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Suspension of Four Degrees of Freedom

Abstract

Abstract: Based on system dynamics theory of vehicle, aiming at the model of 1/2 vehicle suspension, the
vehicle magnetorheological semi-active suspension dynamic equation and space state equation with four
degrees of freedom are established. A linear two times optimal controller and control algorithm for semi-
active suspension are designed, and the control strategy based on magnetorheological damper of
subdivision vibration velocity is proposed. Suspension simulation model is established to analyze the
optimal control effect in SIMULINK. The results show that the magnetorheological semi-active
suspension system based on the optimal control of the vehicle can reduce vehicle vertical vibration
acceleration and vehicle pitch angle acceleration, and thus effectively improves the suspension
performance.
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Abstract: Based on system dynamics theory of vehicle, aiming at the model of 1/2 vehicle suspension, the
vehicle magnetorheological semi-active suspension dynamic equation and space state equation with four
degrees of freedom are established. A linear two times optimal controller and control algorithm for
semi-active suspension are designed, and the control strategy based on magnetorheological damper of
subdivision vibration velocity is proposed. Suspension simulation model is established to analyze the
optimal control effect in SIMULINK. The results show that the magnetorheological semi-active
suspension system based on the optimal control of the vehicle can reduce vehicle vertical vibration
acceleration and vehicle pitch angle acceleration, and thus effectively improves the suspension

performance.
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Fig. 1 1/2 vehicle semi-active suspension model of four

degrees of freedom

IR IR EIS, @S2 T HEs) o T e
FRIRIE 1 DY A L 12 IR HER AR B E A

mz=—ky,(z—1,0—z)—u —k,(z+1,0—z)—u, (3)

10Tk, (z-10-z2) +u )l ~[k,(z+LO—z) +w )L, (4)
Kb m NPEEREMBE: m. my, Nl R
WETNIRE; k. by, AT JEE2ENIE; k. k
NETS JEECIRNIEE s w. uy NG S5 ZL IR 3
AIREE T z NEFFULEBAMFE: 2. 23 N
I EREE T RERENME; 2, 2, NET. 5
A P EERME; q. g NET. SR
HERNE; O NEGWMANM; 1 AN Bh5
B L. L ONETRAN SR RO 2 R RS

P AN T B2 A SRR SR Bh 1 R, AT LA
FH B T 0 R B0 s, BB D A N B B Rl P
BR KA

61(6) = -2nfyvq(t) + 2, [Gyyw(2) (5)

7 L8 R IREAT BRI H 5 6 00 2% T A N B A —
B, BARAER RIZEIR, HHAT S50 PR AR AT B A
RiE, Bl

¢ (1) =¢,(t—7) (6)

=(l, +1,) /v, (7
KA v, NEE; G, ARIATERE, HK/D
B TRE N s w) RTTZEN 1 FIEMS;  f,
N ISR, —BE 0.011 Hz; n, N5 78 )50
R, BL0.Im'; ¢ NJRHIEIRNE

1.2 RGERESZRPIEL

MRAERT T H AR, EHUET ., J5 84858 N p 2 )
K. BB LIRS SN MA L EidZ
B —r 2L MRS R X

X=(22:0z2zz20) (8)
I HH ) A

Y=(z ézz—z1 Z4— 23 2] — g Z3—6]2)T (9)
ARG 7 RO S NV 2 IR A 77 FE TR
X =AX+BU+EW (10)
Y =CX +DU (11)
s W NBERIARE, W=(q0) 1) ;

http: / www.china-simulation.com

* 1819«

https://dc-china-simulation.researchcommons.org/journal/vol32/iss9/21
DOI: 10.16182/j.issn1004731x.joss.19-0036



