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Abstract : This paper describes the scheme of sliding mode control (SMC) to adopt the
conventional slip frequency vector drives. The purpose of sliding mode control is to
achieve an accurate, robustness of response for ac servomotor speed control. A sliding
mode control design method is proposed for a speed control of an induction servomotor.
The control law is composed of the variable structure component and the suppressed
coefficients to suppress load disturbance and variation of external parameters. The
proposed control scheme is simulated by the computer which is installed in an ideal ac
servomotor. The simulation results show that the proposed design method has
robustness and accuracy in the speed response by adjusting the suppressed coefficients
for load disturbance and the motor mechanical parameter variation.
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Nomenclature R,, R, - Stator. rotor resistance of motor.

* @ Reference value.
Ut V1ws V1w ANA 41, 41, 41, - Stator voltage
and current in each phase 1. Introduction
Vows U2y Ugw  @NA iy, i5,, 1y, - ROtOr voltage
and current in each phase Due to advantages of induction motors
i1ar iy, * Currents of d-q axis in such as ruggedness, high reliability, and
low cost and minimum maintenance,

synchronous reference frame.

8,,0, - Synchronous electrical and rotor induction motor drives are gradually
shaft angle replacing DC motor drives. However, in

) . case of the implementation of the
w,,0, o - Synchronous angular frequency, . .
conventional vector control involves for

rotor angular speed and slip angular . . .
gu p b ang the high performance induction motor

frequency . .
q drives, calculation work needed are more

M. Ly, L,  Magnetizing inductance. leakage than the case of DC motor drives.

inductance in stator and rotor. Therefore a high-speed microcomputer or
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W@ s ysually required to

multiprocessor
fulfill the need

Besides, the dynamic performance is also

of computation speed.

influenced very much due to motor's

parameter change. Hence complicated
control is required to achieve robustness.
in power
the field-

oriented vector control or feedback linear

Due to rapid improvements

devices and microelectronics,

techniques have made the application of
induction motor drives for high performance
applications possible™ ¥
In practical

performance of the induction motor is still

applications, the control

influenced by the wuncertainties of the

plant, such as mechanical parameter

uncertainty, load disturbance,
These

uncertainties make the design and tuning

external
and unknown model dynamics.
of the controller difficult. There have been
many intelligent techniques adopted to

control the induction servomotor systems
(5). (6)

The variable structure control (VSC)
has been developed and applied to the
control of a wide range of processes™ .
When the sliding-mode control matches
the

invariance

sliding-mode condition, it has an

properties and robustness
against uncertain system parameters and
disturbances.

The sliding mode control(SMC) is one of
the effective methods to overcome these
it has
features, such as robustness to parameter
fast

simplicity of

problems, because many good

variations or load disturbance.

dynamic response, and
design and implementation.

This paper describes the scheme of
sliding mode control (SMC) to adopt the

conventional slip frequency vector drives.
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The purpose of sliding mode control is to

achieve an accurate, robustness of

response for ac servomotor speed control.
A sliding mode control design method is
control of an

proposed for a speed

induction servomotor. The control law is

composed of the wvariable structure
component and the suppressed coefficients
to suppress load disturbance and

variation of external parameters.
The
simulated by the

proposed control scheme s

computer which is

installed in an ideal ac servomotor.
2. Design of Speed Control Scheme

2.1 Sliding Mode Control

To illustrate the basic design of SMC,
the dynamic equation of mechanical part
can be written as

a1 .
where, the 7* is torque command, J is

inertia, B is friction coefficient.

In (1), for T* control law is given by

T=W1x+wzk (2)

where, the state variables are x=o0*—-o, %

and o * represents speed command.

¥,, ¥, are the feedback gains defined as

_ B sx>0
qu_(—ﬁ sx<0 (3)

The switching function is (4) and when

_ a x>0
Y1 (—0 sx<0

the condition, 1ina s- 5 < (0 1is satisfied

state variable x goes to the origin after
minimal vibration in switching surface. It
is a sliding mode. The switching function
defined as
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s(x)=cx+x ’ (4)

In sliding mode condition (4) 1is

transformed to (5)
s s=(c—a—bW¥,)sx—b¥ sx (5)

where ¢=B/J] and b=1/].
In (5), the feedback gains a, B can be

expressed as (6) because sliding mode

condition, 1in3 s+ s < 0 should be satisfied.

