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Abstract; Vehicle suspension is one of the important components of the vehicle driving system, mainly for bear-
ing the weight of the body and reducing the excitation from the road surface, whose performance directly affects
the safety and handling stability of the vehicle. It also has a great impact on the riding comfort of the occupants.
The traditional passive suspension structure parameters are fixed, the vibration damping effect is limited, and the
semi—active suspension can change the damping and stiffness of the suspension through the control algorithm,
which can achieve the same control effect as the active suspension, and the structure is simpler and lower in cost
than the active suspension. Air springs and magnetorheological dampers can change the stiffness and damping of
semi—active suspension, respectively, and are important for semi—active suspension damping. On the basis of in-

troducing the working principle and single control strategy of magnetorheological semi-active air suspension, this
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paper focuses on the composite control strategy of magnetorheological semi-active air suspension, and finally

discusses the development trend and problems of magnetorheological semi-active air suspension, so as to provide

further reference for the technical development of magnetorheological semi—active air suspension.

Key words: magnetorheology; gas springs; semi—active suspension; composite control

Citation format:I.I G,CHEN D F,XU H,et al. Research progress on composite control strategy of magnetorheological

semi—active air suspension|J]. Journal of East China Jiaotong University ,2023,40(6) :86-95.

B A 2 AN T I R A P4 R L U
T2 H R, AT PR R T AR A 2T H
WA T SO A e R S 2
TR, FrEc iR T mAURIRSh 5t 23 A
DA B 7 A 77 I, JE R B R A
S OCHE AR B S UG W I R, AR LR T
Br 5 42 B () ) A% 01 B R B X T IR IR R
2 ICH BT, Ak BB 52 i 1) 42 50 A 17 Bk S 5T
FIFF AL EF1E PED, 15 58 B — g U AL B AR AN 28 R
BARTE—E R RS IR B B AL R B e sl
W2 TS 3] i A 19 2502, (EL RT3 134 91 R A PR L >4
e A R I St B A G e A AR G ) B
B LR G BELJE 2 RN A8 SR AL RE 5 AT RO D X
LB [ HAE — R Yo B A 4R = IR R, 7R B R4S
Fay ] 5 B AR 0, I T B 2R b B4 1 D7 R IR AR Y
AR BCRAT AR KA 283 A S G iy 22 3 K
WFSEN AN BRSO T AR 22 B i 5 1 7
5 B GE R B — 1 05 I AR P AR —
BRBE |, JC ki AL AT B 1 R A X TR AR O T A
IR PRI, 2 AR I A A T B A TR AR A SR
{14 25 525 1o i 3 o £ R T 7 Ao e 22 Ao el
IR R P 7 Tl R W A S BRLEE e 9 4 A SOR o AR SCHE
I 2 A 2 R R g o S 11 [ I 485 5 [ P b
FOBT AT TR F SO R AL B S R
HR AP R AT 2308 | d Jm X R A~ B s
R DR T SR 4 e B DL K] B 2 T Il F) AT
RV IEAT VS . G 32 8 2 R AR il o
s A BT SR Bt — B 25
1 BZREEH

FT T A2 AT B 0 B i AT AP R R AR AT
B A R 2 32 BK A I A AL , 4 e
RS SRRy T g Rk e O K N E &
(RSl 32 e 4R I 2 Bl e A P S P RE T, anfAl

(C)1994-2024 China Academic Journal Electronic Publishing House. All rights reserved.

AR B2 B P ) 7 SRR AS [R] 20 LT 378
KA W B BB RAL AE EEhE A,

1 58 10 9 3l B 2% hy 5 T 1 DL R B e oo R 4
B, R — s R B REAE U0 A AR 3, (EU TG
LM S — 0 A T U B USSR ROR &2
BRI R . = B 2 A IR AT BH e A 22 3 15 B
I ] DUAR 98 47 B 1) S A5 20 AT 11 38 L 9R 48 | RE S S it
b O B AR A W B, AT DAY 4 1 IR 20 30 A AL
], L PR G JSCA 5 ey LA 42 1) R RO A BRI
LR, AR EIRE RN, A E B4
G AR R W B B A S ST L R B e T 1 B
4 TR R R AR RO R e AR R AR I i
i AV B A A A A AR T B A ) 4 A G Ak
DL 2 Hods 4 08 B BE AR 1 1 W B2 2 el fHLJE & 8L
PEATIREE DT A 4= 4 et PR s

Car body m, m, m,
Suspension C, C, /
P k. k. ko c.
m“ mu mu
Wheel k, k. k,
Road excitation
Passive Semi-active Active
suspension suspension suspension

E1 &XEREHTEE
Fig.1 Various suspension structure diagram

H 19 8 h IR R LK, =B8R an
T 28 L | IR0 19 3l 5 3 44 i o
KA ARG (R ECAS M52 B . XAl
AL ZR G ] LRI 8 116 T 52 77 119 7 1 ok T B 8 e
AIRIEE . 4 JLF B AT A0 Y s 2O B 2 4 R
P28 ARG i 80% 1 F 1 4% Al A T IX — 4%
Ao BEAN BRI bR s R AR B L o A PR
I,

http://www.cnki.net



4443

xR

i

b

88

Jo

R 2023 4

0 3 72 L 2 % 5 T G 9 72 R T AR A )
0 7 19 478 3 6% 3 3 1 ) T 78 R AT ke A L
JE 28 B BEJE B BT B —Fh TR B 20, A
3 RHLJE I3 K 0 s ) PN ) 7 ) R L 4
R FAA R & A ] O LA — S o
R O ASE TS Y,
2 HMRTFENESEERIEER

T i A8 2 32 3 25 R R R TR R I AR B e
Kz 5B A AT E - ER AN E L R g, v AR
B 15 B A R G BHLJE 3R B I B Z R, AR T

— Ry BB B R S AERWE 1R

R PR BE AN G F AT S S ARG
AR B A PIFIE 3, — PR K B A B e 4%
s SO ST 2228 | I AR RE S T 73 A 15 T
RE , (H 75 2209 20 3% 23 A OROK, ANl & 7 R B0 4 I
T 55— T e e i U A B i 4 e A 25 s B
0, BRI AL B A 5 A T A U A — > T
PRSI, b 1 23 AU ) AR L {EL 22 2 i ofs
ZE AT ) T A R e )s , F AR R A A T B
FJRAENN P 2 O g AR~ T 3 2 RS R i R

=
=34
Jo o

Air spring
MRD.

