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Research on Fault Tolerant Control of Active Suspension System
Based on Kalman Filtering and LQG Control Algorithm

Wang Yurong, Zhang Hailong,Wang Enrong

(NARI School of Electrical and Automation Engineering, Nangjing Normal University, Nangjing 210023, China)
Abstract : Sensor-doped noise signal is a kind of fault that will occur during the operation of active suspension system.
Aiming at the failure of the acceleration sensor of the two-degree-of-freedom vehicle active suspension system,this paper
designs a linear quadratic Gaussian ( LQG ) controller based on the optimal control theory and Kalman filter algorithm.
Under the excitation of impact and measured road surface spectrum,a comprehensive suspension performance simulation
analysis is carried out. The results show that compared with the non-fault-tolerant situation, the sprung and unsprung
mass transmission rate and the suspension dynamic stroke transmission rate after the fault-tolerant control are adopted in
the fault state are greatly reduced,which effectively improves the driving comfort and the tire dynamics. The load trans-
mission rate has been significantly increased to ensure safety,and the overall performance of the active suspension can be
approximately restored to that in a failure-free condition.

Key words: active suspension, LQG controller, Kalman filter, fault-tolerant control

REVER IR AT R ZE AL TR HANTEEREZ 3 7 AR M M OCTE, JUH &P A Py
17,3 R R R G R IE . BN S B SR E G AT IRRAS TOIR R T M LA L A
RIEPERBEOKR Ak & e B R AT R R R . MR AT BIR A TN E TR 0 B O AT e oA IR g
FAIB AT PO ETAE M A2 S P AT T 2R, A 2 S SR R S R AR RS IR Sl o A e e )
BAMIEIPIRAS T b aml g p B, SR AR AT Bl B b 3 2 B 208 B or a1 s A5 i s T e Y 1)
R, Y125 S UG IR i DS B 2 s i IS 2 A5, DT 2 M 3fe 75 (1% e A & 35 1k 2 A8 S e L 4

H T AR Z 2#8 XTN 1 FB AAS B T I & T T IZ (RIESE, B BT XA T 4% P A% I 2 A
WOBE TR L. AT D PR IR O T T T S N B A T R G, 48— R T AL R 5 FA 1Y
FENAREPER T2, A SO AG T AL S B AR, B TS AR R AR ) L BT, O BT R A AR
P, BB BT TR R S R AR X R AR A T RS A T, VRS R A SO A BT BT R B 25 )

Y #s A #1:2020-07-24.

E&WAEE A RFAIEATH (51475246) JLIRE H AR IE4 T 4T H ( BK20171039) .
BWAESE Sk, it B, WF9E 5 0]« BE T AR B RE D IR K i 1 R REH R IF5T. E-mail :61204@ njnu.edu.cn




FEH, % T Kalman JEI A LQG F#l (10 E3hE 28 R G 5= HIH 5T

LQG &l F R 7 SL i 4, $ i T RSB AR TR PE. SRR IS T TR ARG E N S E R A R
— AR XS R R A BT T AR R AU 8% I O R R SRR O vk 7 LA RER WL A RE 8
A7 AV E S e 5 RS Zhang 5510 BT — AT LS I 1 38 B R AR A BRSO 2% | BRI X LA R G
L TR I B A T ARG A5 55 A RN T IR A R o, A e e T R A AR I U R s AT 2
. Lin S BT L2 SO0 & ke S A% IR AR RIRA T &5 A SRR TR , B 1 77— b Tl s
HE R VUSRS A0 T BB R G R AR Tk B TR R s TR E I

ASSCHRET SCHR [ 8 ] S HERY AR B, 454 Kalman JEICH 2 5 RAOCEER BISEOT T LQG #hild:. #57
TH R AR A (AR I LA R AR S 5 Xk A R Sl S I e R REATL B S R T =
BB IRA AL AR AR AU A IR e A e T OB T L S A i e LR OB A A PR I 4 B
ZRPERE , 5 HLBIE LQG FEiil de 27 G B AR REMIACR.
1 BRREREST
1.1 SBRFHFERE

