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Robust Control of Induction motor using Fuzzy Sliding Adaptive
Controller with Sliding Mode Torque Observer
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Abstract - In this paper a robust speed controller for an
induction motor is proposed. The speed controller consists
of a fuzzy sliding adaptive controller(FSAC) and a sliding
mode torque observer(SMTO). FSAC removes the problem
of oscillations caused by discontinuous inputs of the sliding
mode controller. The controller also provides robust
characteristics against parameter and sampling time
variations. Although, however, the performance of FSAC is
better than PI controller and fuzzy controller in robustness,
it generates the problem of slow response time. To alleviate
this problem, a compensator, which performs feedforward
control using torque signals produced by SMTO, is added.

The simulation and hardware implementation results
show that the proposed system robust to the load
disturbance, parameter variations, and measurement noises.

I. INTRODUCTION

A high performance motor drive system must have a
good speed command tracking and load regulating
responses, and the system should be insensitive to the
characteristics of the drive system. The uncertainties
usually are composed of plant variations, external load
disturbance, and nonlinear dynamics of the plant. Many
researches on servo control have been reported for the
robust speed control of an induction motor [1].
However, it is difficult to obtain a desirable servo
characteristics because of an uncertain measurement of
system parameter or unknown disturbance. Furthermore it
requires a lot of computation tor realize such
sophisticated control algorithms [2]. It may also raise
the stability problem in whole system due to increase of
sampling time. One of control algorithm to solve this
problem is the sliding mode control. The sliding mode
control "yields robust control for load disturbance and
accurate tracking control. However, the main drawback
of the sliding mode control is chattering due to
discontinuous  input.  Although several methods to
remove this chattering have been reported[1],[2],[3], they
are very complicated to actually implement. Furthermore,
they reduce robustness.

In this paper a robust speed controller for an
induction motor is proposed. The speed controller
consists of a FSAC and SMTO. Although the
performance of (FSAC) is better than PI controller and
fuzzy controller in robustness, it generates the problem
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of slow response time. To alleviate this problem, a
compensator, which performs feedforward control using
torque signals produced by the sliding mode torque
observer, is added. The sliding mode state observer
offers advantages similar to those of sliding controllers
such as robustness to parameter uncertainty, measurement
noiss and easy application to important classes of
nonlinear system [4],(5]. To verify the operating
characteristics of the proposed system, the simulation
program is developed and the system is implemented by
using DSP.

1. FUZZY-SLIDING ADAPTIVE CONTROLLER
WITH SLIDING MODE TORQUE OBSERVER

The sliding mode controller have robustness to
parameter variations and external disturbance, good
tracking response and easy applicability to nonlinear
system. To utilize these advantages and reduce
chattering, FSAC is developed. To achieve chattering
reduction  without losing robustness to external
disturbance, the sliding mode state observer is added to
the fuzzy-sliding adaptive controller. The sliding state
observers are considered to be robust to disturbances
including measurement noise.

A, Fuzzy sliding adaptive controller

Although the conventional sliding mode controller has
high performance characteristics in load and parameter
variations, it produces chattering caused by discontinuous
inputs. To alleviate this problem the following sliding
mode controller can be used. The input U is determined
as:

U = K,*lerror| + Kltflerrorldt ¢}
where, K, = Kpl*ﬁrsﬁ.

K; = Kp*(1 — —|§|'ST8'.)

S is sliding surface,

3 is arbitrary positive constant,
lerror]l = |Command value — real value
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The proportional gain ( K,) and integral gain ( Kp
ofequation (1) are inferred by using following fuzzy
logic.

if error is

if emor is

large then
small then
large then
small then

K, is large
K, is small
K; is smal (2
K; is large

if error is
if eror is

Fig.1 and fig.2 show membership functions for the
gains Kp and K;
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Fig.1. Membership function of proportional gain K,
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Fig.2. Membership function of integration gain K.

