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ABSTRACT

The driving motor of an electric vehicle should satisfy its specific requirements of both starting
and providing an extended speed range at constant power within operating constraints (e.g.
acceleration and gradeability). This paper investigates the capability of the switched reluctance
motor (SRM) for electric vehicle (EV) applications by introducing a suitable controller. The
proposed controller uses a fixed as well as an adapted switching angles control schemes to
maximize the machine overload capability. Both Turn-on angle and conduction angle have great
influence on developed torque and they can be chosen to maximize the operating speed range and
hence extends the constant power region essentially required for EV. A nonlinear analysis for an
8/6 SRM is developed and implemented in a simulation program based on Matlab/Simulink
software package to investigate the motor dynamics. An experimentally measured flux linkage-
current and static torque arrays are used to represemt the machine data for simulation. The
performance of SRM drive system with the proposed controller is introduced to study the effect of
the proposed control scheme on current, torque, speed response and also constant power region.
Motor currents and developed torques are obtained at different operating conditions and useful
conclusions are obtained.
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1. INTRODUCTION

Switched reluctance motor (SRM) has been emerging
as an attractive solution for variable- speed drives
and electric vehicles application due to several
advantage such as robust structure and simplicity of
its power converter. It has capability of high-speed
operation with low cost and high efficiency. There
are, however, several disadvantages of this machine.
The disadvantages include:

1) acoustic noise generation;

2) torque ripple;

3) special comverter topology requiring discrete
insnlated gate bipolar transistor (IGBT) modules;

4) excessive bus current ripple; and

5) The doubly salient structure combined with
magnetic saturation nomlinearity is the ‘main
difficulty of this machine [2-4].
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All of the above advantages as well as the
disadvantages are quite critical for vehicle
applications. Acceptable solutions to the above
disadvantages are needed to get a viable drive for
vehicle propulsion based on the SR machine. The
developed torque is a function of both phase current
and rotor position. It is also affected by saturation of
partially overlapping stator and rotor poles [5]. To
predict motor performance it is always necessary to
find out the solution of a set of nonlinear differential
equations representing the machine and it's power
converter. Many trials had adopted the numerical
finite element integration method to determine the
static phase flux linkage and torque. Alternatively,
different analytically methods are adopted [2-4]. The
main problem of the motor performance analysis and
control is the nature of relationship between the flux
linkage and the current of each phase at different
rotor displacement angles. A different control
strategy has been applied to SRM to perform certain
objectives such as smooth torque, and optimal
commutation etc [5-8]. Comparative study of PI
(Proportional, and Integral), sliding mode and fuzzy
logic control for four-quadrant operation of SRM has
suggested that the PI controller offers a simple
control structure to achieve an optitnum performance
{6]. Hence, in this study, PI speed controller has been
used in speed loop for predicting the drive
- performance.

Automotive market is one of the most successful
applications of SRM technology [1]. It is expected
that the use of SRM's and drives to grow in
transportation  applications where its high
performance and low cost dictates its use. Electric
vehicle performances require a high constant power
to constant torque ratio. SRM, if designed and
controlled appropriately, is capable of producing an
extended constant power range.

Prototypes of SR machines have been designed,
built, and tested for vehicle propuision [12]-]15].
Most of these efforts concentraied on the machine
design with emphasis given to design a high-density
and a high-efficiency machine. Unfortunately, not
much work has been dome to develop a
comprehensive controller for EV propulsion
addressing all the relevant issues[9]. Most recently,
an optimized controller for EV propulsion has been
presented [16]. Also, a high performance fully digital
SRM current controller-for EV propulsmn has been
designed [9].

The available SRM is a 1 HP, four-phase, 8-6
pole configuration that has not been designed
specifically for vehicle propulsion. However, it will
be simulated and controlled with the adapted control
parameters to be suited for EV applications. The
predicted performances of the used SRM are
obtained from the static measured data. These data

are rensed on dynamic simulation by using look-up
table technique.

This paper presents a comprehensive controller
for EV drives. An attempt has been made through
machine control to maximize the SR performance,
while paying particular attention to overcoming the
difficulties. The controller is designed, based on the
machine’s measured characteristics, to maximize
peak overload capability to be suited for EV. Lookup
tables are used in the controller and interpolations are.
performed online between torque command, and
speed to drive the motor at the optimal control
parameters.

