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Abstract : In this study, integration control of air-cell seat and semi-active suspension is proposed to minimize the
road-tyre force which can cause uncomfortable feeling to rider. The proposed integration control with sliding
perturbation observer is consisted of air-cell seat control which uses the force generated by air-cell and the sky-hook
control. The air-cell seat itself has been modeled as a 1 degree of freedom spring-damper system. The actual
characteristics of the air-cell have been analyzed through experiments.

In this paper, we introduces a new robust motion control algorithm using partial state feedback for a nonlinear system
with modelling uncertainties and external disturbances. The major contribution of this work is the development and
design of robust observer for the state and the perturbation. The combination skyhook controller and air-cell controller
using the observer improves control performance, because of the robust routine called Sliding Observer Design for
Integration Control of Air-Cell Seat and Semi-active Suspension. The simulation results show a high accuracy and a
good performance.

Key words : Perturbation(%] %), Sliding perturbation observer(£d}o]®d 45 #37]), Sky-hook control(X7}¢] &
A ol), Air-cell(el] o] 4)
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Table 2 Parameters used in the 4 D.O.F. vehicle model

Parameters Physical quantity Value
m;3 Mass of seat S3 kg
c3 Damping constant of seat 642N - s/m
ks Spring constant of seat 51815 N/m
s Effective r;n;j; of human 525 kg
o | Dumpingoomsantof | g,y
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Asear Effective area of air-cell 0.0637 m’

2 =RodME A4 g 24 Bt s
<27t Halthn Aelg ooj el 7w gtd
‘?4?_]_ 0~ 006954kgf/cm21ﬂ°ﬂ e F]g 49} 7‘-0] A

= gatm, ol e sl s wel U 3
9%+ Y TENZ AR QUYL 5
oo o] BEA sehelel & £ A

s

A}

3. HHSS AMAHMTL ofojdl A|EQ| St
Hlof

¥ RS SARE Ao A sy

- } 7ol % Aloish ol of -4 E

o1 % Aol :Hle) WEE

Mahe, oo} - A E AR

aho] 7S MM

oAy o 2
SO'L
2
of¥
2
o
o>’ 'U}O
F-u 9, 1}*
2 1:101' lrr‘ ol

N
X
i
ar
no_‘ll
o
e‘.:
i)

w
2
o
Ofn
H
na

g

O Z Bh 4RI 0] Ak
> Fig. d %] 1= Table 29} 7t} 2
Fholol, 3HAl, A1 1) 1A)2] ke 7
AR, A 4 sl Aol et =
ol ] 7}ael 991 £,k Al 2ol 2 o]
) YA F @l Th F 7= S0l A R x
| 9@ AAHH mpol ) Fhgee] s
SIA 713, F = REA G A] BEA L 7hS 12
1% 23} A7 o]

gl ﬂ%’;\% ] WHOﬂk}

mo<
=3
N

)

o
fz
® oy
=
o

N B

2]

m «qn

N

w oo ro

Ho Jo o
N
)

2

b
m

_

Mo O MM o M

o
T
S

r oo
o b
N
[

&

Parameters Physical quantity Value
m Mass of tire 60 kg
k Spring constant of tire 300,000 N/m
my 1/4 Mass of chassis 270 kg
ks Spring cons-tant of 25,000 N/m
suspension

=z, : disturbance

Fig. 5 4 D.O.F. vehicle model

3.2 HisS AlABEIM(Semi-active suspension)
o) AIlE BT AFHe 1 Bg
HAE F QR A (1) Lol F @ AN 4
Qe FoJA A 5 mdoA A7to]Fo 7
A5 HA Aojoh)
F, =65 —-%) Q)]

ik (x —x) -6 (5 — %) — k(X - x,)

S @014 HFstolok & Aehas 3438014
7145 )4
4 AN e

33 oflojAl AIE

ool A9l HEA S oo} 4 o) Wste] TS
A 3 AR HAL, o 44 Feol o) ofoj 4
oA DAY G F 5 = Fe] ) Weol 4

Transactions of the Korean Society of Automotive Engineers, Vol. 12, No. 3, 2004 161



Ki Sung You - Jeong Joo Yun - Min Cheol Lee - Wan Suk Yoo

(3)3h o] AT 01 o] g3te] AA| Aol o
g FE 9 A2sksr) QA4 QA FBe
FE ol vrlslE 9L 4 @2k o] ol ol
Bt M2 AAHES B oo} d-A =] ¢
G Fps 9 39 0 3 5 vka g

