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Abstract: The variable structure controller is designed such that in sliding mode, the system moves along the
switching plane in the vicinity of the switching plane, thus it is robust because it is not affected by the parameter
fluctuations of the plant. However, a controller based on a variable structure may not meet the desired performance
when it is commanded to track any input or is exposed to disturbances. This study proposes a sliding mode
controller that follows the IVSC (Integral Variable Structure Control) approach with ELO (Extended Luenberger
observer) to solve this problem. The proposed sliding mode control is applied to the velocity control of the
hydraulic motor. The sliding plane was determined by the pole placement, and the control input was designed to
ensure the existence of the sliding mode. The feasibility of modeling and controller are reviewed by comparing
with conventional proportional-integral control through computer simulation using MATLAB software and

experimenting on the cases of significant plant parameter fluctuations and disturbances.

715 MH Q; : load flow, m’/s

P, : load pressure difference, N/m?
+ viscous damping coefficient, N-m-s V, : static volume of valve and motor, m’
: bulk modulus, bar w, : angular velocity of motor shaft, rad/s

: leakage coefficient of cylinder, m’/sN

=

: volumetric displacement of motor, m’/rad 1. 2

=

: mass of moving part, kg'm-s’
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: servo valve amp gain, A/V
: gain for flow-pressure, m’/sN

. valve flow gain, m%/s
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: valve gain, m/A
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Fig. 1 Valve-motor combination.
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Fig. 4 Simulation model of IVSC

Table 1 EH servo system parameters

Parameter Value Unit
Qumax 25 L/min
I ax 10 mA

D, 1.31e-6 m’/rad

v, 5.2¢-5 m’

J 4.73e-4 kgm's?
Be 7000 bar
K, 7.63¢-12 (m*/s)/(N/m?)
B, 0.0864 N'ms

Ky« K, 4.17e-6 (m*/s)/A

K, 1 ANV

cooje - HEE 2021 12 55



)

AR JhATFEA o9 Hlwaky] fE RE| 7
£ =wste] PIAo17]E Fig. 59 2ol 743
714 HA ARl Matlab/Simulink Tunerg A
k,=1, k;=12, k;=0% T3}

Aol mhe detve WEe] W7 ok 4
2oha 7PgRih

|Aa1|§ al < 0.4
| Aa,| < a3 < 0.4 (24)
|Abl < ”><0.4

Table 12] &3 2 24)°l oJsll =93 A9 A=+
Vv, (i=1,2) ¢, <—0.35% ¢, <—0.001Z T3
Atk Aol dY o, AEHAHANA FAH TS
ELOE AH&ste FAsIY BASHAT, FAIE oY
By o FFs HLssr] s 29 dE Al
FE F U2 A ¢, =—0.79 ¢, =—0.002F F

e
«

Plant

12.5

@

© 10.0 —e— ——

g —

2 751 4

o

o

o /

> 5.0+ —— No change

© ——a,;x04

=}

> 2.5 —»—bx0.4

<

0.0 T T T 1
0.0 0.1 0.2 0.3 0.4

Time (s)

Fig. 6 Simulation results of PI

42 A gello|Md &1t
AR 7hFzA e} Blask] 98] A Fig SE
Uehd pralole] A= Fig. 60 YERITE 71EUE
o7 FYURET} 10rads 2EOE A= AL &
X2 Yt 05 X3 A2 Table 19 Al=H
getrlElE W3t glo] atiE 483k A-5-olth 0

56 Journal of Drive and Control 2021. 12

A b EA 7 E 2t AV ARAIER S SR of

oA &t 0.2Nme] ZFeiA=Hl, PIAoje] FFo=
Al AGEH 23b= = 2SI AS XS
AL A (58 Alz=E SEHE S g, ©] Table 19]
AT 40%2) A$E 0.0557r0) EFEgho] =2a)
e $ES 23l wdo) o] A dIgte=
. @5 E3e M2 AzHl FHE F vt A
ke 40%% A2 Ao e Bl ot
A QAN G o g ALREHE PIAo)7]E AL
43 ETA ool SR T I Al=H 3}
guE W5 IS IA e 207 Yyt