Using membership functions, the gains of the FSAC
are determined.

wirKn + waKp

Ky = wi + ws
wiH (wi) + wardy (wy)
Wi + We
= Fng,Wz)
= F (error,, errory) @)
where, w, = Tm,

wy = (1 — —‘ér%:*g)
Finally, gains K, and Kjare obtined.
K, =
K[ =

~-X
(Kpi — sz *a Polﬂmd)
Kppxe ~<erlem™ @
The range of gains K, and K are given as shown
in fig.3. Although the gains of the FSAC are changed
continuously, they do not produce any stability problem.
However the system generates the problem of slow

K Ki]Kr Kr

Kr X
r) terror}

Fig.3. Range of K, and K,

response time, although chatterings are reduced. To
alleviate this problem, a SMTO is designed, then the
estimated torque is feedforwarded to the FSAC. Fig4
shows a block diagram of a FSAC with a SMTO.

FUZZY-SLIDING ADAPTIVE CONTROLLER

o e -
' D

ﬁﬁlﬁnﬁiﬁfﬁ
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Fig. 4. A block diagram of a FSAC with a SMTO.
B. Design of a sliding mode torque observer

Considering modelling error, measurement  noise, and
load disturbance, the system can be represented as a
linear continuous {time-invariance system. The state
equation of this system is

%[ a),] =[—13/J —1/1] [%"]+[K6/J]IQS—GQW

T. 0 L
w, = [1 O][%’f]-ﬁzg ®
L
where, @, = Speed
Ty = Load Torque

I = Control input ("q" axis motor current)
DW = [5 0] (modelling error)

7, = Modelling errar

7, = Measurment noise

K. = (3P/4)LE/L)i%

L. = Mutual inductance
L, = Rotor inductance
P = Number of poles

i3z = Flux current commangd
J = Mechanical inertia constant

B = Mechanical viscous friction constast

Consequently, the system is observable. If the sliding
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mode observer using above represented sgn( ) function
is built, the system is given as follows:

o=—38.,-1. Kr |
G=TF 0 T+ 3 |

+K; - sgn(@, — @) )
TL = K, sen( @, — ,) ®)
where, * denotes an estimated value

Fig. 5 shows a block diagram of the sliding mode
observer.
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Fig.5. A block diagram of the siding mode observer.

The sliding mode hyperplane is
S= & —w =0 ©)

To generate sliding mode, the existence condition of
sliding mode is

SS <0 (10
Then, allowable range of the switching gain
K, and K, are obtained as

Ky 4, Ky = —LI.{I (1

where, Ay = max[(—=]/B)w,—Vs ]

The discrete-state model of the sliding observer is
given as follows:

x(k+1) = Ox(k) + I'u(k) 12)
y(k) = Cx(k) a3)
where, @ = eAT I = ( fe"sds)B
T = Sampling Time

Transforming (7), (8) into the discrete system ,the
discrete-state model becomes as follows:

-
r'=[by b7 (15)
where, a;; = e 2T/
ap = —(5)(1-e™™)/B
ag = 0 az = 1
by = (5): Ke/B)- (1-e™™)
by = 0

The sliding mode observer output is added into
command current feedforwardly.

Loz = ﬁl{ - T (16)
Ias = Iqsl + Iqsz (17)

‘In servo system, to estimate parameter quickly, the
poles of system can be placed at (0,0) in Z-plane.
The method is, namely, deadbeat control. The
response time of the state observer has to be faster
than that of the whole system.

Fig.6. Range of improved sliding observer gains.

To satisfy this condition, the range of improved
sliding observer gains K,, Kjand observer pole L
are have to be located in the dashed area as shown
by fig. 6.

III. SYSTEM CONSTRUCTION AND
SIMULATION RESULTS

A block diagram of the indirect vector-controlled
induction motor drive system is shown in fig.7. This
system consists of an induction motor loaded with a
dc generator, a ramp comparison current-controlled
PWM voltage source inverter, a field orientation
mechanism, a coordinate translator, and a speed
control loop. Using reference frame theory and
linearlization technique, the vector-controlled induction
motor drive system can be represented by the system

block diagram as shown in fig.7, where GC(S) is
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the proposed speed controller.

Fig.7. A block diagram of the proposed system.