Air spring
MRD

Control
center

MRD
Air spring

MRD
Air spring

MRD control circuit Air spring control circuit
B2 BMETH+ENZTSEREHTE

Fig.2 Control diagram of magnetorheological semi-active

air suspension

A5 5 30 % R AR
1 90 O R OB T R AT 2 0
S5 LR O 08 4 T 2 A 5
PR E T4 53 2% “UR AR VS F 5 B
B LA,
21 ESBRTERE

23 R — A R T A O LT L AR

(C)1994-2024 China Academic Journal Electronic Publishing House. All rights reserved.

TEAZ 1) 5 A 4 i, RO B9 e 4 R T ™ A 1 i
JIATRSZ R A 2T, R T A D B s A
FEn] Ao o LABR i A I8 O 2 A 4 52 AORT LG
AR Oy A IR s R AR AR R D 5[]
FAAE A s R, 181 3 AR 2 R
5 BN A

F F

~h +h —h +h
Stretch Compression Stretch Compression
Pocket air spring Membrane air spring

B3 =SHEIRETER
Fig.3 Schematic diagram of working principle of air spring

25 B EE IE TR I 32 R A X L T
() 46 25 SO VR T 0 SR SRR & B T8 X
SO0 R I A HLAR S A, PR T DLk ) R A 2%
ety B e AR IR 5 A AR,

22 HMRTHEESIIERIE

B LR AR B AR A5 R I 4 TR, £

6 8k 5 JEAT RGN WG A AR W A AR A R

Magne
torheological Excitation . -
Piston rod fluid coil Magnetic line of

force

Piston head Cylinder block
B4 mRTHEREMTEE
Fig.4 Structure diagram of MRD
I 2 S b A MR R P R 22 2 il 4R P Y I
B2 8 ] DL I 2 B e AR AN, O S T
AR R R R TS A A L e A A
IR ZEAT 55 606 =22 6] A ) Bt ebr o 25 40 50 R IR 25
i i A% BHLJE % T8 RN TRl 2 B A TV R L A
Yy, 5 BORE AL WA R R R A AR A AT 51 R
il 7 7 R
20 ZE Sk A L N ROCEE 52 0 S L Bk
AT E WA T O3, 16 ZEAT AR SN D AR T
AL A 2 e 24 3 Bl 7 A TR U A 3 2 Sk Y 5 s

http://www.cnki.net



i 6 A BT AL R A R S S A R AT S ik R 89

{3 o A e T 9 112 el S B2 e O 81
AR YRR BT D)V 77 2 Wil il 3 WO RS i R AE X
IR N, BT D) IS 8RB ) o MR AR 2
[F1] 14 59 U1 A T mT Lo A= ol sl 25 45 i 8 B2 T 9
Bl B R G,

A 2o A 1l i A FL I A9 RN AT LA i A B
JE Fiw AR B 7 50 R, DTG 42 1) i T A BELJE 8 7 A
S YT A7, SE BRI AZRH e A7 64 R
3 MREFEFERE—HIRE

gl =P QN Rl P N PR WNLA S X R A
ZWIBETE  BRT T IR AL~ T 3 23 R A A 45 o 42
W75 3% o XTI A TP B B A5 O 1, L
FE MRS 42 PID #2] SeiEE | A &R
] o O 2% A ) AR R RO R 4 O HL
&) 2N T s B AR S,
3.0 KBRS A0 AR IE I

R 4 o4 R0 B 42 ) A X~ S gl A Y 4
1 O U REACHE LAY, A 5, R T i
Be—AN R 7ECHL 2 25 T I AE XA S AT
AR R S A R Z WA — AN BHJE R GE, M
WD TR A A ELAR B, (HE S PR AR R O
AR A HB R S B2 2 i L A
IS RE ELHRAE AL L B AR N, R i £
TR O SR, IR 4 o R B 4 o 7 — R L
A LR A — X R o 2% 8 A 2 40 )
PR BT AR B, WA B SRR 7 BT IS A, M
A 0 ) F 2% A A AR AR B R R A IR B, P
PO A B AR E |, B 7 Pk A i 4 o O A B 1
PR A (9 B AP HIOR o (eI EERE b2 P i
T A Y TR 47 g S A 4 o | R AR A
Bt 1 — 7 BB KM BE e 1 i 4%, 9 R AL A
LU B R R G 5 TERE , $R 2 Rl 5 /Y

Cy
sky m, X m X
c c,
k Xy k X,
m, m,
C%
kl z kl z

Ideal model of ceiling control Ideal model of floor control

5 REAFNHARIEARRE
Fig.5 Ideal model of ceiling damping and floor damping

(C)1994-2024 China Academic Journal Electronic Publishing House. All rights reserved.

