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Abstract - Induction Motors have been used as the workhorse in the industry for a long time due to its
easy build, high robustness, and generally satisfactory efficiency. However, they are significantly more
difficult to control than DC motors. One of the problems which might cause unsuccessful attempts for
designing a proper controller would be the time varying nature of parameters and variables which might
be changed while working with the motion systems. One of the best suggested solutions to solve this
problem would be the use of Sliding Mode Control (SMC). This paper presents the design of a new
controller for a vector control induction motor drive that employs an outer loop speed controller using
SMC. Several tests were performed to evaluate the performance of the new controller method, and two
other sliding mode controller techniques. From the comparative simulation results, one can conclude
that the new controller law provides high performance dynamic characteristics and is robust with regard

to plant parameter variations.
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l. Introduction

There is a demand for high performance
electric drives capable of accurately executing
torque, speed or position demands. This has
necessarily led to a growth in the number and
sophistication of control methods applied to
this problem [10], [9], [8]. Particular attention
has been devoted to the induction motor (IM)
for reason of cost, size, weight, reliability,
simplicity, efficiency and ease of manufacture.
The application of advanced control schemes
for position or speed control of the IM has been
made possible by the increasing power and
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reducing costs of microprocessors and digital
signal processors. Over the past decade, field-
oriented control (FOC) or vector control (VC)
technique has been widely used in industry for
high performance induction motor drive [7],
[6], [5], [3], where the knowledge of
synchronous angular velocity is often necessary
in the phase transformation for achieving the
favorable decoupling control. Traditionally,
two feedback loops are configured to
implement a vector controlled IM drive system.
The inner loop is a current regulation loop
whereas the outer one is a speed or position
regulation loop. Conventionally, the
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proportional plus integral (PI) controller is
simple and very easy to design and implement,
and a PI controller is used for both inner and
outer loops. However, the performance of PI
controller for speed or position regulation
degrades under external disturbances and
machine parameter variations. Furthermore, the
PI controller gain has to be carefully selected in
order to obtain a desire response. This makes
the use of traditional PI controller a poor choice
for industrial variable speed drive applications
where higher dynamic

Control performance with little overshoot and
high efficiency is required. The parameter
variation issues can be solved by advanced
control techniques such as self tuning
regulators, and SMC [3], [2], [1]. SMC as a
branch of robust control is a powerful
technique to control nonlinear systems with
uncertainty. The theory of SMC has been
developed firstly in  Soviet Union by
Emelyanov, introduced after by Utkin and more
recently studied by several authors The SMC
can offer many good properties, such as
insensitivity to parameter variations, external
disturbance rejection, and fast dynamic
response. These advantages of SMC have been
employed in the position and speed control of
ac servo systems [10]. The major shortage of
SMC is the chattering phenomenon. Several
methods have been described in literature to
alleviate the chattering. In general, a sliding
motion can be divided into two phases: a
reaching phase and a sliding phase. The
reaching phase is also called non-sliding phase,
in which the trajectory approaches the sliding
surface from an arbitrary initial position within
a finite time. The sliding phase ensures that the
trajectory asymptotically move towards the
equilibrium point of the sliding surface. When
the system states are on the sliding phase, the
system response will only depend on the pre-
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designed sliding surface parameters and is
independent of system dynamics. The
insensitivity of the controlled system to
uncertainties exists in the sliding mode, but not
during the reaching phase. Thus, the system
dynamic in the reaching phase is still
influenced by uncertainties. Therefore, various
methods have been suggested to eliminate or
lessen the system sensitivity by minimizing or
even removing the reaching phase. In high gain
feedback was used to minimize the reaching
phase. Unfortunately, this may cause sensitivity
to unmodelled dynamics and chattering which
is undesirable in a physical system. In a time
varying sliding surface was proposed to remove
the reaching phase by imposing a constraint
that initial errors be zero in tracking control. In
this paper, to reduce chattering and accelerate
reaching phase a new and simple corrective
control signal is proposed depend on the
distance between the state error trajectory and
sliding surface. To evaluate the performance of
the proposed new SMC technique, we provided
a series of simulations and a comparative study
between the performances of the new proposed
controller strategy and two different types of
sliding mode controller laws under three
different test conditions, nominal inertia, high
inertia, and rotor resistance mismatch.
Simulation results show that the new sliding
mode controller strategy scheme can achieve
better performance rotor speed control of a
vector controlled induction machine tracking
than the two different types of sliding mode
controller algorithms in the face of system
parameters variation.

