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Research on Damping Multi-model Adaptive Control of
Semi-active Air Suspension
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Abstract; Aiming at the problem that the convergence rate of identification algorithm in conventional
adaptive controller is difficult to follow the model parameters actual change rate of semi-active air
suspension, a damping multi-model adaptive control method, which could meet the high control quality
requirement of semi-active air suspension with parameters changing in wide range, was proposed. In
order to improve the system control speed, multiple fixed local linear models were established according
to the actual damping control process of semi-active air suspension for different vehicle operating statuses
and an adaptive model which initial value could be re-assigned was introduced to enhance the system
control precision. The model switching control strategy based on minimum error was used to select the
best matching model online and the optimum damping force was regulated by adaptive control method,
thus constituting the damping multi-model adaptive control for semi-active air suspension. Simulation and
vehicle road test results showed that the proposed method could improve the control quality of semi-active
air suspension in wide range driving conditions effectively and the vehicle ride comfort was improved
significantly.
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Fig.2  Principle of vehicle height overall adjustment
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Fig.3 Semi-active suspension model of quarter vehicle

WA BT B 1R RGeS i
mz =k, (t)(z,-z) +¢,(z,-2) +f
{m“‘z.“ =k, (t)(z, -z,) +c,(z,-z,) —f+k, (2, -2,)
(8)
b m—% 50 kg m,—— AR kg
k,(t) 23 U S R AR W, N/m
k——% G NI ,N/m

S E Iy, N

Cy VR A FE (A FHJE 2%, N-s/m
z, EHEENE ,m

z,—AE AR E AL, m

2 % 1H I HL IR B, m

IR GE AR A58 1 A S 5 A )

y=(z,,2, -z, ,k (2 -2,))

W 2 GE il 4y 7 AT el 'S RS 5 (8] U7 72
{)'c =Ax + Bu + Fw

X = (zs’zu"lzsv‘.zu)

(9)
y =Cx + Du + Gw

Hor,u Pl w o T A R BRI

0 0 1 0
0 0 0 1
A=
-k, /m, k,/m, —cy/m, ¢,/ m,
k,/m, -(k, +k,)/m, c¢,/m, —-c,/m,

INGESR S5 2 F ) AR SEM e 2R8I B 3 A Y 353
B=[0 0 1/m, -1/m,]"
F=[0 0 0 k/m,]"

-k,/m, k,/m,6 —c,/m, c¢,/m,
C—|: 1 -1 0 0

0 -k, 0 0
D=[1/m, 0 0]" G=[0 0 k]"
PR T5 #E 30 (9) #EAT Laplace 22 4 , a] 1%
sX(s) =AX(s) +BU(s) + FW(s)
{Y(s) =CX(s) +DU(s) +GW(s)
HE—2 15 2R Ge b A i s ) S 06 &R

Y(s)=[C(sI-A) 'B+D]U(s) +
[C(sI-A) 'F+G]W(s) (11)
W RBCE A (1), IR FH WChE J5 ¥ 047
Bk 15 R SR 2R G0 B R L AR g
A (t,q )y() =B, (1,q Hu(i-1) +
C (t,q )w(i-1) (12)

(10)

L

A (t,g")=1+a,(t)g” " + +a,(t)g "

B, (t,q7") =by (1) +b,(1)g "+ +b,(1)g""

C,.(t,q") =co(t) +c,(t)g "+ +c,(t)g™"

(i=1,23) (13)

Krf,m o on p AR IR, AT R 46 A R ELRG AT
BE,q " HEBEF. L -a,(t), -, —a,(1);
boi (1) o 3b, (1) 560, (1) ooy, (1) ] Ry A A5 B 2
BOHSREDHSREBRRAE S EIEAML,

3 ZRBBENES

EFEpRIAGE oL s SR Ry DRI FRE PR e 2
PG I, BERAE 5 ZARAC (] A e W8k Pk,
X R R IR R SRR S KRR
WA, H R 3 A A A M LK B i T A
HIRCR o A BRI 1 32 32 BB e 5L Pra il i
R S 2R, JFAE 13 A R AR I 202 T RGPk fE
FEAR K drefe e R AR 2R 2 M D) 4 D B R A 0 4L, U
S RO T T S B L, AT PRI 3 £
o B 05 52 B d5 (9 47 T P E o
3.1 HEB&ENET