S ECBY KA BE S F B GLS BY IR o Argyrios 522 )
o T M A ) R A ) e R R
2 B A 0 S A L 1 S HOT 5 1% G2 Y BB A
PE HEAT XS LE , A5 R R, Btk B 23 0 b W 42 o
A S A IR RIOCR I T Gt B MR
3.2 PID #=#l

PID 2 8l MFR 2 He 1 (P) B3 (1) 353 (D) F
HTAR A B hr i =ik Xk

w(k)=Ky e (k)+Kse (k) di+K - (k)

A sw (k) 4 i 25 B R e (B ) 0 RGERY IR 22 5
K, N He ) 380 K R 80 Ky D o 28

PID #4519 P #4311 LA He XS R 48 10 i 2 i
A7 B I A TE (L S0 A A 2 (T A5 2 ) 25 o Mg s A
PR R RURE T AR U AT RORE 22 i A DR 22 5 AR R N
I BRTE LLBIRR 23 7 A Y 22 | (ELIA et e PR IR
AN FRGE R i Rz S [T 3 o D 23 U R L i
O S JEE DRk W 157 B [ PRI T S B o R 2 AR
i 42 0 A S PR BESRIE Y PID BY 3 0 4R S AL
PLIS B e i 4R 0 OR o T8 0 o JE 4
MRS HOAR I 2 M, Rong ™3 2o 388 1% B 9645 H 35 17
RRHY 3 N 4 SR T —Fh PID 4R 8, 2
o SRR W0 A B A A IR A B AR R B4R T,
TR PID 5 1 5 iz F 2 L SR 4 iy A48 b Of
i i f 0 Bk TR B A R I A SR, AR SR ]
1 —PID S35 BEA AR R B 2 R G Y IR AR
33 mMES

i (0 B ) FLI S AR A T LA 9T B R G it A
il fe, AT BT G B — A PR B4R A 2k
REFE Am s B e It o I e D048 ) = 2820 3R A il sr
PFE R G RRETT R, Bl 5E &R G0 H Ar R 5, SR A e
LR BRI

i DG A o T 2 DRk I A 1) A A 24 TR 3
AL H AR ek £, BB L E B R R ML H i
Al , e 2 e A i, LA B RAEE B R R G
PERE . Fh T B g ] — A T 2l X G — Atk
G, i LA A AR LM B A8 R e i v 3 Y AR A
T S2E 5 A 107 14 A R, KA B o 4 o {0
P MR E A Af s S B 2R sl A5 /R R MR B 1852
DAL Ty 6 TPEREFE ARV A oAk B A5, %
AR SR TEREMUT Al ) POEE T A 7
HE S8 B 1 — PR 5 9 2k oF 3 B4 LQR

http://www.cnki.net



16

90 e K 5]

b

R 2023 4

P g BT, BT BT po4a il % nT LLE 2 1 AL E S
BORAR AL T 20 F p PEREFE A5, JF HAE LQR 45
el b, BRI T — A ILQR YRS . LT
LQR # i #% , ILQR i i 4 7 25 & — > Je L 4% il )
G HE R AR AT AL AL i AR s AR AR T
Py, 45 R R W2 4 R 08 A R THBEALHE I |
' BRI THT 1) 3 Al &7 A M M RS E PE L AngelovPi
b X A R Y BT IS M AR E PR AT &R BT kAT
R o0 Ar, TR T M R A I T A% LQR
P e H AR Ul e LY o de o fas il 1 JR BR Pt
R 32 SR A S DG4S T 1) AR R AL B A A
SR R TR ) 25
34 BHiEMEH

oI T EWTEAT e FE b B B 25 R S HE R
TEARWI S BN B ARG S D AEL R
g5, PRI TE S Br i 5 ) G B e G BELR A IR R
ZRI) 2 TSRO AR A, 0 458 A BT X AN
RGO — R ES R, B RA HIEN BT,
REA% A 3 I B AR /Y [ v S B A (R 5, L&
VLA 2R Ak o 37 45 ) B A e ) ) AR 2 1 1
H O BRI (B a0 255 Ml 2 0 42 1 ML A ) AR 4 42
X G RN Bl 1 B A5 R B AR Ak i — P RE 4R A
KB BCE R . Yao 5P [ 38 I 4 il (1) L Atk
ey AR T A I R Y 3 3 AR A
R D T AR 2ok A b B I R T AR RS
JE o ABAESE BRI I b G T A 35 N 1 B e S R
FooR, HLPE ok 00 B b R A 22 5 RS BB A, A
1M 37 4 1 AN 3 A B A S B Tl R
3.5 #HEMEZES

il 25 ) 2% 4 o] 2 T N 2K R ) B 9 il I
X N2 R A A 9 A 16 A T R 1) — b A i O s o
25 P 28 2 i AAEL T N 2R R Y 25 R T RE , ph R
FAR 28 TOAH B R T A, X R AE A5 B i 7 U5 4%
ST AHLAE A6, B ph 2 T AT DL R A 5
Ao X B oA 2 iz 507 AU A pl 2 ) 2% g
ARGF 1 38 PR TS HERE T o PN T — i
T N 2% 1 R U R AR T e R el 2 I 2% R
A RO FHRE SR RGNS SRR s )
TR 28 ) 2% AT YN 545 HY 1 3 7 2 280 (B Al 8 0
ZEAUE) o Guo FEPHR Y T —Fh (145 2 J2 1 [n] #h 22
P 28 1) YK Bl % 22 S In) A% 7 TR vk A M 28 I 2% 4
il 77 AR T G 2 LS 4% 19 2F £ 3l B R AR

(C)1994-2024 China Academic Journal Electronic Publishing House. All rights reserved.

