor poles exist, such as
8-6, 10-4, 12-8, etc. A 4-2 or a 2-2 configuration is also possible, but they have the

disadvantage that, if the stator and rotor poles are aligned exactly, then it would be



impossible to develop a starting torque. The configurations with higher number of
stator/rotor pole combinations have less torque ripple and do not have the problem of

starting torque.

2.2 Basic Principle of Operation

~ The rotor of SRM is aligned whenever diametrically opposite stator poles are
exited. In a magnetic circuit, the rotating member prefers to come to the minimum
reluctance position at the instance of excitation. While two rotor poles are aligned to the
two stator poles, another set of rotor poles is out of alignment with respect to a different
set of stator poles. Then, this set of stator poles is exited to bring the rotor poles into
alignment. Likewise, by sequentially switching the currents into the stator windings, the
rotor is rotated. The movement of the rotor, hence the production of torque and power,
involves switching of currents into stator windings when there is a variation of
reluctance. This switching can be done through a power converter.
The general equation governing the flow of stator current in one phase of an SRM
can be written as
di

Vi =iR+ = | 2.1)

Where Vjp 1s the DC bus voltage, i 1s the instantaneous phase current, R is the winding
resistance, and A is the flux linking the coil. The SRM is always driven into saturation to
maximize the utilization of the magnetic circuit, and, hence, the flux-linkage A is a

nonlinear function of stator current and rotor position

A=A(i,0) (2.2)
The electromagnetic profile of an SRM is defined by the A-i-0 magnetization

characteristics shown in figure 2.2.
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FIGURE 2.2 Flux—angle—current characteristics of a four-phase SRM.

The three dimensional relationship [1] can be seen among current, flux linkage
and rotor position. Figure 2.3 shows the variation of flux with rotor position for constant
current, I And similarly, for constant flux linkage (A, ), the current vs. rotor position is

extracted as shown in figure 2.4.
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The stator phase voltage can be expressed as
drdi dide
didr dO dr

Assuming magnetic lineariiy (where A=L (0). i), the voltage expression can be simplified

Vo =iR + (2.3)

as

di dL@)

w;m+um5+ Q@

where ®= db/dt is the rotor angular speed. The last term in the above equation contains
the product of two variables i and o, from this it can be inferred that an SRM is a non-
linear machine.

2.3 Torque Production )

Torque is produced in the SRM by the tendency of the rotor to attain the minimum
reluctance position when a stator phase is excited. The torque expression can be derived
from co-energy [1], [2].

When magnetic saturation is neglected, the instantaneous phase torque expression

becomes
~_ 1., dL(O)
T,.(6,i)=—i"——= 2.5
o (0:1) > a0 (2.5)

The total instantaneous torque of the machine is given by the sum of the individual phase
torques.

T;’nst (9’ !) = Z Tph (0’ t) : (2.6)

phases

10



The phase current needs to be synchronized with the rotor position for effective

torque production. The torque expression also implies that the direction of current is

immaterial in torque production. The optimum performance of the drive system depends

on the appropriate positioning of phase currents relative to the rotor angular position.

Therefore, a rotor position transducer is essential to provide the position feedback signal

to the controller.

2.4 CONTROL PRINCIPLE:

Given the inductance profile shown in Figure 2.5 for motorihg operation, the phase

windings are excited at the onset of increasing inductance. The torque production for

motoring and regeneration is also shown in Figure 2.5
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Fig. 2.5 Motoring and regenerative actions of SRM

The torques shown 1s for only one phase. An average torque will result due to the

combined instantaneous values of electromagnetic torque pulses of all machine phases.

The machine produces discrete pulses of torque and, by proper design of overlapping

inductance profile, it is possible to produce a continuous torque. In actual practice, it will
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| result in reduced power density of the machine and increased complexity of control of the
SRM drive.
2.5 Salient Design Considerations

The fundamental design rules governing the choice of phase numbers, pole numbers,

and pole arcs of SRM are discussed in detail by A.V.Radun [11]. From a designer’s point
of view, the objectives are to minimize the core losses, to have good starting capability,
to minimize the unwanted effects due to varying flux distributions and saturation, and to
eliminate mutual coupling. The choice of the number of phases and poles is open, but a
number of factors need to be evaluated prior to making a selection.

The fundamental switching frequency is given by

N
=_N
f oV

where N is the motor speed in rev/m and Ar is the number of rotor poles. The “step

2.7)

angle” or “stroke” of a m-phase SRM is given by

360

Step angle, ¢ = (2.8)

The stoke angle is an important design parameter related to the control frequency per

rotor revolution.

2.6 Control of SRM -

The control parameters of SRM are the turn-on angle, turn-off angle and the
dc link voltage. The switching angles are controlled through a power converter which is
fed from a fixed dc link voltage. The torque developed in an SRM is independent of the
direction of current flow. Therefore, unipolar converters are sufficient to serve as the
power converter for the SRM, unlike induction motors or synchronous motors, which
require bidirectional currents. This unique feature of the SR Motor, together with the fact
that the stator phases are electrically isolated from one another, has generated a wide
variety of power circuit configurations. The type of converter required for a particular
SRM drive is intimately related to motor construction and the number of phases. The

choice also depends on the specific appl'ication.

12
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Fig. 2.6 Basic Bridge converter circuit for the SRM

A brief study of all the converter topologies is discussed in [10] and in detail in
[1]. The most flexible and the most versatile four-quadrant SRM converter is the bridge
converter shown in Fig. 2.6, which requires two switches and two diodes per phase.
During the magnetizing period, both the switches are turned on and the energy is
transferred from the source to the motor. Chopping or PWM, if necessary can be
accomplished by switching either or both the switches during the conduction period
according to the control strategy. At commutation both switches are turned off and the
motor phase is quickly de-fluxed through the freewhéeling diodes. The advantage of this
converter is the independent control of each phase, which is particularly important when
phase overlap is desired. The only disadvantage is the requirement of two switches per

phase. This converter is especially suitable for high voltage, high power drives.

2.7 Conclusion

In this chapter, the basic theory regarding SRM is presented. The constructional
details and basic design considerations are given concisely. The principle of operation
and the torque production concepts are presented with the help of simple figures for easy

understanding.
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Chapter III: : MODELING AND SIMULATION OF AN SRM

3.1 Introduction

The simulation of SRM drive system is complex than ac and de motor drives
because of its nonlinear operation. This nonlinearity is due to dependence of phase flux
linkages on both rotor position and current. For separately excited dc machines and
synchronous machines, the system can be made linear by making either armature or field
mmf ‘constant. This is not possible in the case of SRM because of single source of
excitation.