@},

F P.seat — Aseat XAP (A:ea: =const) (3)

F, =mi +c (X, —x)+k,(x, — x;) (Fseax >O) 6]

34 oF 7t 24

Fig. 59] Z} A 3ol gt S5 2)-& 2] (5)9} 2
t}. o] & o] &5t Ae] I WS HHS A 4
©)3 2t} 4] (6.2 Yol 9L A7) 93 4
e HE 2ot 5 g X 9 @Al 714
AAYHE Fpot Fooli AT = F1d

x,=2z,°|th

mX, +c, (X, —x)+k,(x,—x;)=F,

seat

m3jé3 + C3().C3 _x2)+k3(x3 —X2)—C4(5C4 _).C3)
—k4(x4 ~x3) = _F:veal

myi, + ky(x, —x) —¢; (% — X,) — ky (x, _xz):_Fsky

mljc',+kl(xl—x,)—FA,ky——kz(xz—xl)=0 (5)

1=Az+) Bu, +d(1)

i=1 ©®
y=Cz
o} 7)A,
oM "
zl xl
z2 xl
5| | %
7= z4 = xz
ZS '?3
zﬁ x!
Z7 %4
L ZB J _x4 J

162 2K SAZEIs=2F M2 M3S, 2004

[ o 1 0 0 0 0 0 0 ]
k +k, k,
- 0o = 0 0 0 0 0
ml ml
0 0 0 1 0 0 0 0
ﬁ 0 _k2+k‘ _ﬁ ﬁ 5 0 0
A=| ™ m m, m, m,
0 0 0 0 0 1 0 0
o o K & _k*k gt kg
ml m) mi mJ m‘( m3
0 0 0 0 0 0 0 1
0 o 0o K & ke
(. mA m4 ml mJ_
Mo 0
1
— 0
m
0 0
1
-— 0
B=| ™
0 0
1
0 p———
m,
0 0
0 1
L m, ]

C=[0 0 0 0001 0]

T
d(t):[o Lx,(t) 0 0 0 0 O 0}
m

i

4. £2j0|E MS BZE7| 4
7)€ 2510] % Aol st Ak oo A-AE o
g% Haz A5e Gl g6 45e) 2
g BESe] BAT 5 Ax Eetold A BE
71% F7}sroin)

4.1 2=(Perturbation)2| & 9|

Sl -2 E Fi R nAbHEE shAE o] 3
ANzde] SR o 2 7lestd 4 (7)1 o)
Fol2t).

X = fj(z)+Afj(z)+i[(bﬁ(z)+Abj,.(z))u,.:|+dj(t) -

7
z=|z,, -, Z,] : AHe] ¥ E](state vector),
T
ZJ = [x/ xl] AFel ¥ 4=(state variable),



Integration Control of Air-Cell Seat aud Semi-active Suspension Using Sliding Perturbation Observer Design

dj :9’]%, u;x—ﬂoi?:}a(Fsky! Fseat)s
T b A% A Q g

oA71A, “i"E 2t7ke) Ale] hel o3
= Ao] A He] 248 BASH] A%
o}, Folzl SHHWH AN HHY Qo B3
A, 9T 52 4 E(perturbation) & 2 A olEHH 2
&) 2t

-'b
of

.Iﬂ pors of.’L‘
i O fio

¥ (z,0)= Af, (2)+ 3 Ab, (), +d,(1) ©
i=1
3714, 4Fom A8 FEo| 2 Qe
Q&SR AT 7S A 95} 2o) X
2 % ek

r,20=F,®+ 3|0, @u+D,0>¥,0) ©
i=l
A\ A, F> ] @u>lan] D>l e ge
73] 77} 23 Z(upper bound) = o] UT

42 el olE21 AlARI2 95t aalold
sz BT

A W4 BE27) = A 29 A

7) 915 Basta, AE B571E A

o] 8 op7]F 3 4152 Aol Yol A

s Bashd. 2 Tl eteld B

39 oS we SEEHS 7w g

F 9, weold 4E w37
3
3

i

b

= )
He o g
or mMr
St iy

o
A
~

i

d
oty o N opx O

> e

_4

ol = ox fif
N2 A

>

sl Aﬁﬂ ob7] 5= W48
Ag 71X #=8 4= o]r;]_ 2
3

N
=3

A

m m%
ol E R
g v

N
L
N,
leg
?ﬂ
o?.‘.,
S
X -
£
ﬂi[ ot fﬂlo

i

[0 X oo wo rﬂ
fU oo oot feb e
N o4 4

_O‘L

r

EX

E—‘O

)

o

X =%y (10.1)

