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Abstract
Magneto-Rheological Damper (MRD) has strong nonlinear characteristics such as yield and hyste-
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(S

resis saturation, which makes the magneto-rheological (MR) suspension system produce complex
nonlinear dynamic behavior under uneven road excitation, which is one of the important con-
straints affecting the practical application of MR suspension system. Based on the 2-DoF suspen-
sion model with improved skyhook control, this paper analyzes the influence of Sigmoid model,
modified Bouc-Wen model and S model on the chaotic response of MR suspension system under
harmonic road excitation. The results show that the nonlinear dynamic behavior of the suspen-
sion system based on different MRD hysteresis models is different under the same road excitation.
The chaotic suppression ability of the suspension system based on Sigmoid model is better than
that of the modified Bouc-Wen suspension system and the S suspension system when the road ex-
citation changes.
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MRD 1 9% Bedz il AT 2R B i 0 RS T 450 22 B2 R4, BAAnftham. S i m
BEJE Syl NG ARARBERE ST s [1], TESDARRIE b R AR R R b4 1 28R, Rtk MR B 2L &
GUEA R R R AT

T MRD 75 [E 45 1) 787 B AR LR M ATV PR, MIR 28 22 G0 6 B T S 3l 1 ol g S 5 28 i A
o RIS AR RBN[2], XM EAEREN I IR AT T R EWMIRS R G — &R
SR FEE o KRG, IR RS, T RIE R R G N, E R BRI
Rk, MEEMIT RS . RILE R 2EE T MR BAHELR 1 5) 112447 kAT 7 KR EF 7T

AEFSAL MRD 2R PRV FRE BRI 2 (R E 2 T s RS s AT e Rt . B TR BN 2 12
ZHALRE Bingham FEAI[3]. R M XCHE A AU [4] . Sigmoid A AY[5]. Bouc-Wen %Y K HAL IE
Bouc-Wen H 7 [6] ., ZE45[ 7] R H i 42 il AR PE B MRD %t BEJE J7 1540, $2 HY 1 XU Sigmoid #=7 ,
R[] 78 A H SR T RN KT MRD Ay MBI RE I, SR T ISR G R IR M R, (AR
BZAR AU BE I MRD 175 B H2 i 20 SN 77 S kI 5, [ B ASE4LL HH FE P RELJE 70 - 2% (F-x) BELJE
71 - HE(F-V) AL C R . B[99 AT AFEE n JE B4 & L HaR R S5, 53] 7 Sudm
S U IRAL, ) 33 B IZA Y B AE A M AR B X AR . BE[10]19 12 T MRD S AL AR A ) £
B, AR H R 22 I 25 S5 0 R SR A I AR S BB YA T DARIR MRD TAERHE, 38 REHERHE
Bk MRD FJ33 [ Bl 254

TE R B RY ) AR LR 1t 5 ) 2 ALk, 45 [ 115K Sigmiod RS 7 — [ B FE R 208, AL
T RGAEVEBBIZE . IRER T 0 2R, 45 SRR RG0S SR % U A AR U . Tk
LE[12]5: T& IE Bouc-Wen #5584 R Gu it 3 A T SO0~ — B B B2 B AL R G AR e v 3 ) e, it —
BV T R R ] B R GOIRIRS) o SIS A T B 43 2 BEURD B 0 Sk T PR P R T B T AR
LEL MR B R4 H G 24 SR G R ERTIRS) .
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H R AR 2 18 2R 2R 48 I A Je 3 g S i 7 ) B L E 7S, SR 2% MRD i i BHLJE 707 S A
R Z R IR TG e a0 SEI0E0s, I8 RIGBRE IR AL IR, ok ZHF 58 MRD i M52 6
A AR AL B T2 R VR B

WRARLNEBN I RG> A BARIRITIZE) — HARA SR T BB J AR . ASCBL T H I MR
AT R, AT xTEBR L O IR = F R Sigmoid B, 211 Bouc-Wen B, S AU,
458 R (Skyhook) - B il IR, SR FH BB T ERT 7T =M AR ) MR S 2878 B T EUR AR . R {E
AT FRTIREN AR, M LA R MRD it A7 8 50 2R ¢ (R IR S W 1o

