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A Control Algorithm for Minimum-Sensor Vehicular Following System
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(State Key Laboratory of Automotive Safety and Energy, Tsinghua University, Beijing 100084, China)

Abstract: In order to deal with slow convergence and weak robustness of minimum-sensor vehicular following system, this paper
improves the existing nonsingular TSM control method and applies it into minimum-sensor vehicular following control. To enhance
the convergent speed of TSM control method, a nonsingular fast terminal sliding function with high-order exponential term is
proposed. The control law is synthesized by employing a terminal attractor with negative exponential factor, thus obtaining its
non-chatting and time continuous characteristics. By analyzing the feature of minimum sensor vehicular following system, a
two-state space model including vehicular and inter-vehicular longitudinal dynamics is built and its controller is designed using the
proposed method above. Theoretical analysis and simulation experiments indicate that this controller outputs a time-continuous
throttle angle, realizing fast and stable vehicular following process and a driver desirable tracking precision can be guaranteed when
such uncertainties as vehicle mass error and preceding vehicle’s acceleration are bounded due the controller’s good robustness.

Key words: TSM, singularity, chattering, vehicular following control.

—FH T RIS RERRRE R %

EIbk, THE®, FA4%, K&
(HERFRE TR, RAERSSREZE S, b 100084)

W E. AMERVERBRE RAAMSER . SHMBH R, AT LRSS 7k, FRLER TR
AL BB HIR A AR P . AR ZLCSHTFAE B F R SGR B, MR T RA ARG Rk 4RI AR, 40T RER
PR LERT| TR AT L, AL RIS RR AR ES, BEISHRVERBREZANF L, Z1 055 MfEN
G A FAF PR SR, R T AR B a7 kOt L4 8. B o B AR, 2456 B b e TR AR
Ak, THRIERE FAAPR SR AT £ AT00, SEFRE RN £ ik B THRFA R, RIFREBLBERZLR, B&
BATe S,

KRB onBAE, a5, FHE, RFEH4

1 5%

Sy 1 38 K45 I (ACC, Adaptive Cruise Control) I {53 fidz skl (Stop&Go Cruise Control) RZ R R —, R
LY DA BNE 1) G S, JraEsk, WD IR RGN RA, — S B4R IS T I DA A I PR %
HUEAR,  BIZEJRZERERE b, (OIS P4 00 75 10 B 0 AT Gl 3 (1 5 TR A I, SRR 5 oh e, 5 Uy AL, 1%
SERTCVE RN = ) DR, S SO (Y PR ER GRS Bl R 22 K, XA A T AR AR SHORN A B 2 (W B R, 1T ELR
BV RGN E R B . AR R, SCHR 3] PR F AR P 0 28 A 2R T 1R 3, 4 e )
A A RS T IR o 52 2 ) 2 M P T R A R AN e (R R, R A DT B B KA ZE A 7, R At T R
BN IV RE , e, BRERTE R I3 5 75 T Al A il — 22 2% 1 . A (MR B g e s il b, 2l 45 (TSM, Terminal
Sliding Mode) s il A L AT A7 BRI Tl C SR st FLRHRR RS 2 RN 3 T H LA e i M v I, mp s e 2 i e JE A ) ik
JEEA JEL IR IR 4 o i) R

SCRAIE R, TSM Fflif s s 2 — R sl i &5 5 R 0, BIRGOIRSBAT N, Fdla RS RS & S 8ux
HlEHE TN, R R ARYUZIEIE, SCER[7]04T T TSM IR s, 48 H 9 s s 0nfe Eom 2 — e A%
SN, dEEES — O MshEAa R . FIAHZAE, SCIRIBIE X HiE MEARZ e R G Bt T Hblfd, pregm, s —0nf
AR SRR R BT s T TR, AMUERRE AL i B i s = % . ARINR T TN ER R R 0 5 S it
%, MARGT VRS, HTSE3Rs). SNT TR R ZE WA, SISO R BT RERE I A N %, BRI,
WAt N T RFE AR R NG, SCHR[9][10]#¢ i —FE%7 57 TSM(NTSM, Nonsingular TSM), {## 2 BLIAREAT
B B [ S5 HLAs AR C AR 2. (R % TSM 7130 125 1 0 X I SO 55018, 3 Hoes MU BE S5 4 R B S k45 A e vk B Ar
) AL, AR AEAE “RHR” . X R T SRR R .