Jia and Miu: Optimal Control Research on Vehicle Magnetorheological Semi-Activ

#3285 9
2020 £ 9 H

U N e, U=0) u,@)" ;s AN 8x8
YEFE, BN 8x2 %, C N 6x8 JE[E, D N 6x2
HEFE, E D 8x2 HRE, PL_E 2546 BRI AT B = (1)~(11)
K15,

2 FEFFNEL LQR HALIEHIES
2.1 BARistlE e

B B AR H AR 2 LR EEA FAT I
RS FIRB AL ST E RN, EERIER
FEARBIINEEE . A0 AR . BEESATRE RehR
NN B TERE TR, Rl EE R B A BT FEA
HARVRYE R, DLk f S48t R AL, I A 2 il
BB/, BRI AR Ik 28 w2 B 2 Ay e/
[Rlbk, 2Rk — 08 LQR Sefliix il ez B Ax ik
S PEReTRARIA B/, AR HARTRAR RN -

N -
J= hm—j [‘]122 +Q2‘92 +¢5(z, _21)2 +q4(z4 _23)2“‘
T—xn T 90

a5(z =) +6(z —q) +rag” + 15, )t (12)
ez, -z NATEZITIE: z, —z, NEELD)
TRz —q NETRIGENALRS s 23— q NIERIG )
Ki%: gy NES PO IE R IR IR ¢ N
L A AR I BEINAL R B g5 AR E SR ATHE
IR E: gs NIEBLDATEIMBLEREL: s FAT
RIS RE: g6 NIFRIRENALFE INFL R
s AR SRR AL AR 2 T L 1A &
Ko o J5 R SRR AL IR S T BELJE J0 A R #L
IR B W T PEREFR PR AEVR 4 1 50 8 28 4%
RGN EERE, REEON - E B 48 1 e
ALY NS sE bk I IV EEVE | A SVE U
BRAE R MERSP IR, — R FH A Ik Bl ik i
A E AL R

PERE H VR TR BR B2 J A2 e R R <
T
J = lim %jo [¥'Q,Y +UTR, Ut (13)

T—o

A Q, F1 R, AR,

RGTE AR

Journal of System Simulation

Vol. 32 No. 9
Sep., 2020
¢ 0.0 0 0 0
00 g 0 0 0 0
0 00 ¢ 0 0 0
10 0 0 ¢q 0 0
0 0 0 ¢ O
0 0 0 0 0 ¢
R~ 0
w 0 ’,.2
TR B SRR AR AR A S LB 7) -
U=-KX(1) (14)

X B HEFEMEK=B"P+N", Hdh PrlH
R (Riccati) 5 FER 1S :
PA+A"P-(PN+N)R'B"P+N")+0=0 (15)

A MATLAB 8047 B 5045 21 & i
AR R K A nT s AR JE 7T Us

2.2 YRBNE P S B I S

e BB G RGN B A BT
oM B EE BHLJG 77 A0 ) AT, R IAE 738 R iR 4 7 425 il
LR AR T it A DL EE RS 7, AT SEETR ZE 4R
BRI o WA AL AR S R M LB U o B B AR
R FE AR, AR A It 5 P YR A B2 A
M, T AT, TR SE N S,
AR SCH Pl R AR 2% HR 50 B B o] SR o B4
T I AR AR 2 TR 20 T P2 4 BRUBR 22, 428 1) DR 2%
RePERA 2181 SEBRE, AU wIR . T2
MR 25 6 4050, B IRBN I L 73 i) 0~0.052 m/s,
0.052~0.131 m/s, 0.131~0.262 m/s, 0.262~0.393 m/s,
0.393~ 0.524 m/s & 5 Bzt 5.