H A SO B Al R 2 2 Bl A R AR L e T
TR, S By R Y B R, A R R A A
WY PR I AR RAR S A TR R . DR MR e R G AR
JEUHRL, 25 AT 3 b i TR ) A By ey A AL e 4% i
FERLATT 3 FfA [a] (9 04 4% 1F , 20 3l T3 i 2 Ao
SR NIBE SR J5 DL Oy e ol 7 9 ARk [ E 4
B, MTITAES J8C 365 L 42 o) v e o] BT 4

S5 Ja SR, DU S U A T X 42

M



354 & o Bl B ¥ iR

2015 4

AR G W R E T 158, 15 8] 3 Fim RN B R
B Y A R BE 4390 24 150 mm (175 mm 1 205 mm,
2SR AT G Bk 0.018 m? B #k for KL
510 kg, AR Z AR HGE LN 1.3 0% LR S5
A7) A5 B AR 2R Ar T 25 03 78 A W] o B e
2T BRI & K45 59 118 N/m 50 673 N/m il
43258 N/m [A] 3, 5 %f £ o B T A3 2 Tl
(FEAH 2 M7 19 120% ) F1 R K T 00 (3 H 2867 19
80% ) AT 43l 1155 th 25 AR R A I B R A % b
WS HRNLE FES KBRS 8 S iR
o RIS RS 9 PR e R
fi] i 55 TR0 7y A N7 PR IE T FR A W A i 1 B [
B, e R gefE R B, X L 51— R % FE 0T R
WA ) B 3E AR, FK e 3 38 B R Y ) (8 1
SRy PR I S AR A e T A 1 AT RN AR R S 8, DA
ARG e i 2 Bl slod >
B2 B0 B AR R G 7
(DRI B RELEH
y() = —a, ()y(t-1) =+ -a,()y(t-m) +
by, (Du(t=1) +--+b, ()u(t-n-1) +
(Wt =1) - +c, ()w(t-p-1) (14)
il y(1) =0 (1) '¢p(1-1) (15)
Hr
0(t) =[ —a,(t)- —a,(t);b,(t)-
b, (1) 300 (1) e, (1) ]
(-1 =[y(t=1)y(t-m)su(t=1)
u(t-n-1);w(t-1)-w(t-p-1)]
(16)
(2) %X (15) SR FH el #5525 0 7 S 5090
- - t—-1)e(t
6(1) =6(1-1) +- +¢f§z-1;T;(z-1) (17)
Horr,0(0) FR ISR A
e() =[y(1) ~0(1-1)"¢(1-1)]
00" =1 =, (1) =, (1) 3by (1) b, (1) ;
Coi (1), (1) ]

(18)
3.2 EEYHREN
AR G s AT RS e B — A Bl o E g
R LR SR PR B2 B T, 25 S8 K R S 5L P
i 5 P 2 A [ AR ) R AT O, S
BebE eSS b, B

t

L) =% alk) " ly(k) —0/¢p(k-1) 1

k=1

(j=1,2,--9;0<a<l) (19)
X a—AHEF t—— 1A B

0,=[ —d\ (1) —a, (1) ;b4,(8) b, (1);
¢ (1)), (1) ] (20)
o T2 F s R 3 A AR g
FEROR, AT HAR SN, B, 25 RO R )
REERACAL B . B 58, A6 1H 5 B 3 N G 1 45 s 7
By I7 M, 98 05w s ) R Ak LL i) 3R %K
2B, =(z,-2,)B, =k (2, —2,)5; (21)
A, 2% fa 2 o 29T AR, By By B 43 i D R VL 1Y EE
] 2250, 0 R GO RE TR AR LS

L) = % alk) "y (k) -0;¢(k-1)1 (22)