SR T B AR AR IR R I TR, ANSCE e T e D A RS IR AR R G I SR AR, SIS AN M AN 1 Bl )
ZERFPE PRSI . JER, X TSM BN IR b &7 s BHRFISCSI AR 1 1) &, Fapi— P IR A sk I HE 7 S
PO AR AL, I NNPRE AIR B A 511, FH ke S i R 3% S B E SR SO s A . ZE kIR 1,
Vet foe DAL IR AR IR 7R RGN AR BT e DU e o W AL P v, 060 o A LA P L B i 2 i 32— 0 B A BR R R 5 T 5 o

237



The 6™ Int. Forum of Automotive Traffic Safety (INFATS), Xiamen, China, December 2008

R, M TSRS B SOB T, S5 A MR R R B RS YE RN BB PEREAT T 7 2B
2 B RBRERANRF ST

SRR T ) AN S B R 7 K S A I R O (5 I, RIS PR SRS 1R 1 T skl ARGl g sREs, A
FA R A B P ARBRBE T 7 0. FAT, ARSI Z h b Ry 2 A b, B SRS 4B R 72 . AT
S B SR WA, R R W S A ZE g S R . I D AR A R R G, TR AN B
EREINE, W TR Y ZHIT S Nk, ARSCERG T IS A AN R 17 By ) 2R R ST PR B REA, JFH TiZp
T v A A S PR 2 i R R A, SEBRTE N £ R 0 - AR B P T e

ASCHIBAER GO HEI = IRGR A, BORA 1400kg, KBIHN 1. 6L BIBL, 230 RESWOI AR A A Y
R A SRS o RIS THAT IR SIS AR, T BUE 42T B B SRAT R AR RBRAA 440 11 5 )
SR

IEI—g—ofﬁ-::M\’/+1Ca\/2+Ff (1)
K.r, 2
o, Ty RN, K OWBO RS AR, 1) AT IS L, By W anE L,y A ksl RALWECR, 1, K
geiEshtae, M oo, C oM R, F MR, v B%E. drF AT B 5], Hok%
FEIBN RAAL. WA N 3 D e, SO 25 AV R Ad
Avllv, —v

Add—d,,
oV AR, O SRR, O g SR SUNIAERE, 2GR (2], BT i O d
HE AR D ERARD = AV, 3 A BIAV RS, JHRAR(), AFRARER,

O]

des = TnVp T+ d, -

Ad =Av-1,V,
F ©))
av=| Sev e Ty
2M M P

Hrry =

U g R, R A R AR B X TR R, AR T T Bt R PR
MK, °

M, AR LR ASE SRR, FTLMERKI I, BB SHOR R0, AR A R4
3 ET NFTSM #HI XK BREEHIS B

3.1 JeAr R PR A oI B T ik

AT RS RN IR, T/ BRI ARG IR AT PR i1 2 B R 2 RO R I i 1 kb
ARG, WHIEWATE, CAHLHHBLRINEEDA FIE: (1) NTSM 7ERE 865 K I SoR s (2) Fekitdr
10 “PHR” L ANREEHM TN RGBT, W BRI, A T A SRR B, SR
HEAERR S BT 0 LA RO RS (1 26 S 8 A 1y 2

R, % R I SIARZEPER S R4
—y
e 4)
X, = f(x,t)+u

s, x=[x,%] € R¥WEgkA, UeR LA
AR 5 R B AL M I, A SO I 57 B S0 BETH(NFTSM, Nonsingular Fast
TSM). b 5a), e SULHEHET 050 6 50N -
1 1
s=x +—=x"+ = xp' (5)
a B
i, aeR", feR", p,q,0,he N &%, sl pl/q<2, g/h>p/q. SRGARETE P A, 2
W o (RGO, (S)SRIE T SOOI (12)3, SUHCSCH T NTSM: 4 RYGARAI B T 00, SR (5) A3 xy 1085

238



The 6™ Int. Forum of Automotive Traffic Safety (INFATS), Xiamen, China, December 2008