WA 1, R = R R AR B xRN sx, AR
(iR% 5o, FIBRTIINOIRS sm, R BT s m, N ARSI b, 95
FEZRH b, FTENIE R A e, NI REG F, NI shiE® 7). c,

B A mERNE BRI RN ‘

msvx}s+cs(ks_x'u ) +ks(xs_xu ) = Fa >
. o (1) , T""
muxu_cs<xs_xu ) _ks(xs_xu>+kt(xu_xi ) = _Fa‘
E"X}{jt‘ju§7E%X:|:xl xZ x3 x4}T' ;H\:ri—"xl:xs_xu’xZ:x.s7x3:xu_ k‘

a0, =%, AR U=[F, ], THREA R w=[x].

HARE S R AAH H1 —EmEEshaEsn

X=AX+BU+Gw(1) ) Fig.1 2-DOF active suspension
{YzCX+DU. model
o, TR R & RBGERE R
"0 10 -1 0 10 0 0 1 T o
ke e 1 0 ke & 1
m, m, m, m, 0 m, m, m, m,
A= B= ,G= ,C= D=
0 0 0 1 0 -1 0 0 1 0 0
k. c k, (c +k,) 1 0 k, c, Kk (c,+k,) 1
m omomgom | Lo m om, om,om | L om]
1.2 HERLREE
ARSI 2 JEAT R S A v O, T 7 i S PT 3ROR A LR B
¥y =ay+e. (3)

Ky, y 700 A e e e i S (RS2 P H M 5 o DA P R A B 2 1) R K & O P2 8t R A 1 i
ZERIMHE.
B ae(0,1),e=0 B (LRI R AR, M a=1,40 B, BAEMHMWEN e BB 2 a=0,y=¢
1N o A MR LIRS £ - el Y L N S S W DL TR
Y =aY+e=Y+(a-1)Y+e=C X+Ff+v.
A, € ki AR F O AR R R O i f DA R R B B ) i, BN (o= 1) Yve v T &L
W B B AR ARDIR S T RN -

(4)

X=AX+BU+Gw,
Y=CX+DU,
Y, =C . X+Ff+y.

(5)



P UM R 2R (TR R ) 5520 5 4 11(2020 4)

2 ,A,B,C,D,G NGB ARG S,
2 R RS vt

2.1 LQG #EHIFigit
LQG EBNEZLMPEM TR IRz pR J & AR 7 N2 s B4 sh TR S T ol R 0iG
SRS AR A8 AN ATy AT R 1. ek .

J= ,hm—j (32 +p,(x, = x,)7 +pyi® +py(x, —x)% +p,2]dr. (6)
K, 0,05 04 TR HE R AR R AL
TR PRER A R R AR .
J= lim —f [X'QX + 2X'NU + U'RU dt . (7)
=,
[ k2 c.k, e k]
=t 5 00— C kT
m m s
ck? &l e f
— ot 0
mg s m, - 1
_ _ 2 _
Q— 0 0 pz 0 ,N— m ,R—rrTg.
c .k cl cl
R R L
s s m73

FRLAR b (0 T 7 ¢ IR RERE SR A B B R 307 U (1)

U(t)= -R'B'PX(1)= -KX(1). (8)
Ao K NS5 AERE P AT Riceati yRERAE " AT,
(A-BR™'N)"P+P(A-BR™'N)+(Q-N"R"'N)-PBR'B'P=0. (9)

2.2  EF Kalman & B8 BE R SN 25
IR 2 IR BRI ZR GEARAS AT J3 S F50I 3 o FAS TE 43, PO & J 2 A 40 T — I 2 (R S (A5 B g
BT o R WO S V) o 7 B e e e il s TR e D o Fm g WO 7 S
F AL ARy BRI AT
x(k)=Ax(k-1)+Bu(k)+Gw(t),
y(k)=Cx(k)+Du(k).
AP x (k) x(k=1) 2350008 k5 k=1 W2 RPARZS R ity (h) O b I 20 B0 B8, e (k) 0 ke IR 220 F9 00k Mg
Fisw (k) 2k B 20 f 3 R
TR RN, BRGNS 22 oA, 25 50 A5 S T T A ik ).