The digital FSAC is

K;
1 -2
where, Kp = (K, — K, *e ~Keslerty
T#K *e —Kp.len
_—-—2_—-)’
KI = (Kpl — Kpp*e —Knlermd)

*(Kyee "™,
T = Sampling time

U(z) = Kp + (18)

*(] —

Fig.8 shows speed responses of FSAC, PI controller,
PI controller with SMTO and FSAC with SMTO
respectively when 2Khz sampling frequency is used. It
can be seen that the fuzzy-sliding adaptive controller has
better speed response than that of the PI controller.
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Fig. 8. Dynamic characteristics of FASC, PI controller,
PI controller with SMTO and FSAC with SMTO.

Fig9 shows speed response of the FSAC and PI
controller, PI controller with SMTO FSAC with SMTO
when sampling frequency is varied. In fig.9 (b),(c), the
variations of sampling time means the variations of the
parameter and gain. Thus, the speed response of PI
controller are affected by sampling frequency. Fig.10
shows the speed responses of PI controller, FSAC, PI

controller with SMTO, and FSAC with SMTO when the

system parameter Jis changed. It can be seen that
from fig.10, even with more than 50% changes, both
sliding mode observer and FSAC has adaptive capability
to the modelling error.
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Fig. 9.Dynamic characteristics of PI controller,

FSACPI controller with SMTO and FSAC with
SMTO when sampling frequency is varied with
values of (a) 2Khz (b) 10Khz (¢) 1Xhz ).
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Fig.10.Dynamic characteristics of PI controller, FSAC,
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PI controller with SMTO and FSAC with SMTO
when the system parameter is changed.

Fig.11 shows the speed responses of PI controller,
FSAC, PI controller with SMTO, and ESAC with
SMTO when 120% of the rated load is applied for 1 to
1.5 sec.. In fig.11, 'C’ is the speed responses with
removal of chattering by wsing FSAC. 'D’ is the speed
response when the SMTO is added to improve the
robustness to the load, and the filter is also added to
reduce the ripple component of the sliding mode torque
observer output.
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. Fig. 11. Dynamic characteristics of PI controller with
SMTO, FSAC with SMTO when the load is applied.

IV. EXPERIMENTAL RESULTS

The designed system was implemented wusing DSP
TMS320C31. Fig.12 shows speed responses of the FSAC
and PI controller when 2Khz sampling frequency is
used.
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Fig.12, Dynamic characteristics of PI controller and
FSACwith (a) PI controller (b) FSAC.

Fig. 13 shows the speed responses when the sampling

frequency is varied. From fig.13, we can see that the
system with FSAC is robust to the variation of sampling
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Fig. 13. Dynamic characteristic of PI controller and
FSAC when sampling freq. is
(a) PI controller (sampling freq. =10Khz),
(b) FSAC (sampling freq. =10Khz),
(c) PI controller (sampling freq. =1Khz),
(d) FSAC (sampling freq. =1Khz).

Fig.14 shows the speed responses of FSAC with
SMTO when the value of J is decreased by 50%
compared to the rated value. As described in simulation
results, the FSAC with SMTO has robustness to the
parameter change. Fig.15 shows the speed responses of
Pl controller, FSAC, P! controller with SMTO and
FSAC with SMTO when 120% of the rated load is
applied for 1 to 1.5 sec.. It can be seen that the FSAC
with SMTO is robust to the load change.
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Fig.14. Dynamic characteristics with paramter change
(a) PI controller with SMTO,
(b) FSAC with SMTO.
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Fig. 15. Dynamic characteristics with load torque
variations
(a) PI controller with SMTO,
(by FSAC,

(c) FSAC with SMTO.
V. CONCLUSION

In this paper, a high performance FSAC using SMTO
for an induction motor is proposed. The FSAC removes

the problem of oscillations caused by discontinuous inputs
of the sliding mode controller. The controller also provides
robust characteristics against parameter and sampling time
variations, Although, however, the performance of FSAC is
better than PI controller and fuzzy controller in robustness,
it generates the problem of slow response time when the
load is changed. To alleviate this problem a compensator,
which performs feedforward control of the torque signals
produced by the SMTO, is added. The simulation and
hardware implementation results show that the proposed
system is robust to the load disturbance, parameter
variations, and measurement noises.
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