[ a0 (6)

B3]

In design specification., when rise up
time is 1(sec), ¢=3, a=0.06 and B=0.006.
When the disturbance torque T;. inertia
J and friction coefficient B are changed to
T'=T'+T, J'=Jt]. the

sliding mode condition, 1&3 s+ s < 0 can

B '=B+B,

not be satisfied. Therefore, the control law

is proposed (8) with a compensation

coefficient of disturbance torque,
T =+, (N

where, v=max|T}| is compensation

coefficient to suppressed external load

disturbance and v is sign

torque wn

are defined as

sng

function. The w,, v, w

_ a if )0 _ B if sx>0
lpl_{—a if sx<0 %_{—B if sx<0

[ 1 if 0 8
Yo {—1 if <0 (8)

The sliding line for the speed limit is
adopted as (9) to prevent the overspeed of

motor.

$= | Xpm| — x (9)

The limit condition of the torque
command is given by
IT1=1T e i TN T | (10)

The sliding mode control is to calculate

the torque command 7* from position

displacement and speed. Therefor, an
information of a maximum disturbance

load torque, |T,| is required.

2.2 Vector control algorithm

Denoting d-q axis components, state
equations of induction motor are expressed

by (11).

i —2I, L, L, 2M —M —M\ (v,
i L, —2L, L, -M 2M M ||o,

dliW _ || Ly Ly =2Ly, —M —-M 2M ||vy
dt | iyl | em -M -M —2L, L, L, 0
ins -M 2M -M L, —2L, L, ||0
i -M -M 2M L, L, —2LJ)\0
—2R L, RL,+V30. M  R.L,—V30 M
R Ly—V30,M —2R\L, R\Ly+V30 M
RiL,+V30. M  RL,—V30 M —2R|L,
2R\M —RM—V30,L.M — RM+V30 LM
—~RM+V30,L.M 2R M —RM—V30,L M
—~RM—V30, LM — R M+V30,L M 2RM

2R,M — RuM+V30 LM — RyM—V30,L,M
—R,M—V30 LM 2R,M —R,M+V30 LM
— R,M+V30,L,M —R,M—V30 LM 2R,M i1
—2R,L, R,L,—V30,L,L, R2L1+¢§w,LlL2 o
RyL,+V30,L,L, —2R,L, RyL,—V3w,L,L, ||%
R,L,—V3e,L,L, R.L,+V30,L,L, —2R,L, t2ud

(11

1)
1y

where o=M°—L,L,. The torque is given
by (12).

T= = o liryling = i) + vz = i22)

+ 21 (dg0 — f20] (12)

where, all subscript 1. 2 stand for a
variables and parameters of stator, rotor
of induction motor, and u, v, w stand for
three phase.

If the output of VSS controller is 7* d-q
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axis amplitudes of the stator current are

given by

(13)

- % T LZ *
he =K iy = MZKO T

where, K, is determined by flux-speed

characteristics of motor and a subscript *
stands for a command value.
The slip frequency can be written as

* RZ PR

Oy = LK, lg (14)

The current commands are as follows

=\ % |1l cos (€ +© 1)
o=\ = lcos @ +6 5 m)

o= Z1licos©®, +0.+ 2 1)

(15)

[ : 12
where, |5|=V #4,+4, O = tan l_z'll

t
60: fo ((J.)-f—(i)s)dt

3. Simulations and Results

3.1 Schematic of the Control System

Fig. 1 shows the schematic diagram of
the proposed sliding mode of speed control
system for induction motor drive using
frequency vector control. It is
composed of a sliding mode controller, a

a current controlled

slip

current controller,
current source inverter (CSI), a current
SMC and

constant flux vector are controlled by the

detector and a pulse encoder.

microcomputer. A primary reference

current 4 is output and reference
current estimate an actual current by

comparator.
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Current

Conwrol

Fig. 1 Proposed adaptive sliding mode speed control
scheme of ac servomotor

3.2 Simulation Program

chart of
simulation

flow
The
program is divided by analog blocks which

the
program.

Fig. 2 shows

simulation

are composed of comparison part, motor
part and mechanical part, and digital
blocks which are composed of a sliding

mode control part and vector control part.

Speed error
N=w - @

Sliding mode
T =@ x + Dy

||= V&S + (K, T5?
8, = | (eo+ )t
Oy = tan” K\T"/ K,
i = 2731, |sin8, + 6,)
= 2738 [5G + G — 2 £ 3)

5

w = ha Ty

i ik then ¢ =4V
i i I then e =V
i — i < h o then e = e,

alcuation

LY

alculation Torque
T

alculation Speed
@

Fig. 2 The flowchart of the speed control for
induction motor



Sliding Mode Control Scheme for an Induction Servomotor Drive 63

The sampling time of analog block is
0.00001(sec)] and digital block is

0.001(sec]. The 4, is sets to 1.5 and

hysteresis band h is 0.1. Table 1 shows
the load and motor parameters.