(1) R —BIRSEEEE N, St E sl
SHERBH JE 77K T 12 Bk P 0 Rl P 1 G 00 738 ek A 2%
I RFEJE JII, Pl 2 4 ds oK FRU 2A, 1l
TAS AR 75 i B R BELJE T

(2) MBI E R JE 77/ T 1% B B
0 [ PN PR B I A D 2% B /N BELJ@ I 2 ) 45 i o
HIR Y OA,  #5 BAT A JRlHIR 2 46 tH e /NBEL @ 7

(3) A E R R e ) KT 1%
B 5 B N (R R AR Dk iR 2 d N LB 77, H /T

http: // www.china-simulation.com

Published by Journal of System Simulation, 2020

* 1820«



Journal of System Simulation, Vol. 32 [2020], Iss. 9, Art. 21

3265 9 M
2020 49 H

B KRHJE Ji , 12 1) 4K e O RNL R AL Ik o 2 AN
[l LR T 5 2RSS R RSP, SRAIE A 0%, R
IR 3 B A g e ST R B8 v B 4t F AL S
FE AR ek 2 it BEL e 70455 T a U BE R 7
Ry Bzt s, I DL U R -
U=
Joaxs U2 frax @and (v, Sv<vy,, orvy )
Joins U= frn and (v, Sv<vy,, orvzy, ) (16)
U, else

A w LR IR S 3242 e st B e T v N

BUKAR, 55 VU E BT A sl a e L P w7

Vol. 32 No. 9
Sep., 2020

TREAT B J IR 25 IR B B2, — R Bl e K &
Vinax=0.524 m/s, vies v N i BURBNEEE FH R,
Siins Smax ATEAFFEGI T v, <v <y, BERZ
IR S /N BKBHJE T .

3 ZhSMERTE T
HRAR BV 7 0 B I R, S

Sy B Reg, AT B4 SIMULINK ff B A,
e 2 frs.

emi_f_load
Us Fo » Us = FrTERLS] —
(Dlumian Integrator2 Integrator3 Gain7 QD
Toadl . Gain9
2
emi_r_load
—
'l_” (1) - Gainl3
. {1 semi_r_tra e]lr,“ A2
s dz3 ol 17s HB L g JT?H\ 1| oad g 1
[kl e
Integrator Tntegrator]] Gain2
qm2
Gainl0 »
Transport —t— »
Delay d zunili
| >
semi_bodyacc b
2
r@ | >
Gain6
body A . z
0dyAcC » l/s 2 [
IntegratorS dddss semi_[ trave! >
- 23 Gainl4 1
> travell| v1
dz4 ?’* - I ?
@ dz2
Q dz2-dz1
s [-da s 2 el
L] L
Integrator Integrator7 Gain3
I: a*12
Gaind
semi_jiao
Jiao Gl Gainl5
ain

K2 %E4¢ SIMULINK 1 FLEEAY
Fig. 2 Suspension SIMULINK simulation model

1 B £ B FE ATE MATLAB SIMULINK #
Ph, SeiESTIUE R 172 R shE LR A
T IR AR 2 S B2 R, AR B 4l
PLEE T 2 A B N R G0, AR5, 330
AR e AR SR T R AR R Ty,
Jei > fi e S B R AR AN B AR AR R 1 T LI
P EIEH B RBEHLER A RGN, B A
FERE G, =64x107°, RAHAEKME 3 iR
T 2 ] L F2

PIEIERAT 12 R R BB

m=559.5 kg. m =20 kg. m, =20 kg. k=
220 000 N/m+ k, =43 000 N/m+ k3 =210 000 N/m.
ky =238 00 N/m. /=882 kg'm’. ;=1 m. L=1.5m,
MWPRBNATFE 100 mm; B BON S A% O ¢
ma AR OK, 4 KR & 2R E IR
H=r=1x10"° | ¢ =1x10° . ¢, =1x10% .
¢;=q, =100 g5=1000. g, =10000; ¥Fzh%
ZEA7 FR A B AT IR AR 2 AR DR 25 1 e

http: / www.china-simulation.com

+ 1821«

https://dc-china-simulation.researchcommons.org/journal/vol32/iss9/21
DOI: 10.16182/j.issn1004731x.joss.19-0036



