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Design of Force Control System for a Hydraulic Road Simulator
Using Quantitative Feedback Theory

Jin Wan Kim, Dong Ji Xuan and Young Bae Kim
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Abstract

This paper presents the road simulator control technology for reproducing the road input signal to implement the
real road data. The simulator consists of the hydraulic pump, servo valve, hydraulic actuator and its control
equipment. The QFT(Quantitative Feedback Theory) is utilized to control the simulator effectively. The control
system illustrates a tracking performance of the closed-loop controller with low order transfer function G(s) and
pre-filter F(s) for a parametric uncertain model. A force controller is designed to communicate the control signal
between simulator and digital controller. Tracking specification is satisfied with upper and lower bound tolerances
on the steep response of the system to the reference signal. The efficacy of the QFT force controller is verified
through the numerical simulation, in which combined dynamics and actuation of the hydraulic servo system are
tested. The simulation results show that the proposed control technique works well under uncertain hydraulic plant
system. The conventional software (Labview) is used to make up for the real controller in the real-time basis, and
the experimental works show that the proposed algorithm works well for a single road simulator.

g4 Wizl froh Aladle] &84

d, AFA, <

1. M2 ot frok MR AA"E W], $FH, aEn
AE2E Aol A=l R A AFEEI glth. PID
AF2E e 713ke H2dEe o849 Aol7]9} FRE(FIF 7 ) A5 Agrie
AN F FAEY A9 AAAgel U H=2 frob Alold 9y ARE=ER ot} Ziegler-Nichols
3he& ATyl skel, MTS ¢ Schenck Cot= %y daaZL PID Alol7]19 A9l HFudol AL
AN HAA =2 A5E& AF3}E doluy Ha glom Bas s4e FRFAIE A7)
2= AEYolHE AMEdtd %l":]r & 2= A o] &5 AT D o] AS L FU A BAE} HF
BololHe AAAHL olfxE AT oo A Al BH(LT) Ala"eoz 7PREoldA m Algo]
P T R B e e e e 7besha, B2 HHE AE A B ey,

E-mail : pilot-kim@hanmail.net 2= AgHolHd F2 A8HE f9 AR Ax
TEL : (062) 530- 0209, FAX : (062) 530 - 1689 geo zajere] v AE 7R @4¢ BA B 2
* AdTehaL tere 21 F e JQE, 22y Tgm FHE YAT HE wBo)

*k xqu—q]al—jr_ 7] A A 2l F-aki

Weleh shFel Wate] weh o] Aaw B




1070 A3

fe
=

S 7HAA €t @24, PID 9} FRF W&
WA AA Aol AFREHAIT, A2 Ao H
% H]/}ja EA-]U]-.EL H :9_:})\13]. }\]/\Eﬂ _;_].a].u]E]
< ¥ "HaAo] ot

1980 55 Q] Aol & Ao T8
Atolo] EEE FAZ AAA $a agn 0:1 ]
B2 ATEL o BEA YA gk A Al
o A3 Fol, LQG/LIR 7I'8, HyH» 719, u 7
A % Quantitative Feedback Theory(QFT)‘_ F83
FAolth, HyH. ¢ p 7]He AEds9 &
(norm)3t-& o] &Et T, QFTE A7 YAaFe] AR
E EZF3 BEAFoA ALEgFE A3 1990
d, Chait. Y.& AEd PHo| Ir|wg ALLds
HyHo 71¥, n 7IHET 279} 9448 143
QFT7} AAlzZd 233 Ao71& dAgdvn
A 3R 1972, HorowitzE: TWE B34
I QJEo FEL FAFA AT F 21%
QFTE A ABESFATCY 8, 19 whge 1
T3 499 BFAAHSE Astedy wsE **74]4
A7 U 1976\, Shaked:= o] &4 31237
A3 BN oie ZIEE A P I
2 HyPsle o8& AYIAL® a3 o] WY
= 2 d9Ee iR FE AYFgFES 3
A WHE AAE slojok = ©HE AT
1982'd, Horowitz= ™% U< (MIMO) LTIS 93
IZH o|EE o839 QFTE H¢g AHA 3%
th© 19863, Yanive 4 Idsln 9E HAE
Y F A YHOL AN oy 2 Aug
To 9§ WIS o 3] g Ak & A
§ FAEAA Al AR 19884,
D’Azzo®} Houpists 4A QT3 FAE 8237
A QFT A MHAE AYSIAT® 19934,
Borghesanix= Matlab Toolbox A%} Bz oz Zg

it % i

],

Nlﬂ

¢l QFTE XHFH Z2akor WEHPGCW
1998‘13 tl]— :g_/;:__ 1:’|.H1/“ ;Ga}:x-l j,]tﬁﬂo]i"
o8 J1E9 AANAL FAFAN 2= Qg

o o WB glol AP o WS ABA H=

W olES Y R AT BAxAES At
= ¥ ﬂlﬂs}%t}.“m

g J=9 o)E2QFDIAM 7HE FR3A
dEHe A2 FUEY EA3E= 28U 9
ol tis) AUHe 1gT F e A% A
o Fohr FolA AAH] AA FHelth. QFT
A FAL Axe HGFE 2= A A9 A
171€ AAF, A7 A4e @A meEs
A AR el ] YF2 HEE o

13 Hj
23 22 X (Loop shaping)?] ZA=Z A< A
o717F dojXidt. o] HANA Zd AR}
FF A A 2AES WS T4 FZ

2 Aolr)e Adgtrt 24 AT

B =RAE g 94 AR A]xEHe B}
Aol 2 uleho] A3}y Y8 ©¢F $o A EPo
B Aole 9HE Tk oF AEHolHE &
Aol @5 Fo Azgoz B AR F
o 2" olfE, & st AF7)el diE A
Aole HFEL T Aolg A FasiA 97
i adzﬂ o] Wow A} oo