A dynamic simulation of the drive system enables verification of the analytical
designs and ability of the motor drive system to match the load torque over its entire
speed range both in its steady state and during transients. With such verification, time and
cost of product development are minimized by avoiding a trial-and-error approach to
prototype construction that may lead to repetitive testing and redesign until specifications
are met. Such a trial-and-error process in design is very costly and time consuming. The
main benefits to be achieved are

» Gain of time for the simulation development.

> Choice of several techniques of numeric resolution;

» Several available libraries for different domains as, for example, fuzzy-logic

control, neural networks, and signal processing.

Simulation of the drive system requires models for the SRM drive subsystems and their
interconnections. This chapter contains the subsystem models and their derivation and a
procedure for simulation of the drive system.
Modeling of Switched Reluctance Motors [1]

A general schematic of a drive system is shown in figure 3.1. The block diagram
is confined to controller section and only essential elements of the drive system are
considered to generalize the model. Given a speed command, the current reference for a
particular rotor position is found from the controller. The current reference is compared
with the phase currents and the error is given to converter through a controller, on which
~ the phases are excited. The machine equations, the input voltages, and the machine

characteristics captured in the three-dimensional relationships are used to determine the

14



phase currents, air gap torque, rotor speed, and rotor position. With the available
computed currents and rotor speed, their respective errors are then found for use in the
controller to determine the reference current. The three dimensional relationship is used

during the modeling of SRM.

Speed Feedback Position Feedback
Speed
Feedback
Encoder
n-phases
— In |« —~ '

Speed | _ l[‘_"

Ref 3

PI PI PWM POWER p

+ Controller o+ Controller Strategy ELECTRONICS |/

emd

Fig. 3.1 Block diagram to show the speed control of SRM

3.2 Modeling Approaches

There are two approaches to establish a model of SRM: analytical approach based
on generalized electrical machine theory and finite element approach. With the analytical
method, the entire SRM geometry is divided into small magnetic segments subject to
non-linear magnetic characteristics. Using the magnetic equivalent circuit principles, the
flux and flux linkage of the stator windings can be calculated for certain stator current
excitations. The self and mutual inductances of an SRM can then be determined and used
in the differential equations describing the SRM. This analytical model offers fast
waveforms and performance computations, however is inaccurate due to the complicated
shapes of the SRM magnetic circuit and the non-linear characteristics of the magnetic
materials.

Analytical calculations of flux linkages are possible and are easy for aligned
positions of SRM. But, it is difficult for unaligned position, because the leakage paths-are
not known a priori. Finite element analysis techniques are used to estimate the flux
linkages. The finite element method (FEM) takes into account the non-linear magnetic
property and detailed SRM geometry. Finite element analysis provides more accurate
results rather than the magnetic equivalent circuit approaches because it considers a large

number of flux paths compared to the magnetic equivalent circuit method.
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FEM also have some disadvantages. The calculations involved are complex and
time consuming. The relationship of motor output variables to motor dimensions, number
of poles, number of turns per phase, excitation current, and current conduction angle is
not explicit. Hence, a change in one or many of the motor and control variables requires
an entire finite element analysis computation which is either in two or three dimensions.
Each set of finite element computations takes a considerable amount of time. The

analytical based approach model is used in all the simulations of the work.

3.3 Mathematical Model

‘A dynamic mathematical model of a SRM is composed of a set of electrical equations for
each phase and equations of mechanical system. In a typical m-phase SRM, if mutual

inductance is neglected, the machine’s voltage equation can be expressed as:

o dA3G,,0)
v, =Rj.zj+#-—,]=1,...,m, (3.1)
. dA,.0) .
ie, ———-=v,~-Ri,j=1..,m, (3.2)

da
where v; is the terminal voltage of phase j, ij is phase current, R; is phase winding
resistance, A; is the flux linkage and 6; is rotor position. The flux linkage is a function of
current and rotor position.

The mechanical dynamic equations can be expressed as:

do

&, 3.3

il 3.3)
and

= ) c;'a)

Z@@ﬁ%ﬂziaﬁBw, (3.4)

Jj=1

where Tj is the phase torque and T is the load torque. J and B represent the moment of
Inertia and coefficient of friction, respectively.

The speed equation can be rearranged as,

do 1[{& .
_dt—=7(,z=:‘T’(l”9)_Tl—Bw] (3.5)

Equations (3.2), (3.3) and (3.5) form the dynamic model.
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From section 2.2.2, we know that the phase torque is given by equation (2.6)

, 1.,dL,9)
1,(,,0) =El4/ 6;9

3.4 Simulation Models

Simulation modeling of SRM is complex because of its nonlinearity and its three
dimensional characteristics between flux, current and rotor position. The inductance
profile is not linear. There are many simulation models of SRM. Some of them are:
Look-up tables [22]: Look up tables are used for the determination of current and torque
for different rotor angles. This is done in Simulink block of MATLAB shown in Fig 3.3.
Fourier series [15]: Fourier series can be used to model the inductance profile . In this,
the inductance value is determined in terms of the Fourier coefficients with rotor angle.
Mathematical Evaluation [14]: In this method, the inductance value is determined from
the maximum and minimum inductance values, and the stator and rotor pole arcs.
Inductance value corresponding to a particular rotor angle is determined from its profile
using mathematical calculations. This method is used in the thesis for the simulation of

SRM without using Simulink block of SRM.

3.5 Simulation of SRM drive using MATLAB
All the simulations are carried out in R2006a version of MATLAB. All the simulations
are done on 3- phase 6/4 pole switched reluctance motor.
3.5.1 Simulink block of SRM
A modeled Switched Reluctance Moter is available in the Simulink library of MATLAB.
Depending on the motor configuration specified by the Type parameter, this block
models different configurations such as: |
» athree-phase Switched Reluctance Motor having 6 stator poles and 4 rotor poles.
» a four-phase Switched Reluctance Motor having 8 stator poles and 6 rotor poles.
» afive-phase Switched Reluctance Motor having 10 stator poles and 8 rotor poles.
A generic model or a specific model can be used. The generic model is
characterized by the aligned and unaligned inductances, the saturated aligned inductance,
the maximum current, and the maximum flux linkage. The specific model is

characterized by the magnetization characteristic given as a table of flux linkage in
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function of the rotor position and the stator current. Figure 3.2 shows the block for a
three-phase Switched Reluctance Motor and the block parameters corresponding to it.
The internal model is shown in figure 3.3 which is modelled by considering the dynamic
equation and the look up tables for the required magnetization and torque-current

characteristics.

