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Abstract

This paper presents a simplified speed controller (SSC) for high speed Switched Reluctance Motors
(SRM). The controller is designed to overcome difficulties estimating control variables and motor
operation over a wide range of speeds. The controller combines the advantages of the simplicity of
conventional controllers and the intelligent properties of the fuzzy logic controller. The controller use
only two control variables which are calculated via the perturbation of the mechanical equation and
pre-defined SRM speed performance. The controller is designed and implemented by computer
simulation. The performance of the motor with the controller is assessed using dynamic loads and
various types of disturbances. The results illustrate that the controller represent an ultimate solution for
the operation of high speed switched reluctance motors.
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1- Introduction

The development of high performance motor drives is
very important in industrial application. Many techniques
have been developed and applied to control the speed of
the high speed SRM drive applications and important
results were published [1-4]. The popular and dominant
approach for speed control in industrial drives use a
proportional plus integral (P1) controller. However, the
Pl controller does not provide improve the SRM
performance instantaneously due to fast variation nature
of operation parameters in this type of motors[5]. Recent
developments in artificial intelligent based control have
brought into focus a possibility of replacing the
conventional Pl speed controller with a Fuzzy Logic
equivalent [6]. Fuzzy logic (FL) speed control sometimes
seems as the ultimate solution for high-performance
drives of the next generation [7]. Such a prediction of
future trends is based on a comparison of the drive
response under Pl and FL speed control, which has been
compared on a number of occasions. It has been shown by
simulation and experimental results that there are
operation regions for either Pl or FL to give better

performance while in the regions both controllers give
almost the same response [8].

The present paper introduces a proposed controller
scheme which explores the main idea of the fuzzy logic
controller in the classical Pl form. Therefore, the
proposed controller combines the advantages of the
classical controller techniques and the properties of the
intelligent controller schemes.

The FL controller can be regarded as a set of heuristic
decision rules that include the experience of a human
operator.  The fuzzy controller relates significant and
observable variables to the control actions, and consists of
a fuzzy relationship or algorithm [9]. In case of speed
control, the speed error signal e(k) and its rate of change
Ae(k) are selected as inputs to fuzzy logic controller. As a
FL controller on its own is a PD (proportional plus
derivative) controller equivalent [8], output of the speed
FL controller is integrated in order to yield PI like
behavior. Based on this fact, The CSC is designed.

2- Fuzzy Logic Controller (FLC) Operation

The FLC can be regarded as a set of heuristic decision
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rules that include the experience of a human operator. The
fuzzy controller relates significant and observable
variables to the control actions, and consists of a fuzzy
relationship or algorithm [9]. The input error time
sequences; error and change in error are converted to
fuzzy variables. These variables are evaluated by the
control rules using the compositional rule of inference,
and approximately computed control action is then
reconverted to the crisp value required to regulate the
process. So the essential elements in designing fuzzy
controller include [9, 15-19]:

1- Defining input and output variables.

2- Converting the input variables to fuzzy sets.

3- Determining the fuzzy control rules.

4- Reconverting the fuzzy control actions into crisp
control actions.

In case of speed control, the speed error signal e(k) and
its rate of change de(k) are selected as inputs to fuzzy
logic controller. These are normalized into a common
universe of discourse and their linguistic fuzzy subsets
along with their membership grades are defined using
the functions. The fuzzy membership grades of the
control input change in the fuzzy subsets are obtained
based on the rules given by table I. Then this normalized
value of control input change is reconverted back to its
actual level.

Table 1. Fuzzy Control Rule Decision Table.

De(k) [NB [NM [ NS [ ZE |[PS |[PM | PB
e(k)

NB PB |PB |PB |PB |PM |PS | ZE

NM PB |PB |PB |PM |PS | ZE | NS

NS PB |PB |[PM |PS |ZE | NS | NM

ZE PB |PM |PM | ZE | NS | NM | NB

PS PM|PS |ZE |NS | NM | NB | NB

PM PS |ZE |[NS |NM | NB | NB | NB

PB ZE [NS |[NM | NB | NB | NB | NB

3- The Proposed SSC Design

The following equation is suggested to represent the
FL controller output in a classical form as follows:

The controller output = integration of

[k, (e(k) + k,Ae(k))] 1
Where: k1 and k2 are scaling factors.

ek)=w, -, )
Ae(k) = (w; - a)m) - (a)r;o - a)mo) 3

*

If On is constant then:

de(k) = _(a)m - a)mo) 4
The controller output = integration of
[kl [((l); - a)m) - k2 (a)m — Wy )]] 5

3.1 The controller model

The CSC output equation can be represented in
s-domain using MATLAB/SIMULINK program as
shown in Fig.1.
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Fig.1 CSC model in s-domain.

4- SRM Construction and Simulation

The physical appearance of a switched reluctance
motor highly resembles that of other conventional
rotating machines (AC and DC). The construction of 8/6
(8 stator poles, 6 rotor poles) poles SRM has doubly
salient construction. Usually, the number of stator and
rotor poles is even, and the construction is well explained
in [16-20]. The windings of the SRM are simpler than
those of other types of motors, and winding exists only on
stator poles, and is simply wound on it with no winding on
the rotor poles. The winding of opposite poles is
connected in series or in parallel forming a number of
phases, and exactly half the number of stator poles, and
the excitation of a single phase excites two stator poles.
The rotor has a simple laminated salient pole structure
without winding. SRMs have the advantage of reducing
copper lost while its rotor is winding. Its stampings are
made preferably of silicon steel, especially in higher
efficiency applications, and for aerospace application the
rotor operates at very high speeds, requiring the use of
cobalt, iron and other variants. The air gap is kept as
minimal as possible (0.1 mm to 0.3 mm), and the rotor
and stator pole arc should be kept the same. It is
advantageous if the rotor pole arc is larger than the stator
pole arc. The construction of an 8/6 SRM (stator and
rotor) is shown in Fig. 2.
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Fig.2 The SRM 8/6 poles construction.