=2 7L e 2o 2N e dF

EE(Road) Al gdolee ¢ HE AN = I =
ki ‘FE”—'] 2y8e #3439 n, 33 E QFT
o8& tFUTh 4FeAE QFTEIE FHWL o]
$% 234% U 2= AFdelHe @ Aol
E AA 39t sZANME A8 A9 dAY 4
JH e hFed AlEHoIH S 3t 1 AR5
agze AT 6FolE 2R AA AF
AA#E et iAoz, 73N 2ES
e

—_

pLA

]
In
>
i
T
°
il
1o

O

PR A2AEE AFE ¥ ol AHu
Aslstel FFAZAN 7L A el
2 fY AE/E TES AU
d(-3h % ZE AEHoIHY 33
2AEE  dste ded Z2 MES

}\ﬂ q_ (8,14,15)

b 12 02
U’. i) IE :10
o o it

I

gl

m[o
4 FN Jo

ol T

) AMx"e FF .9_4 4HP)T wE oY
Py dA3A ¢gol FAE

2) MR #H9| Orifice /ITFHA valve spool
ol dhate] v EALE et

3) A¥Y ZF A4 o ¢4¥ BExE
A FA49 29 Ye= A3},

4) F5 d ¥ (cavitation)> LA SR Pt}

5) AE B E A F3 ¥H(critical center

valve)o]™ o3 = o]},

Qs

wdge) FHL F¢ AN BE, 49 FF7)E
edTs #3 WP ASHA £ PR,

A57M EHEHE R EN 3 JIA=E



o
off
2
H

Serve Valve £,
N
AN

R =

Force Output
L] 6

;
>
i
o
e
-
2

i ¥

27} AsgoR A 8 & gk

X,(s) @,
=K,— 2 (1
1(s) s°+ 2w, s+ w;

I input current, X : displacement of valve spool , K, : valve gain

v

®, : natural frequency of flapper , & : damping ratio

AR B I{FIAEF( 0, )E FHLIHY
LRAEFERYG 8 A7) WEe] AR NH
545 FAE 5 o vEH Zel 1 AAR
est & gl

X, =K, i @
3 e FE(p)S 4 A-dd Wl g 4F
Az omgt agn 98 gEe e
2t}

Pp=R-P, B=R+h, PZ:M 3

2

0¥ ~E IS G Thegel Fojnd

2
%=CW%J—§UZ—&)=CW%J§U%+E)
4 V4

,2
qs =—Ccwx, _gP2 =-cwx, §(Ph“ Pr)
e 4

q=q,-4qs :cwxv\/%(,/P,, +P; +1/Ph —‘Pl ) @

q :rate of flow of hydraulic fluid through the valve
q,, - rate of flow of high pressure, q :rate of flow of sump
P, :load pressure, c : orifice coefficient, w: port width

g : gravitional acceleration constant, y : specfic gravity

2ol g nestel, g of WE ALHA §3
e 2F Up WY x % B3 94 p

9= f(x, F) %

FHE T R F2olAM dPsEE,

=W o] 25 o] &T FY Z= AEHE B3 § AolA AA

1071
- %a 9 p - 6
g= [ax ]Oxv + [6PL jOPL Cyex, -~ C,P, (6)

gz BA HARE wigSAd AAE,
28 FHe FA AL, 249 UFAE
et oS AL e & 4 drh

2V p e 1p,

Ky )

v .
= dpy+EZ B v C P,
KB

9= q,+9q. tq = dpy+

C.x

xNy

q, ' incompressible component

g, : compressible component , q, : leakage component
A :piston area , p density

K g bulk modulus of the hydraulic oil

V . volume of fluid under compression

L : the leakage coefficient of the whole system
F5704 2EDe Yol AL,

F=ngAP, ®)
F: force of output
np i the force conversion efficiency of the unit
A : the area of the main actuator piston

waE e Beidm wan wsle A&
dee g ol & & ok

F=Mj3)+ By + Ky =npAP, ®
M :load mass , B:damping friction coefficient
K : stiffness coefficient

A FE A @7 5% z2ged, gew

e o] ol

. pYM pVB M .
C.K,i= Cp)—
ot Kyn. A Jr[K,_.;HFA +( * P)n,.-A > (10)
pVK B , K
L+C —I\L+C
+{AP+ Kynpd +”FA( . p)}}”LFA( v p)}y

adez, A8 1 9 FH v 9o HF

oy,

N
ol
o,
i
o

P(s):Y(s) -— szKv an
I(s)  as’ +bs” +cs+d

VB M
a= prM , b= 2 +(L+Cp)
Kpgnp A Kpnp A npA

pVK B K
4 2 (e a=|-Efrc
¢ { p+KBn,.~A+nFA( ! ”)} LFA( ¥ P)}

abecd 9 FHMEHELS FU4o A&, 74, A
2R AR MAUZE, gH2e] HAE 84S
233 24 A3y EAES JedY. olg
3 saluHES AF2 ZEYE = g7 Wil



1072 279 . ¥

Fig. 2 The single loop feedback system
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Table 1 Parameter Variation of Plants

Case 1 Case 2 Case 3 Case 4
a 2.147e-6 6.135¢e-6 2.147e-6 6.135¢-6
b 0.01333 0.01333 0.06777 0.06777
c 0.03647 0.03647 0.05131 0.05131
d 0.01904 0.01904 0.03388 0.03388
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Fig. 12 The Real Plant of Dynamic Road simulator
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