The proposed controller analyzes the performance
of SRM drive with different vatues of fixed turn-on
angles and on-line adapted turn-on angle. The first is
used for a fixed conduction period with just one
phase excitation. The second is used for overlapping
the phase excitation that gives an acceptable
performance of the drive. A comparative study
between two cases is introduced. The turn -off angle
remains fixed throughout the study. The drive
performance in terms of speed, winding current and
electromagnetic torque is presented. Simulated
results pertaining to starting time, overshoot, steady
state error, settling time, speed ripple and torque
ripple are also presented.

2. SWITCHED RELUCTANCE MOTOR DRIVE
The standard drive configuration, (The f-bridge

.asymmetric type converter), is used to drive an 8/6

four phase SR machine. It consists of one leg per
phase. Each phase has two power switches and two
diodes. The operation of this driver is shown in Fig.1.
* When both the switches are ON, then the winding
is in energizing mode (+V is applied to phase
winding).

* When both the switches are OFF, then the winding
is in de-energizing mode (-V is applied to phase
winding through two diodes).

* When any one of the switches is ON and another
switch is OFF, then the winding is in current
regulation mode.

Fig. 1 Standard SRM per phase power converter
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3. MODELING AND SIMULATION OF SRM
3.1 SRM Dynamics

The operation and modeling of SRMs is entirely
different from  conventional muotors. The
complication in modeling is due to the highly
nonlinear nature of the motor. There have been many
attemipts to model SRMs, which differ in variables
chosen for solution, therefore requiring different data
sets. It is convenient to choose the governing
equations as follows.

Electromagnetic equation:
()= Ri + i‘l’—dg@:"—) )

where vy is the flux linkage in the phase winding, Vs
the terminal voltage, i and R are phase current and
phase winding resistance, respectively.

Mechanical equation;
7% 7T _Ke
dt @
do - @
dt 3)

where T is the electromagnetic torque, T is the load

torque, K s the friction-damping coefficient, J is
the moment of inertia of the rotor and  is the rotor
speed [7]. It is obvious that the above equations have
* no analytical solution as the flux linkage is a
nonlinear function of current and rotor angle, hence
numerical analysis is necessary.

3.2 Simulation of SRM

Instead of using a linear model of the SRM,
predicting the dynamic performance of its non-linear
characteristics is presented. Static experiments are
performed to get the machine's data. This data have
been saved in two look-up tables which are used for
simulating this machine. One is the flux linkage vs.
rotor position and phase current; and the other is the
phase current and rotor position vs. torque. The
simulation model has been made on matlab/simulink
software. The data for the SRM can be obtained from
Finite Element Analysis (FEM) calculations (if the
motor is in the design stage) [8). For an existing
prototype in this paper, the data is measured from
experimental tests. Flux linkage-current data (i) at

both aligned and an unaligned position are obtained
by measurement. With the rotor locked at an aligned
position, a variable ac voltage is applied to one phase
winding and the current is recorded for each applied
voltage. The phase impedance is calculated for each,
then the phase inductance, and hence the flux
linkage, is determined. The same procedure is
repeated with the rotor held at an unaligned position.
Once the aligned and unaligned flux linkage-current

data is obtained, a family of these curves can be
obtained for intermediate rotor positions to obtain,
finally, the input tabley/(@,). The inductance profile

L(8,i) obtained from the static measurements is

displayed in Fig.2 for different values of phase
current and rotor position. Figure.3 shows the flux
linkage vs. phase current and rotor position. The
static torque vs. rotor position and phase current
look-up table can also be obtained from anm
experimental test as shown in Fig.4. Figure 5 shows
the simulated transient results of phase voltage, phase
current, phase torque, speed and total torque at low
and high speeds. Simulation at low-speed has been
performed with a hysteresis current controller to limit
the current Ievel and then the torque as in Fig. 5(a).
Single pulse control has been used for high-speed
operation. The current shape is formed by the effect
of back EMF at high speed as shown in Fig 5(b).
Finally, this simulation has been done at turn-on

angle 6,, = 0° and turn-off atg,, = 25°.
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Fig. 2 Inductance profile L(l9, l')
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Fig. 3 Magnetic flux linkage w(6,1)
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4. PREDICTING THE CONTROL
PARAMETERS OF SRM
4.1 Predicting the Turn-on Angle
Below base speed, the torque is limited by the
imposed current limit (4 A). Above this speed, the
torque is limited by the generated voltage, which
limits the build up current. After the steady state
performance simulation of 8/6 SRM was studied, the
predicted torque/speed characteristics at different
turn-on angles would be obtained as shown in Fig. 6.
Turn-on angle has been changed by negative unit

step (from 10° to 0°). This helps to predict the turn-
on angle at any required average torque and speed by
numerical inversion of the previous relation, This
prediction data would be used to control the SRM.