(10)

(1) OIS 43
PRSI
x(klk=1)=Ax(k=11k=1)+Bu(k) , (11)
R2E TR .
P(klk-1)=AP(k-11k-1)A"+Q(k). (12)
(2) B IEHR 5
WS
k()= P(klk-1)-C" (13)

[C-P(klk-1)-C"+R]



FEER, A HET Kalman SRR LQG #6110 3 B R G A f = BT

VB TR
x(klk)=x(k=11k=1)+k, (k) [y(k)~C-x(klk=1)]. (14)

R2E T .
P(klk)=[I-k,(k)-C]P(klk-1). (15)

R R AR | 45 45 K (5) 1380 f B b ——
B T DR 52 i th 52 D e— ">

e=x—x, (16) U
r=y-7. (17) PR > e |
Ut AR RO WAL, & SR8 R (tooraa]
1B,y Sy 722 f I 8,y S HE AR B 1Al AL
PENTERE (A OO, SR BRI | o) e [ J
14 =} x - N . ] RO ES H1Z Y
SRR ARSI R AR SR DL K R Bl 4k o | UEME [€
T HEATARAS AL I, IF 5 2Bt LA AR5 5% 2, & XF 2 “HBEBRRSLQG EHFEER
ﬁ& Bﬁl@ %ﬁﬂ"]éﬁf% 5@%%@ jffj] jjffj:j?ﬂl Bﬁ%M% Fig. 2 Schematic diagram of LQG control-based
2-DOF suspension system
h YN Ha >
3 BB R
FHERERESHNE 1,4 F, W N wEh *x1 —HHEEHERNSY
%%%/‘L. Table 1 Parameters of 2-DOF vehicle model
3.1 TR RN MR AR 5 Bl
AR 43 BOB T 5, 76 = B RE 6% BR FRT I m/ ke 189.25
(RS (5 SR, A (18) IR, FRBUAR m ke 1595
. BTN £/ (N-m) 16 000
. a,sin(2mfi) I<fr (18) VAR BEBLB R ¢/ ((N-s)/m) 1 000
" a, (/) sin2aft) , f>fy B RS REE k/ (N-m) 120 000

K, a, FRIEIINE 5 IIRAE, R 2.5 em, f IS5 5 A%, 6k 0~ 20 Haz,f, il
H S IR 5 2.1 Ha.

Teik b 3 3% ] (active control, Active) | F T JCZS 4542 # (no fault-tolerant control ,NFTC) Lk S il [
R AR (fault-tolerant control , FTC ) B 32 S0 84 MOR) - OB ANFEL 3 . B R B MO

0.35 . 0.55 .
---- Active ---- Active
0.30 — NFTC 045 — NFTC
025\ e FTC
, 020 . 0.35
S5 =~
0.15 /] 0.25
0.10 7}
005V 0.15]
‘05 L L L J
0 0 0 5 10 15 20
f/Hz
() T,
3.0 14+ .
---- Active
25 — NFTC = 2L — NFTC
P01 T N — FTC W 100 FTC
. o8
& OLSE Y e
| M T e 206
1.0 i g \é:; 045 N\ "o
0.5 02 F SRR -
L L L J ’l L L L \
0 5 10 15 20 0 5 10 15 20
f/Hz f/Hz
© T, (d) NG 3h#m R AL

B3 T =8 W E SR E NG

Fig.3 Frequency domain response of 2-DOF suspension under harmonic excitation
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Fig. 4 Time domain response of 2-DOF suspension under harmonic excitation
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Fig. 5 Time domain response of 2-DOF suspension under smooth pulse excitation

