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A Control Method of Unmanned Car Following Under

Time-varying Relative Distance and Angle

LI Run-Mei! ZHANG Li-Wei! WANG Jian!

Abstract
relative angle in vehicle following operation mode on actual road. Firstly, an error model between leading car and

This paper presents an unmanned car following control method using time-varying relative distance and

following car in the leader-follower mode is established with the relative distance and angle between unmanned cars being
the input as time variables. Secondly, a feedback control method is used to design follower’s speed controller and angular
velocity controller. The stability of the designed controller is theoretically proved by using the Lyapunov method, and
asympotic convergence of tracking errors is proved by using the Barbalat lemma as well. Finally, under the condition of
expected time-varying relative distance and angle, simulation on a following control of two unmanned cars following travel
is performed by Matlab/Simulink. The result shows that the following car can travel along the leading car’s trajectory

well.

Key words
ative angle, Feedback control method

Unmanned cars following control, Leader-follower mode, Time-varying relative distance, Time-varying rel-

Citation Li Run-Mei, Zhang Li-Wei, Wang Jian. A control method of unmanned car following under time-varying
relative distance and angle. Acta Automatica Sinica, 2018, 44(11): 2031—2040

ek, EE R RS (Cooperative vehicle
infrastructure system, CVIS) #AH CH AR Kk Ji i
pu S ES pal 1I NY SEE E S P B AR N S KB T PR
D B T8 5 AR R 5% T Tl -2 1) 1 B 48 E A e A E £ 1.
£ CVIS T, &ia o N A BEAR AR HE) To N4 1)
PR e AL GEAZ IR AR . H AT, A A B 3)
YRR T 2 R, G N AT H XA
DIEB 2 —, BTN E 4 (Google driverless
car) sk T M) Google X S S K 194 H 3l
IR, AN R A ) AT DA R A5 R

YR F 2017-02-27 - R A 2018-01-01

Manuscript received February 27, 2017; accepted January 1,
2018

ALTHERMZER Bk

Recommended by Associate Editor WEI Qing-Lai

1. Bt AR HUFfs B LR BE kst 100044

1. School of Electronic and Information Engineering, Beijing
Jiaotong University, Beijing 100044

A TREA SR 7 i e, Horb 6 A 4=
Ty, — @ Bk TT, 78 L4 % by
W MRREUR R, XS b N B % B e 4,
DA e AT e STV L B AT 8O S e . AR X L8 T
SN, NG BB SO T i SR W iz
. ARG BAAT B RE 5 B v AT 0 A RN 2 4
P, FCrb AR B 2 2 A T 30 R OB ) AL, 7
PR ), 1 o) ) i A o DL R ) £
.

FERERRIRE A BT, — A2 REI 1)
RO B 1 P R R B0 E R AR T — R
PRI ) SRR R A R I AR e PR i, BT T
A HTBE R AR BN ) SR, BT AR o A BR
SRR R, A5 AR E M R H A AR
XL TR gl S R, v A s
TNFERIRE IS S HEAT 76, SEBL T o N4 I A



2032 H ]|

¥ {1

44 %

PREEM. SR T R 8 N
EEHIE NS BRI Wiz s, SR T AREF A
R, IF H SRR N T K 2 e N 2 BhyR 42 S5 -
&, ERE T A TR KR P R
ZEB AR N FN D JE R T AR
i, v LG O N ZERR I BT 9T 28R .

TEGARAN 4 il v, o S 2 A0 T 0 [ P )
#51il. Nouveliere S5Af H — A~ Wi BLH AR 2: 45l
SEIG RN AT B, B R T R4 A] ) R R 2
S S A 2%, ] Matlab 45 B SR — AL
A SRR R BRAT LA 1 22 400 i 8 )R AT 477 JL 0, mT LA
AR e i SIS AT Db AR 1L BB 45 4 DL S 2 R R
RO Ti 20 T SOmtds IR S T R Ik sl 7Y
TENZE I BRBEAT B, P o N 4= 2 TA) 1 ) i 5
h AN E AR, W I 18] B A G A R AR e e
(7], Peters %57% & T BRBE 4= (047 BRI R
ARG, S O, SEEL T B EE [A]
b S PR EA A ) BA A DR R RS e AT 3