Motor torque - speed ch tic at different g-on angle
L A R T A B

decreasingiturnion angle |
40 2t ool boee e

=
o

Average Tordue (N.M)

o
w
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4(l)0 5(,70 62}0 7(')0 860 9(')0 1(;0017;0120(
Speed (RPM)
Fig, 6 Predicted average motor torque vs. speed at
different values turn-on angle
4.2 Predicting the Current Command From the
Torque. (Torque to current transformation).

In low-performance controllers, there is no special
torque controller. In that case, the output of the speed
controller can be treated as the torque command
signal. Torque speed relation has been related at
different current levels from steady state operation,
These relations data has been stored on look-up table
and then, have been used on torque command to
current command transformation process. The
predicted data are shown in Fig. 7.
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Fig. 7 Predicted average motor torque vs. motor
speed at different values of reference current
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Fig. 8 Simulation block diagram of the 8/6 SRM and Control System

5. CONTROL SYSTEM DRIVEN WITH PI
SPEED CONTROLLER

Figure 8 shows the simulation block diagram of
the control system. The look-up tables, used in this
control algorithm, are shown. An SR machine model
is developed for this purpose. The rotor position is
sensed by position sensor, the derivative of which
gives the rotor speed (& ). The rotor speed is

compared with set reference speed (@") and the
speed error (@, ) is processed in PI speed controller.

‘The speed error is given by:

o, = (a) o . @
The output of the speed controller is given by:

T" =K P(co' —a))+ K,.I(a)* —w}z’t e

where, 7" is the command torque, K, and K are

proportional and integral gain constants, respectively,
of the speed controller and @ . is the speed error.

The values of K, and K; depend on the parameters
of the drive system. The controller gains are selected
by comparing the effect of K, and K on the speed

response of the drive [1]. The simulation is
performed at (K;=2 &K ,=0.25).

6. SWITCHING ANGLE CONTROL."
Maximization of the developed torque is an
important issue for SRM to be made suitable for EV
applications. In order to assure a maximum torque
zone and thus a maximum average torque in the
motoring mode of SRM, the best turn-on angle has to

be chosen. The extreme limits of the turn-on angle
are established geometrically. As a function of the
specific application, these limits can vary with the
proposed strategy. For the first phase of the motor,
the minimum turn-on angle is represented by the
rotor position corresponding to the unaligned rotor
position (0, = 0°) and the maximum is (8, = 10°)
when the turn-off angle is fixed at (0.x = 25°). The
procedure consists of finding the advance turn-on
angle for a specific reference current (or torque) and
rotor speed. Therefore, the control scheme and
torque-speed characteristics have been processed and
investigated with two control parameters. These
control parameters are turn-on angle and current
level.

6.1 Control with only one phase excitation.
Simulation responses under comstant PI speed
controller gains and constant switching angles (turn-
on and turn-off angle) were performed. The

conduction angle is fixed at the step angle &,

—xn ¢ 1 L}V _qso )]
&, = 360 (Nr N:) =15
Phase excitation sequence is then A-B-C-D without
any overlapping for clockwise rotation. Figure 9
shows the simulation response to different command

speeds at (6, =1 and&,; =16). A good response

has been obtained at low speed. Overshoot at
medium and high speeds were viewed and relatively
large a time is required to reach steady state as shown
in Fig 9(a). This overshoot can be decreased by
adjusting the value of PI controller gains. In addition,
at low speed, the current was chopped at low
command level (1A). At medium speeds, the current
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was chopped at higher current level (3A) to increase
the developed torque. At high speeds, the current is
limited by back EMF at rated value (4 A), and there
is no current chopping as shown in Fig. 9(b and c).
The maximum speed is limited at low speed (450
RPM), corresponding to the torque production
period. Figure 9(d) shows the total instantancous
developed torque vs. motor speed. It is obvious that
the maximum or average developed torque is
constant, except for the higher speeds, at which the
constant power region is very small.