- Swilched R eluctance Motot (maisk] fink]

: 'Dépéndmg on: !he mo!m conhguratlon wﬂctfwd by the Type parameter, this block
‘models: - -

3 ihreenphase Swih:hed Reﬂuiﬁamfe_ kuor‘vhaving B stator poles and 4 (otor poles.
- & four-phase Switched Reluctance Motor having 8 staler poles and 6 wolor poles.
L a Fivééphasa‘Switch&d Heiuciaﬁee Motcr having 10 statar poles and 8 olor poles.

: You £an use.a genenc mads! or'a specmc model:

; The genenc modni 3 chatuctenzed by the aligned and unahgned inductances, tha
xaturatad aﬁgned inductance. the maximum: cu:renk and the mawimuns flux finkags.

Tha spectilzz modal is characterized by lhe magnsnzatlon characteristic given as a
eble%af o hnkage in iunmxon ai !he rolor posmon 2 the stator cuirent.

StEmetsrs -

T‘ypg%’ 674

; : b od ﬁVéwym._m Lo oo . e R
Switched Reluctance Mac.:_nem # ”enencr e v : s
© Motor &L Plot magnetization curves - o
’ : " Statorresiance (Qbin]
o omot
: inettta (kgm m]
igﬁ%Z
FictonMms) 0
Initial speed and position {wo [rad/e] Thetal [rad)}
2 [0 o
= Unaﬁgneci irductance (H]
NRZed o ) . _ et

5»{*;‘/

Ready

Fig. 3.2 Simulink block for a three-phase Switched Reluctance Motor and the block
’ parameters
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Fig. 3.3 Subsystem showing the internal simulation model of one phase of SRM

3.5.2 Simulation of current controlled 6/4 SRM drive

Simulation model of a current controlled SRM drive is shown in figure 3.4. The blocks in
fhe model are the power converter, SRM block, position sensor block, relay etc. The
current error is given to a relay which controls the gates of the power converter. A simple
power converter with one switch per phase is used. Figure 3.5 shows the model of the
converter of one phase with the winding terminal coming out. The reference current is
multiplied either by 1 or 0 depending upon the rotor position. If the rotor position is
between the turn on and turn off angle then the reference current is multiplied by 1 else
with 0. The converter is connected to the phase windings of the SRM block. The block
then simulates the switched reluctance motor for the corresponding excitation. The
variables such as flux linkages, phase currents, phase torques, phase voltages, speed can
be obtained from the block. The speed obtained is given as feedback through a position
sensor. The angular position is determined from the speed and the current command to be
fired is determined for all the phases based on it. All the phases have a similar model
except the phase inductances are displaced by an angle 0s, which is given by

0, = 360(NL - —]\-1[-—) degree (3.6)

r §

where Ns and Nr are the number of stator and rotor poles. For a 6/4 SRM, 0,=30°.
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Fig. 3.4 Simulink model of a Current Controlled SRM Drive
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Fig. 3.5 Simulink model of one phase of the power converter
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Simulation of current controlled SRM without Simulink block

The simulation diagram used for the SRM model is shown in figure 3.6. A strong
aspect of the SRM simulation using Simulink is the use of conventional blocks allowing
easier understanding of the programmer’s structure. The parameters of the SRM model
are initialized through a program and are made to be available in the work space. The
models of all the phases are same except the phase angles displaced by an angle 0s. The
subsystem of Phase I is shown in figure 3.7. Each phase contains four blocks, each one
associated with a specific Matlab function. They are the following.
Switch: The inputs to this function are the current chopping controller output and the
rotor angle, and the output is the phase voltage. Switch permits to assure the power
converter commutations based on turn on, turn off angles.
Inductance: Inductance block computes the current on the respective phase inductance
according to rotor position and phase flux. The inductance is estimated based on the rotor
position by using the linear equations. From the known flux and inductance, current is
determined.
Torque: This block computes the torque produced in the phase according to the rotor
position and the phase current.
Modulo pi/2: Each phase inductance has a periodicity of 360/ Nr degrees. Hence, the
rotor position angle which is coming from the mechanical equation is transformed to

modulo 360/ Nr. For a 6/4 SRM, the periodicity is 90°.

21



L‘Iref orque
I i inductance \{E D
| .
Step Pjtheta current > [
Phase 1 Scope .
Scope2
—
£ int o lorque L Scope3
PIn2 current (— > 1 n wil f
- Ll
Phase 2 Add » 8 s
Add1 Integrator Gain1 Integrator1
L»‘ " STque Gain2
¢ inductance F
Pin2 current j— S [
Phasa 3
torques
inductances
currents
Fig 3.6 Simulink diagram of SRM model
R = P [
- - torque
ScgpR! [MATLAB 1 f ‘ :
O—» L»:$: Function > s/ EAT;AB >
Iref Add  Rela na - Add1 ntegrator P uneton
Y switch o8 ph inductance r\f;’;’:g D
ph torque Scope
cument
MATLAB
| Function
theta -
modulo pi/2 _.___)@

The simulation model of the speed control of a 6/4 SRM drive is shown in figure 3.8. It
consists of outer speed loop and inner current loop. The block diagram showing the speed
control of SRM is given in figure 3.1.The reference speed compared with the rotor speed
is the speed error. The speed error signal is processed through a proportional plus integral
speed controller to yield the reference current. This reference current is compared with

the motor currents and the errors are used to determine the switching of the phase and the

Fig. 3.7 Internal Block phase I
3.5.3 Simulation of speed control of a 6/4 SRM drive
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main switches of the power converter. Then, the voltages are applied to the respective

windings based on their position information obtained from position sensor.
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Fig 3.8 Simulink model showing the double closed loop speed control of SRM Drive
Simulation of speed control of a 6/4 SRM drive without Simulink block
Figure 3.9 shows the speed control of a 6/4 SRM drive without Simulink block.
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Fig 3.9 Simulink model showing the speed control of SRM Drive
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Simulation of speed control of a 6/4 SRM drive using Fuzzy Logic

The controller used in the last section is the PI controllér. Due to the various benefits that
the fuzzy logic has over conventional controllers, a Fuzzy controller is placed to see the
performance of the speed controller. Application of Fuzzy logic to SRM is presented well
in [29-31]. The block diagram showing fuzzy speed controller and its modules is given in

figure 3.10.