RETEM, WHRSOHEE =T NTSM. XKW £ 3B, NFTSM Lt NTSM B PR slol, sl T )5 # i sios
S5 (1) 1)

e A BRI AR e v, e RGP, AR Ml Berb i [1L] . Horb, A s T AE
RS BN R) Bk BT, FOGPBERSSR 22 RN TR LG AR (R B I, 7EM Bl A5 2012 N [4]. AR5 T 5|
TR I CE R AT 5 TSM L3, DRyt RO, gz 8, ASCEXT NFTSM (KR, $2HH—
T PR A B O i e 5 |7«

§=(—gs—ys"")xp'e (6)
Hi, geR™, yeR™, mneN u#s H20<m/n<l. gi5@)G)RO)R, 1 AE 7T b 4 i i s
A
u:—ﬁ—S{(¢s+ysm’“)+x§p’q(1+ixf”“ﬂ—f @

ah
mTl<p/q<2, g/h>1, Frel@)RAeREZE X, X, 5 K T%, LORE0, XU T NFTSM(S)H
A5 | T (6) B AR vk e A 7y e ) R, ELPs RN TS, ToRR. A, A& omiE s AT b, A7)
X TREOTA SR x MERF, M RGO IE B P AL, %R F B A B SR R, M TIER & P R GRS 1 5
YRGS P AL, Ty 1, )R R Ze s B i, DR e R AR ZE RS AR A L
T HH R ) B i R
3.2 BRI REE RIS R

ERZAPEGII) H A2 AE AN RSN T IRAAAE IS A U S 2 ARG DU N, ORUEA A S BRI 4, S P 4o R
BRI AR IR o il 2 AR A S DR i B ot @)K, o SO R e 8t AV L AV — 7V, AR
Itﬁ:

Ad = AV
= Ca 2 Ff . .o (8)
AV :(ZM v +M)+u+(vp ~7,9,)

B ARSI RS, i TR I LA RE LR, AT AV AU AV 34T ROBHE L, SEI 7, V) ST A AV
MRz, @), H v, MV FEARTTISNGE T, b E SO0 KRR 5 PO 2B I -

F
u::—ég-(¢s+ysm”)+Av*pm(1+—Q—Adgm4J (Lo T ©)
p ah 2M M
HrgiilimE s
s:Ad+lAd9”‘+%A\/p’q (10)
(04

YFTESHATIN, HiEEsEnLl< p/q<2, g/h>p/q. O<m/n<1, 7E3kK B Ad f1AV 451
sk, e shi B Ad R AV s, bl @)mf g ft Ad — ORAV — 0, BIRTJG 428 7, S2Br 428045 T30
GREG CYFTE I AN N, ZANB TR, AV R A AR R, T Bk A RO A . R ok
BAR TR AR R G IR e .

3.3 BEEHI RN DT

W ESCFA, SERRIERAE RS, TR TR, RS A RAV (R SOH T g £ A, SRR
5 AR HRERIA T n B AF A DS, T AN BECSICR P e 2200 M7, RIEAEAERT AN T, BRZAE R SEHIR
ASATATAT BRI TS, RS SIR 22 AT AL TP A im B I X 3, g B 1

%@1nﬁ?%¢%@$ﬁ$%%®yHﬁ$§ﬁ¢ﬁ®,%ﬁ$MEE$%meﬁﬁ,%EWJSL,Wﬁ$%%
PR A Rt AV 28 A7 BRI A T, HSc 8ok A T (12) 58

239



The 6™ Int. Forum of Automotive Traffic Safety (INFATS), Xiamen, China, December 2008

98@KS)=—[¢#P*7BPm pLjAVWWJ (a
B
Horhegx 18 T e ot
m/n pL
0 x¢hh¢h|’ } (12)
{ JEy
EM:
hZE LETTZAE I B TR s, BRI @A), 1
av=—24 (¢s+ysW”)+AN2p”(1+ g Adgmlj +V, (13)
p ah
R AV R SR, AR R s XaR(10)sk S, REERAG F:
v = B9 pyoorag By z-pra (1+iAd 9’“} 1)
p p ah
2547 (13)2URI(14), WHBR AV [0S HOW, HaEHE 5]
m/n p . p/g-1
—| gs+ys™" ——v J+AN (15)
[ pa’

