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Abstract

Switched Reluctance motors (SRM) can be classified into a group of multi-speed electrical motors. The low cost,
rugged constructions and simple are feature advantages for this motor. The simplicity is the result of their torque
generation principle, which known as variable reluctance principle. The SRM has many more features that have made
it to be common for applications in commercial and industrial markets. The main disadvantage of SRM is the
nonlinearity that it appears in their dynamics because of the magnetic saturation. It is required for SRM speed
controllers to have features such as fast dynamic responses, parameter insensitivity and quick recovery from load
disturbances. In this paper, a design of a robust sliding mode speed controller based on a nonlinear mathematical
model is proposed. Matlab/Simulink software is used to simulate switched reluctance motor drive system under
control of SMC. 6/8 switched reluctance motor has been taken as case study. The performance of proposed sliding
mode control is tested at different load and speed conditions, and comparisons with conventional PI control for
switched reluctance motor are presented. The sliding mode controller exhibits a better performance than the Pl

controller for all the studied cases.
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1. Introduction

The variable reluctance machine (VRM) has been
proposed for multi-speed drive system in the 1960s
(Sakurai, 2001). According to the development of
power electronics and computer science, researches
have been directed towards reluctance motors
especially switched reluctance motors (SRM). SRM has
the advantages of reliability and ability of four
quadrants operation through a multi-speed range. The
low cost, rugged constructions and simple are, also,
feature advantage for this motor (TE] Miller,1993) .
These features have made SRM to be common for
applications in commercial markets and industrial.

The SRM operates without any mechanical
commutation components. It has doubly salient poles.
Generally, the rotor is a simple construction made of
magnetic iron, formed in such a way as to maximize the
variation of inductance with position. Torque is
generated by the tendency of its rotor to move to a
position where the inductance of the active coil is
maximized. A SRM has multiple teeth on the rotor
poles and is capable of producing high torque. The
motion may be linear or rotary, and the moveable part
may be exterior or interior (Krishnan, 2001).
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The switched-reluctance motors suffer from high
nonlinearity; this is due to the magnetic saturation.
Therefore, it is necessary to operate this motor under
control of nonlinear robust controller (Sakurai, 2001).
Sliding mode control (SMC) is a type of control
technique that can guarantee the stability of the
nonlinear systems. The concept of sliding mode control
uses a discontinuous control input in order to drag the
state trajectory of the system to slide along a pre-
specified surface in the state space. This surface is
named a sliding-manifold, represents the desired plant
dynamics properties, such as tracking and stability to
the origin. An advantage of sliding mode control is its
robustness with respect to external disturbance and
changes in system parameters (Yang Haiqing, et al,
1996).

In this paper, the mathematical model of the SRM is
described and the sliding mode controller is proposed
as a speed controller for this motor. The proposed
design is simulated by using Mtlab/Simulink software,
the SRM drive system is tested under various operating
conditions and the results are compared with PI
controller.

2. Mathematical model of SRM
Ignoring the mutual inductance between the phases,

the equivalent circuit for the SRM can be developed as
follows.
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The applied voltage to any phase is equal to:

dA(8,)

v = Rei+=] (1)

where R,is the resistance per phase, and A is the flux
linkage per phase, the flux linkage given by:

A(6,0) = L(8, )i (2)

where L is the inductance which is a function of phase
current and rotor position. The phase voltage equation,
then, is

v =Ri+L(0,0) % +1 %D (3)
= Ryl + L(6,1) 5 + iy, T 4)

The induced emf, e, is obtained as:

= 20D i = Ky (5)

where Kb is an emf constant and it equals to:

dL(6,i

The emf constant is dependent on the operating point
and it can be obtained at constant current at this point.
From the voltage expression and the induced emf
equation, the equivalent circuit of the SRM (only one
phase) is shown in figure 1.