TSI Bl % Hh 2R e T R O T AT B,
TSR %, LA 2E H AT i, 25 i f T it DA% A
IR B 5, BT DA RS A RN 1) 2R G AT B
A 9 pr

AT R Bt A SO0 T R A AR O 1) 255 G AT
O e —Fh ] o B O A v, R B R 4R BA
HRR AR S A 4, LA AR A BB 4, AR
Ji e T R o 2 (1) 4 ol s 2 SR i 2 R T A 4 1Y
TR AT 1), IR AR A% O S AR R R AR AT Bk
FEH, K g BA ) 205 A Jhy R B 22 R0 AT 4 AR 5 —
R S R RH 6T B B R A AT Bk ) 1) . P A, R B 2R
THURE N7 ) i e XA I OCE PIT E . AT BN B
1K 1 Wang 1 03 H, AR A5 0 S8 8 X6 2 A vh
HIA B IHL s N T, Bl S, IX AN 7 it
FHE] T 25940 B\ A8, No S5 H i R A = 4 A
AR U T BR RS I T RS R A AT b, LR
R o AR T R L4 T AN A, e
EEHINEZ RIPEE, BaUiE T 4 W45
A7 BIO1 AT Bl S AR AR 4 BN A Bl 2 AR A
PR B AT 4 DL SOZ AT T — N A AL R .
5 RN B A B A B0 R, N I A AR g b s ol
EAFE]T O Am ) B R 22 IR A 1) R B 2R 4 4L
SRR AR 5 R AR 2R 1 OGN R AR e M
SAFR IS, RUE T 2R 1) 2R B 45 ) &R
GRS e PEOY . AT B S AE 2 RO 9T A a1, 5
TARZ RGN m Bl ) 2 AR, R FH ] 5 244 1A) R
BB SRS BT T A EN Bl AR S 1) A ) v A A
N H i) 7 Lyapunov p& U 1 FTLE B R, X —2
TG BR 4 £ 1 I R A e AT 9. 7 L &5
TRV B ZE 5 2 1) B it 42 Sl 1 Aol 2 000 0k 5 1%

2 A0 ) A 2 HAT B B e 808 1), Xuan AT Lu
E RGP A TCE L RESAFHINT A5 B4 T
PEH T ANERERBE ] vk, B T 0 7R
PREE RS AT R, AR B PRk LN T
WA, IR A RS N T — AN
5 O R BE 2R B 4R A R B 2R 48 2L e AE A A T
P 7792031 {0 No 25000 AT B 211121 F1 Xuan
TS (RRIF T AR S LU 47 22 8] (1) KH o 5 R0 A 6 £
FE AW BN TR 0. BAESEbRtr md fErh, AL
) AL X B2 2 0 £ 88 AN A2 [ o 1) 5 4

AT 5 25 2 A 1 24 22 ) 3000 B8 AR ) B 8l A
T B ity N A 2R AR A S T R AR TR
JE RTINS P 9 2 30 SR A e S T R IS A G 30 B A
FARE T W AR B ST SR AR G B R AR AR RN,
o SE AT ZE BRI, L AT A AR s AT B,
TP R G, oy R B 2 0 i TR AR A
P R G & A8 TE N 2 22 IR 45 30 2 (A 6
R BE RGBT, IR I 2 1 3 R 3 mT AR
Bt PR AT 2 ) T PR R R i L B B 2 i
g AR PR T T S E) 0.

AN B TER R AR 25 A I S B AT
B, BTSN 25 22 T B ST B R ) B2 3 R0 A AR
AR R N J ST 0 N 4 R AT R B i 22 A R 3
AT IR AR ZE R il P s Y A A R A
T T R B A 1 TR s o A R A o
2. BeJn, FH Matlab iR B 47 1 R BE R HEA T 15 2L
I E.

ARG BB — Ay 8 T N A A
WUER Bt R ZE AR 56 5 A A 2 T SRR BN AR 1
ST SR O B B R A R SR = S i i A
G 75 028 R T AN R B, JF ELAE
Zs ffE 1 5 % R R Barbalat 51 EEEES FESUF T
2 1 2 A RS e PR PR IR 2 I RS 2R DY
eI T B 5 A E BT R B BT SR