Table 1 The system parameters

J 3.234x10 ! [Nms?l| R 5.86 &
B 3.745x10 ™4 [ Nms] R, 539
Rated
speed 50( 7ps] L. L, | 164 mH
Limited
current 10[A] M 143 mH

3.3 Simulation Results and Discussion

In the
command of 2.5 (NmJ) and seed command

simulation, step up torque
of 3000(rpm] are applied to drive system.
Fig. 3 shows a switching curve. a torque
and a speed response for step input, at
load
disturbance torque, 7,=(, respectively.
The to the
reference speed but has a small steady

the compensation coefficient, =0,

speed response reaches
state error and there is not overshoot,
and this error is considered to be caused
by the calculation error for motor model.
The

asymptotically to zero

torque response reaches
in steady state,
and switching curve shows to be matched
with sliding mode control by design
control law. .
Fig. 4

torque, speed response for step input, in

shows switching curve and a

7=0.1 and T,=(. Speed response reaches

asymptotically to reference command
without error in steady stat, but torque
response has more steady state error

than in case of Fig. 3.

s 250

Torqu

¢
S L

SPEEdQK!QIIIiII(!

g o 0 2 [ms]

Fig. 3 Switching curve and dynamic response, in
case of 7, =0,y=0

& 2501

Turque:
[
WUl
Speed/,
1 b bddededd bbbt bt
R

[ 4] i ms]

Fig. 4 Switching curve and dynamic response, in
case of 7, =0, v=0.1

Fig. 5, 6 and 7 show the responses in
case of y=01, v=02 andy=03 when the

system.

applied to the drive
In this case, the speed response reaches
to the speed command with a small steady
state error.
The results
indicate that motor drive operates to be
three
improved by

in the switching curves

sliding mode control in case,

dynamic responses is
adjusting v and the disturbance torque is
suppressed.

The results also show that the speed
responses converge to speed command
with the
compared with the larger v of the small .

In the

phenomenon occurs without relation to

robustness in steady state,

torque responses, chattering

value of the compensation coefficient,

hence it is considered to be caused by the
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oscillation of real output torque to input
It also notes that the
increase of v decreases the error in steady

torque command.

state while increases the chattering.
The increase of chattering becomes loss
by switching delay of a switching device

and weak robustness. Therefore, the
results implies that v is parameter to
improve a response characteristics of
system by choosing a fitting value between
robustness of response and allowable
chattering, and the proper v is 0.2.
o 2.50)
Torque
Lo LAt T ——" ) S Y i
74
::f' 38081rpm)
Speed
U||r1;||||11|||||r«v
a 500 1m0 1E[ms]

Fig. 5 Switching curve and dynamic response in case

of TL=0.19 7=0.1
o, 2.5}
fnrque \
LT
dxmlrm)
Speed
. O by
8 560 108 ERims]

Fig. 6 Switching curve and dynamic response in case
of TL'_—O.ls v=0.2

2.5}

Torque

kWO O O O SO0 3O O O O O O %

B
:::EXEQ%ﬂIrnm

ﬂlfm;lunivcnn

8 y=09m 99 1500 [ms]

Speed

Fig. 7 Switching curve and dynamic response in case
of T7,=0.1, v=03
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Fig. 8 and 9 show the responses when it
is applied to the drive system during
sliding mode from t= 500(ms]} to 1000(ms]
and t= 1000(ms) to 1500{ms] respectively.
In this case compensation coefficient and
input of disturbance torque set toy=01
and, T, =0.1 respectively.

The of
response in which chattering occurs in the
neighborhood of the sliding line at step
input of disturbance torque and sliding
but
response is steady state error for speed

results indicate dynamics

mode control is operated, speed

command. After step disturbance torque
disappear, in steady state speed responses
obtain to good result to be estimated
speed command. '

Fig.
torque and speed response when inertia of

10 and 11 shows sliding cover,

37 friction coefficients of 3B is applied to
Where~y

set to 0 and 0, respectively.

the drive system respectively.
and T,

2.51hl;

Torque j
[.