| e

Figure 1: One-phase equivalent circuit of SRM

The power can be evaluated as:
i p o2 2400 . di
pi =vi=Rii*+1i 0t L(O,1)i ” (7)

Here, the last term is physically uninterruptable; to
draw a meaningful inference, it may be form in terms
of known variables as below:

1., dL(,i)

d (1 a2\ Ny 1

p” (ZL(Q, )i ) =L(6,1)i+ S (8)
and power equation is:

p; = Rgi® + L(0,1)i + 512 —‘”;f'” (9)

where Pi is the instantaneous input power. The input
power is the sum of the resistive losses, the rate of

change of the field energy, and the air gap power pa
which is defined by (L(8,{).i?/2). Substituting the time
in terms of the rotor position and speed, with

0
t= o (10)
in the air gap power results in:

1., dL(6,i) d8
R (11
The air gap power is given by:
Pa = W Te (12)

Electromagnetic torque is obtained by equations (11)
and (12) as (Krishnan, 2001):

_1.5dL(6)0)

T,
e 2 de

(13)
3. Design of SMC for SRM

The design procedure of sliding mode control (SMC)
can be described in the following two steps:

Step one: switching surface is formulated according to
the error in the dynamic system.

Step two: control law is implemented in such way that
it should force the system trajectories arrive to the
sliding surface.

The main property of using sliding mode control is,
once the system is in sliding phase, it doesn’t effect to
parameter variations and uncertain disturbances. The
error in the dynamic system is related as:
e(t) = w(t) — wn(t) (14)
where e(t) is the error of motor speed w(t) with
respect to reference speed w,,(t). The sliding surface S
is defined as:
S=é()+re(t) A1>0 (15)
A has to be positive and considerably large so that
speed error e(t) will vanish exponentially and

sufficiently fast on the hyper-plane S=0. Consider a
Lyapunov function

v(s) =§ (16)

The basic idea in designing a sliding mode controller
(SMQ) is to use a control strategy for the plant input
u(t) such that v(s)<oregardless of the spatial position
of the state X(t). Then it can be asserted that the
system state will be steer towards the sliding surface s
= 0 and reach it within finite time (Yang Haiqing, et al,
1996).

214| International Journal of Current Engineering and Technology, Vol.8, No.2 (March/April 2018)



Mohammed Moanes E. Ali and Yousif Khudhair Fakhir

Design of Sliding Mode Speed Controller for Switched Reluctance Motor

The equations of SRM model are as follow:

ai aA(e,i))‘l . 04;(6.0) .
dt_( ai (i —Rjjj —w 20 i)
a0
w=—
dt

1
zj(Te — Bw _TL)

By differentiating equation (19):

aT (e, L) di 6T(9,i) _ dary
-7 (Z] 17 5 + Z] 17 59 )
_ aT(0,i) (9A0,0)\ L . 92;(6.0)
__(Zf 175 ( ai ) (i — Rjly — =55
aT(B l) daTy,
w¥io ~ )
d . . )
where £ the uncertain quantity. Now let’s

u(t)

(17)
(18)

(19)

(20)

i) +
(21)

define

= V. [see Fig 2]. Obviously, u(t)is the plant input

and is to be controlled. The phase voltage u; can be

written asw; = kju(t) where is ordered b

commutation signals.

y the

1
0
1, when this phase must be turned on
-1, when this phase must be turned off and
0, when this phase must be turned offand 7; =0
Then (21) becomes
_1 6T(9 D aT(9,) (040D 19400 . .
@ = ([Zl =1 =1 ai ( ai ) 26 4l
6T(91) aA(6,0) .