2. MRD FH¥FHES

AR MRD HER AR 5 e 7 ey 2001, o5 e S5 U MRD % i BELJB 0 0 B AR e 4
BOHK[14], BT E25 MRD HOAMINHLIR S AN RE T, HETT O MRF Pk UKL A B 54T, S
MRD 4 HiBELIE 3 F 3ESETT M. 4350 dLyfida il MRD (138 I PR AR 3 3y

Fy=f ()R (x.%.X) @

K1, Fa 2" MRD HIHIBLE 77, 1 %78 MRD I HU, x %05 MRD IEZE I A7ES, X %78 MRD
RSB ISR E, KR MRD SIS S I AR IR RE, £, (i) Fon MRD [ HLE ] bR 2,
F, (X, %, X) #75 MRD JELe i R 57

PRl R AL f, (i) ARt
k2 k2

i) =1+ exp(-a,(i+1,)) 1+exp(~a,lo)

@

2.1. Sigmoid &
FET X RRFIAKI BRI Sigmoid %L, FAF[15]#E Ml H MRD FiFAEAL, 51w B an & 1
7R, KTFRA Sigmoid BRIt MRD 7E4% € BRI FI# il IR T L Fov Rt o B, i 1

1-exp(-o(v+v,))
L+exp(-o(v+v,))

R, (v) = f, (1+exp(ayv, ) (1+k, V) (3)

k, ks @)

= X)k 1 -
Vi =g (X) KV, +1+exp(—ag(i+|1)) 1+exp(-a,l,)

8
= 5
7Ty KoV, ©
kv = kl exp (_a4vm ) (6)
Vy = VX = XX ()

b Py A TR v RORBE I T RN L o FORMIAIIRIE, Kk, BB BT AL
XTBELIE T BIREM R5 v RSB S 5 AV TR

2.2. {&IF Bouc-Wen &3

T BERLE LG 4E B, Wen [16]%) Bouc #2 H IR AR N LA JE AT 563, 2 T Bouc-Wen 7Y,
Spencer ZE[171#2H 72T Bouc-Wen MBI RARA, WK G, ZEAEEM WA 2 iR, H
Bouc-Wen .70 R BH JE 50 AN 5 35 o4 2H
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Figure 1. Sigmoid model
[& 1. Sigmoid & &Y

Figure 2. Modified Bouc-Wen model
& 2. f&1E Bouc-Wen #&#!

TR 2Rk X
Fh:C1y+k1(X_Xo) (8)
y:c0+01[az+c0>'(+k0(x—y)] 9)
2=—y|x=y|z|z[" - p(x=¥)|" + A(x-Y) (10)

A, ko RARFREITCIFINIEE R4 ko RI8 MRD B ReZeWIE R G oo Ronmidl B oL Mk e R4 o
FORCENE L SR T JE REG o R ky IVILEAIFS; y, x NWARRE; @ RESE L. y. n FIA
A LA F-v HZR AR
2.3. S BUHFEFIRERY

M[18] R A& N B Fh AR 22 o0 S BUAR I R, FF45 & ol HEZE % Binghan 54, RLKEAEZE 1%
Binghan #5784 i K 7555 B AH 00 IE D) S AL 35 R Y tansgn AR, $EH 7S YA IR, Hh S AR
FN:

F, =k, tansgn (o (X+X%, ))+C,X+kx (11)
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M KoVin 12
k, =k exp(-a,Vv,) (13)
X, =san (X)k,V,, (14)

A, o RRBERASHRL I AR5 BB RGE R H K Fon AR B RN BRI EE R 4L tansgn R fil4 A
LRI S TUAL I R KL

3. T MRD HZEHELIEE
3.1. —EHHE VR 23R4 &8

RS IUE R (e . R M SR I REE[19], A BIRE IR ST I
e, RIAEAaE BT R ARENAFPERS, T DURSEWT 7O R A FIEATRIfE, AN 7HRIE MRD i AR
XA R AR AR R M R SR ] R R A . A h SR D . SRR, E R AR AR S A
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Figure 3. 2-DoF MR suspension system dynamics model

