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Abstract-Switched reluctance machines, because of their simple construction and low
manufacturing cost are gaining importance in consideration for automotive applications. Recently,
SRMs have been considered for use as a propulsion motor in electric and hybrid vehicle
applications. The major limitations of the switched reluctance machine technology are its acoustic
noise and high torque ripple as compared to other types of electric machines. Recently, two
primary approaches to reduce the torque pulsations were essentially developed. One method is to
improve the magnetic design of the motor, while the other is to use sophisticated electronic control
techniques. In this work, modeling, simulation and analysis of Switched Reluctance motor has
been done. Two control loops- conventional PI controller based speed loop and conventional
hysteresis controller current loop- have been used. The whole work is done in Matlab/Simulink
environment.
Keywords: Switched reluctance motor, PI Control, hysteresis band current controller,

Hybrid Vehicle.
1. INTRODUCTION
The power electronic converters and electric propulsion motors are crucial components for
modern hybrid electric vehicle (HEV). Accordingly, it is necessary that the associated
traction motor and drive, operate at their optimal effectiveness throughout the test cycle. In
typical HEV propulsion the electric motor is used over the entire operating range of torque /
speed. SRMs are beginning to gain interest as a potential candidate for HEV propulsion due
to their simple and rugged construction, fault tolerant operation, insensitivity to high
temperatures, an extremely long constant-power range and high speed operation [1-2]. In
this motor only the stator has got windings. The rotor contains no conductors or permanent
magnets [3]. It consists simply of steel laminations stacked onto a shaft. It is because of this
simple mechanical construction SRMs carry the promise of low cost, which in turn has
motivated a large amount of research on SRMs in the last decade. Due to its non-linear
nature, the switched reluctance motor has an intrinsic ripple torque oscillation in the rotor
axis. There are many strategies and methods to reduce ripple torque in this type of machine.
Essentially, we can present two initial approaches for the reduction of the oscillation: the
first consists on improving the magnetic design of the machine, and another is based on the
use of electronic control. Several analytic methods for SRM design have been presented
[4-5]. The designers of electrical machines take into consideration, The designers of
electrical machines take into consideration its non-linear magnetic characteristics. Project
the structure of the polar regions of the stator and the rotor, so that the machine can operate
in stabilized speed, without torque oscillation. Many articles have been written in this field.
however,These strategies excessively limit the speed band operation of the SR Motor [6].
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The SRM geometry can be optimized by modifying stator and rotor’s diameters or there
pole shapes. Moreover the number of phases can be reduced in such cases as in [7].The
other study, concentrated in the converter design and in the control strategy, is based on
selecting the best combination of parameters operation which include voltage, energization
and desenergization angles, and current profile. There are countless proposals for torque
oscillation reduction using diverse types of control and modeling. In this paper the technical
control for reduction of ripple based in a Hysteresis current controller and propotional
integrator speed controller .
2. SRM CHARACTERISTICS
The basic operating principle of the SRM is quite simple; as current is passed through one
of the stator windings, torque is generated by the tendency of the rotor to align with the
excited stator pole. The direction of torque generated is a function of the rotor position with
respect to the energized phase, and is independent of the direction of current flow through
the phase winding. Continuous torque can be produced by intelligently synchronizing each
phase’s excitation with the rotor position. The basic 3-phase SRM structure has 6 stator and
4 rotor poles . Each stator and rotor pole has pole arc of 30˚ mechanical. 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, by energizing consecutive phases in succession, the SRM develops
reluctance torque in either direction of rotation. Fig.1 shows its linear inductance profile
L(θ) with each phase inductance displaced by an angle θs given by inductance profile of
each phase .