In SRM, torque is developed because of the tendency
of the magnetic circuit to adopt the configuration of
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minimum reluctance i.e. the rotor moves in line with the
stator pole thus maximizing the inductance of the excited
coil. The magnetic behavior of the SRM is highly
nonlinear. The most general expression for the torque
produced by one phase at any rotor position is

Static Torque=T,.. = dW'/d@

static 6

Since

Coenergy =W " =J' w(6,1).di

;
Where

Fluxlinkage =y (6,i) = | (V — Ri)dt g
And

do/dt=(T(O0,0)—T, )/ I 9

Displacement.angle =6 = Iaz.dt 10

These equations show that the developed torque
depends on the magnitude of the current, flux linkage and
the displacement angle of SRM.

5- Photovoltaic System powered SRM

Photovoltaic (PV) power systems convert sunlight
into electricity directly. Research and development efforts
are under way to improve efficiency and reduce cost of
photovoltaic power systems in applications ranging from
roof-top residential to large industrial or electric utility
sites. Using of PV power in drive system application are
increasing these days from directly coupling with the dc
motors to sophisticated ac motor drive systems. SRM is
one of these motors that need to supply its phases with dc
current one phase at a time. The current is fed to the motor
via buck boost dc/dc converter with variable duty ratio to
extract the maximum power of the PV system and fed the
motor with necessary voltage and current to overcome the
motor speed and torque requirements [21-22].

6. Determination of the SSC Parameters

Considering the Electromechanical equation of SRM:

Te(t):ded—rt(t)+ Bo, +T_(t) 11

Considering the above equation, a block diagram for
SRM can be obtained shown in Fig. 3:

\4

Fig. 3 Block diagram representation of SRM

Fig. 3 shows that the motor characteristics
equation is given by:

Js? +kk,s+k =0 12
Where ,
k, =2 |27 13
kl

Where 77 is the damping ratio.

Alternatively, the SRM with the control loops
can be drawn as shown in Fig. 4:

T+ 1 , O

Te

U)‘Hx
!
+
[N
T
=~
N
»

Fig. 4 Load Torque~ Speed block diagram of SRM

From Fig. 4, the relation between the motor speed and
load torque can be obtained as follows:

1
k, *k,

®,(S) = T, (s) 14

s+1

k, *k,

For a step change of load torque the motor speed can
be calculated as:

1
0 (5) 5 K, TLS<s> 5
s+1
k, *k,

This represents a first order equation with a gain
equals to:

TL
k, *K,

16

I\/Idip =
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Equation 16 represents the maximum dip in motor
speed when the load torque changes from no load to full
load. During this period, the controller tries to reject this
disturbance. Based on equations (14) and (16), the SSC
parameters can be calculated to add positive damping and
full load torque rejection with a predefined maximum dip.

Equation (16) shows that increasing (k1*k2) increases
the load torque disturbance rejection and Mdip becomes
smaller.

7. Results and discussions

The controller is implemented using a high speed
SRM which has an inertia constant J=0.0018 kg.m2, 15
Nm full load torque and is able to run at 13700 RPM.
First, the controller parameters are obtained as follows:

Defining a 20 rad/sec as a maximum dip for a 15Nm
full load disturbance and a critically damped speed
response for a step change in thereference speed, the SSC
parameters are calculated as follows:

T, 15
M, 20

—=0.75

k,*k, =

dip

K, =2 |2 =0 | K
k, V075

4*J 4*0.0018

k=2 = 0.0096
075  0.75

( 2075_ 075 1010
k, 0.0096

The motor is operated with the proposed controller
using the above values of the SSC parameters. Fig 5
shows the speed response to a step change in load torque
load torque at t =0.30 sec. The disturbance is removed at t
= 0.60 sec. The four phase's instantaneous current and
torgue are also shown in Fig. 6. A successive step change
in load torque is also shown in Fig. 7 while the phases,s
currents are given in Fig. 8. More over, the results of a
full load rejection test are given in Figs 9-10. These
results show fast recovery of actual speed in about 0.1 sec
and critically damped response and ensures that the
calculated SSC parameters can ensure a fast response and
critically damped response with a maximum dip equals
the predefined value.
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Fig. 5 Response to a Step change of load torque
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Fig. 6 Four phase's current response
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Fig. 8 Four phases current.
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Fig. 10 Four phases current.

9-Conclusions

This paper introduced a simplified Speed controller

(SSC) for high speed SRM which combines the
advantages the simplicity of conventional controller and
intelligence feature of the fuzzy logic controller. The
SSC is simulated in s-domain using the
MATLAB/SIMULINK program. The SSC parameters
are calculated based on the motor mechanical equation
and a predefined system performance. The SSC is applied
to an accurate sensorless speed control technique for
SRM high speed (13700 RPM) (8/6 poles) (four phases)
model.
The SSC is used to control the motor speed at variable
load torque and to change the input voltage for SRM by
adjusting the duty ratio for the PV DC/DC converter
supplied. Speed responses for a variety of operating
conditions are studied. Simulation results show that, at all
the operating conditions, the SSC reacts as an intelligent
controller to provide the required system performance.
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