Rule
Base
Wref
—_—P Decision T
Fuzzifier ————ﬂ Mak ing —>| Defuzzifier ————»
—P Block
AW,

ref * A

Data
Base

Fig. 3.10 Block diagram showing fuzzy speed controller and its modules
Mamdani method is used and fuzzy centroid algorithm is used for defuzzification.
The membership functions for the two inputs and output is shown in figure 3.11 and the

rule base in figure 3.12.

NB NM NS ZEﬁ PS PM PB
1.0

)
' '
' +
U

-1 -0.666 -0.333 0 0.333 0.666 1

Fig. 3.11 Memberships of the input and output variables
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PB |ZE | PS PS PM |PM | PB | PB

Fig. 3.12 Rule base used for the FLC

The Simulink model for the fuzzy controller is shown in figure 3.13. The error

rate is determined with the help of a memory block. The scaling variables in the input

side are G1 and G2, and the output scaling variable is Goy. The Simulink Fuzzy Logic

toolbox was used for the implementation.

Fig 3.13 Simulink model of the fuzzy logic controller

3.6 Conclusion

G2

Wi

P>

Gout

(1)

Out1

Scope1

Different modeling approaches and simulation models of SRM are presented. A

brief description of SRM Simulink block is given. The simulations of SRM drive for

current control and speed control are presented. A fuzzy controller was also used along

with a PI controller for speed control.
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Chaptér IV: DEVELOPMENT OF MICROCONTROLLER BASED SRM DRIVE
-

4.1 Introduction

Control signals applied to a power converter can be obtained with the aid of
microcomputer software. A reliable, low cost and small sized gate circuit can be realized
by using microcomputers. The generation of control signals required to control the SRM
is attained by the single chip microcomputer 8031.

Advantages of Microcomputer control: »
Microcomputer control of power electronic equipments is commercially attractive
because it offers the possibility of improved reliability and increased flexibility
particularly in the design of variable speed drives. Some of the advantages of
microcomputer control are:

> Significant reduction in controller hardware and manufacturing cost,
Increased reliability.
No drift problem and parameter variation effects are non existent.
No electromagnetic interference problems.

Universal hardware.

V V V V V¥V

Sophisticated control possible.

» Fault monitoring data acquisition warning, diagnostic capabilities are possible.
A brief description of Microcontroller is given in Appendix II1.
4.2 Hardware implementation: |
The hardware implementation is done on a 3-phase, 6/4 pole SRM. The block diagram
showing the supply and control of SRM Drive with Microcontroller is shown in figure
4.1. The power inverter circuit is shown in the figure 4.2. The gating signals for the
inverter circuit are obtained from the microcontroller.

The phase currents need to be synchronized with rotor position for effective
torque production. Also, optimum performance of the drive system depends on the
appropriate positioning of the phase currents relative to the rotor angular position. Here, a
speed encoder ROD 436 has been used as a rotor position transducer, which provides the

position feedback signal to the controller.
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Fig. 4.1 Block diagram to show the supply and control of SRM Drive.

The system hardware can be divided into the following blocks:
¢ Power circuit
e Pulse amplification and isolation circuits
e Power supplies
e Circuit protection
e Current sensing circuit
e Microcontroller Hardware Kit

e Speed Encoder
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Power Circuit:

Fig. 4.2 shows the power circuit of three switch three phase SRM inverter. Each
MOSFET switch used in the circuit consists of an inbuilt anti parallel free wheeling
diode. No forced commutation circuit is required for MOSFETSs because they are self
commutated devices (they turn on when the gate signal is high and turn of when the gate
signal is low). The winding inductance restricts large di/dt through MOSFETSs; hence
only turnoff snubber is required for protection. An RCD (resistor, capacitor and diode)
turn-off circuit is connected to protect the circuit against high dv/dt and is protected

against power voltage by connecting MOV (Metal Oxide Varistor).

Fig 4.2 Power Circuit for 3-phase SRM

Pulse Amplification and isolation Circuit:
This circuit is used to provide isolation between power circuit and control circuit
and also to amplify the pulse signal. This is shown in the figure 4.5.MCT2E -

Optocoupler provides isolation between power circuit and control circuit.
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Fig 4.3 Gate driver circuit
Power supplies:

DC regulated power supplies (+12V, -12V, +5V) are required for providing the
biasing to various transistors, IC’s etc. The circuit diagram for various dc regulated
power supplies are shown in figures 4.4a and b. In it, the single phase ac voltage is
stepped down and then rectified using diode bridge rectifier. A capacitor of 1000micro
farad, 50 V is connected at the output of the bridge rectifier for smoothening out the
ripples in the rectified dc voltage of each supply. Voltage regulators chips 7812, 7912,
and 7805 are used for obtaining the DC regulated voltages, +12V, -12Vand+5V
.respectively. A capacitor of 1000uf, 50V is connected at the output of the IC voltage

regulator of each supply for obtaining the constant and ripple free DC Voltage.

29



>+ ‘\_ _|- 7812 i —a + 12V
—_‘|<|"—’ ooyt = oyt
P— ”‘
—— 7912 N AY
Fig44a +12V,-12V power supply
' _. 7805 et
j H . z& M ipmay (R ey By

Fig 4.4 b +5V power supply
Protection of Mosfets
An RC snubber circuit is used for the protection of the main switching device. The circuit
diagram is given in Fig. 4.5.

.I DIODE
-t

} MOV R
]

|

- Fig.4.5 SNUBBER CIRCUIT FOR MOSFET PROTECTION

Energy étored in C, Ec=(1/2)*C*Vdc2

Power=Ec*fmax
This is the power dissipated PR in the resistor R.

Where VDC is the maximum DC level and fmax is the maximum frequency of the
output wave.
This energy needs to be dissipated within Ton for the worst case i.e. Ton(min).
The time constant of the RC circuit is taken as one-fifth of Ton(min).
Therefore, TRC= 1/(5*6*fmax)=R*C
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Constant losses in R for worst case are given by
P=VR2/R

Taking an average value of VR as 200V,P=8W
Also PR for VDC=400V and fmax=100Hz is 0.8 W.

The value of R is found from the above equation for C=0.1uF and R comes out as 5 KQ.

Current sensing circuit:

This circuit is used to sense the phase currents which can be used for the current
control - schemes such as Closed loop current control, hysteresis control etc. In the
implementation the currents obtained are used for hysteresis control implemented in the
microcontroller and also for closed loop operation. Figure 4.6 shows the current sensor
circuit.