U7 HL LG P Bk X b ) 75 3 A Rk (R
3 0 245 27 T ) T A OB T R A VI R i T L
R A A5 R R AN AT L
3.6 BEES

T A ) — i RR IR B AR e 5 ) D7 0 |l i
A AT AT T A A ) R AR R G RS A
2l B 1AL T, R0 % AR T S, AT SE B X &
GER P o o i 5 3 LA R A AR R
RE I X 2R GEA7 A6 19 AN E PE AT 3l , il T A e
45 g ) B0 0% 7 AP L o 7 P AT b A A A A
GUSAFEN T T2 N o Khan S0 T —RROE T
A ) SR Y T B R SR A P R G Ik T R
il AT RO, JF7E S 56 vh & BT B R R T AT DL 4
o ER AR AR R O ELAT LAY 0 s A YR 4 A
il R PR IR, P DI R R ek,
Wang SEP Hy 1 — A 2 il A4 RR D11 45 iy 1h7 A — Fob
TR B A SR T Bl b T X R R PR R AR 9 AR
o3 RUBERI T S Uk A 1 3 A ) B B o A
i F AR B E RS (R A g AR e

1 5 TR AEL A T R TR B T — AR R B M A, LA
il e PR RS TR A 2E

37 EHES

PO B o R — R R R Z H
ARG, X R G AE 1 il ) 3k A b A AR e DL IE
Wkl RGN sh S H B R AN A 6, B
Ja ] 30 A A 4 o B 0 A R L o
F gl A RO i BARE & LU 3 A4

1) X A AT A | DL A4 i A R

2) X A AT R AR e

3) A 5 i A T RO T IR AR N A S
JeE BE PR

AR 45 1] SR W 52 5 AR 2 X AR 2 o 4 ) A5
TR0 28 47 A B 15 DT S 9 o 1 — R A R
27775 . Sebastian SR T — R BAT = MIE SR
B PR B ) £ A B 3 1 2, T 2 R A R R
R OR T EEN AR BELJE # R AT 30 ) A UE B AE
Bl = B A BHL R 8 AR B 5 LT T A X 4
IR G AT R FE T KEFRTSFEPSLL Sigmoid BEAY L
TASBLC# A HIXT G LA 4= B 36 ) o A
Pl H AR B vh T — ISR 4 1 D vk AR 4 il
DARLE Mo PP T 4 B R G T s AT
TR

http://www.cnki.net



i 6 A BT AL R A R S S A R AT S ik R 91

Fuzzy input  Fuzzy conclusion

Real input Real output
XI Reasoning )1
machine
X, ¥
Fuzzifica- Defizzifi-
. tion cation
X, Ya

Rule base Data base

Knowledge base

6 RS R
Fig.6 Fuzzy control principle

3.8 Hfthi=Hl

B0 R A 42 ) SR LA T A A ) A G
RN RS AW IR R Bl R T —
L6 T ) 2 T SRS OB UE T AT A R

T EEPNERAL S B AR R AR T — Rl
ST am Al IR IE Q WA R 7 vk il XL 5
] SR ) P 2 A A S RS E B Il
F1R) 8 Tl R S TR TR QIO 2 AT S, DA T i 5 3 Y
R/NBEIAAE o DT F ) 4 5 8 2 i o 3 od e L
TE B T4 MR v 5 o A B W O
ft . Huang ¥4 i 7 —Fl Udwadia—Kalaba #2177
B, PR O T DA B SR R AR AR
2y FRAH LY AR AR 2 SR ) 2R R R 2 R O
18 A UL ELUE T 3 o 4 1 5 0k BE R AR S O
PEFT A R )
4 BMRETFEFERESEHRE

B ) S B0 AN W7 TR L KR O TR T Y
WFSEN B~ 350 BRI S A AN T TR 45 T 428
R s R A B 2R A vh A5 B ds HI IR REAT T AH N A B
T (ELB— 0 45 1 SR A 52 P A A8 B 4 ol e v sl
B B AR BA — € 1R BRI A
1R 27 5 AR AF 50 3 i v ok B3 i £ T R A A
DAL 9 53012 R A% A A58 il < B — 42 o R s ) i
Bl anAE1s I PID 45 i 5595 64 4 7 v g R A X R 7
TR £ 3 45 S8, BRI  R  E 45 S R
o 2R A S A B0 AT RE LAY B AR N 22
5 B — B TH IR 2 0 4 S HOF A RE IS B BAE Y
PR AR R Ao 2 00 4 4 o)l RSORY 42 1 W A
Bl ol 5 3 3 ) 39 i 2 R4S PID 8 1) e KPR EE &
HERGHIA, BARP IR RL HAZ
B R A 25 G e b R 5 1 D B 4 o
Py, 18 A 1 o R4 50k B B SR ACRAT &

(C)1994-2024 China Academic Journal Electronic Publishing House. All rights reserved.