Bo + Y3, 7 (—fi ) kju + Ty, —

BT(G i) (0A(6,D)\ .
Zia ai ( ai ) Ryiy) (23)
Where

_1io3 ar(e n aT(6.0) (9A(6,)\ ™1 92;(8.0) .
P =325 2 (ai) 26 Ul
p,=-2
2 Ji )
aT(8,i) (9A(6,)\~

_21 17 i ( ai ) ki

_1 aT(8,i) (0A(6,0\ T |, .
d©) =311 - 2i T2 (2) Ryl

The derivative of Lyapunov function is:

V(s) = SS = S[é(t) + 1é(t)]
d(t) - d)ref + Aé(t)]

The control law

© = =5 [(@rer +26(©)) + Pro + P> +d(8) =
Kysign(S)]

=S[Pw + P,w + P;u +

(24)

(25)

Where K, >0 and the function sgn(S) is illustrated as:

1ifs>0
0if s=0
—-1lifs<0

sgn(S) =

Then equation (24) will become

V(s) =S [—%sgn(S)] = —%|5| <0 (27)

From equation (27),V(s) < 0 for all time t, but. This
show that V (§) is limited, so S is bounded. Now

e —%dt = V(S) — V() < V(0)
Equation (28) indicates that S is integral. Since S is
bounded, so lim;_,, S = 0.

3. The proposed Speed Controller of the SRM

Based on the mathematical model of sliding mode
speed controller, the proposed control system is
structured as shown in figure 2. To evaluate the
performance of proposed speed controller,
Matlab/Simulink software environment is used. The
Simulink model of SRM drive system is shown in figure
3, and the details of the sliding mode controller are
shown in Figure 4.
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Figure 2 The structure of with sliding mode controller
(SMC) for SR motor
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Figure 3 The simulation of the drive system based on
SMC
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Figure 4 The details of the sliding mode speed
controller

4. The Results and Performance of the Sliding-
Mode Controller

The performance of the sliding mode speed controller
is studied under various operating conditions and the
results are compared with the traditional PI controller.
The results of speed response tests at starting the SRM
with different reference speed and load torque equal to
zero (no-load) are shown in the next figures. The
response speed of the motor at the reference speed of
100 red/sec is shown in figure 5 while the response at
reference speed of 300 red/sec is shown in figure 6. In
figure 7, the reference speed is changed from 300 to
600 rad/sec (rated speed) at time instant= 0.6 sec.
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Figure 5 Speed response at reference speed 100
rad/sec and no load
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Figure 6 Speed response at reference speed 300
rad/sec and no load
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Figure 7 Speed response at changing the reference
speed from 300 to 600 rad/sec

From figure 5, figure 6 and figure 7, it is clear that the
sliding mode controller shows excellent performance
and it is extremely superior to the PI control. The
sliding mode controller satisfies all the requirements,
where there is no overshoot, the rise time is extremely
fast and the steady-state error tends to be null.

Figure 8, figure 9 and figure 10 show the behavior
of the motor under different load condition. In figure 8
the motor is subjected to constant load toque of 80
N.m. In figure 9 the torque is suddenly increase from
30 to 80 N.m at time instant 0.8 sec, while in figure 10
the load torque is suddenly decrease from 80 to 0 N.m
at time instant 4 sec.
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Figure 8 Speed response at load torque of 80 N.m
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Figure 9 Speed response when the load is increase
from 30 to 80 N.m
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Figure 10 Speed response when the load is decrease
from 80 to 0 N.m

From figure 8, figure 9 and figure 10, it can be
concluded that SMC is more robust as compared to PI
control, where the SMC has the ability to maintain
speed without change even at significant changes in the
load.

Conclusions

In this work, the sliding mode control is used as a
speed controller for the switched reluctance motor; a
comparison of performance is done between this
controllers with the well-known PI controller, various
operating conditions have been considered. The sliding
mode controller exhibits a better performance than the
PI controller for all the studied cases. The results of
operating the sliding mode controller can be
summarized as:

1) At starting the motor, the speed responses have no
overshoot for all operating conditions.

2) The rising time is very short and it is shorter that
of PI controller.

3) In a case of sudden change of reference speed, no
overshoot appears.

4) The speed remains constant even there is a heavy
change of load.
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