:fj(z)+i[bﬁ(z)ui]+‘l‘j

xljz_i'zj-—kljsat(ilj)_aljilj (1]1)

;=040 =k, sat(% )~ % =S, +¥, (112)

A7V, kyj kop a1y @y FO] FE 7HAE BS
719} Ao, ay= a2, 2R SR T A
Bl FHQAY, S = aytyas BE7Y F
R o Ate FAEE Sato|d HHe Uehdc) “A”
NNZE #5704 F43 475 vebdth A (11)
ol A 4 (10)2 wiH, o} ] 4] (12)9F Zo] #57]
o] @2} &5 WA A o] Tt

X, =%, —k, sat(% ;)—04;X,; (12.1)
=k sai(% ) -0, %, =S, —¥; (12.2)
7N, F=f@-f@r A o =z,

b =b(3)~b(2) 7} Ab o] FATT 7HG3E, P
=2 ()M AT A 2e AEolnh 1 9 F
37t BA&H o2 Walng, ¥3}eH4(saturation
function) & AFR-3le] £ty BE7)9 A=<
e, 0 B0l ) &y, k7t AEH 02 WS B
ok E 3k o] ol A (13)3 2

d. ]Sc,j'zteoj

i |%|<e, (13)

Fig. 6-& 7| oFsk Zelo] g BE7) <) Abe)Z7hol A
=A% Aolth Fig, 6014 BEo] &

oo ‘Titd(shdmg surface)S 17, rnE

A& meka ol BT} o]

%) WA x5E 08 WS E

2 AHg wet 7hA 9

qjxlj +k1 >O) (14.1)

Xy > 00%; —k (14.2)

Transactions of the Korean Society of Automotive Engineers, Vol. 12, No. 3, 2004 163



1Y - 2%

X,
A if x 20
o, %, + k,
> 51
-k,

if %<0

Fig. 6 State space of the observer

ol g BE7} Aol 2 (1))
4 kyk,d) AVFREE 71H =
Mol 4ol 53, 77t o] ¥ BE|Feir}
Ak, Sotold #27)9) AE WS A (12)°]
2 WEHEF HE 4 (1494

a!
]
o
N

¥ H
Lo
4 A
o X
B

§l=,'4
o
fo o
2 M
fe L
oo
RO
Nz
B oX
Ty fo
3o
N2
o, it
& ol
¥2
v
R
™
X
ach

:‘[: 2}1.1’_, kzi‘g] }\ | '\% b (]5)9’}-

1o =
S
My to
. B
‘G o

n)
o
2

N
2,
X
i)
fo
o
ox.
ful

N
offt at
e it
e ol
N
M 2
0 -] ! _>E'
N ol
e
ot
=

£
2
L
=2
=
o2
g
£
2 3
=2

N
,d
e

f@+Y b(@n, =0y,
i=l
A7IA aye ¥ g THE AFOIL, u,

Mzol Hel| Aojudolty. weby AojydHe
ﬂunﬂ%ﬂﬂ%§$AW

164 si=xSAT s =27 M2 H3S, 2004

Z - 0lnld - R

u, =B'Coll o8, - £,(®)] a7

a7\, B=[bi®],,, ole meray 4 (16)9)
ool €)5f o] A-AE FF Zle] EARAL
oelst 2ol Trerst Hnk

X ) =Xy, (18.1)
Xy =a,u,+ ¥, (18.2)
Y= (18.3)

AT R Fotolq BE7)Y TRk
o] 7+eFs} Ak,

olejst 2

X, =Xy, —ksat(x) -0, % ; (19.1)

Ry =00, —kysat(% ;)= 06,5, =8, + ¥, (19

SE _;‘,_}. 7]“ }\]/\E-ﬂoﬂ Z—Lg_?ﬂ u'H )\H‘;Hl:ﬂ

95o] 1 wmel A4E ¥ Aol o) @)

A%ﬂ@%LHAHﬂﬂﬁﬂﬁ A¥817)
3

0)JJr iy

ALk 4= s FErt I

A71A, ¥ SABH 4 Hol AL, ¥,el &
Hede Gz Fog Far Y el fA%E
thi 7H @) 4 (2002 AlREel dhske] A W
sHH, A DA E At
Ty =ty =¥, 105 @n