T A 4 ) Oy 1 3 AL R M AR ) PID 45
e 45 ) 0T A o
41 ETXRHMIME &= 5K

TR A2 ) R b B A ) e AE R R A
B S BRI TR, BRIl B b & R R 3
PSR TR H TAEREE BRGNS
i TR

T R o AEMIZE G R4S T R b A 4 ) 25 A AR
RN 7 BRI IR T — AR AR A R £ 80
B B %R R R G AN RE W I 48 T
T B[R] E e B e )N 2 4 Bh e R RER i B 3
fif o Song FFUME T —Fh 7 38 N KR 7 R
ERrNET I EAPNE AP Tk S T N = B
o7 45 1] T 08 A 2% b 35 1 DR AR AR A i O B ) 1 g
240, Zhang FWME L5 G 1 AT EBHPE A A] I8 BH 2
AR B B T — OB ) 4 o SR O
FETIZBE AT T BUE AL UEWT T A5 R
AR, XUHTSEITE £ 5 43 B IR B 458 1) 0 b W8 42
AR IR A 2 I, B T — 0 S e A5 =X 0 4 1 Y
AR

Cos

B 7 EERE RS SR
Fig.7 Ideal hybrid canopy control model

42 ETF PID EHME SE IR

H AT ZE LA Tl 45050 PID 48 il 2 d5e ) iz il
R ® ik Zz —, AW et A E &
BT Z R Y PID Bk T s IRAS [a] A 422 41 )
RO GG Shy 3R SR G40 SR R v R AT LA T
W PID $5 46 5 by abt e K i 2 B 13 B4R AR 9, AT LA

http://www.cnki.net



£

92 SR

i

b

Jo

R 2023 4

{dE 1 PID B3 73 B 42 5 Ay A 428 ) X R AR e [
£, LA AR KA 25 PID 505, X Sl Bk TR
FLL R A UG T AR R ACR . A TEE
REF R 19 & v b B T AR 25 B8 PID $5
5k o A PID #6109 b F2 vh | e K By ME 7R T e
2 3 MG sS4

Jst i AEL S 0] o A 42 o % 5 PID 45 % AT
Wt RGEE2EB/NEER A PID 4524 & g0 R A
A TR ZE RS R BRI 26 , anfE 8, Carvajal 4514
PR T — PO PID 4210 7 12, ) P ASOR 42 1) 7 42
B[] B PID #2400 3 N3 25 240, Lin 5519
A Kumar SEHSFR X 33 42 6 SR g 194 ROk AT 1 5
IE, IEBBOE PID #5054 3 o B8R R G AR )
P 77 i R B A [R5 22 BhoRORh 15 5 % e o 4o
i AN I el N [T EI 2 Ns 2X  o  vR
FHAZ B8 X5 A50R] PID 42 il 4% 79 S A 18 B30 4 08
AT RS T N AR AR PR s T
T ZE B AT BT EHRAFEORR T T — A 2 )
ZRASORY] PID 42 i SR, 78— e RE B T A
ST R A E e

Pavement
Adual damping excitation B
force . P
MRD Vehicle system
XXy JAC.h-JACIW
Control
current K, Speed
PID Fuzzy K,
K., controller Ki controller
K, " Relative velocity
B8 =M PID =5l /HIE

Fig.8 Fuzzy PID control principle

43 ETEMEFNE SRR

R T ATE € YRR AR RE 0L i AS
PERE A8 i 1k B AR KA SO /IMEL, (H 2 5 7 A
FE T 5 =l 300 ) el T 2 8004 2 B LR B Y A b X
ARG A SN R A R AR 22

Almares 5P HH — P X 242 40 o 32 00 DAL %) i 2
T3 ek R A R Y A DA SR (A R A
FRGUAE &P 15 VN 4 Ve Z 1Ak B —Fp oy i RS
5K E B 25 2 S A e O 45 ) A R L R BT AR T
2 E R A L R A A E S 45 R L B
o 42 i 5% T ¥ T B G Ak I A 7 E Al B

(C)1994-2024 China Academic Journal Electronic Publishing House. All rights reserved.

e, BT Tl R TR A A YRR e I 4 A 4%
Fogz il R A 9 P o SCHe R W] 78 AR UEH A
RERYATHR T, 3Bl fie 0 42 i 45 ] DL — 25 400 ) 4 4
AORFAV 3 o 45/ % 0, 0K Al 42 ol 8 R LA AS A 4 G
ML RE A7 B0 T, B4 42 1) 4 50 1 ARFAAD £

Optimal Optimal state
Overall controller feedback
perfomarce K
index Semi
Inverse emi=
model active
Desited suspension
itch Damping force
grgle constraint
Fuzzy Pitchstate
controller feedback
B9 {FINFBEME B EE

Fig.9 Pitch fuzzy free controller principle

44 ETBEEIZHHESERE

TR AL o) B RO MR N TG R S AT R A
WS BRI B A R AR R L B AR 2
B B A SRS TS, L RETE M Sl A A ThT P
A AU A o] ) T 8, X LA A i 2 T S A A T 1) T
W iR shy NP2 AR Bk . O T A R — [, A1 G
U A BRI TR AT 58, XI5 KA
P T — b LS T8 A o SR, L 32 AR
JEAE T AR 0 AR F AR HE A T D S 38 4 1 5K
IFaa B 7E5 n—1 AP IR I Y — Rl AR
OrAR AT S A e 5| AR ST R i B
SR 2R G0 P LA, T3 5 1 R 48 4 sl Ak
MEHRIE, ZHNISFEPIE TR A E s s BB
T — RBP4 ) Dk T e 9 R A o 114
W FRIE AT S A B4R X B T RS RE 545 e DA T
T RERTENE . RUIEPE X 1/4 4252 330
B BTE T — i Y U A T SR I RS R
AW A5 TC B2 0 0 T TR 2 8, O Rl 1 R 4
IREEE Y

&WIE

FAT, F Esh 8RR E 2y TGk iy £ 2
LR, TR RS ) S B TR R A T A e AR B — 4
) S W I R A 19 Sy BRAE R AN ) 1) 92 1 77 32 EA T £
B B R — SRR B B 5 A SR R A A
A BEERIVERE . S A P I A 2K P Rl B AR LB

5

http://www.cnki.net



%6 0] AR R T T B A R B S A e I S 93
A 3k AT (] BB ER A A s D I il (9] BB, BRTS A  SRIFT D, 55, B 5 2 SRR R i AL 2

SR e AT LIRS B R dr RO PRI AR . P, B AT
BRI I B G 4 AR IR RIS S )
SR — ROMERE A U AR BHLJE % A s B AR
SER BT L2 5 R B AR T SR (R, N, BE
JE B B4 52 I 8] e 2 R AR B A A 2R
e AR BT RE AL 3 3 2 B R 5 P il SR
I 38 107 £ 2% ] B Ik s 9 A i S A £ TR RE

PAIK B 4 AR didie e AR A ROR

SR
w

B2 3k

[1] Eh A, 2ok ]GRO AR 1R 4 E8h B AR R e iy o Oy vk &5t
R[] H TR ,2022,1(8) :10-30.