A AR A WA, S Lo I8 550 A1 s<0 BAMENL,

ssgn@)<—(¢h{+ybwm ﬁ:jAv“*l (16)

m/n

pL
o Bls|+y|s] —E>O,ﬁi#nﬂiﬁzim?W%sﬁﬁWﬂHﬁEXﬁfanﬁo%

L L
¢H+ybpm—%a£0,ﬁﬁsM%$Wﬁ,%u%&ﬁiAdﬁAvé&ﬁﬁ¢H+bem—%ESOEEmEﬁ,
B T

(i)

T, B A AR T, SR AR RO, 7 AL R R, W
Lo, TRV, A OB I, HERL | A, SRS, TR R S A BT IO SORE, H
SO, (R 3R S TR D 055 AT M FLAT B b
4 i EBTS

SCrp T AR AT S R A T B R T e DA IR T A B A BRI EBR . NS
P R, T SCRR[9I[A0] Be v X Lzl Bo 2 Ml — fRCnk b 1 it 10 RS, M) SR [A 2] i 7 9 v B Al F ek A 520 1)
By RN HAT O AT, SR 1R

a =0.05, 5=0.02,

p=15, q=13, g=17, h=11,

=05, y=1, m=1, n=3;

240



The 6™ Int. Forum of Automotive Traffic Safety (INFATS), Xiamen, China, December 2008

|
I

25 25 (m)

AHXF 4348 (m/s)

P [ [ [ [ | 1 [ [ [ [ [
0 10 20 9 30 40 50 10 20 © 30 40 50
t(s t(s
B 1) BB B 1) A
1 ‘ 60—
....... ﬁfji —A
- IR
ﬂ205_ ;"Jr ; g: ~ 1
E |4 iy Higa b in 4o & !
n n : 11 N\ n H n 1 H
ool R lRRERE = 08 d il |
NI A Y i :
= o T = b i
UMY 20 1L l,
oo \
[ | [ | [ [~ 7T [ [
-0.5 10
0 10 20 © 30 40 50 0 10 20 © 30 40 50
t(s t(s
Bl 1(c) ks 1) AT

K1) (b). (o) g, BEInIos A M B SIS TR, 18 1(d) Pl L &l v ]
T S EOE =R W0 RE] 10 ¥, F4-LL 1im/s SJATRE, AAIEE %, DU MREAT 4178 A
10 FP2 30 Fb, HI4-4 0. 5m/s" FRE MR . dy P 1 (o) Dk B BRER MR &0, A2 gt igeing, 52 hn s S £ R R (R BRI, S
F BT AP s AN BEAT B ERER T 4N, B 2R B UR 22 AN b2 IO 0 b P IF AR, s B = AR R S e,
HIE 1 (a) (b) &1, RRZEMGERZANGEN T, AL TP RIS DN . A 30 £ 50 &b, B S1dATHE, fE
BPEHlas ORI, R A s B SO %o AN RE R, T DT Aoy, JEars s, IXRW] 2R 72
AR, HABAFN R FABEFE M. S35h, 20 RPAL, FEAH SARSTEARDURY, AT R I MR R0 . PR A SR
FERR I RN, AZIRUEXIT T BE WA, 10 LB RO [ 5 SRt Rt pfe ) sk L e 22 m] R e S 2 %, x4
PR ZE R 1R 72 LT T 5

T — 1.0°M T — 1.0*M
—_—
P 1 4*M

0 10 20 30 40 30 0 10 20 30 40 30

/s t/s
K2 (a) ZEiiRze sk P 2 (b) Frad it 2 i 2k

241



The 6™ Int. Forum of Automotive Traffic Safety (INFATS), Xiamen, China, December 2008

NI AEREN ) S BRI PRI PR REFI SR, (AR 4 ORI A AFRSH 10 A% 12 A1 1.4 fif, FEAHFIAT 4
I 0N 73 AT U530 i FLas RanlEl 2 P, Herpside, AN Zr il 1.0 i, 1.2 f50 1. 4 (5 AFR TR 122 il
2o A 2 (a) RERRZE IR AN, I FUR L ARRTCRARFN, 4R R, BEERASURIINOR, e A i,
EILAENEA KT 2m, WAL 25 B GO BRI RSk . H ) 2 (b) Ao 2 2, B2 DR AR A 4230 ZE RS LD
HARHEIEANT In/s, IS T I8 25 Bk SO0 BRERVE BE A 2R