Closed loop Hall Effect current transducer is used to sense the current. The
transducer use the ampere turn compensation method to enable the measurement of
current from DC to high frequency with an ability to follow rapidly changing level or
wave shapes. The application of primary current (Ip) causes a change in flux in the air
gap. This in turn produces a change in output from hall element away from the steady
state condition. This output is amplified to produce a current (Is), which is passed through
a secondary winding causing a magnetizing force to oppose that of the primary current,
thereby reducing the air gap flux. The secondary current is increased until the flux is
reduced to zero. At this point the hall element output will return increased until the flux is
reduced to zero. At this point the hall element output will return to steady state condition
and the ampere turn product of secondary circuit will match that of primary.

The current that passes through the secondary winding is the output current. The
transformation ratio is calculated by the standard current transformation equation

NpIp=Nsls
where
Np= primary current
Ns= secondary current
Ip= primary current

Is = secondary current.
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Fig 4.6 Current sensor circuit

Microcontroller Hardware Kit:
8751/8031 based Single Chip Microcontroller Kit manufactured by ANSHUMAN is used
for the generation of signals. ‘
Speed Encoder:
In order to get the optimum performance, the rotor position must be properly
synchronized with the control pulses. The HEIDENHAIN ROD 436 Speed Encoder is
used for position sensing to synchronize. It is d¢signed to measure an angular -
displacement or a rotational speéd.

-The encoder has photo sensors and an LED which are arranged as shown in the
figure 4.7. The photo sensors of the encoder are activated by the light of an internal
LED. When the light is hidden, the sensor sends a logical “0”. When the light passes

through one of the slots of the encoder, a logical “1” is sent.

Senaor

A

-

1
!,i
A

s
[

o3
__

Fig.4.7 Speed Encoder
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The encoder output has a socket with 12-pins. The pin structure and the socket layout are

shown below:

Fig. 4.8 Pin Socket of the ROD 436 Speed Encoder

Pin Number Signal
1 U
2 10....30 V Sensor
3 UaO
4 _
UaO
5 al
6 _
Ual
7 _
UaS
8 Ua2
9 NC
10 ov u,
11 0 V Sensor
12 10...30V U,

Table 4.1 Table showing the Pin Numbers and Signals.
A supply voltage between 10 to 30 V is to be given. Signals are obtained from the

pins as shown in figure 4.9. An index signal is also obtained from the encoder from

which the direction of rotation can also be detected.
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Fig. 4.9 Output signals from Speed Encoder ROD 436.

4.3 Interfacing and Circuit Connections
4.3.1 Speed Encoder Interfacing Circuit

The signals obtained from the pins of the encoder have a level which is almost equal to
the supply volté’ge to the encoder. But, this level is not compatible to the signal to be
given to the Timer of the Microcontroller which needs a TTL compatible signal. Also, the
signals have a frequency range in Kilo Hertz which cannot be given to a simple transistor
inverter circuit. So, a signal conditioning circuit is needed for these two purposes. The

signal from the Encoder is given to a comparator circuit whose output is connected to a
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2.2 KQ pull-up resistor fhrough a supply voltage of 5 V. The circuit diagram of the signal

conditioning circuit is shown in figure 4.10.

+5V

10 KQ
- —AWW——]
input
from .
encoder to the pin

of timer

Fig. 4.10 showing the comparator circuit
4.3.2 Interfacing to the Timer and Power Circuit

The TTL signal from the signal conditioning circuit is given to the T1 pin of the
Micrbcontroller. The Timer is programmed and the required control signals are generated
from the 8255. As 8255 is already interfaced to the Microcontroller Kit, signals can be
obtained from it. Pins PC3, PC4and PC5 are used to generate the control signals to the
three MOSFETS. The signals from the 8255 are given to the pulse amplification and
isolation circuits whose outputs are connected to the gates of the MOSFETS. The

interfacing circuits are shown in figure 4.11.

Pulse Amplification &
Isolation Circuits
PC3 ' gl
P PAICI [———P

8 PC4 g2
255 PAICZ |————# MOSFETS
PC5 g3

—FF P  PAIC3 r——b

Fig. 4.11 showing the interfacing of the control signal from 8255 to Mosfets
4.4 Starting Problem _
Starting problem of the SRM is to be considered in order to get the desired performance.

Although a 6/4 pole SRM is designed so that it can start at any initial position, it cannot
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rotate smoothly if the start problem is not correctly solved. The reason is quite clear from
its operating principle. The phase-to-phase switching in the SRM drive must be precisely
timed with rotor position to obtain smooth rotation and optimal torque output. Therefore,
when starting the motor, the initial rotor position has to be exactly identified. That is, we
have to know exactly where the rotor poles are aligned with respect to the exciting phase.
Otherwise, proper commutation can’t be guaranteed. Consequently, wrong commutation
will lead to counter-desired torque blocking desired motion, which can even stop the
rotation of the rotor.

In the project, a general starting scheme is used. The key idea of this method is to
align one pair of rotor poles to one phase by a certain exciting current. And then use this
position as reference position for the commutation. By doing so, the desired starting
performance can be achieved.

During starting, one phase is excited with constant current for some period, for
example, say Phase B. The rotor will align to Phase B along the shortest path under this
exciting only if the generated torque is large enough to overcome the rotation friction.
This exciting stator current should be able to align the rotor to the nearest exciting phase.
While, the conduction period should be long enough to guarantee the finish of this
aligning action. If the exciting period is too short, the rotor can’t reach the aligned
position due to load and friction; On the other hand, if the exciting period is too long, it
will waste energy.

A value two thirds of the rated current of the SRM is chosen as the initial exciting
current. If this current is large enough, the rotor will be able to move to the nearest
aligned position. The rotor will rotate once there is one phase excited unless the rotor is
already at the aligned position with respect to that phase. Also, it will hold the rotor at the
aligned position if no other phases excited sequentially. When the rotor keeps stationary
after the exciting, there are two cases for phenomenon: the exciting current is not large
enough to generate rotation; the rotor itself is at the aligned position already. Obviously,
we have to differentiate them for proper starting.

Hence, an additional method is needed. After exciting one Phase (say phase B), if
the rotor remained stationary, then the exciting current is moved to its adjacent phase

(Phase A or C) for the same period. If the rotor still keeps unmoved, it means that the
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exciting current is too small to align the rotor and need to be increased. Otherwise, it
means the rotor is already at the aligned position with the previous exciting phase (Phase
B). In this case, the current aligned position can be taken as an initial reference position
for commutation. In the cases where the load is unknown, this tuning procedure can be
repeated. _

In the project, following steps were followed for starting a 6/4 SRM:

Stepl: Choosing the éxciting current value. |

Step2: Exciting phase B with the constant current. If the rotor remained stationary, go to
step 3; otherwise, keep the exciting of this phase until the rotor stops;

Step3: Excite phase A with the same constant current. If the rotor keep stationary,
increase the exciting current and go back to step2; Otherwise go to step4 when the rotor
stops rotation;

Step4: The current aligned position is taken as the initial reference position. That is, the
initial relationship between the stator and the rotor is that the rotor is at the aligned
position with respect to phase A. And begin the control algorithm.