1. SMC Techniques
This section presents the design of new robust

sliding mode controller for a vector control IM
drive that employs an outer loop rotor speed
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controller using SMC strategy. Also in this
section, two of the most popular sliding mode
controller methods are studied and their
performance compared with the proposed
controller scheme.

I1.1  Sliding Mode Controller Technique
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Fig.1. Derivation of signed distance

From Figure 1 the distance from P1 to the
sliding surface (s) is given by the following
equation:
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Without loss of generality (1) can be rewritten
as the following equation
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The signed distance (ds) is defined for an
arbitrary point P as follows:
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From above equation seen that if s>0 then
ds>0, and if s<0 then ds<0. From this relation
the absolute magnitude is proportional to the
distance from sliding surface (s=0), we

Can conclude that:

Uc = -Kdds 4
Where Kd positive constant that is defined as
weight of distance to improving the control
effect. The corrective control action can be
determined by distance between the state error
trajectory and sliding surface only. It is know
that when the state error trajectory is far from
the sliding surface _ds _ is large the corrective
control gain should be increased to force the
state trajectories to approach the sliding surface
rapidly and vice verse. Based on the above
discussed
Heuristics, the following rules are proposed.

* If ds is large then Uc is large.
* If ds are small then Uc is small.
* If ds are zero then Uc is zero.

This approach has significant advantage that by
applying the large control input when the state
error trajectory far from sliding surface, not
only the chattering on sliding surface is reduced
but also the rate of reaching phase is
accelerated. In order to investigate the
effectiveness of the new sliding mode
controller method, it was applied to position
control of induction machine using computer
simulation. The control law is proposed as:

()

Where Ueq, Ud and Uc are control signals for
the equivalent, discontinuous, and corrective
controls respectively. The Ud is defined as:

U = Ueq +Ud +Uc

Ud =—-Ksign(s) (6)
The sliding surface (s) defined as
s =40, +0, U
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Where 0e = tracking error, Or (rotor position),
0d (desired rotor position), A is a strictly
positive constant that determine the bandwidth
of the system, and K is a positive scalar. For
real time implementation the sign term needs to
be substituted by a saturation function to
attenuate chatterlng
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Where ¢ define the width of the boundary
layer. Flnallythe control law is modified to:
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1.  Sliding Mode Speed Control
In this section, the three sliding mode
controller laws presented previously are
compared using the same rotor speed reference
command. The speed control goal is to force
the rotor speed or to track the desired rotor
speed reference ®d. For the speed control
system, the mechanical equation of an
induction motor drive can be represented as:
1

s

@ ;. Bo,-T, +T)) ( 10)
Where J is the moment of inertia, B is the
damping coefficient, TL is the torque of
external load disturbance, and Te denotes the
electromagnetic torque. With the
implementation of field oriented control, the
electromagnetic torgque can be simplified as:
:!'P‘_.I?i' T 2
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Where Lm is the magnetlzmg inductance per
phase, Lr is the rotor inductance per phase

referred to stator, P is the number of pole pairs,
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* idse and *igse denote the torque and flux
current commands.

For all three sliding mode controller
techniques, the switching surface is chosen as s
= o_etAme, where we = tracking speed error
=or-od. A is a strictly positive constant that
determine the bandwidth of the system. The
given speed control problem can be treated as a
regulator problem, where the desired
acceleration is chosen to be zero.

V. Simulation Results

To demonstrate the performance of the new
sliding mode controller scheme, some
simulation results from the new proposed
controller are compared with those from the
other two sliding mode controller laws under
three different test conditions. These cases are
system at nominal condition, high inertia, and
rotor resistance mismatch, respectively. All
sliding mode controllers have  been
implemented in MATLAB/SIMULINK to
compare their performance in the rotor speed
control case. The simulation is carried out
based on the scheme shown in Fig.11. The
different sliding mode controller algorithms are
compared using the same rotor speed reference
command. The results of simulation obtained in
this work are for the induction motor of 3ph
and parameters as given. The design parameters
of the three sliding mode controller methods
are shown in Table I.