6.2 Contrel with step variation of turn-on angle.

Overlap of the motor phase's results in increasing the
conduction period. This leads to an increase in the
produced torque and then the mwotor speed. The
conduction period can be determined either by fixing
the turn-on angle at (9, =0°) and delaying the turn-

off angle (& . =15° :25°) or by fixing the turn-off
angle at (g 7 =25°), as maximum value, and
advancing the turn-on angle (g,, =10°:0°). The later

technique has been suggested. Figure 10 shows the
response at (8, =10°.8.5°,and0°). The turn-off,

angle was fixed at (&, = 25°). At low speeds, the

current was chopped at low command level (1A)
with fixed turn-on angle (g, =10°). High

performance was obtained at low speeds. At medium
speed, the current was chopped at higher Ievel
(2.3A). Therefore, the total developed torque was
increased. At high speeds, the current is limited by
back EMF at rated value (4A), and there is no
chopping. The maximum speed (360 RPM) is limited
corresponding to the torque production period
(region 1). Advancing turn-on angle increases the
conduction period and then torque production period.
Thereafter, the speed increases to follow the
reference speed (region 2 and region 3). This is
shown in Fig. 10 (a, b, and ¢).

Response of Pl speed contraller at Kp =0.25 8ki =2 & theta-on=1 & theta-ofi=1€
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Fig. 9 Control with only one phase excitation
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6.3 Control with on-line adaptation of the turn-on
angle (proposed method).

The phase current is a function not only of
command current, but also, of the turn-on angle. This
is why at low speeds; the phase current is chopped at
low level while the command current at high level
with low turn-on angle. At low speeds, the system
response was overshoot and oscillated. At medium
speeds, the speed response has been improved.

Response of Pl speed contrdler at Kp=0.25 & Ki=2 & tum-on= 10, 85, 0 & tum-of:
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* Fig. 10 Control with step variation of turn-on angle

The current has been chopped at the command
current with adapted turn-on angle at advanced
position. At high speeds, a highly controller response
was obtained with a highly speed response. The
current is limited at rated value by back EMF without
any chopping. The turn-on angle is advanced at the

minimum reluctance position (&, =0°). All these

cases are shown in Fig. 11 (a, b, and ¢). Figure 11 (d)
shows the effect of proposed controller to the torque-
speed curve. It is obvious that the constant power
region has been extended. Also, the maximum or
average torque is constant at a higher value. These
results are related to the available motor. Therefore,
this extension can be more increased by another
specially designed motor with the same proposed
controlier scheme.

The speed controller gains have been adjusted
according to the drive's speed as shown in Fig. 12 (a,
b, and ¢) with K, =100 and K; =5. It is obvious that
the system response with the proposed controller has
been improved.
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Response of Pl speed controller atkp=0.25 & Ki=2 & adapted theta-on & theta-ofi=
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7. CONCLUSION

A nonlinear simulation for an 8/6 switched
reluctance motor has been implemented to study its
dynamics and control characteristics under various
tmrn-on angles. Experimentally measured data have
been used for simulations. A dynamic analysis has
been introduced for torque, speed and angle control.
Control parameters have been proposed and different
excitation modes were given. It has been found that
control with only one phase excitation restricts both
of the developed torque and maximum speed which,
in turn, restricts the constant power region.
Accordingly, this method is not suitable for EV
application. It has been also found that the use of the
proposed controller by advancing the turn-on angle
increases both the motor developed torque and its
maximum speed. Hence, this control approach
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increases the maximum speed and then, the constant
power tegion in torque/speed curves. Good
performance has been obtained by the careful choice
of PI speed controller gains. The obtained results
suggests that SRM provided with suitable control can
be used for electric vehicle propulsion.
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APPENDIX
Motor and controlier specifications:

» N, = 8: Number of stator poles.
N; = 6: Number of rotor poles.
m = 4; Number of phases.

Bore diameter or rotor pole tips = 75.508 mm.
Air gap length = 0.3 mm.

Core axial length = 100 mm.

Stator pole height = 22.24 mm.

Rotor pole height = 17.311 mm.

Outer diameter = 140 mm.

Shaft diameter = 18 mm.

B, =20": Stator pole breadth.

B, = 26" : Rotor pole breadth.
360

=45° : Stator pole pitch.

60 o
360 _ 60 : Rotor pole pitch.

r

Minimum inductance zone = 14°
Rising and falling inductance zone = 20°
Maximum inductance zone = 6°
Number of turns per phase = 260 turns.
Conductor diameter = 0.8 mm’.

Motor power (designed value) = 1 H.P.
Phase current amplitude = 4 A.

Used DC voltage = 50 V.

Turmn-off angle = 25°.

Inertia coefficient = 0.002 Kg.m’
Friction coefficient = 0.002 N.m.s/rad
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