Fig. 701 5Y3 &5 28 4ol tigk ELOE A}
&3 A& i FERA Y] AFE YT OF X
3k A AL Table 12] Al2Hl Setu|E]E W3} glo]
JE A83 Aotk Aoj=mzEz A 27 1%
H) gk} AgEAIZE 0.05s o138k, FZAIZE 0.1sE & wF
ZA713 e As B 7 Aok 025004 7HelAlE
2 02Nmoll th3lA ELOE AMg3te] ojehgts
At BASto MR 0.04sTro]l AAAE e}
0.4%(0.04rad/s) P]Hro] HUTH AS ZFgH A4
A" FEHE F g, 0] B 40%E H3lE 73
o], @5 T3 A AlzH detvY F b7t
A3k 40%= WskE A golth. A= gievlE
Hslo] Aol daF x| YTt

o rlr e r

12.5 1
v
© 10.0 —W
o
2 754
%}
o
[}
> 50 —— No change
E —4A—a;x04
>3
> 2.5+ —e—bx04
<
0.0 . T r 1
0.0 0.1 0.2 0.3 0.4
Time (s)

Fig. 7 Simulation results of IVSC with ELO

12,5
v
510.0— /*—W#——o—a
=2 75
(8]
S
% 5.0 —e— IVSC+ELO
© ——PI
3
> 25
<
0.0 . . . .
0.0 0.1 0.2 0.3 0.4
Time (s)

Fig. 8 Comparison between IVSC with ELO and PI



d e

T

—e— with Estimation
—o—w/0 Estimation

—
o

Angular velocity (rad/s)
(8]

o

0.1 0.2 0.3 0.4
Time (s)

o
o

Fig. 9 Comparison between w/wo estimation

8 4
=
g ——Uq
—u
>
22
£=
0+
0.0 0.1 0.2 0.3 04
Time (s)

Fig. 10 Control inputs of IVSC

PIAlo] 2} IVSCE] AlE# ol A37}F 242} Fig. 63
Fig. 701 SIA%F Table 19] A|2=8l sletn]EE W3}
ol IE A3k Ao tisl] vlwste Fig. 8ol
Yehdct piAlolE 1vscoll s AZrAIzte] A,
ko] Fg= A YeRth

Fig. 99 2% 7PAFZA| o)A ELOS AH&3ho]
ks FAst AT A5 @5 I AA(ol
7§ Fig. 79 No change®} TY¢3hHo =z, Tgjal B
FetA e AE OF TS A0 E H
Uepdth oghs FAst BAAsHA 8 A-5ele
A& 7hATEA17] A Well 23 AiEr]e]
Fo g ofgho] e B FEHI A= 0.07s5kel] A
st L, PIAlOe] Aol Blwd o o] FFL

%3} Al VreRstT

Fig. 109] & 7FHF=EA S 571 Ao ¢
u,, = O T AHo g 29 Ao AH u, =
@2 Ao <

UERATE 2913 Aol Y w =
a&o] bR W 0.5V ol&ke] =7]
A o, = Hd vt

H

AN

o

Al'S
=

43
2 o

(TP511)P2] ALFS Fig. 119,
of Yehdiith. o] AA= #Febksg R A5y 171
9 A B HMoog, D633), 2H, =Y, NI
DAQ HEI(621)E TA4Eo] Utk AT ERE 9
F2A ZF=75S Matlab/Simulink W& B E7]E AF&-3)
of HEste] AEEE Tt U EE fFo
2 7R ETAAE AR oEY] o A

ek al, 253\ SAsHATH
Fig. 132 A& 7W?ZX1M(IVSC)%~ H] 2 2P
Aloje}t vlwd AEdold 2 AF Adoltt PIA
o] AE HHOoZ, IvSCce A= AHdoZE e
5 X3 HdoE JeEhisla,

ok A3AAE
AEH Ol AE @F I Ho=z yrhiith
PIA|o] o] APAFto e QuGETL TASHA 53k
BRG] 2% 2Pl Eolvte AERAIRES
0320tk IVSColAE 1% LHGEZE TS
I, BEge] 2% xSl ot
0.1z0]t} PIAoje}r A& 7PAFZ=A oA B
o 279 0.01s9] SEAA] TSR] Ol—t— o]
el aHsHA 23 FARE ] YAk
o2 A H

oo

x| e 7o
T-oll AHEE FestoAbe] A7]% A B AJ2E
4ol3| 22 Fig 12

Oo
T e

.