A y(k) 28 ) R AR Ak PRS2 48 i
B — RAE I 20 3 FERE R An (2 (21)) SR U
HET A Bl a8 R AR S PR gl A R P A B R 2 4K

j(t) =arg min ,Ij(t) (23)
SR B iR S RO A 245 18 35 A R
0(1) =6, (24)

3.3 BENESE
RS R GEBH)E T A, FE SR AR 2 o, KR
THEAR SR, 3 BN T A5 B S R g
(U EPXF R (12) 5 SO B
F(t) =P(qg"")A, (¢7)y(t) +Q(g Hu(t-1) +
R(q¢ Hw(i-1) (25)
Hop, P Q 1 R i 22
P(q " )B(q™') +Q(q )F(q") +AR(q™") =1
(26)
o A=1-q"
(2) 78 SCE MM 0 bR £l
SE2 NIEEER L M L< M, SR pR AL
o () EZAER, H 2

so(s) >0 (s#0)
o(s) =s (lsl<L) (27)
lo(s)l =M (lsl >L)

DR R EL o (=) St 28 B0 L M1 28 M A A o 5
(3) 7 SCARZRPE A 38 o 2 1 2%
S50 T 0 SCIR i B i s R 2 e A N R B,
A 28 1 2 1l %
u(t) = —o, [A"7f(1) +o, ,(ATf() + -
o, (f(t) =r(t)) -] (28)
Hrp o, AWRIER(L M) (i=0,1,- k-1)1
LA A, B L M 2

L, <M, (i=0,1,-,k-1
. (29)

M. <0.5L,, (i=0,1,- k=-2)
T LRSS,k FE S AER RGN LR

iy ()BT 2 H i r(e) .



%3 1

PIBESE S . 2 E s SR e 2 B 1 3d R A ] BF S

355

4 HERILFERAE

B R 3 g s AR R PE B 2 A [ B A
5 15 B AT SRR R N 4 A R R AT 3 T
PEAT T 40 R G000 M RE O LS S R
4.1 =HIMERETE

S5 G N T 1 2 B v B A X R B A B T
FEA S bras AR A5 50 2 Rl g R0 B T80,
1R,

RV LLE Y, Tl 3 84 X 4 5 5 8 1

1 #ANFETHR

R IR 90 T8 0 8 PP R4, T 2 R
R 4% 1 B0 8 B R T, — B B B R iE
B 58 B I 0 B R BB TR S
SO BEIAE Ty . 0 2R PR 7R 4 2 MO« M (LR R
5 e, = 1500 Nos/m, I HATAE m, =50 kg, #
ik, = 192 KN/m; F 35 BBOR R 2 BRI R B
B EE 4 50 673 N/m, 2 B T80 F 69 {5 245
W 4.5 s .

4.5 AT 7E O ~ 5 s 149, 20 3 I i
BT 5 M S L AR 24, (54 £ PR 8 M 1
LI I 72 1 /R 22 5,3 0 ol F 9
B 2 S LI ROV (L 5 96 B LN TR,