MA S,LI' Y M,YI S D. Review of control methods of auto-
mobile active suspension system[]J]. Control Engineering,
2022,1(8):10-30.

[2] WANG R C,SHENG F P,DING R K, et al. Vehicle attitude
compensation control of magneto —rheological semi —active
suspension based on state observer[J]. Proceedings of the
Institution of Mechanical Engineers,2021,235(14):3299-
3313.

[3] BIBAR. VR4 %8 B A RGeS UIE 2 A B 42 1) 58 i T 5%
[D]. L BA 2 BE Tk K 2% ,2022.

LIANG X D. Study on ride comfort analysis and control
strategy of automobile air suspension system[D]. Shenyang :
Shenyang University of Technology ,2022.

[4] skttt e, 224G Bt , 45, 32 3l B4 i 2 o 3R e s o O

WA 5T ()] HEHr AL A FH A2 4 42.2022,49(4) . 3-7.

ZHANG S L,LI J] W,CHEN B, et al. Research on control

strategy of active suspension height control system[J]. Trac-

tors and Farm Transporters,2022,49(4) :3-7.

WANG Y,OYA M,TAIRA Y. A new active suspension

control scheme for vehicles considering steering stability[J].

Artificial Life and Robotics,2022,27(4):812-817.

[6] HROVAT D. Survey of advanced suspension developments

[5]

and related optimal control applications|J]. Automatica, 1997,
33(10):1781-1817.
[71 2R, B PRAE A e, 45 AR G i A sl B A B 1
SRS BT FE (], BARH & TR, 2022(8) : 1-9.
LI G,HUANG Q S,NI L, et al. Study on compound control
strategy of vehicle magnetorheological semi-active suspen-
sion[J]. Modern Manufacturing Engineering,2022(8) :1-9.
[8] oKy, 42285, THRHE, 45, Bt SUV 4 B 2 U S 13t K
BIR[T]. R ITHAR ,2022,47(18) : 75-78.
ZHANG H,LI'Y B,DING D D, et al. Design and test of an
SUV air spring]J]. Practical Technology of Automobile,2022,
47(18):75-78.

(C)1994-2024 China Academic Journal Electronic Publishing House. All rights reserved.

JE[J]. T LA, 2022,53(5) :80-85.

LYU G D,CHEN X S,ZHANG T S,et al. Development of
lightweight air suspension for commercial vehicles[J]. Con-
struction Machinery,2022,53(5) :80-85.

[10] LIU H,LI Z T. Simulation of semi—active hybrid control for
air suspension[J]. Korean Society of Mechanical Engineers
Spring Conference,2013(8) :156-184.

[11] LI G,RUAN Z Y,GU R H,et al. Fuzzy sliding mode con-

trol of vehicle magnetorheological semi—active air suspen-

sion[J]. Applied Sciences,2021,11(22):10925.

DG, SO IR B L R AP B R

EFAE[)]. 1R TR, 2015,37(5) :560-565.

YE G H,WU G Q. Simulation of semi—active air suspen-

7/115

[12] i

sion for automotive magnetorheological damper{J]. Automo-
bile Engineering,2015,37(5) :560-565.

[L3] XA , Ta) 22 ) B AR AL | 45 . 2% 00 e A9 s I 3% 400 1 F 9
JE[J]. TRALIK,2019,50(7) :61-69.
ZHAO Y N,YAN K,GE F S, et al. Research progress of
vehicle seat damping system[]J]. Construction Machinery ,
2019,50(7) :61-69.

[14] AR Bde kR 5. Bk 82
TSR T Ll P A= ,2012,43(4) :6-9
WANG R C,CHEN L,ZHANG X L,et al. Design and test

of vehicle semi—active air suspension system[]]. Transactions

B

o

WMARGK

of the Chinese Society for Agricultural Machinery,2012,
43(4):6-9.

[15] BLEEHE , XA G , 5K 40t 45 2k T3 ] 4 28 AU 0 8 4

RGN TR W R RS []]. SRR 2022,40(3)
45-48.
ZHU T H,LIU F P,ZHANG Z G et al. Research on filling
device and application based on air spring suspension sys-
tem of passenger cailJ]. Environmental Technology,2022,40
(3):45-48.

[16] Fh3C, 2RI, £ 424 45 BT 4252 5 AL P U 1
WFE[J] A% T ,2022,44(1) . 105-114.

SUN W,LI C Y,WANG J N,et al. Study on ride comfort
of compound suspension of off—road vehicle[]J]. Automobile
Engineering,2022,44(1) :105-114.

[17] SHALABI M E,ELBAB A A ,BOUELSOUD A et al. Neu-
ro—fuzzy volume control for quarter car air-spring suspen-
sion system[J]. IEEE ACCESS,2021(9):77611-77623.

(18] Jel 5, BB A5 B i it A2 RELJE s 1% T b 7 27 5 28 1 3o 30 6
WE[J]. HuR TR 5 TRR 3 ,2002(4) : 144-150.