4 S
10 0 __ Active
10"+ — NFTC
: 10" pre
ﬁv, 10 |- Q:
3 B oy
o 10F S 10k
£ 10" - £
10°
107"
104 I I I | 101 I L L |
107 107 10’ 10' 10° 107 107 10 10’ 10°
f/Hz f/Hz
(@) a, (b)a,
10° - 10" -
10'L 10° F
o 9 s
R s 107 1<
10" -
a a 4
Z @ 1000 Active
107"+ 3 — NFTC
10"
. — FTC
10’1 I I I ] 101 I I I ]
107 107 10° 10' 10° 107 107 10 10' 10°
f/Hz f/Hz
(©)x, dF

6 BENLESERE T = Bt B2 SRR BN i

Fig. 6 Time domain response of 2-DOF suspension under random road excitation

4 Hiw

AR SCHHE S S T 1T B R B2 TS, BT Kalman U8 A& A0 48 i BS 0 0 T T —Fh
LQG Esh 255 hl s, e I il | o P 6% v i ARSI I000 3866 T 3 355 Bl i AR R TR R | BORE R TE A A
Tl A M B S A S R sh B A8 AT BL AT, 45 R R BH  In ABS4E i 1 1) 3 Bl 2 2R BB A% i O Jin
PEAL SRS B B DL R 2 4 | i 9 T SR SR 7T AR~ T ) B AR 2 A o) B S A

[ %3k ] ( References)

(1] 2250 5T LQG fmefUi 15 S B A 828 b M D L) ). BHEAHT 5% ,2019,8(10) :19-21.



P UM R 2R (TR R ) 5520 5 4 11(2020 4)

[2] SRE WA R4 ESBREORIFTEBUR [T ], I at B T RS54 ,2019,43(4) :518-526.

(3] Wtines  BRJC R, JE AL A 5 A ARG B 3 A M [ )], R4 T/ ,2013,35(12) : 1084-1091.

(4]  BRULEPZEM5. R4 Rl B2 Esh e b Wr Sl aME ik [ 1], 1REHAR ,2018(2) :40-44.

[5]  SRERUB ATEEAN IRATR, A5, FE TR AL & 00 220 Rs Wi [ )] KB T R4k ,2017:313-321.

[6] ZHANG Z L,XIAO B X. Sensor fault diagnosis and fault tolerant control for forklift based on sliding mode theory[ J/OL].
IEEE Access,2020:2991188[ 2020-12-10]. https://ieeexplore.ieee.org/document/9081962.

[7] LIN B,SU X Y. Fault-tolerant controller design for active suspension system with proportional differential sliding mode observer[ J .
International Journal of Control , Automation,and Systems,2019,17(7) :1751-1761.

8] I VAP SR RGBT M. dEat AU Tl ik, 2011 :211-213.

9] BhEAR R, KA. BT RR S B I RE I AR SR S TT S BRI L] R4 R ,2017(5) 1 14-18.

10] X8I, FRi5Ree s LA SR BT D], Bat: i st ka7, 2019,

11] ZHANG H L, WANG E R,ZHANG N. Semi-active sliding mode control of vehicle suspension with magneto-rheological
damper[ J]. Chinese Journal of Mechanical Engineering,2015,28(1) :63-75.

[12] 223,06 FL, XU, EalE40 LQG gttt [J]. RE5H 244 ,2003,15(1) :138-140,153.

[13] skakik. 174 B4 EZEAR LQG il {5 Bt [ T]. A EAR ,2017,23(21) :171-174.

[14] LI H,TANG C Y,ZHANG T X. Controller of vehicle active suspension systems using LQG method [ C]//Automation and
Logistics. Qingdao:IEEE ICAL,2008.401-404.

[15] BhZfh. 2k o B2 E Sl il s W 5 A h r s [ D], 07 7 Tl K%, 2018.

[16] Wil , Bk, bk, BT IRE kM E a8 R A RIBE [ 1], Rl &5 F W TR ,2019,57(8) :78-81.

[17] BRIE. ARG LQG il #s Bt [ D], 794 . PHZ I TR%,2017.

[ FTESR TR )R]