Jia and Miu: Optimal Control Research on Vehicle Magnetorheological Semi-Activ

5532 B4 9 ] ARG EAR Vol. 32 No. 9
2020 9 Journal of System Simulation Sep., 2020
" - - . v N 3 ' T
SR, Wi B R R I 2R A R N R AR l “Pasive,
o s \ o \ —_ I i B
%, 2/ QC/T545-1999 15 4 14 AR 28 6 28R 16 2N T s 1ol
Y N, — o N — N N é ‘ | Ik ! | | | i I
JPENT, R AR o M AT G LA, R = 'k Ll g ' 4
2 1 B 4~5 T o 2 ol | i iU
ﬁ N | | | i
0.04 -l Ul B
= i I ! i ' L
0.03 + w2 lr ! . I
1 o
g 0.02¢ ff 3 ' |
R 001}
i>—1 —4 L 1 L L L I I L L
T 0 5.6 7 8 9 10 11 12 13 14 15
B ool i AL
>0
o002} K6 7GRS
~0.03! Fig. 6 Vertical vibration acceleration of vehicle body
-0.04 e 3.0 ———
5 6 7 8 9 10 11 12 13 14 15 ——— Passive
s 25¢ —— LQR¥EHi 1
. 20¢t A
3 B KR AR “ sl {
Fig. 3 Vertical displacement of grade B pavement E 1'0 |
s w
z 2.0p % 0.5 |
205 ——0 =
= 1A
—— &
E 1.0} ——14a 205
Z 0.5} < -1.0
: : ] -1.5
02 04 06 50
HEV/(m/s) Y5 6 07 8 9 10 11 12 13 14 15
ERIEIVS
. K] 4. -ﬁﬁﬁ’}iﬁi‘)ﬁﬁﬁﬁﬂéﬁ . B 7 2 A A ek s
Fig. 4 Characteristic curve of magnetorheological damper Fig.7 Pitch angle acceleration of vehicle body
- L5r 0.025 ———
v ——- Passive
= 10} 0.020 —— LQR#& ]
=
H'Ez 05} _ 0.015 ¢ E
. . . 0 . . , o 0.010+ | | -
0.6 04 0. b 02 04 06 S ooosl A LT L Ll
_0.5L HEV/(m/s) TF ' o \ il II i i |0} i N
- : = opt g WA 1
BSOS R 2 O LR R
Fig. 5 Characteristic curve of common hydraulic damper —0.005 y IR H ‘I“ ‘ '1I \I f t i
1] L j
-0.010 ' 0o |
L2 AJ7 FLAS 0 DU ) Eh A 8 R R S I R _ .. . & . W .
BT 8 9 10 11 12 13 14 15
28 B BB S FLRE) L . 2 B s
. RTEBETRE . BT BR ik T N B
FONERE . BUESENGR HIR RS R 1) E——
IFEXT L2k, WL 6~9, K passive i 4 Fig. 8 Front suspension travel
BB PE Rl 2, LQR F2 ) A s AU 4% il & 2R e 1

e

http: // www.china-simulation.com

* 1822 ¢

Published by Journal of System Simulation, 2020



Journal of System Simulation, Vol. 32 [2020], Iss. 9, Art. 21

3265 9 M Vol. 32 No. 9
2020 4£ 9 A TURHK, %5 VO H B R R A sh B 3 e i il it i Sep., 2020
2.0

- —Passilep
—— LQR¥Z

1.5+
1.0}

e
N

KRB IRATAN
S
W (=)

| |
—_ =
w o

|
g
<

10 11 12 13 14 15
IR [ /s

Ko i iashHer
Fig. 9 Front wheel fetal movement load

6 7 8 9

T B85 308 A ) ek SRR g R A R I A - R B
IR ZE S R A ISR B 1TSS R R sh A SRl A
VEBE TR AR AR, X EL A HT 2 FhEZe kR,
x 1R,

F 1 BB TERIRbR I T RAE
Tab. 1 Root mean square value of suspension dynamic
performance index