ZHOU Q,QU W L. Two mechanical models and experi-
mental verification of mr dampers[J]. Seismic Engineering
and Engineering Vibration,2002(4) : 144-150.

[19] VEAEWE , 6. Wt 22 B 2% 1 91 2l 2 o) 1) 333 B
SLEGHEGE)]. PR sl 5 i, 2001(2) :41-47.

WANG J X,MENG G. Theoretical and experimental study

http://www.cnki.net



R %

xR

S

94

Jo 2

R 2023 4

on vibration control of a magnetorheological fluid damper
[J]. Vibration and Shock,2001(2) :41-47.

[20] WA B, SR AL 85, it A 1 Sl s 25 AL BT AT 5 IR 20 A
[J]. 845 3230 K 2724 41 ,2020,37(5) : 1-8.

HU G L,WU L F. Analysis of the current research status
on the structural design of magnetorheological brakes[]].
Journal of East China Jiaotong University,2020,37(5) : 1-8.

[21] VARGAS A,RAMINELLI J] G,MONTEZUMA M A, et al.
Shaking table attached to magnetorheological damper :sim-
ulation and experiments for structural engineering[J]. Sen-
sors,2022,22(10) :3644.

[22] J= K —, X K4 0 55, 4. B T s i 2k 23R
AR AU O B AR BURR 2 4, 2007 (1) : 12—
16.

YAN T Y,LIU D W,SHI Z X, et al. Road friendliness
simulation of semi —active suspension vehicle based on
floor shed control[J]. Transactions of the Chinese Society
for Agricultural Machinery,2007(1) :12-16.

[23] CROSBY M J,HARWOOD R A,KARNOPP D. Vibration

control using semi—active force generators|J]. Lord Library

of Technical Article,1973,56(2):619-626.

SRFLME B 10 ek, SR AR T IR A TR 5 BELE 1

AR 1) R AR 2 Sl I [D]. R3S ehdr ,2013,32

(2):18-23.

GUO K H, SUI J K,GUO Y H. Semi-active control of

lateral shock absorber for high speed vehicle based on roof

and floor mixed damping|J]. Vibration and Shock,2013,32

(2):18-23.

PR PENE  WRFEAE ,GE. A 32 sl a2 B R AR

Je s HI g ] ML A 53R 1 2017,36(12) : 1949-1955.

LIANG J,PANG H,CHEN J N,et al. Study on fractional

ceiling damping control of vehicle semi—active suspension

[J]. Mechanical Science and Technology,2017,36 (12):

1949-1955.

[26] ARGYRIOS C,ZOLOTA S,ROGER M, et al. New insights
from fractional order skyhook damping control for railway
vehicles|J]. Vehicle System Dynamics,2018,56(11):1658-
1681.

[27] RONG R S. The design and optimization of PID suspen-
sion controller based on genetic algorithm[J]. Applied Me-
chanics and Materials,2017,865 :492-495.

[28] . LTl A0 —PID 4% i 5 9% 09 10 5 9K 3 i 3K 4
F B RGEMIED]. T LR K, 2020.

CAO J. Research on semi —active suspension system of

[24

—

[25]

four—wheel drive electric vehicle based on whale—PID
control algorithm[D]. Wuhu: Anhui University of Technology,
2020.

[29] 5K 4 g . 2 52F £ 30 B2 2 Han i i3l [D]. wa AR
WA R ol K%, 2018.
ZHANG X R. Multi-objective optimization control of vehicle

(C)1994-2024 China Academic Journal Electronic Publishing House. All rights reserved.

semi-active suspension[D]. Harbin:Harbin Institute of Tech-
nology ,2018.

[30] ¥ 0. 440 3 ol B A L P kB [D). KA
MR, 2022.

YANG G X. Research on optimal control method of vehicle
semi—active suspension|D]. Changchun : Jilin University ,
2022.

[31] ANGELOV 1. Optimal control synthesis of semi active ve-
hicle suspension[J]. IOP Conference Series: Materials Science
and Engineering,2019,618:012062.

[32] YAO J,ZHANG J Q,ZHAO M M, et al. Adaptive control
of a nonlinear suspension with time—delay compensation|[]].
Journal of Vibroengineering,2019,21(3) :684-695.

[33] PhER. 2 T B a8 SR AR bl 2 90 4% s il B k{5 ELAF 92 D).
KA 3 MO, 2006.

SUN W. Simulation of neural network control algorithm for
semi—active air suspension[D]. Changchun:Jilin University,
2006.

[34] GUO Q M, HUA D K, LING F,et al. Parallel coordintong
control strategy for vehicle mangneto—rheological semi-ac-
tive suspension[]]. Journal of the balkan tribolgical associ-
ation,2017,22(3):1-3.

[35] KHAN M A,HAROON S,AHMAD E, et al. Active slip
control of a vehicle using fuzzy control and active suspen-
sion|J]. Journal for Control,Measurement, Electronics,Com-
puting and Communications,2021,62:3—4.

[36] WANG Y Y,XIA Y Q,SHEN H,et al. SMC design for ro-
bust stabilization of nonlinear markovian jump singular
systems[J]. IEEE Transactions on Automatic Control ,2018,
63(1):219-224.

[37] SEBASTIAN K,MAREK P. Fuzzy control for semi-active
vehicle suspension[]]. Journal of Low Frequency Noise, Vi-
bration and Active Control,2013,32(3).716-719.