3. ZEHE MR BRAZEHFER
Bl 37RH T ZHHE MR B AGHA, Hri me m, 500l &R EMAEE T E: ke kAN
BEERE NI E MR SR s o AFREPH)E REL xov Xy 2P Al N E B SR AEH BT B X
NS Fa v MRD fii T B8 7. R4 s s e, SR RAM s 15 EN:
mX +k (X —x,)+F; =0 (15)

myX, — kg (% =%, ) +k (%, =Xy )+ (%, =%, )—Fy =0 (16)

3.2. ETF s Skyhook B9 =il g

- F ) 4 PR i SR 1 A IR B R B SR R 25, 456 SERR ISR, AR T
HE R 3= By ) S

“RM” (Skyhook) BHLJE 12 il SE & & 1 Karnopp [20]42 H () —Fh 25 il 424 B 20 BH JE #5501 7 v, H R
LW E B RRGIRA M) 2R HAREA ] 4(@)FR, RGO RS RS 2 T E A
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Figure 4. Skyhook control. (a) Ideal skyhook damping system model;
(b) Improved skyhook damping system model

4. RBREFEIEH. (a) IAEXRMEERFZRE; (b) BUARI R
M ARG1ER

(A7)

W] 4(2) s B RBRBELJE & — P BRARAE Y, A 5 SR BIE X, (X — %, ) I AOFEHIPIR A LA R IR A28 Bl
EAFRE, PR sl i ARSI, AT LR A S8 AR — S BV A SERLORMIRRL Je F2 i an &] 4(b) B »
FESE 35U 5 AR S AR5 2 (8] (4~ 2 sl ] PR 4% A BELJE J0 AT DURR 42 1) S (AR A T 224 . N SEBR
PP EAZ ], 254 MR FHJE 83 A9 R4 5t T lodt ROANBH e 42 ) 33 00 RGHE I I 5 s,  Bod AR

HIBEJE P2 75 58 LABR B F (R s i -

Cu X2 X%, >0
dz{sky S ?(s'u (18)
0 XX, <0
Xin
—» MGz 2 o
SRR -
Fa
MRBILEZE |
B
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il SRS
Figure 5. System framework of improved skyhook damping controller
[ 5. BUHBIR AR FRIT 3R a) R GHESR
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4. MR BRARGIEL SN NE S
4.1. MRD FFI#E RIS IF

Table 1. Three hysteresis model parameters

® 1L ZHBTRESY

Sigmoid 3 H 5 PR AL 7Y & 1E Bouc-Wen ¥ Fipsi Al S R PR
R EACE MRS Kl A4 EACE
ap 992.749 o 20,373.739 a 371.779
a 3.104 Vi 233,849.189 a, -0.918
a 4.452 y 8816.960 ko 99.763
ko 139.946 co/(N-sm™?) 1368.714 ky 221.870
ka 6.418 c/(N-sm™) 6222.717 Ks -0.297
ks -0.281 ko/(N-m™) 184.113 co/(N-sm™) 724.182
Fo/N 91.795 ka/(N-m™) 1528.143 k/(N-m™) 300.476
ka 8.378 n 2 ko 6.795
alA™? 7.293 A 20.603 alA™* 7.769
/A 0.063 Xo/M -0.004 /A 0.026
ko 10.092
alA™? 7.526
/A 0.069

NIGAIE MRD $iff PR Xof 2 0 RE R REM, 1 a5 = P PR AT v R o gl 2R 05 8 SR AT LA
KRB ZHNE 1 FvR. B 6 n T ARFRFE S B T =AM S P F-v RetEfh4k, IEsZE 51
ME{E N 0.01 m, ME(EAN 1.5 Hz, #HIHEFE2HN0A. 0.2A, 0.3A. 0.5A. MWK 6 HATLEH, EARH
PRI, MR EAT RAFI)— itk SRRSO AT (1 F IR £ ) ek B B R R T AR BELJE JT )

PEHIRRE
15
1] 1
05 05
g 0 g o
o \/U
t 05 L 05
1] -1
15 . . . 15 ‘ ‘ ‘
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Figure 6. F-v characteristic curve at different control currents. (a) Sigmoid; (b) Modified Bouc-Wen; (c) S
B 6. {=HIBRA R F-v %, (a) Sigmoid; (b) 21E Bouc-Wen; (c) S