Then, the control algorithm is made to run after the above Start up Routine.

The flow chart for the Start-up Algorithm is shown in figure 4.12.
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Fig. 4.12 Flow chart for the start up algorithm
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4.5 Software Implementation

Microcontroller can be used for many applications in the implementation of an SRM

Drive; some of them are given below:

Stroke Angle:

For a 6/4 SR motor, from an aligned position, the rotor will move 30 mechanical degrees
before getting aligned with the next phase. For example, if the rotor is initially aligned
when Phase A 1s excited and Phase B is to be excited. After energizing Phase B, the rotor
will rotate 30 mechanical degrees before getting aligned with Phase B. This particular
angle is called Stroke Angle (¢). In general, it can be calculated as

Stroke Angle, € = 360/ (m™* Nr) mechanical degree.

where m is the number of phases, Nr is the number of rotor poles.

Commutation Instants:
Rotor position information is used to generate correct commutation instants. The three
Phases are to be energized with a phase shift equal to the Stroke Angle (here 30°). The
train of pulse from the Speed Encoder is used to obtain this phase shift.
Let m: No of pulses/rev (Fixed for Encoder) i.e., m pulses are obtained for 360
Degrees rotation.
No. of pulses for 6 degree rotation= (6* m)/360
For the Encoder used, m=5000; »
For a 6/4 SRM, the number of pulses generated during a rotation of one Stroke
angle, q =416
This pulse count is used to generate the commutation instants. Thev Timer is programmed
in such a way that it resets for every Stroke Angle. After every reset, the microcontroller
is made to fire the pulses to the Phases sequentially depending upon the control
algorithm.
Hysteresis Control:
Hysteresis control can be implemented with a microcontroller with very less complexity.
The sensed phase currents are compared with the reference currents such that if Lepse >
Lrer, the active phase is made to turn off until Iinse<= Ir. This process is repeated for

every few cycles of interval.
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4.6 Open Loop Operation of a Microcontroller Based SRM:

Figure 4.13 show the experimental setup for the Microcontroller based SRM.

o

Fig 4.13 Experimental setup

The rotor position is obtained from the speed encoder which is connected to. the
TO/ T1 pin of microcontroller. The start up routine must be executed initially. The
counter is loaded with an initial value such that it resets for every commutation threshold
resulting with a set of TFX bit. After each reset of the counter the control is made to flow
such that the next phase is excited (the output port pin corresponding to it is made to set).
This is repeated to all the phases. A flowchart showing the implementation of open-loop

operation of a microcontroller based SRM is shown in Fig 4.14.
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Fig. 4.14 Flow chart to show the open loop operation of SRM
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4.7 Implementation of current controlled SRM

The control scheme is to be implemented with the microcontroller. The control algorithm
is to be synchronized with the microcontroller timer. The phase currents are sensed and
are compared with a reference. The comparator circuit chops the signal and gives the
pulses when the phase current is less than the reference. The basic operation is same as
that for an open loop operation. Fig 4.16 shows'the flow chart to implement a current

controlled SRM algorithm.
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4.7 Conclusion

The hardware implementation for microcontroller based SRM drive is given.
Various hardware circuits such as the power inverter circuit, pulse amplification and
isolation circuit, power supplies, protection circuits, current sensing circuit etc are
presented. Interfacing circuits for the implementation are given. The starting problem of
an SRM is given with a solution algorithm. Flowcharts for the start up, open loop

operation and current controlled SRM are presented.
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Chapter V: RESULTS AND DISCUSSIONS .
- @ 00— 0 1

Extensive simulations and performance investigations are carried out on the SRM
drive. The simulation results of the drive for current control and speed control are
presented in this chapter. The affect of step change in load and in the reference is studied.
Simulations were done with varying excitation angles to know their affect on the
performance characteristics. The optimum excitation angles for the speed control are
determined. Also, the maximum load that can be applied for a particular excitation angle
is determined.

5.1 Current controlled SRM

The simulation results for the current controlled SRM shown in figure 3.6 are given
below: The motor is made to run with turn on angle= 0° and turn off angle= 38°The
speed response for a reference current is 8 A is shown in figure 5.1. The steady state
speed is 146.5 rad/sec with a settling time = 0.4 sec. The ratings of the Machine are given

in Appendix 1.
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Fig. 5.1 Speed response for the Current Control of SRM with L= 8 A

A response showing the voltage, inductance, current and torque of one phase is given in
figure 5.2(a) and 5.2 (b). They show clearly the application of excitation during the
positive slope of inductance to get a positive torque. In order have a better insight; the
phase inductance is multiplied by 100 and voltage by 0.1.Figure 5.2 (b) shows how the

phase voltage is chopped after reaching the reference current. Figure 5.3 shows the phase
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- torques and figure 5.4 shows the phase inductances of SRM.

the phase torque and current of SRM.

Figures5.5 and 5.6 shows
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Fig 5.2 (b) Plot showing the voltage, inductance, current and torque of one phase of SRM
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5.1.1 Speed response for a step change in load:

Figure 5.7 shows the speed response of the current controlled SRM drive for a
step change in load of 0.1 N-m. Initially, a step change from no load to 0.1 N-m is
applied at t=0.6 second, and later it is removed at t=1.2 sec. The initial speed before
application of load = 146.5 rps. The speed after the application of load has ripple which
varies from 142 to 142.5 rps. The settling time of which is 0.1 sec. When load is

removed, the speed increases to 146.5 rps with a settling time of 0.1 sec.