[38] Afdar , AL Ty, B GRS, 45, w5 SR A £ Bl B R

AP T SR W W52 [J]. MOl LR 5 AR D 4% ,2022,50(5)
57-67.
LUO Q,SUN B G,HUANG X P,et al. Research on fuzzy
control strategy of high—speed vehicle semi—active suspen-
sion system|J]. Forestry Machinery and Woodworking Equip-
ment,2022,50(5) :57-67.

[39] £ F 5. H TR Q MY 3 3h B 4L R ms W 58 D).
P 7Y R 2SI KA, 2023,

WANG Z H. Research on semi-active suspension strategy
based on deep Q network[D]. Chengdu : Southwest Jiaotong
University, 2003.

[40] HUANG K,XIAN Y,LI C,et al. Application of udwadia—
kalaba approach to semi —active suspension control of a
heavy—duty truck|J]. Proceedings of the Institution of Mechan-
ical Engineers, 2020,234(1):245-257.

[41] & & 5% By, SkAL M, 55 IR ERE 2 F IR G

http://www.cnki.net



55 6 3 s

W, 25 R AR e sh A R

RO R T 95

KA R ELT]. HLABET 5 5 ,2017(7) : 232-236.
KOU F R,CHEN L,ZHANG C W et al. Simulation of hy-
brid canopy control for vehicle magnetorheological semi—
active suspension[J]. Mechanical Design and Manufacturing,
2017(7) :232-236.

[42] SONG X,AHMADIAN M,SOUCHWARD S. Analysis and
strategy for superharmonics with semiactive suspension
control systems|[J]. Trans ASME, Journal Dynamic System,
Measurement and Control ,2007,129(6) :795-803.

[43] ZHANG X L,ZHU J Y,GEN L, et al. Analysis of inertance
and damping double—skyhook control strategies for a semi—
active device combining an adjustable inerter and damper
[J]. Structural Control and Health Monitoring,2022,
29(10):1-25.

[44] XITT4E. %£F MRD B9 1/4 424k Esh B R R G IR A
W WFFE[D]. HE B <A AR 588 K, 2018,

LIU Q J. Research on hybrid control of 1/4 vehicle semi-
active suspension system based on MRD[D]. Nanchang :
East China Jiaotong University ,2018.

(457 Jost T A 490 e U 2~ T gl s ARk A AR A o SR ek 7
[D]. 73 & AR A S R, 2021
GU R H. Control strategy of vehicle magnetorheological
semi—active air suspension system[D]. Nanchang:East China
Jiaotong University,2021.

[46] CARVAJAL J,CHENG R,OGMEN H. Fuzzy PID controller
design, performance evaluation, and stability analysis [J].
Information Sciences,2000(123) :249-270.

[47] LIU M C,GU F H,ZHANG Y Z. Ride comfort optimization
of in—wheel-motor electric vehicles with in—wheel vibra-
tion absorbers|J]. Energies,2017,10(10):2-15.

[48] KUMAR V,RANA K P S,KUMAR ], et al. Self-tuned ro-
bust fractional order fuzzy PID controller for uncertain and
nonlinear active suspension system|J]. Neural Computing
and Application,2018(30):1827-1843.

[49] W ELME , Wl e, B a2y, A U 4o 3 Sl R A AR 1 B
BRI PID $5 1 [J]. W53 8h,2022,46(6) :82-92.

PAN Q P,ZHOU L,LYU B Z,et al. Variable domain fuzzy
PID control for semi—active suspension of off—road vehicle
[J]. Hydraulic and Pneumatic,2022,46(6) :82-92.

[50] -k, T 3CHE, £ 3. 2 W28 50T PID 45 i > £ 3 &
ZRAGE[]]. ¥ B T2 Be a4l (A SR B ), 2022,32(2)
65-72.

WANG L,WANG W B,QIAN A W. Neural network fuzzy
PID control semi—active suspension system[J]. Journal of
Luoyang University of Science and Technology (Natural
Science),2022,32(2) :65-72.

(C)1994-2024 China Academic Journal Electronic Publishing House. All rights reserved.

[51] ALMARES E,MOEALES A L,NIETO A J,et al. Comfort
improvement in railway vehicles via optimal control of
adaptive pneumatic suspensions|J]. Vehicle System Dynam-
ics,2022,60(5):2790-2810.

[52] X576, g i, 2. FE T O N B A o

BE AR ARG BIHI]. KIERHER 7724, 2022,43(5)

433-438.

LIU Y F,FAN Y,SU W W,et al. Design of semi-active

suspension system based on adaptive inversion of synovium

[J]. Journal of Taiyuan University of Science and Technol-

0gy,2022,43(5) :433-438.

AR R T WY R A R R s A R

AR T 4 HBF ()] BRACH i T, 2021(2) :49-57.

LI G,GU R H,HU G L,et al. Fuzzy sliding mode control

of vehicle magnetorheological semi-active air suspension

[J]. Modern Manufacturing Engineering,2021(2) :49-57.

[54] B, BORAE 2 M. A2 A U 78 2 3 Sl AR T AR 45 4
PeAe s I[T]. BUBORL = 55 R ,2021,40(7) : 1106-1113.
XU M,HUANG Q S,LI G. Optimization of sliding mode

variable structure for vehicle magnetorheological semi-ac-

[53

—

tive suspension[]J]. Mechanical Science and Technology ,

2021,40(7):1106-1113.

$—1EE WM (1999—) , 5 f - F5E 2 BFSE T 18N 4

WG AR 2 3 B s R AR K AR N . E-mail : 1669360111
@qq.com,
BIEEE W (1978—) , @l #8241l 44 3 0f i 5s

[5) Ay 4 00 G B AR A e A M S5 A B R R B B
AGHEMS . E-mail:ligang0794@163.com,

(DAL 2 58

Ae b )

http://www.cnki.net