K7 oxth 1 IESZBURNE SN 1.5 Hz, ¥ LR A 0.2 A, IE5ZBUE S @18 7371 v 0.01 m.0.02 m.,
0.06 m. 0.08 m B 3f F-v FptE 2k . 15 8 s 1 IESZEUih{E S IRME N 0.01 m, #EHIHFN 0.2 A, 1E5X
BUhE SR 2 908 1.5 Hz. 5 Hz. 15 Hz I #i3R F-v R h 42

B 7()s B 8(a) T LAE Y, 22 o5 i ThT s e (L R I, Sigmoid ARSI F-v R 28 A 2
s T ME 7(b). 1 8(b)ATLAE Hi, Bouc-Wen HEAYTEARIA S F-v KR MR EAR /N, AR HHIA MRD 7
IR B s R PR R . I ELBE B WORh R A AN e f g 0, v (e 5 RE 3K, e KR IR AESE I, FEJE 77 B R
B X SEA S, MK 7(c). ¥ 8(c)rT LU A BB IR A A, FEARIER T F-v Rp i il 2 3
N, AR AR K.

F o)

F 4 0a)
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Figure 7. F-v characteristic curve with different excitation amplitudes. (a) Sigmoid; (b) Modified Bouc-Wen; (c) S
B 7. BUshE AN R F-v Btk ih 2k, (a) Sigmoid; (b) Bouc-Wen; (c) S
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Figure 8. F-v characteristic curve with different excitation frequency. (a) Sigmoid; (b) Modified Bouc-Wen; (c) S

E 8. HESRERAERT F-v $5itphzk. (a) Sigmoid; (b) f&IE Bouc-Wen; (c) S

IR E AR E W], Sigmoid AL, & 1E Bouc-Wen AL, S UL AT IR MRD AR£E LA )
HAE R, B F-v SRR s IR . AR AR OB, (ER ] A FL M AN R ]
DA Bt Sigmoid 5L 7E SR 14 5 AR Ak B I S R ) A T2 I Bouc-Wen 524 A S YA,

4.2. MR BRRG LM NEHEER

TES WS T BEN LU T RS A7 IRTESEIRL I3 /12547 i, R K MRD i A0 &
SGEYRBN LR . R 7T MRD WEARE R MR 228 R G AL VEIR SIS0, A FIT MRD 454 o5t
SRR, G TR E B B R AR B A A R, e R sh B A I B EE M S
X5 TRAMME .

PR AR BTN, B x,, =amp-sin(2nf-t), Hf MR, amp &om B0 e .
RYSHEHFE m=288.9 kg, AT E m, =28.58 kg, SHLHIE R4 ks = 19,960 N/m, #EERIE &
4t k= 155,900 N/m, &A% 200 )8 &% ¢, = 100 N/(m-s ).

1) BRI AR MR GBS R G AR M4

SERRES TSN (IR IRy 1~10 om, WRAEEK, FREIMHATEE T ARSI, S m 25017 BT 7
N RV . MR R AR E R, (HZEI8 A AR, 2 T 0T 42505 P i AT 3 K Bl 2 R A A8 Ak
BRI, /N2 FE AR R L T ED amp = 2 cm Al amp = 8 cm, R T = MR FIMHAL L) MR B 2L R4 %
TR ALRE X AT IR 5
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Figure 9. Bifurcation diagram of suspension system sprung mass displacement
at amp=2cm. (a)Sigmoid; (b) Modified Bouc-Wen; (c) S
B 9. amp =2 cm BRRFEHRENT x, 2B (a) Sigmoid; (b) &IE
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Figure 10. Bifurcation diagram of suspension system sprung mass displacement at
amp = 8 cm. (a) Sigmoid; (b) Modified Bouc-Wen; (c) S

E 10. Amp = 8 cm BREAZEHRENT x, 7 EE . (3) Sigmoid; (b) EIE
Bouc-Wen; (c) S

2) HURIEE amp ZZH MR 228 24 1ALt
AR I R GATE WA TE B SR, F3 ol A2 AR AT B P 58 28K o] A A0 R v AT B ) A B A G AR . AR
19 BB T A N N AR 40 501 M 3.2 Hz AT 11,5 Hz X = Fh A [A] T SR 7Y [ MR B 28 R G 5h )y 24 HEAT 20 M
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Figure 11. Bifurcation diagram of suspension system sprung mass displacement
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