A @Dl A ¥;8] Aol FAE NE 0y S AA
Zom HEo g E B 5 2 A=

F Qe %57 made] 722 D 57 98 4

(18), 20)3} 4] (21)o A} o} el 9} Zro] W gt}
A2 s T

Xy, =05,(=% oy Ry +) (22.1)
¥, =a3j(—$c3j +o, j)%2 ) 22.2)



Z2told ME HEIIE 0

A 22)0 A4 A QD& Wi 7,5 A 20)° 4 3l

s, B57] oAk FE LA obFe} 2ol
=9}

=05 %, +¥, /0, (23)

A BEY)e) FRE AE V279 &dold
#3572 A« ABNES =
|
J

Jo

555
F9] AAE BA5LR grjEt e Aoj A A

o © Ao A 29
FAR Ak AA A e, Setolq B2
oA el A5 Fake wes 7R Fohe
czM Axdlel Bea4, RaAs So) g
2 AT FAT AUus) oE Aasy
AL, x W AME T3 5T =N BrhHd Al
AE 3aE Bast gk 9 BAE A &
Bl HE BE719) WA FE= 4 24 2 4
(25)¢} 2o

=X~k sar(%;)~04 %, 24.1)

&, =000, —ky sat(%) 0 %, —S, +¥, (24

j%j =05,(=%, +0y,%,, +0,) (24.3)
o} 7| A, T olefiel o] Aolx a1, 9

FAR=E TS FHE Ak

oA A4t

¥ =05, +0n %) (25)

mebA A2e BE7] 03 LEWHAE 2 (29)
oA 2 (18)7} 2] 21)yE w2, A Qo)A #8 7
all Qs Al (26)7 ol ATy,

X, =5, —hk st ) 0, %, (26.1)
X, =—k,sat(%) -0t % S, +P, (26.2)
X, =04, (%, +a3szl')+‘i’j ey (26.3)
¥, =0y, (%, +0y,%,)) (26.4)

BE7]0A Fehold BEF dojud, ppE &
2719 &eloly HY(1=0% wrieg, 4

st olojdln} HisE AAEHMO &

(6.7 2 (26.2)F
A,

A CYINESES & @7

2l 2712 HE T3 B FEEA e 2,5
Z FE3 717 A8 2 ghol Hojof star, 4
71€717F Ayt HEE dEe Al

kolk ot @52 A3 AR sk oF Tk,

Fig. 704 £eloldd #A=7|(sliding perturbation
observer, SPO)= 53 T3 AEH FHE 4 F0]
A v FF3 S QA7) ZolH g B 4 9l
i, £¥eld A% #A57]= U9 B3 4H FeR
UulA 9l <glold #&7(sliding observer, SO)X.
o AFs Gl A BAsE e dEgs A
BEE EF Uk ATl Yo R Sof& W F3
 dl ol mekx FistEx] &3] g Ao
2 21 (12)¢] &8told #5719 4 (26)9] =2told
e #5719 29S e g2 urgle e

ol- g3t 2] 27)7 2ol 3hes

A=
_,

=)

Magnitude (dB)

85 8 8

N

Frequent‘:s (rad/sec)
Fig. 7 Bode plots of SPO and SO

5. Al=zijolM
£ AToAE Eeteld 4F BEI|E o 8@
e EE R CEMEEE S EEPY
FelolH Arhst Eetolq HF UH71E AHEEA
e s E A2 B ool A 2] EE A)]
o) Awg vlmst A gok Sotold AF B
£ o] &3 Ao} 9] Aol F7)i AA| oo Ad-AE %

Transactions of the Korean Society of Automotive Engineers, Vol. 12, No. 3, 2004 165



Ki Sung You - Jeong Joo Yun - Min Cheol Lee - Wan Suk Yoo

g
g2
w |
a i
ey
o 1 2 3 4 5 6
Time (sec}
Fig. 8 Estimation error ¥,
003
0.02
0.01
€ o000
g -0.01
i

-0.02

-0.03
-0.04+

Time (sec)

Fig. 9 Estimation error x5

7191 20ms 2 sk ek

51 &zjo|g ME &=7| 45 "ot
setold A #E71Y BHLA, ¥ By
) Fig. 8~Fig. 110 ettt #7+3 &

It

oY 4E BEY FEoAE oS o} A
de) Fumse 3 ol Holde ¢+
o). Fig. 103 Fig. 119419} o] 79} 7,0) B
719 %% 937} 0.1 nm ol 82 A Yeg &
% glvk

d% BE7)E o) &3t AoF7]7t
20ms°‘ H /ooy A Aojol| A ] XA 7t
= 1,9 JA Y HEEE YEhE 1,
o] A3} 18 = Fig. 129} Fig. 149} 2t} Fig. 13