L,

el

Fig. 12 Circuit of the experimental equipment

57

Egloje - HEE 2021. 12



12
w
‘_8 _'ﬁ;w:-()—v e e e ——
E o
> .
S —— |VSC simulation
% —— IVSC experiment
2 +--- Pl simulation
o >--- Pl experiment
o
C
<
T T T 1
0.2 0.4 0.6 0.8
Time (s)
Fig. 18 Comparision between simulation and

experimental results of IVSC with ELO and P!

HE JPEFERA e ALAEE FRlsh] Hskd
FestoAld] HA7|FUAMEZE  FE5EH= EEA|ZH
(TPSll)oﬂ chol e %E‘S‘}I’_ 4_,:49} 7

?*é'é}iiv‘r. Zglolgd mEo] 293 %‘
Ho g dAst AlEdeolA
28 gerE o] MEol thE 3
I, AEHAE FilMe E
sl AR Ae ofgjel o] soFH T

1) 92 ELOE AHEste] AA-stA FAHE B
4 T ATk

2) B3 T JUAE TSI BEAEEeE
A 04% He A= AAE 4 ok

3) 60%2] A"l IErE #Eel sl
olg BEAolE st AT SHS IS

4) ELOE AH&3 A& 7HFEA 070 2
28 gErE e WM T JFd HasiHr

M= <

= 7l

o] AFE 20209 % =7 n SISt W W
FSATXEH/A A ot FHEHASS HHY
o &, RAdEw o]Ydd w Lab. Sliding
Mode Control % AlF|L 20161 9Y ~ 20173 69¥)
o Foidk Azt

58 Journal of Drive and Control 2021. 12

b ARA 2] & o]
OlsHZtAH (CONFLICT OF INTEREST)
A A=

o] =R} B oA FE ol

7 9ge BAF

References

1) U. TItkis, Control Systems of Variable Structure,
John Wiley & Sons, Inc., 1976.

2) V. 1. Utkin, Sliding Modes and Their Application
in Variable Structure Systems, Mir Publishers
Moscow, 1978.

3) F. Harashima and H. Hashimoto, “Sliding Mode
Theory & Aapplication - 1 (in Japanese)”, System
& Control, Vol.29, No.2, pp.94 - 102, 1985.

4) J.-J. E. Slotine, W. Li, Applied Nonlinear Control.
Prentice Hall, 1991.

5) G. Nonami and K. Den, Sliding Mode Control (in
Japanese), Korona Co., 1994.

6) I. H. Kim and Y. I. Son, “Design of a DC Motor
Controller Using a Sliding Mode Disturbance Observer
and Controller”, J. of Institute of Control, Robotics
and Systems, Vol.22, No.2, pp.34 - 41, 2016.

7) T. L. Chern and Y. C. Wu,
Variable Structure Controller and Application to
Electrohydraulic ~ Velocity — Servosystems”, IEE
Proceedings-D, Vol.138, No.5, pp.439 - 444, 1991.

8) I Y. Lee, I. Istanto and H. C. Lee, “Control of
Nozzle-flapper Type Hydraulic Servo Valve -
Application of an Integral Sliding Mode
Controller”, KSFC Conference, pp.293-296, 2019.

9) I. Istanto, “A Study on
ElectroHydraulic Servo Valve”, Ph.D. 2019.

10) S. K. Jeong, J. Y. Huh and I. Y. Lee, “Introduction
of Modern Control Theory”, Munundang, 2021.

11) H. E. Merritt, “Hydraulic Control Systems”, John
Wiley & Sons, Inc., 1967.

12) 1. Y. Lee, “Hydraulic Engineering”, Munundang, 2012.

13) Festo Didactic GmbH & Co., “Closed-Loop
Hydraulics” Workbook TP511, 2000.

“Design of Integral

Control of an