IV.1.  Nominal Condition

In this section the tracking performance of the
new sliding mode controller technique and
other two different types sliding mode
controller schemes are compared under
nominal condition. Figures 2-4 show the rotor
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speed tracking, rotor speed tracking error, and
control effort performance using the three
sliding mode controller algorithms. In terms of
the speed control trajectories shown in figure 2,
all sliding mode controller techniques have a
similar performance in term of fast tracking of
the desired speed. Figure 3 illustrates that the
rotor speed error produced by saturation sliding
mode controller is larger than the other two
sliding mode controller laws. The maximum
rotor speed error for the saturation sliding mode
controller is £0.033rad/s. the new sliding mode
and pseudo controller techniques have shown
to have similar

Amplitudes of maximum rotor speed error. In
fact, the peak rotor speed error produced by the
new sliding mode controller is smaller than the
pseudo sliding mode controller. This means
that the new sliding mode controller strategy
can track the rotor speed command more
accurately than the other two sliding mode
controller algorithms. For all sliding mode
controller techniques the peak error is below
the theoretical tracking precision ¢ / A figure of
0.08 rad/s. Figure 4 shows the control effort
generated by the different sliding mode
controller schemes. The control efforts of the
all three sliding mode controller algorithms are
similar.

0 1 ' i

Fig.2. Rotor speed tracking performance
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Fig.3. Rotor speed tracking error
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Fig.4. Control effort
IV.2. Increase the Moment of Inertia

The simulation conditions are the same as in
the previous section, but here the moment of
inertia (J) of the motor is doubled. Figures 5-6
show the rotor speed tracking, rotor speed
error, and control effort using the three sliding
mode controller laws. The results show that
high precision rotor speed tracking still can be
attained using the all sliding mode controller
techniques, particularly the new sliding mode
controller. Figure 5 shows that the three sliding
mode controller methods exhibit increased
tracking rotor speed errors for a high moment
of inertia. Although, the rotor speed error
produced by new sliding mode controller is still
smaller than the other two sliding mode
controller laws. The required control effort
signal for all sliding mode controllers is shown
in Figure 6. In the moment of inertia case, a
higher control effort is demanded to counter
this change. From figure 7, it can be seen
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obviously that the all rotor speed controller
methods produced the similar control efforts
and the maximum magnitude of the control
efforts within £7.8A.
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Fig.7. Control effort

IV.3. Increase the Rotor Resistance

In order to verify the robustness to the change
of system parameters, the rotor resistance (Rr)
of induction motor is increased to 1.75Q during
the simulation tests. Figures 8-10 show the
simulation results for the three sliding mode
controller algorithms under consideration.
Figure 9 shows the rotor speed errors generated
by the different sliding mode controllers. All
speed controller techniques exhibit increased
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tracking rotor speed errors for the rotor
resistance uncertainty. However, the new
sliding mode controller method produces the
best rotor speed tracking performance with
smaller peak rotor speed error. Figure 10 shows
plot of control effort for the different sliding
mode controller techniques. All different speed
controllers exhibit broadly similar control
effort. It can be seen that a higher current signal
is required to compensate the rotor resistance
mismatch.
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V. Conclusion

In this paper, new technique to reduced
chattering for sliding mode control is submitted
to design the rotor speed control of induction
motor. To validate the performances of the new
proposed control law, we provided a series of
simulations and a comparative study between
the performances of the new proposed sliding
mode controller strategy and those of the
Pseudo and Saturation sliding mode controller
techniques. The sliding mode controller
algorithms are capable of high precision rotor
speed tracking. From the comparative
simulation results, one can conclude that the
three sliding mode controller techniques
demonstrate nearly the same dynamic behavior
under nominal condition. Also, from the
simulation results, it can be seen obviously that
the control performance of the new sliding
mode controller strategy in the rotor speed
tracking, robustness to parameter variations is
superior to that of the other sliding mode
controller techniques

VI. Appendix
Table I
SMC Technigues Pamneters Values
Ky [*]
Pszudo b 0l
A 10
Kui 9
Saturaticn i 0.3
A 10
i 0.8
NHL' EM'C _:'". ],D
Ki 200
K 9

The design parameters of the three controllers
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Table 11
Farameiers Values

Number of phaes 3

_.E GENECLIGE Elw_
Kited poser IMEW
Line wolinee 230V e
Lige correni 9 Ame
Rueed speed 1430 tpm
Fated orgue e
Fowx wentance, F, 072 0
Stator eeswtance, B, 055 0
Fosor iducunce. L 00es H
Suio inductioe Ly D068 H
Migmetiimg indeaance, Ly 006y H
Meoment of igertia, ) 005 kgm®
¥ scous frcton coefficren, B 0002 Nms*

Electrical and mechanical parameters of IM

Fig.11 Simulation system setup
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