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This paper presents a new sliding mode controller based on the theory of model following control
for semi-active suspension systems with Magnetorheological (MR) dampers which have undesirable
nonlinear properties. In the proposed controller, a desired semi-active suspension system is chosen
as the reference model to be followed, and the control low is determined so that an asymptotically
stable sliding mode will occur in the error dynamics between the plant and the reference model states.
The advantages of the proposed controller are: (1) measurement of the damping force is not
required, (2) the reference model specifies the desired performance considering the passivity
constraint of the damper, (3) it is highly possible to maintain the sliding mode and achieve high
robustness against the nonlinear properties of the damper. Numerical simulations illustrate the
effectiveness of the controller.

Key Words: Automobile, Vibration Control, Nonlinear Control, Robust Control, Confortability in

Riding, Semi-Active Suspension, Sliding Mode Control, Magnetorheological Fluids,

MR Damper

1. # ]

TITOTFATHANRS v a it LT, BN
(ER) HMA-LEEME (MR) FAD KD Itk - Ktk
WhEERWEELZ OTEY ONBHEREINTETNHS
OO KT, Lord #iIZk > TERERBEINER{LIN
T3 MR 7203, BEBBEANKEL, BEWER
EHTORELZHREERTSE, HalBHNEYs
%9((/35(3),(4)_

L, ZNs0F /30, S0
ATHOEEDHEBHHEREETZRD, ZhH0
BOR S22 T EHT /201213, T/NZ MEHER
DEANBLEERLSD. INET, AF1T4 7€~
REGORL BHEEMERINTHHOOO®, 25
154 - REEEBICEELTIE, 732 051
FITREATAT 4 T E- RREIZHET IR »
NI NTWSE. LHL, SEHNZHEHHEERSET IV
FEECE ST TS NDIANFIVARBATAT A

* ERESZAT 2000 9 H 25 H.

OEHE, BB KCEIEER(® 950-2181 FEW A HE 2 O
8050).

o) T = T REN— 7 L —F

YRR, BHEAEAER.

E-mail : m.yoko@eng.niigata-u.ac.jp

S E— RREBICHERLUSET S 2 EDERICHERETSH
D, BIFBEENESNTHARAVNDORREROLS TH
2O0, HHRAZH, FHENAELOZWIIRPRIEGEIC
HLTDH, AFAT4 2T E— ROBFEERFTS
TEREESTWS. AT1T 4 7 E— REIHED
HH—DOFNHEL T, BELWANEETSLX
HSEAF—=IN—TTHhT 14— BNy T &N,
AT SFEENEZZSNDEO0, Lhl, TOFET
12, BREHOHENKLELRD I ENHETHS.
FWXTIE, EFIVBREREEHBERICEDWIEHL
WASAT 4 27 E— REIHBZRETD. 4K
EZHE, TILROFTAF I ATRERL, 7>
FEBRBEFINOMOREEREY A FIVRE, X5
AF4 T E— RREIHKRTSZIETHS. BHEY
wESRGE, BREFINT T > ERUHKEHE
TFTiedhsEE, 750 FRHBENICSRETIVICER
AEEERD, FOBMEFAFTIVABAIAT 42T
E—-RICHEIND ZEMFTES. Lol, — K
HMICETIVEEMERICBY TR, BRETIADA
51 BBAN) CHTAERNLELLDH, HHE
DY AR a > TRIOBRBANIHE T 28BEN
HIBEERERATETHD. #IT, KRXTE, 2

-
—

—231—

NACSI S-El ectronic

Library

Service



The Japan

Society of Mechanical Engineers

1450 YITITFATIARY Y a Y DATAT 4 V7 E— Flfl

HEHERBREBATIHHERELTERD &K
£oT, BRTENESBANELTHWS. UTFT
W, BRBEFINELTAANI 7 v IO NRRERD £
U, RETSHEROEIRERESI 2L —Ya
IZ& > TRY.

2. B B o i o

B 1 OERMNE, EITIFATHARS V32D
1/4AEKRET N ERL TS, AFEOENIT, &&E
BEHERDOICEE/NNY > THAR V3 > ERRTS
fbEEB I ERLIT, TOLMEBBCEETSEH
BEHEBRICBT 2BEOREBCEERETLIET
H5. Lo T, x ZHEEEREN, x, B
EEE LIZREENY Ml x =[x, ,x,] T ZHNT, XD 1
BHEETINEZEZS.

X=Ax +bf, + gz +bw @
0 1 0 0

A=| kg ol P L | 8=k @
mS ms mS

fu=F(x, -2 u) 3

ZIT, z BIERTEROEN, w 3EEKITMDS A5
HTHD. £z, 1 HWEAAHNTHEEBR v &5
INDER b HE x, -2 ITBT 5 IEMRI B & 7 5 B
HTHs.