MR B AR 5@?14: 5%
ESzipsy
AN A INERE rad/s® 07051 0.6107 —13.39
iiuﬁg&xﬂ m/s* 08139 06119 -24.82
T RHITE m 00050 00056 12.00
Ja BILATE m  0.0052 0.0060 15.38
A R Zh 3 N 456.9047 469.5761 2.77
JaRea Bk A N 3993708 414.6084 3.82

IR 1 AT, B A I R R IR A AR A
B ek B (1 25 B 3 [ 9% 30 03k B R A B A AT o T
FELLRE BN BEE 53 ) B T 24.82%F1 13.39%, 5B
TRZEPIREAS B B R4 & 7S B A TR 700 1
T 12.00%- 15.38%, {HIFEA I HRIRETHE,
PR SA GRS, wiERRshEeE BT T
2.77%- 3.82%, FERAVERSE VR A P,
EEZM AR /)N, 0 B3R R R PR AT P I
K E TEAFAE — E I JE o AT DO A A %
T RIAT B T, S 250 2 U 8 e A 42 ) R AR &

A, SR IR ] H AR .

4

o %
53

(1) #ESL TV HBE 1/2 R 285
NI, T T RS LQR Sz
0, IR T AT R R AR IR
o3 B A il SR

(2) HEALVR IR I8 Y B R SR T A A
(G A - £ 3h 2481 SIMULINK {5 B AL, {)5
HXT AT A ERe, SRR, IREMREY-E
BN SR )TN AR 4G R, H AR e 1A
ANER B, CSPIRPERN R ERR T A — T JE
A I8 B A TR R S A ) ) N R B S B o T
DL HAF o

=P U

[1] Pang H, Liu F, Xu Z. Variable universe fuzzy control for
vehicle semi-active suspension system with MR damper
combining fuzzy neural network and particle swarm
optimization[J]. Neurocomputing (S0925-2312), 2018,
306: 130-140.

[2] Metered H, Bonello P, Oyadiji S O. An investigation into
the use of neural networks for the semi-active control of a
magnetorheologically damped vehicle suspension[J].
Proceedings of the Institution of Mechanical Engineers,
Part D: Journal of Automobile Engineering (S1475-0902),
2010, 224(7): 829-848.

[3] w&H, KK, e, 55 RN 5S35
KT, RETHE, 2018, 40(5): 561-567.

Peng Zhizhao, Zhang Jinqiu, Zhang Jian, et al.

Semi-Active

Experimental Study on a

Magnetorheological Suspension[J]. Automotive
Engineering, 2018, 40(5): 561-567.

[4] Zhang H L, Wang E R, Min F H, et al. Skyhook-based
semi-active control of full-vehicle suspension with
magneto-rheological dampers[J]. Chinese Journal of
Mechanical Engineering (S1000-9345), 2013, 26(3):
498-505.

[5] ) HE, fLot, EAEME, 5 S AR WAL &
BRG], E DR EER, 2017, 15(5):
415-420.

Meng Guangyao, Kong Guang, Wang Zuojuan, et al.

Optimization design of MR suspension system based on

http: / www.china-simulation.com

* 1823«

https://dc-china-simulation.researchcommons.org/journal/vol32/iss9/21

DOI: 10.16182/j.issn1004731x.joss.19-0036



Jia and Miu: Optimal Control Research on Vehicle Magnetorheological Semi-Activ

5 32 %5 9 1 ARG AR Vol. 32 No. 9
2020 9 Journal of System Simulation Sep., 2020

variable cross track vehicle[J]. Chinese Journal of
Construction Machinery, 2017, 15(5): 415-420.

[6] Zeinali M, Mazlan S A, Abdul Rahmanc M A. Influence
of fuzzy-PID controller on semi-active suspension system
performance using magnetorheological damper fuzzy
model[J].  Applied Mechanics and  Materials
(S1660-9336), 2014, 663: 243-247.