1 50 fl/’_“'_ﬁ—L_*w“M““ﬁl—mﬁw“ T T D Lo T =
A A
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Removal of load

g 100 .
N
B
©
k=
3

e 50 -
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o ! 1 L | | L L
0 0.5 1 1.5 2 2.5 3 3.5 4

Time x 10°

Fig. 5.7 Plot showing the speed response for a step change in load

5.1.2 Speed response for a step change in current reference

Figure 5.8 shows the speed response for a step change in current reference.
Initially, the current reference is 8 A, it is changed to 10 A and then, back to 8 A.
Initially, the steady state speed is 146.5 rps, upon a change in current reference to 10 A,
the speed ripple is between 164.8 and 165.8. The settling time is 0.1 sec. Upon changing
the current reference back to 8 A, the speed decreases back to 146.5 with a settling time
of 0.35 sec. Figure 5.9 shows the plot of electromagnetic torque of the drive. The peak
value of the torque before change in current reference is 3.34 N-m and the steady state

torque peak value for current reference of 10 A is 3.65 N-m. A sudden rise of torque
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appears which can be seen in the figure after the change in current reference, it happens

to be 4.34 N-m. Figure 5.9 shows the plot of phase current.
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5.2 Speed control of SRM

5.2.1 Speed response without using Simulink block

Figure 10 (a) shows the speed response of the SRM using Simulink block under
no load. The speed reference is 210 rps. The settling time is 0.28 sec with a speed ripple
between 209.8 to 210.2 rps. The machine details are given in Appendix II.
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Fig. 5.10 (a) Plot showing the speed response of a speed controlled SRM

5.2.2 Speed response for a step change in load

Figure 5.10 shows the speed response for speed control of SRM for the figure 3.9. The
reference speed is set to be at 100 rps. The settling time of response for no load is 0.05
sec with an overshoot to 106 rps. A step load of 5 N-m is applied at 0.6 sec. The speed
dip is 11 rps with a settling time of 0.09 sec. The steady state peak to peak ripple is
between 99 to 101 'rps. After the removal of load at t=1.2 sec, the speed rises suddenly by
9rps with a settling time of 0.05 sec. At steady state, the speed ripple is between 99.6 to
100.4 rps. Fig. 5.11 shows the plot of electromagnetic torque. The peak value of the
torque changes from 2.3 to 8.3 N-m upon the application of a load of 5 N-m. Fig 5.12
shows the plot of phase current, its peak value changes from 6.8 A to 13.5 A upon the

application of load.
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5.2.3 Speed response for a step change in speed reference

Figure 5.13 show the plot of speed response for step change in speed reference. The
reference speed change from 100 rps to 90 rps and back to 100 Vrps. The speed dip is
around 2 rps with a steady state speed ripple between 89.5 to 90.3 rps. The settling time is
0.05 sec. When reference is changed back to 100 rps, the speed rise is 1 rps with a steady
state speed ripple between 99.5 to 100.4 rps. The settling time is 0.05 sec. Fig 5.14 shows
the electromagnetic torque of SRM. The torque dip is from 2.2 to 0.2 N-m when
reference speed is decreased to 90 rps while the torque rise is from 2.2 to 5.2 N-m when

'speed is increased back to 100 rps. Fig 5.15 shows the plot of phase current.
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Fig. 5.13 Plot showing the speed response for a step change in speed reference

Y

Fig. 5.14 Plot showing the electromagnetic torque for a step change in speed reference
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5.2.4 Speed response for fuzzy controlled SRM
Figure 5.16 shows the speed response for fuzzy controlled SRM. The reference speed is
100rps. The settling time is 0.029 sec and the steady state speed is 98 rps.
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Fig. 5.16 showing the speed response for a Fuzzy Controlled SRM

5.3 Impact of switching angles on the Performance of SRM drive system

For forward motoring, the appropriate stator phase winding must remain excited only
during the period when rate of change of phase inductance is positive. Else, the motor
would develop braking torque or no torque at all. The stator phase must be excited when
its inductance starts rising and must be de-excited when the phase inductance ceases to

increase. The switching function thus must ensure that current in phase winding reaches
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its reference value at the desired instant of inductance rise and is égain brought to zero
when inductance reaches its maximum and does not increase further. Due to delay in
current rise and fall on account of winding inductance, the switch must be closed at a
turn-on angle (also called advance angle) 6,, and must similarly be opened at a turn-off
angle 8 o¢. These switching angles are variable and depend mainly on speed and desired
~ current in phase windings of SRM. The significance of turn off and turn on angles is
presented below: |

5.3.1 Turn off angle

Turn-off angle plays an important role in developing electromagnetic torque in Switched
Reluctance Motor (SRM) and leads to stable or unstable operation of the drive. The value
of turn-off angle is usually variable and depends upon the motor speed and other
parameters of the inverter that excites the SRM. A study is conducted for full-load and
partial load starting and operation of the drive with fixed turn-off angle control scheme.
The simulated performance of SRM drive system is presented to analyze the effect of
fixed value of turn-off angle on transient and steady state performance of the drive in
terms of speed response. | »

The present work analyzes the performance of SRM drive with different values of
fixed turn-off angles and recommends an optimum value that gives an acceptable
performance of the drive. The turn-on angle remains fixed during the study. The drive
performance in terms of speed is presented. Simulated results pertaining to starting time,
overshoot, steady state error, settling time and speed ripple are also presented. Since, PID
- controller offers a simple control structure to achieve an optimum pérformance; it is used
for predicting the drive performance. |

The study is conducted with a fixed turn on angle and the turn off angle is varied.
In the study, a turn on angle 0 ,,= 0° is used and the turn off angle 0 ¢ angle is varied
from 34 to 44 degrees in steps of 2 degrees with a load torque of 5 N-m. The speed
response for different turn off angles is shown in figure 5.17. Figure 5.18 shows the
steady state speed response. Turn off angle of 44° resuits in failure of start at full load.

Table 5.1 shows the maximum and minimum speed ripple for different turn off angles.
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Turn off angle (in

Maximum speed of

" Minimum speed of

Peak to peak speed

degrees) ripple (in rps) ripple (in rps) ripple (in rps)
34 102.5 96.5 6
36 102 98 4
38 101.5 99 2.5
40 102.2 97.7 4.5
42 110 72 38

Table 5.1 showing the speed ripple for various turn off angles

As the turn off angle increases, the settling time increases and the rise time

decreases. The speed ripple is less for a turn off angle of 38°. 38° is an optimum value of

turn-off angle which gives ideal performance in terms of defined indices as its speed rise

is reasonably fast throughout and its steady state ripple is less.