213, MBI/ MR ¥ 0ORMEERLTNS.
B ORMEERIE, SEHICMA T, ¥y NNKETS
ZEMTELRWYERNBHNZEZRLTWS, i, ¥
ANVEEMICETAHERE, o EEOLSI
B ZEITHEBEWZW. 3517, BEAL SIHAR
THHERMICEL THREICEBETREL, EXFY
DAL EEED THRARIEREETINERRI N
TnsM,

AANA Ty F o NEREPMCERT 572012, K
KOEDITEELWHES £, 252 500,

‘ — Cox,

2

for x,(x,-2)>0 @
0 for x,(x,-2)<0

CCT, CRBANA T w08 NOEBRERET
HBH. TOHEE, BHEOYINANBELWHESN T,

ZIEHICRETENL, ERICERCHENTH B,

TIT, ZEROFEBAN TCHE2BRMBEEWRET D720
2, EANCEEZBIHIL, S5CYUNETFIVEG)
DB F(,) ZAVDHEMERINTNVS, L,
LU, BREOY N3k 4 BIEREELEEZET 220,
FUNOBETITIIREREENEEL, B s
DHETIILT LS BIFAEENE SN,

PR N

I Cs
+y o§-

.m4w1{mm§{4 ]
fa

z ks

Controller

Fig. 1 Quarter car model and control scheme

damper force urrent -z g
[H] 15
N 10

1786 :
N a5
0
266 i \\"\\\..\\\\\..
002  piston speed
[m/s]

Fig. 2 Characteristic of MR damper
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Fig. 6 Detailed responses with sliding mode controlier

AFAT 4 T E— FHBARTEEBAEEERTET
DART R OEIMIR SN2 DD, ({KFE KK
TRNTA—FEHNRNEZ EFEREDARY b
WIS THED, BOLONZ MERHERTES.
B#%IZ, MR ¥ 2 S—NOEBNZWEREL, ®7
ERBRDNT A—Y L, BEHNHREEZEALZEED
HHEREE PSD 2K 8 ITRT. AMHROEBEBROL DT, EEA
BWEF Y& UBKIBIERSN, BARE®RTDH
HENGZRET)N EAZSOHRIREENGSNZZEMN
b,

—235—

NACSI S-El ectronic

Library Service



The Japan Society of Mechanical Engineers

1454 KITIFATHRARY Y aYDATAT 47— Nl
— Sliding Mode Control —
0.04 ! T Reference model — Sliding mode control
E = 20 . :
T 002f % 8
E ofD E 0
k! 3 ‘ ;]
a v | < 0
| S -1 0 1 2
-0.04 : . A 10 10 10 10
0 2 4 6 8 7] Frequency [Hz]
. -
Time [sec]
(a) Body displacement . Lo
Fig. 8 PSD of body acceleration in the presence of
02 — ] plant perturbation and disturbances without
8 a4 / friction in the damper
AT
z 0 /: FFRINELICH L TAT A T4 27— ROFEZ R
2 oWy | . BT 5T LETERVEEZDN, RETHMBET
> I ! . .
0.2 L , : 3, ZOFEEAEESES, ONAMEIIZENTHS
‘ ! ZE&ERLE '
Time [sec]
(b) Body velocity ¥, HRD MR ¥ >N~ O ERELEIIa
, , , L—2a BIOBEIIEST, F¥oNNOFT2HEH
0. ; : . _
g | L DB E S I EBREBBERTH D LERL
= 1 i - - HE 7 3
N | AﬂjMM“WWMM“MA oo TR, BEREOROFENLBMETSHY, R
E [ v vy OSSR IHEREMET LA THS. RELL
E-Ea i ; - R
3 ool | FEORANLEAHFE, FREEEET S ERY ¥
o 5 . é o NROEIBMOBHENTESY > RICH L THEHTH
Time [sec] 3. s, FUNROEFICEECISTAELS
(c) Switching function AN EEBICRAT AREN L OB, 2
~~~~~~~~~ Conventional control —— Sliding mode control HORKI OB BRE T TRy F > TRHEWELT i
T ! ? WENSTHS. i
. 50 }
£ :
= , £ 2 XMW
R
5 (1) FEFBCE - KNIFER, 5, 62-593, C(1996), 33-40.
;f 30 (2) TEBA - AHIEKR, B, 64-625, C(1998), 1,172-178
3 (3) M.R. Jolly, J.W. Bender and J. D. Carlson, Proc. of SPIE 5"
s 20 Annu. Symp. on Smart Structures and Materials, (1998), 32-
2 38
10 (4) B.F. Spencer Jr., S.J. Dyke, M.K. Sain and J.D. Carlson , J. of
Engineering Mechanics, ASCE, 123(1996), 230-238,
" - - , (5) S.J. Dyke, B.F. Spencer Jr., M.K. Sain and J.D. Carlson , Proc.
10 10 Frequency [Hz] 10~ 10 of the IFAC World Congress, 1(1996), 145-150
(d)PSD of body acceleration (6) NARAE - i Fh 44, 5 38 HEBHEESHES T
R, (1995), 247-248.
Fig. 7 Responses in the presence of plant parameter (1) AREERL, 22 RYDLE 5 B DES)SRBOSIE) #
perturbations and disturbances A, (1997), 345-348.
(8) M. Yokoyama and S. Toyama, Proc. of the 3" Int. Conference
_ on Motion and Vibration Control, (1996), 333-338
5. E E) (9) A. Alleyne and J.K. Hedrick, IEEE Trans on Systems and
2 ~ - N o~ R Technology, 3-1(1995), 94-101
ABLTE, £IT/54 THARY T a VICHL echnology, 3-1(1995) -
e . . s . (10) D. Karnopp, M.J. Crosby and R.A. Harwood, J. of Engineering
T, ETINVEBRBERASAT 427~ FHIEHICED for Industry, (1974), 619-626
WEHLWHIERERELE. WHhERBZATIT 14> (11) H.E. Tsen and J.K. Hedrick, Vehicle System Dynamics,
JE— RHBETH- T, THEOMKIS DD, S

— 236 —

NACSI S-Electronic Library Serviice