Figure 1 SRM linear model. Inductance profile of each phase
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Where Nr and Ns are the number of rotor and stator poles, respectively. When the motor
has equal rotor and stator pole arcs, βr = βs, we get the following angle relations:

π

− βr 
 Nr


θx = 

π

θy =

(2)

(3)

Nr

Fig. 2 shows the angle δ corresponding to the displacement of a phase in relation to another,
which is given by

 1
1 
−

 Nr Ns 

δ = 2π 

(4)

The studied 6/4 SRM has the following parameters:
Lmin = 8 mH, Lmax = 60 mH , and βr = βs = 30°. Thus, from (2) and (3), we get θx = 15°
and θy = 45°.
The electric equation of each phase is given by:

∂ψ i(θ , Ii )
∂t

+ RI i = V

﴾5﴿

With i = {1, 2, 3}
While excluding saturation and mutual inductance effects, the flux in each phase is given
by the following linear equation:

ψ i (θ , I ) = L (θ ) I i

﴾6﴿

i

The total energy associated with the three phases (n = 3) is given by:

Wtotal

1 3
= ∑ L (θ + ( n − i − 1) θ s ) I i2
2 i =1

(7)

and the motor total torque by:

1 3 ∂L (θ + ( n − i − 1) θ s ) 2
Γ= ∑
Ii
2 i =1
∂θ

(8)

The mechanical equations are:

J

∂ω
= Γ − Γl − f ω
∂t

﴾9﴿

Where Γl represents the torque load, and f the machine friction coefficient.The angular
velocity can be written as follows :

∂θ
=ω
∂t

(10)
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Figure 2 The angle δ corresponding to displacement of a phase in relation to another

We show in Fig. 3 the simulation diagram used for the SRM simulation using Simulink,
which is the use of conventional blocks allowing understanding the programmed structure
more easily.
Fig. 4 shows the content of the block phase 1. It contains four other blocks, each one
associated with a specific Matlab function. The complete model can be used in application
of Hybrid Electric Vehicle with proper turning on/off of the operating mode region of
SRM/Gs.

Figure 3
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Matlab/Simulink diagram of SRM linear model
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Figure 4 Block phase 1

3. SRM ENERGIZING STRATEGIES
The torque developed in a SRM is independent of the direction of current flow. The power
converter is the heart of the motor drive. The performance, size, and the cost of the motor
drive are mainly depends upon the selected converter type of the power converter circuit.
Thus unipolar converters are sufficient to serve as the power converter circuit for the SRM,
unlike induction motors or synchronous motors that require bidirectional currents to flow
through the power devices.
The fact that stator phases are electrically isolated has generated a wide variety of converter
configurations [6,8]. The type of the converter required for a particular SRM drive
application is intimately related to motor construction and the number of phases. The
converter is modeled using the available power semiconductor devices from the
SimPowerSystems toolbox (IGBT and diode). Some of the critical settings for IGBTs, such
as the falling time (tf) and the tail time (tt), are taken into account because a failure to
properly select these parameters would produce a high peak voltage, especially for high
switching frequencies. The module also includes the model of the snubber which is
required for the power converter to behave correctly [9]. The SRM has the added advantage
of reduced hysteresis losses due to the unidirectional current flow. The converter circuit
supplies the required pulsed waveforms from a DC source for the operation of the SRM.
The most flexible and versatile four-quadrant SRM is the classic bridge converter topology,
which has two transistors and two freewheeling diodes per phase as shown in Figure 5,Hbridge asymmetric converter [10]. The transistor switches are turned ON and OFF in each
phase depending on controller outputs for torque and speed control of the SRM [11].
Assuming linearity, the flux relation is given by:

ψ = L (θ ) I

(11)

The co-energy is given by:

W = L (θ ) I 2

(12)

Resulting in a torque given by:

Γ=

1 ∂L 2
I
2 ∂θ

(13)

Expression (13) shows that this converter is unidirectional in current because torque
production
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does not depend on the current sign but only on

(a)

∂L
sign.
∂θ

(b)

Figure 5 H-bridge asymmetric converter: (a) Power converter detail, (b) Phase detail