Tab.1 Typical simulation conditions
- an H‘ iE , 3 F %}FU%%W i} Ab\ﬂ\* (T\ ; in
fFEmf /s BRIAEH ZEd/ (km-h ™) W Hy {ESLIT By Pﬁﬁﬁ/{:ﬂ’ﬁ%i/ %E %i‘%l;jijl t
0~5 C 60 BB 5~10 s Al IONISSV‘],EE?4:IZQ'J&:1,D7K%/%7FE
TH 1 5~10 B 100 It % ﬂﬁ@%ﬁfﬁiT%/ﬁ,ﬁﬂﬁiﬁ@?ﬁi%ﬂ%ﬁ:?ﬂﬁﬁ J|
10 ~ 15 E 20 mooEE B HrR R S ROAS R IS, 3 T S 30O T AR
0-~5 c 60 o HE AR (14 BELJE g 42 i s 425 1] R0OCRAS 43 (U0 18] v e ]
TH2  5-10 c 60 R g3 ) o T 2 45 AU 3 N A ] 0 B T T e 20 AR B Y
10~15 ¢ 60 R [i] 5 55 Y, DAY 552 B R 4 1) 42 o 7 BE o
~ 8 e 0.04 o 4000
Y 6 B R el —EH BB
g al — 2RI BT M g —Z I B IS M A 2000
5 @ 00 ] J E
B ol ‘ | WW%M & 0ol Ll A' E o
EZMM . w ‘ ‘gﬁ%i Ofww m‘ M\f ) Jv ‘fg—zooo
i _a ‘ @001 S
ﬂi% .03 —4000
B34 5 6 7 8 9 d0o 11 12 B354 5 6 7 ) g 9 10 11 12 0035 6 7 & 9 10 11 12
B [8/s B} A/s B 1l /s
4 TR
Fig.4 Simulation results of condition 1
— ¥ H & R )
“— 3 — 2RI B IE M 0.020 A T 3000
a 0.015 — 2T G E R 2000
g 3 ‘ .
=2 £ 0010} Z 1000 L U |
o I il | B f & H H%E M‘]' (1M LIS
B of ‘W ‘ e " flillly & o005/ k ' }ﬂ\ m{ﬁ \ I = h (e i
B il (kY i “ OV T R 0 I HIW\“ | f\,ﬂ‘\ xl "‘ ®_1000 il ’
B2 ‘ \ ‘ B 0005 h i tx “‘1 W W IH S 2000 |
a2 —oot0 | iy - DT 000 —HEMEERES
& e 0015 ; ! —FEEAGNES
S35 4 5 6 7 8 o 10 1112 Y3545 6 7 8 o9 101112 %4 5 5 7 8 9 10 11 12
B [A)/s B (8] /s B [l /s

BS5 T2 fliEgF

Fig. 5

4.2 LHEBRAR

ARG 7 FCA5 2R o 2 ol 25 A S e 1 2 Bk A7 o
A, AT 52 B 28 2 4% ] 25 4 1) i — 28 58 3%, 1 G LAl
bR D2P 128pin PRI K G BLE 1R S B
KA iR T a2 BB e 2 Y B 3 Dy 4 ] 5 i
AT AR AR AL R A S AL PR T
SR AR S S A R dh A R ARG 1 kg
e, DT 8 5K 38 %
P EBE LB ARG w1 5] 6

7 B 25 R ] A LS DR A (7] il — 1 IR 52

Simulation results of condition 2

FESEBR . 6 ] WL, g8l 4k 4% i i 17— 4> €DC
( Continual damping control) i& , i i % CDC [& %t Ik
AR s DA AR B0 Bl R A P A, A T S B U s BELJE
FrE R 228, O 2k T g A OB AR BHJE 15 I 1 R
B UESEE 1A .

PLBEAT I AR AT 09 5 v G 4 il X &2
XFEE T D2P PRI R P B Y E g A AR R
Z Y [ 3 A A Y S B RE R AT 5 4538 B UG
$o Uk, 1K A7 EANE T BN

g g 2 R Uk H AR, R AT 1R % b



356 & ol HLOM ¥ R 20154

U TR STEE & ST SN E ST e
JrRSY I 0035 m/s* (HHLFLIERD) 1 0. 027 m/s°
(MM QB T L W W35 22. 8% LI B 1 3
R 7 o HE AT OB F 2 32 SRR 32
AR S, SIS U HUE S, AT 351 L A
0 BELJR RO R 5 7 2 4T P

& 6
Fig.6 Coaxial integrated strut with air spring and damper

1.CDC [/ 2. Wides 3. 55K W%

33 60 km/h i U] 46 £ 100 km/h ) 5% 42 3
R, 25 AR s A JsU Bl i, B o Esh s s
2R B ey BEASE 3 OH o v (07 U 45 B AL, 23 AU
FNIEE RO T R4 . Wk, %% T DUA sk
TEZ2 R0 [ 3 R 47 1) Dk k) 2 gl A8 AR AR S Bras
PR RIFERRE S o A TE IR ANIET 8 7R o
Hi & 8 mT LAWY A A 6E TR M A R A
AT [ A ) T LA R0 I A 4 e IR Bl
JE 7 AR, 0 AR N A A5 g R AR X I, % R