3R]

Speed /
W e bbd ot

4 K o 156 [ms]

iz

i ¥
: < X
t

Fig. 8 The dynamic response, 7, =(.1 input from
500[ms} to 1000[ms]

UW
~" i *
Speed/

FLA TSRS TSN W O NE I 0 O O 0 Y |

0B e i [ms)

2,5}

gz
Torque

Fig. 9 The dynamic response, 7, =(.] input from
1000[ms] to 1500[ms]|
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Fig. 10 The dynamic response in case of 37

ds 250t}
Torque
; a"l]l!anx
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Fig. 11 The dynamic response in case of 3B

The
response that speed response has steady

results indicate dynamics of
state error for speed command but sliding
mode control is applied. This steady state
error may be solved if the compensation
coefficient is applied. It also shows that
torque responses occur a large chattering
because of inertia moment of change.
However, It is considered not to be
problem because J and B is not change in
real system.

From this result, though the change of
an inertia moment and friction coefficient
happen in the range of three times of
their normal value, the dynamic response
does not almost affect the performance
characteristics.

This means the dynamic behavior of the
proposed control system is robust with
the

parameters

regard to uncertainties such as
induction motor mechanical

variation and external load disturbance.

4. Conclusions

This paper describes scheme of sliding
(SMC) to the
conventional slip frequency vector drives.

mode control adopt
An adaptive sliding mode control design

method is  proposed for induction
servomotor drive of high performance. The
control law consists the variable structure
component and a compensation component
load

variation of external parameters.

to  suppress disturbance and

The proposed control scheme has been
implemented the sliding mode controller
(SMQ), current controlled a voltage source
encoder and

inverter, speed detected

simulated in ideal ac servomotor by
computer.

This simulation results has successfully
of the

proposed sliding mode controller (SMC)

demonstrated the effectiveness
for the speed control of induction servo
motor.

The proposed control methode is robust to
the motor mechanical parameter variation
and the load disturbance.

References

[1] M. W. Dunnigan, “Position Control of
Controlled
Machine using Saltine’s Sliding Mode
IEE Proc-Electro.
145, No. 3. pp.

a Vector Induction
Control approach”,
Power App. Vol.
231-238, 1998.

[2] Ying Yu, "DSP- Based Robust Control
of an AC Induction Servo Drive for
Motion IEEE Transaction
Control System. Vol. 4, No. 6, pp.
614-626, 1996.

control”,

Sl Ao 3hE A A30W 23, 2006. 3/ 245



[3] Shigeru Okuma, Shinji Doki,
"Relation of Robust Vector Control
" System Using Flux Observer and its
Performance Evaluation”, T. IEE Japan,
Vol. 119-D, No. 7, pp.506-512, 1999.

[4] Tuen-Lih Chern,

“Integral-variable-structure-

Jerome Chang and
Kun-Linsai,
control-based adaptive speed estimator

and resistance identifier for an
induction motor”, IEEE  Control
Systems Magazine, vol. 69, No.l,
pp.31-47, (1998).

[5] K. David Young. Umit Ozguner,

"Control Engineer Guide to Sliding
Mode Control”. IEEE Transaction
Control System. Vol. 7, No. 3, pp.
328-341, 1999.
(6] N.N.Bengiamin, B. Kauffmann, "Variable
Control”, IEEE
Magazine, pp.3-8,

Structure Position

Control Systems
2000.

[7]1 Chih-Min Lin, Chun-Fei Hsu, "Adaptive

Sliding Mode

Induction Servomotor Systems,” IEEE

Fuzzy Control for

Transaction on Energy Conversion.
Vol. 19, No. 2, pp. 362-368, 2004.

246 / iAo P E] %] A30A 235, 2006. 3

Jeng-Pyo Hong * Soon-Ill Hong

[8] Ali Keyhani and John M. Miller,
"Sensorless Sliding-Mode Control of
Induction Motors Using Operating

Condition Dependent Model”, IEEE
Transaction on Energy Conversion.
Vol. 18, No. 2, pp. 205-212, 2003.

Author Profile

Jeng-Pyo Hong
is the graduate school of Division of
Mechanical Engineering Pukyong
University, Pusan Korea. He received
the M.S. degree in electrical
engineering from the Pusan National
University, in 2000. His research
areas are power electronics, static power converters, ac
drives and switched reluctance motors.

Soon-ill Hong

is a Professor of Division of Electrical
& control  Engineering  Pukyong
University, pusan, Korea. He has also
repeatedly been a Visiting Professor
with  the University of Eletro-
- Communication in  Japan. He
received the M.S.degree in elecirical engineering from
the Pusan National University, in 1981 and Ph. D.
degree in control engineering from the Korea Maritime
University, in 1986. His research areas are fuzzy control
system design, ac servo motor drive and tension conirol
of working robot.