[71 Wei C, Zhang K, Cai Y, et al. A new method of static
output-feedback Hoo controller design for 5 DOF vehicle
active suspension system[J]. Journal of the Brazilian
Society of Mechanical Sciences and Engineering
(S1678-5878), 2018, 40(3): 132.

[8] Fallah M S, Bhat R B, Xie W F. Optimized control of
semiactive suspension systems using Hoo robust control
theory and current signal estimation[J]. IEEE/ASME

[12]

[13]

[14]

Transactions on Mechatronics (S1083-4435), 2012, 17(4):

767-778.

[9] Zhang C W, Ou J P, Zhang J Q. Parameter optimization
and analysis of a vehicle suspension system controlled by
magnetorheological fluid dampers[J]. Structural Control
and Health Monitoring (S1545-2255), 2006, 13(5):
885-896.

[10] fmH5%, VPoeds, P&, . FETEMER S8 AE

RMEIR ERBIEARTE R[], [ REEE4R, 2015, 40(6):

1372-1380.

Yue Shuchang, Xu Yingzi, Liu Canchang, et al. Optimal
control of nonlinear vehicle suspension based on linear
control parameters[J]. Journal of Guangxi University,
2015, 40(6): 1372-1380.

(1] fEH Y, BROUA. HERAS P e S A S HOIRE B
AR GIAR PR W 5 20 A (7). JRsh 5 efifi, 2008,
27(4): 76-78.

Ren Yanfei, Chen Lifen. Effect of MR Dampers on Shock
Absorption function of a Vehicle Suspension System[J].
Journal of Vibraion and Shock , 2008, 27(4): 76-78.

—
—
[*)}

[t}

[17]

ER, W, B SR R A s s [].
PRBN TREEAR, 2005, 18(4): 438-442.

Wang Hao, Hu Haiyan. Optimal fuzzy control of a
semi-active suspension of full-vehicle model[J]. Journal
of Vibration Engineering, 2005, 18(4): 438-442.

WRZANP, BRI, #UFE, %5, JET Matlab Simulink (758
HLi 7 AR 5 AP B0 B [I]. A AL~ 2010,
41(3): 11-15.

Chen Jieping, Chen Wuwei, Zhu Hui, et al. Modeling and
simulation on stochastic road surface irregularity based
on Matlab /Simulink[J]. Transactions of Chinese Society
of Agricultural Machinery , 2010, 41(3): 11-15.

Yu Fan, Crolla D A. Wheelbase preview optimal control
for active vehicle suspensions[J]. Chinese Journal of
Mechanical Engineering (S1000-9345), 1998, 11(2):
122-129.

WOk, BT, EA . E RS R A M AR R
AL RETE T[T, RS AR, 2007, 19(23):
5459-5460.

Cao Yougiang, Luo Hong, Dong Hongliang. Study on
weight number of performance function by optimum
control for active suspension[J]. Journal of System
Simulation , 2007, 19(23): 5459-5460.

BUKMK, JAFLI, 0%, TR R R E
T 7 YR 28 i 5 R B (3], ML T AR R,
2012, 48(10): 103-108.

Jia Yongshu, Zhou Kongkang, Xu Xing. Design and
experimental research on the vehicle twin-tube
magnetorheological fluids damper based on pressure
driven flow mode[J]. Journal of Mechanical Engineering ,
2012, 48(10): 103-108.

QC/T 545-1999. ¥4 fal ik s & 28l 56 U7 ik [S].
1999.

QC/T 545-1999. Bench test method of automotive shock
absorber[S]. 1999.

http: // www.china-simulation.com

Published by Journal of System Simulation, 2020

+ 1824 -



	Optimal Control Research on Vehicle Magnetorheological Semi-Active Suspension of Four Degrees of Freedom
	Optimal Control Research on Vehicle Magnetorheological Semi-Active Suspension of Four Degrees of Freedom
	Abstract
	Keywords
	Recommended Citation

	/var/tmp/StampPDF/oqTTpyYIjF/tmp.1688103004.pdf.wQATS