Bl 7 S840 T8 B A

Fig.7 Real vehicle test arrangement

0.09 0.08

0.08 _ 007}
B, 007 @‘ﬂw 0.06f
e & g
fl S 0.06 < 005t
ﬁ% — ﬁ% 0.04
5§ 0.04 R
2 0,03 2 g 0.03F
- : im
'E‘Lg 0.02 o=t 0.02f

0.01 0.01L

012516 2253154 5 63 8 1012516 20 2531540 50 63 80 012516 2 253154 5 6.3 8 1012516 20 2531.540 50 63 80
LA Hz HG AT Hz
(@) (b)
& 8 57 IE K I 45 R
Fig. 8 Real vehicle test results
(a) WM AERESR (b)) SRR E & W
5 s TE I A ) ZR G R M RE 0 EL, B IR T ] R

ZLTe

GEHYA R AE B RE |, 58 BT $E ] R AL S5 A E

(1) &5 &2 M p sh Wl EE R L bk Bz Bl IR 45 R 3R, A0 B 36 4% i 07 ik BE %

AR P e Pl R L 4R T e 22 B O B 4
773 BE T R G0 [ E R AN & R 52 A
T RHJE R F 3 R ] B

S B TR 2 B bR A S, o T Bl A R R
IR TOL T YRR PERE , R b SRAS 2 T 2
&7t

() ERFEFE AT T O T 847 T EHJE Z 48 H
2 £ x W

L gk SRIEUE Do Minh Cuong. HifrHLFTHE 2 3 ) B AL RSB SHRI[T]. AL HUB A= ,2013 ,44(12) :6 - 10.
Ma Ran, Zhu Sihong, Do Minh Cuong. Parameters matching and control of tractor front axle semi-active suspension [ J].
Transactions of the Chinese Society for Agricultural Machinery,2013,44(12) :6 —10. (in Chinese)

2 MBS PR RS 2 AR ISD BRI S SHURAL [ T]. RO MU A4 , 2014 ,45(6) .7 - 13.
Sun Xiaoqiang, Chen Long, Wang Shaohua, et al. Nonlinear modeling and parameter optimization of two-stage series-connected
ISD suspension [ J]. Transactions of the Chinese Society for Agricultural Machinery,2014,45(6) :7 —13. (in Chinese)

3 EE.BEE T AN BRI R T R BRI, IR R B AR AE R, 2014,35(3) .
249 -256.
Gao Jin, Yang Xiujian, Niu Ziru. Robust optimization and sensitivity analysis of hard points on suspension characteristics and full
vehicle handling performance [ J]. Journal of Jiangsu University: Nature Science Edition,2014,35(3) :249 —256. (in Chinese)

4 Guido Koch, Tobias Kloiber. Driving state adaptive control of an active vehicle suspension system [ J]. IEEE Transactions on
Control Systems Technology,2014,22(1) :44 —57.

5 OEAD AR AR L. EWBA SR d ok FE BB R[] Al HL A, 2013 ,44(12) 1 -5,



%3 1 PIBESE S . 2 E s SR e 2 B 1 3d R A ] BF S 357

11

12

13

14

15

17

18

20
21

Wang Ruochen, Meng Xiangpeng, Shi Dehua, et al. Fuzzy control of vehicle ISD semi-active suspension [ J]. Transactions of the
Chinese Society for Agricultural Machinery,2013,44(12) :1 =5. (in Chinese)

John Crews, Michael Mattson, Gregory Buckner. Multi-objective control optimization for semi-active vehicle suspensions [J].
Journal of Sound and Vibration,2011,330(23) :5502 - 5516.
g BRIC R, TR S BT A ARG B B A SR (1], R HULM R ,2013,44(10) -1 -9.
Yang Liuqing, Chen Wuwei, Zhang Rongyun, et al. Fault-tolerant control and experiment on vehicle semi-active suspension system
based on control law reconfiguration [ J]. Transactions of the Chinese Society for Agricultural Machinery,2013,44(10):1 -9. (in
Chinese)
Bao W N, Chen L P, Zhang Y Q, et al. Fuzzy adaptive sliding mode controller for an air spring active suspension [ J].
International Journal of Automotive Technology,2012,13(7) :1057 - 1065.
Yin Zhihong, Amir Khajepour, Cao Dongpu, et al. A new pneumatic suspension system with independent stiffness and ride height
tuning capabilities [ J]. Vehicle System Dynamics,2012,50(12) ;1735 - 1746.