ZREPTIA,  He T AR R R A i BT ik R R A R A L B DAL R R A EOKR, B L 2 I AR
iz AT DI BEGH TR, R AE A0 e B DR BRI 4 DN R, PRAIEAS 27 422 [0 S 4 B AR B R AT B
AL T AR A I A 05 AT I 5 BE R 2 R G R 22 DR R A T4 B AL ) DX, i 5 30 2 ke 5% 0 R BB R 225K
RRMNZAE R G AR B S

5 &t

NPt DAL AR B A R G RS « WA R SR TESS 1) 8, AT — Al AR A . I ) 2k H R A P
WSSO (0 2 i B 5 IR LN T i AR AR R AP b o R BR 442 R AR S8 1 AR 7 AT A0 (7 ELAR B R W«

(1) SCPEER AR R SRk TSM H A7 BN RISk P, HLAE T -1 4 i DR EE AR 7 57 TSM O BAT SR K SIod iz 6
AR AR TSM AT SR B K 28 30 5 |7 (R AN BOCIR S D 800, S84 B TSM # 1 7r S i, 1 FLINS ]
HEEE, G TR SR PR

(2) FE Ty S bR £ g T A7 ) 2 PR R 4 ) 5 A e /DA% S AR I SR, i Al A a5 Bk R e 4 ok
JEE s PRALE A % 2 M 3 R 2 6 A 30 725 it B R P B ) R, L 2 R 4 o AR T 24 I 58 S5 AN AT I, BN R 22
R RIEVT R BRI D, LA B 1R e e

e E PN

[1] S.B. Choi, J.K. Hedrick. Vehicle Longitudinal Control using an Adaptive Observer for Automated Highway Systems. Proc.
American Control Conference, WA, 1995.

[2] K.Yi, I. Moon, Y. D. Kwon. A Vehicle-to-Vehicle Distance Control Algorithm for Stop-and-Go Cruise Control. 2001 IEEE
Intelligent Transportation Systems Conference Preceedings, CA, USA, 2001.

[31 A. Ferrara, P. Pisu. Minimum Sensor Second-Order Sliding Mode Longitudinal Control of Passenger Vehicles. IEEE
Transactions on Intelligent Transportation Systems, VVol.5, No. 1, 2004.

[4] S.T.Venkataraman, S.Gulati. Terminal sliding modes: A new approach to nonlinear control synthesis[J]. Fifth International
Conference on Advanced Robotics, 1991: 443-448.

[5] JEFFF ket & mBh AL REEH Terminal JE ST HI[I] VLK 224 (1L 42/R), 2002 , 36(5):482-539.

[6] Man Zhihong, Xing Huo Yu. Terminal sliding mode control of MIMO linear systems[J]. Proceedings of the 35th Conference on
Decision and Control, Japan, 1996: 4619-4624.

[7]1 Xinghuo Yu, Man Zhihong, Yugiang Wu. Terminal Sliding Modes with Fast Transient Performance[J]. Proceedings of the 36th
Conference on Decision & Control, California USA, 1997: 962-963.

[8] Shuanghe Yu, Xinghuo Yu. Robust Global Terminal Sliding Mode Control of SISO Nonlinear Uncertain Systems[J].

Proceedings of the 39th IEEE Conference on Decision and Control, Australia, 2000: 2198-2203.

[91 55, 6, REKART S L B R R 8Bty i A S TSR], 2002, 17(2): 194-198.

[10] Yong Feng, Xinghuo Yu, Zhihong Man. Non-singular terminal sliding mode control and its application for robot manipulators.
IEEE International Symposium on Circuits and System, 2001: 545~548.

[11] X6 TERARZh R4 & Matlab {7 FC[M]. Jbnt: A% L, 2005.

[12] fefie, we, ZFodim, IR N TV BahEE R G N B ) # B TRk (A SRR hR), Vol .44,
No.2, 2004.

[13] ZTHde, Z=oonm, TR, wrie. ARay s bRad i) 2 izl ik, 5 B ). (31 %5 08-0088)

242