4. SRM CONTROLLEUR STRATEGIES
The effective performance characteristics from a SRM drive system can be obtained by
proper positioning of the phase excitation pulses relative to the rotor position. The
commutation angles (turn-on angle θon, turn-off angle θoff), total conduction period and the
magnitude of the phase current (Iref) determine the average torque, torque ripple and other
performance parameters. The difficulty to find the control parameters depends on the
chosen control method for a particular application. At low speeds, the current rises almost
instantaneously after turn-on because of the negligible back-emf and the current must be
limited by either controlling the average voltage or by regulating the current level. As the
speed increases, the back-emf increases and opposes the applied bus voltage. Phase
advancing is necessary to establish the phase current at the onset of rotor and stator pole
overlap region. Voltage PWM or chopping control is used to force maximum current into
the motor to maintain the desired torque level. The torque command is executed by
regulating the current in the inner loop as shown in the closed-loop block diagram in Figure
6. The desired current "Iref", is dependent upon the load characteristics, speed and control
strategy. The simpler control strategy is to generate one current command to be used by all
the phases in succession. The electronic switch selects the appropriate phase for current
regulation based on θon, θoff and the instantaneous rotor position. The current controller
generates the gating signal for the power devices based on the information coming from the
electronic switch. With both the switches turned ON, the energizing current in the phase
winding increases with positive DC-link voltage. For current control, the switches are
operated to freewheel, magnetize and demagnetize depending on the rotor position and
direction. The current in the switched phase is quickly brought to zero applying "-Vdc",
while the incoming phase ensures the torque production depending on the used current. The
torque ripple tends to increase since the torque production is not smooth during phase
84
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transition in these drives. Usually, three kinds of current controllers are used for the SRM,
namely:PI controller, hysteresis controller and hybrid structure which is a combination of
the first two.
In this project, the hysteresis current controller is used for its simplicity [12]. There are
many choices for the outer speed controller, such as PID controller, two degree of freedom
controller, fuzzy controller, adaptive controller, and artificial neural network controller. The
standard proportional-integral (PI) controller is used in this research for simplicity.

Figure 6 Closed-loop speed and current control block diagram of a SRM [11]

4.1 Closed loop current controller design
Current feedback is essential for this proposed control strategy. Here each of the phasecurrents are sensed and fed back to controller. A hysteresis controller (soft chopping) is
used to control the phase current according to reference current generated by the speed
controller. Therefore, soft switching is often preferred for motoring operation [13].Here the
only control parameter is the hysteresis band ∆i. In the case of an analog implementation,
this parameter ensures that the instantaneous current is bounded between i∗ ±∆i/2, where i∗
is the desired current. In this case, the current ripple is equal to ∆i and the current controller
output takes only two distinct values + Vdc and zero. Its generates switching pulses by
comparing reference current and sensed current as mentioned below:
If, Iact < ILw , switch is turned on.
and Iact > IUp , switch is turned off.
4.2 Speed control loop
In this paper. the design of a speed controlier for the switched reluctance motor using
proportional-Integral control strategy is presented. While Proportional-Integral control
represents one of the sirnplest strategy, its implementation for driving an SRM has not been
extensively investigated before, and its good performance is apparent. In the cornpetition
with more advanced controllers. The P-I controller has generally been regarded as the one
most likely to succeed in indusuial applications. The main reasons for this have been
simplicity. lower cost, zero steady-state error, ease of irnplementation, robustness, good
speed of response, good stability, and other desirable features. P-1 controllers are
extensively used in many drives where speed control is desired. A P-I control law is chosen
only because of the above-mentioned reasons and is not intended to infer that this is the
best control law.
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Our control objective is to track a reference speed trajectory. Each phase is provided with
current during the torque productive period of rotation, and the amplitude of the current is
adjusted such that the desired level of torque is obtained. This desired level is dictated by an
extenial feedback loop for controlling the speed.
The PI controller parameters calculated according a small- signal model of the SRM drive
system, to satisfy the control specification. The transfer function of the PI speed controller
and the open-loop gain of the speed control loop are given by Eqs.(14) and (15),
respectively. Current loop gain taken as unity [14-16].