166 s=xisXZstali=2% Hi12A 35, 2004

0.10

0.05

0.00

Error (nm)

-0.05

-0.10

Time (sec)

Fig. 10 Estimation error x

1.0 1
0.8 4
0.6
0.4 4
0.2 4
0.0
0.2 4

Error (nm)

0.4 4
0.6 -
-0.8 4

-1.0 —r—— —r—T
0 1 2 3 4

3]
-

Time (sec)

Fig. 11 Estimation error x

 Fig. 15%= &2hol9 4% #3712 83 23t
2 w)e] Ao} Atolet.

Eeold HE BE1E o) ko] MAE 4
nabalA egkg A9 ool A o] Q1A 7}
A= SR A B =R ALd
setold HE #E71E o187 uIUY B Aol
ol 4= Fig. 125} Fig. 145} o] Qo] 7ka)2) = 7k
S 20| 0.1Sm/s7hA AASI ) S Aol
aHY e AFSA

ML
o

53] GaAelA GRL T iE 2700 A=
2 ez Aste] WFo] AT P4 AejolA
= ool s Aol A MEW Bkl S
aparo] o] Wk 71Ee) A2AA Aloje) A
nt} Zetold 4% B571F /bl Aol LA E 2
s E AR B Aele] Ar) v £

(S
re & % ek

ok



Integration Control of Air-Cell Seat and Semi-active Suspension Using Sliding Perturbation Observer Design

Acceleration (mis)

T T T T T T T T T

0 1 2 3 4 5 6

Time (sec)

Fig. 12 Vehicle floor acceleration x , with SPO

Acceleration (mfs)
o

3
o 1+ 2 3 4

o
[

Time (sec)

Fig. 13 Vehicle floor acceleration x , without SPO

5.3 Hlo] 229

ALk

AA A 2R A& () FaE 9% 2
ol% 7t 4|01 & a7] Y3 s E HAAAL Fig

163 72 A&l CVD(continuously variable
damper)2 A} P& o] AAS HASAE D ot
old AT BEINE o] &3 20| F T oo de)
Ao} B # 2 Fig. 17 R Fig. 199 e} o]of whal] &
Zholg H4F A5V o &3 &2 Alojg Ao
=2 Fig. 183} Fig. 200]t}h. 1o A B o] &8}

H AT

ol A% HAE7|5 ol &3ro 2N o] gl o] uj

© gylH oz Nelg)o}x| 1 9-e-2 o 4= glrt
dojde §% waFe) Fwk d F 7] Wl

F o= %9 303 714 % 91tk 22l m Aol gl g el
A7) A 3)oll A T8 0~374.93 N2] ZE0 2 Fig. 19
s} Fig. 209] gto] oo A-AlE] A AAR Z 5
=AY WAB BEYL L 5 3k Fig. 19
NAHE 27] FejE 252744 HE Arjolm
2 AoldFol 2 SoA7pHE A Gelelas

Fig.

Fig.

Acceleration (ums)

T 4 T v T

o 1 2 3 4 s

o

Time (sec)

14 Human acceleration x, with SPO

Acceteration (mfs)

T T T T T T L]

9] 1 2 3 4 5

o

Time (sec)

Human acceleration x , without SPO

3000 b - . . . N et L
S ——" i
=+ mux damping (OA, polynomizl) o5
200 | T Surpng (1.6A, polyromiah Y

& max. daspng {0, lookip) a2/
O man dengeng (1 8A, fookup) -

1000 Joom st s s

Damping force{Newton]

~1600

Relative velocity[m/sec)

Fig. 16 Damping force characteristics of a typical CVD:
comparison between lookup table and potynomial

e =7)9] Aol e ALgah L k.
6.2 =
AuA o 7)Ee] Ao WAL AR W E
MzmA Aloje} ool A Aol A wHo
A QEEE SMEER Asto] 244]9) =17)E nlo

Transactions of the Korean Society of Automotive Engineers, Vol 12, No. 3, 2004 167



714 - 85

60
40

20

Force (N)

-20

-40

T T T T T T T

4

[=
-
N
w
o

Time (sec)

Fig. 17 Control input F 4, with SPO
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Fig. 18 Control input F ,, without SPO
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