Turn off angle above 43° results in failure of start at full load. However, a

reduction in load torque to 1.5 N-m permits the use of higher turn off angles and the

maximum value of turn off angle that ensures successful acceleration to rated speed. To

determine the maximum load that can be allowed for a particular maximum turn off

angle, first the load torque equal to half the rated, 2.5 N-m is applied. The speed response

is observed for decreasing different loads, and the maximum load torque that can be

applied for maximum turn off angle is determined and it turns out to be 1.5N-m. Fig. 5.19

shows the speed response for different loads with a turn off angle of 43°.
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Fig. 5.19 Plot showing the speed response for different loads with turn off angle of 43°
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5.3.3 Turn on angle

Due to the delay in current rise on account of winding inductance, the switch must be
closed at a turn-on angle (also called advance angle) 8 . Phase advancing is necessary to
establish the phase current at the onset of rotor and stator pole overlap region. Fig 5.2(a)
shows the phase inductance, current and torque with turn on angle = 0°. The inductance
starts to increase from 15° onwards; hence in this case an advance angle of 15° is present.
Due to this a maximuin torque is obtained during the positive slope of the inductance.
Figure 5.20 shows the speed response for different turn on angles from 0 to 15 °. It is seen
that as the turn on angle increases (i.e., advance angle decreases), speed response

becomes worse.
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Fig. 5.20 Plot showing the speed response for different turn on angles

5.3 Experimental Results

The output signals from the speed encoder have a voltage level equal to its supply
voltage. It is conditioned through a comparator to get a TTL signal. Fig 5.21 shows both
the encoder and TTL signals. The microcontroller generates the control signals from the
8255. Figure 5.22 shows the gating signals from 8255. It is clear from the waveforms that
- at any instant only one phase is turned on. Figures 5.23 (a), (b), (c) show the voltage
across drain and source (Vps) when each signal obtained from 8255 are given to mosfets

through pulse amplification and isolation circuit.
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Chapter VI: CONCLUSIONS

The switched reluctance motor has attractive potential for variable speed
applications, in view of its robustness, simple construction and fault tolerance. Different
simulation models are presented along with the simulation with and without using the
MATLAB/Simulink block of SRM. The simulation of SRM drive for load variations and
reference speed variations was carried out. Fuzzy logic controller was also used to
determine the speed response.

Investigations were carried out to determine the significance of the switching
angles. Optimlim switching angles were determined with rigorous emphasis on the
performance indices. The maximum turn off angle that can be used for a rated load torque
is determined. Also, the maximum load that can be applied for this angle is determined.
The affect of turn on angle on the speed response is investigated.

Implementation of Microcontroller controlled SRM drive is done experimentally.
The control signals from the microcontroller are generated based on the rotor position.
Power converter is fabricated and is interfaced to the microcontroller through the signal
conditioning circuit to the speed encoder. The 8031 microcontroller was used for the
work. The timer is programmed in order to get the control signals based on the pulses
obtained to it from encoder. The output signals are obtained at the pins of 8255. The start
up algorithm and control algorithm for motor operation are explained through flowcharts.
6.1 Future Scope [41-44]

In this thesis, microcontroller is used for the controlling purpose. A DSP based
implementation can be done which gives many control features to the drive. The speed
encoder can be directly interfaced to the DSP kit. It reduces lot of hardware such as there
is an inbuilt ADC in it, also many controllers can be easily implemented in it. An SRM
drive with bidirectional rotation can extended as a future. A sensorless SRM can also be

modeled if the magnetization characteristics are available.
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Appendix I

Motor details:

Stator poles, NS=6;

Rotor poles, NR=4;

No: of phases, P=3;

DC link voltage, V=150;

Phase resistance, R=1.30;

Rotor Inertia, J=0.0013 Kg/m2;
Friction constant, F=0.0183 N-m/ rad/ sec;
Minimum inductance, Lyn=8 m H;
Maximum inductance, Lyax=60 m H;
Appendix II:

Motor details:

Stator poles, NS=6;

Rotor poles, NR=4;

No: of phases, P=3;

DC link voltage, V=240;

Phase resistance, R=0.01;

Rotor Inertia, J= 0.0082 Kg/m2;
Friction constant, F=0.01 N-m/ rad/ sec;
Minimum inductance, LM1N=_0.67 m H;
Maximum inductance, Lyax=23.6 m H;
Maximum current =450 A

Maximum flux linkages= 0.486 V-sec



Appendix I1I:

Microcontroller [45]:

The micro-processor such as Intel’s x86 family or Motorola’s 680x0 family contain no
RAM, no ROM, no I/O ports on the chip itself. For this reason, they are commonly
referred to as general-purpose microprocessors. On the other hand the Micro controller
has CPU (a microprocessor) in addition, a fixed amount of RAM, ROM, I/O ports, and
timers embedded together on one chip. The fixed amount of on-chip ROM, RAM, and
number of I/O ports in micro controllers makes them ideal for many applications in
which cost and space are critical.

In many applications, for example a TV remote control, there is no need for the
computing power.

In addition, in many applications, the space it takes, the power it consumes, and
the price per unit are much more critical considerations than the computing power. These
applications most often require some /O operations to read signals and turn on and off
certain bits. Therefore, for all these reasons the microcontrollers are best option where

cost and space are critical.

Cata bus

CPU
Serial

General- 11O :
PuIpose RAM| |ROM| | oo |  |Timer| |COM
Micro- - Port
Processor | | l ‘

Address hus

Fig: 4.1 General-Purpose Microprocessor Systems



CPU RAN ROM

3 Serial
10 Timer COM

Port

Fig: 4.2 Microcontrollers

Microcontroller 8031 has been used for the implementation of the project. It is an
8 bit microcontroller. In 1981, Intel Corporation introduced an 8-bit microcontroller
called 8051 which is the original member of the 8051 family. The other two members of
the 8051 family are 8052 and 8031.

A comparison of 8051 family members is given below:

Feature 8051 | 8052 | 8031
ROM ( on-chip program space in bytes) | 4K | 8K | 0K

‘| RAM ( bytes) 128 | 256 | 128
Timers 2. |3 2
I/O Pins 32 32 32
Serial Ports 1 1 1
Interrupt sources 6 8 6

8031 chip is referred to as ROM-less 8051.

A brief contrast between 8031 and 8085 is given below:
8031 Vs 8085:

1. 8031 has got four register banks (R0-R7), unlike 8085.



2.8031 have only one 16-bit pointer, “DPTR” unlike 8085, which has three pointer
namely (BC, DE, HL).

3. Both 8031 & 8085 have registers A and B, but instead of C, D, E, H, L in 8085, 8031
has registers (RO-R7).

4. 8031 has internal RAM of 120Kbytes unlike 8085.

5. 8031 doesn’t provide direct addressing mode while 8085 does.

6. Internal RAM in 8031 can be addressed in Register indirect mode.

7. 8031 has four built in, 8 bit I/O ports.

‘8. 8031 (8032) has two (three) built in, 16 bit Timers/ Counters.

9. 8031has instruction to access “Bits” in Internal RAM & SFRs.

The above comparison shows that the 8031 microcontroller is much more

versatile as compared to 8085.
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