Gሺୱሻ =

K ୱ ሺ1 + STୱ ሻ
STୱ

Gୗ ሺsሻ =

K ୱ ሺ1 + STୱ ሻ
1
. K .
STୱ
F + JS

ሺ14ሻ

ሺ15ሻ

Where, KT is the torque constant. In order to obtain correct simulation results, knowing the
accurate values of J and F is crucial.
5. SIMULATIONS RESULTS
SRM system is simulated using MATLAB/Simulink software. The parameters of the motor
used for simulation studies are given in appendix.
The firing angles: turn-on and turn-off are kept fixed throughout the simulation studies at
0 deg and 30 deg (where 0deg and 90 deg correspond to aligned and unaligned positions).
Only one phase is allowed to be excited at one time.
The SRM is fed in this simulation using the asymmetrical power converter in which, each
leg consists of two IGBTs and two freewheeling diodes. Thus, the phase currents are
independently controlled by an hysteresis current controller which engender the IGBTs
drive signals by comparing the measured currents with the references. The IGBTs
switching frequency is determined using the hysteresis band for a previous optimal study
fixed at ∆I = ±0.1A. a PI classic controller is used to regulate the speed values of
proportional constant Kp=0.568 and integral constant Ki=12 fixed yet.
With the motor functioning without load, waveforms can be obtained by integrating all the
functional blocks in the motoring simulation figure 3 such as position wrapping, active
phase determination, phase commutation and current regulation. Figure 7 shows inductance
variation in SRM, which is considered as control reference for the phase commutation, it
starts from 0.008 H, then it increases to 0.06 H, and falling back to 0.008 H. The speed
response is depicted in Figure 8, when the motor is commanded to accelerate from rest to
100 rad/s without load. It can be seen from the figure that the motor speed converges to the
desired speed. It should be mentioned that the ripple in the speed response is due to the
sequential switching between the phases and it is not caused by controller [17]. Figure 9
shows the total torque variation in time of all the three phases, the total electromagnetic
torque is about 4 Nm. Torque ripple presents high magnitude for the used values of Turn-on
(θon) and Turn-off (θoff) angles, having as consequence to originate important speed
oscillations shown in figure 8. To decrease the speed oscillations it is necessary to produce
more torque. Adjustment of the Turn-off angle value allowed fewer oscillations. However,
ripple reduction is not an easy task because other parameters, such as the speed and load
values, influence the torque ripple magnitude. Figure 10 gives the flux-linkage and gate
signal of the converter phase PWM switching voltages for regulating the current in time.
Here, the ripples are due to the current chopping control [18]. The phase current is given in
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figure 11. It can be seen that the current flows only in the inductance rising slope as it is in
motoring mode, also the phase current regulation between the turn-on and turn-off positions
for motoring operation.
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6. CONCLUSIONS
This paper presents a new SRM simulation model, 3-phase 6-stator pole and 4-rotor pole
which will applied for the small hybrid electric vehicle (HEV). This model has three
independent modules; the controller module, the power converter module and SRM
module. With a focus on the motor and its controller design. This enables it to be used in
other types of reluctance motor and for different control strategies in automotive
applications. We presented a description of the system and developed the mathematical
formulation, the numerical method for simulation and gave a detailed discussion on the
constraints, boundary conditions and approximations considered by the simulation work.
To accurately analyze torque oscillations, we checked several simulations in order to
reliably identify the SRM dynamic behavior. We mainly focused on the influence of the
choice of the angle Ɵoff the dynamic behavior.
This work investigates the application of traditional PI for speed controller and technique
of hysteresis for current controller, to control the highly non-linear variable reluctance
motors. The dynamic behaviors of the drive system with this control were presented and
discussed. This control scheme guarantees that the speed asymptotically converges to the
desired speed.
Appendix
Parameters of the system used in simulation:
Phase number 3.
Number of stator poles 6; 30° pole arc.
Number of rotor pole 4; pole arc 30°.
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Maximum inductance 60 mH (unsaturated); Minimum inductance 8mH;
Phase resistance R=1.30Ω; Moment of inertia J=0.0013 Kg/m2; Friction F=0.0183 Nm/s;
Inverter Voltage V=150 v.
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