KBFS AIAE LR, PR LB R S gl Ryl [T]. oA M4 4 ,2005,18(2) 199 - 102.

Zheng Ling, Deng Zhaoxiang, Li Yinong. Model reference adaptive control of semi-active suspensions [ J]. China Journal of
Highway and Transport,2005,18(2) :99 —102. (in Chinese)

TG UL M, B2 4 % BT R ER K LU R G KO [T] . HEBERLBE L AR %41 ,2014,32(1) :33 - 39.

Xu Xing, Hong Tiansheng, Yue Xuejun, et al. Digital image-based water level recognizing system and method [ J]. Journal of
Drainage and Irrigation Machinery Engineering,2014,32(1) :33 —=39. (in Chinese)

Hyunsup Kim, Hyeongcheol Lee. Height and leveling control of automotive air suspension system using sliding mode approach
[J]. IEEE Transactions on Vehicular Technology,2011,60(5) :2027 —2041.

B gl BT AR E SRR RO s AT A M ). TLIR R4 B AR ,2013,34 (1) <13 - 16.

Xia Jingjing. Attitude control of automobile based on inflation/deflation of air spring [ J]. Journal of Jiangsu University; Nature
Science Edition,2013,34 (1) :13 = 16. (in Chinese)

Iy e RBR TR, AR I B CE A (1) K24 2003 ,31(9) 11072 — 1076,

Fang Ruihua, Xie Yueqing, Lei Yucheng. Air suspension technology and developing trend [ J]. Journal of Tongji University,
2003,31(9) :1072 - 1076. (in Chinese)

T e INGE SR 2k EE E B RSB A E R R A 0T [T]. R4 B AR 2, 2013,34(6) :637 -
642.

Wang Shaohua, Chen Long, Sun Xiaogiang. A multi-mode switching control model for semi-active air suspension [ J]. Journal of
Jiangsu University: Nature Science Edition,2013,34(6) :637 —642. (in Chinese)

Alexey Kuznetsov, Musa Mammadov, Ibrahim Sultan, et al. Optimization of a quarter-car suspension model coupled with the
driver biomechanical effects [ J]. Journal of Sound and Vibration,2011,330(12) :2937 —2946.

VIR, 2206 A%, 2 a2 LB SRR MEM BL S M e thl Sk [T ] VLIR K224 AR 27 i, 2014,35(6) 621 -
626.

Sun Liqun, Li Zhongxing, Xu Xing. Quasi-sliding mode variable structure control and test of semi-active air suspension damping
[J]. Journal of Jiangsu University; Nature Science Edition,2014,35(6) :621 —626. (in Chinese)

PR, LB T SRE B E N ERELEE AT EES h ALI]. HLEE A ,2002,24(1) 116 - 19.

Li Xiaoli, Wang Shuning. Application of multimodel adaptive control algorithm in robotic manipulator control [ J]. Robot,2002,
24(1):16 —19. (in Chinese)

MR 20, £, 5. AR MR 0RO FE kO R A BB [ 0] HEEDLAL TR 2% 41,2014 ,32(8) :652 - 657.

Shi Weidong, Li Hui, Wang Chuan, et al. Numerical calculation of inlet prewhirl flow in low-specific-speed centrifugal pump
[J]. Journal of Drainage and Irrigation Machinery Engineering,2014,32(8) :652 —657. (in Chinese)

EA, . SRR A E MR [M]. et Bhed d kit ,2001.

BATE. SRR O A R TEE R AR B R R R S L S PP (D). B A AR R ,2007.