RPN
1 AERPEIR EHREY

TENZER SR 25 4 Gk 1 s,

PRI T AR L(t) AR ERAE G O B L
PR, o BB A AL A B o(t) 2
PO v il e RS B R 3 £ 1) A P, 3R BRI
%D?Jﬁﬂﬂiﬁ‘ﬁﬁﬁﬁ%fﬁ Gg(.’l/’l,yl) ﬂl Gf(xf,yf) ﬁj\jnJ[J
Je ST AR BE 4 1) ol . S KR 2R, h 2
gy O B AR R BE, AR T A O B4
SR B BT R b L 0,(t)
O (t) 73 S T2 FERBE A= AR T o Bl 1) (1
FBIBHEA. du(t) F @ p(t) I35 T4 MR BE 4
(RIAT 35 1A 5 B AT 7 17 (R e A B T A1 vy (2)



1181

PSS T IN A A E NIRRT A BE PR JE N A BRI P 7 i 7T

2033

A wg(t) 73 30 e WL AN ER BE 22 A2, wi(t) A
wy(t) 73BT AERBE 4 1 . Shia sh
RPN DU =AMEBEAAE: 1) FRBHTE D),
2) Hirke s, JRRe v IKEh; 3) AT Y AT EE
BB AIE R C R, s, T b A s
&, KA s i) B AR RN E) ¢ T LA .

A 4

K1 EAOERBES

Fig.1 Leader-follower structure of unmanned cars

WK 1 PR, 7EERBE AR IR Ty 1 AN 5 Ay
) BT ) b, o DOREAIRT R RS L 23 il e A 43
WLy ANLE. WAEZRIMERE R ZEW A (1) Bros.
e1, ey Fl ez 43 AR I & AH T BE B 1) 23 5 (1 301 2R 0
Y SER AR 2 22, AHOGTBE RSO\ 1) 435 1K) B A S B
2 7, SE S IRbE A R 2 7. L R L:e
SEARN IR B L A A 2 i

€ = L: — L;d
ey =1L~ L7 (1)
€3 = Hl — 9)0

HUARIE 1 I JUAT6 R, AL L2 R LY

Aoy, wak(2).

i
5 =Lsing
P (2) AR (1) HFr, 4320 (3):
e; = Lcos 3 — L¥cos 3¢
e; = Lsin 3 — L%sin ¢ (3)
€3 — (9[ - 9]0

Herp LY RIE N Z AR AR R B, %50 (3) oK

Sl (4).

¢, = Lcos 3 — LBsin B — L% cos 3%+
Li3dsin 3

€, = Lsin B+ LB cos 8 — Lésin 89— (4)
L4434 cos 34

es=wl—wf

N TAFBIAAXEE & L 1) 4L, 701 AR bR &

¥ L WA 7KVJ7 ) FITE B 7 10 50 L, A1 Ly,. w]

DA IS (5) Froas )L &.

L*=L2+1L (5)
X (5) kT, WL (6).
LL=L,L,+L,L, (6)

HiPE 1 RTLLE Y, L, A L, X BAS A SRS
st (7) At (8) HuTgat,

Lw:IEl—JIf (7)
Ly, =yl —y;
F
L, = Lcosa
{ . (8)
L, = Lsino

WA 1 & AR R, ATUAAE 3 =
ot+es—m/2,0p =a—F+nm/2 KO =a—p+m.
3 (8) A (7) MBI (6) 7, &EHUL
MERNREGEMERR, W UHERA S L 13
HnsX(9).

L = —v;cosp — vysin B + hw; sin p—

hwy cos B )
FXHE o sk (10),
(o = arctan ij -0, + (10)
H438 (10) K FATLAESILL (1),
L;L:—L:L;
2 (3) LU A B2 s, (12).
LA + L% cos ¢ _ es + L4 sin B¢ (12)

sin 3
3t (2). 2 (9) B (11) RAFIR (12) h, If4:
BB AIZE 2 5 & A 58 2 AT AHE AR A

cos 3



2034 H ]|

¥ {1

44 %

ek, sl (13).
. ysing — vy cos B+ hw; cos g
- L+

hiw s s

wlenﬂ )

Hi B Flo MRAR, 53] 6 18R E X
(14).

(13)

{B_(p—Hw — Wy (14)

g = o tw, — wy
#X(9). 20 (13) Ak (14) ARAEIL (4) o, 1T
DL HH 6 N 4= A R il i 22 B A, s (15).

(
é; = v sines + hw;coses +

(h + ex)w; — Lisin(p? 4 e5)—
Lgd cos(p? + e3)—
Léw; cos(p? + e3)
€y = vy coses — Uy + hw;sinez— (15)
wrey + L cos(p? 4 e3)—
Lol sin(p? + e3)+
Léw, sin(? + e3)

ké3:91—9f

3 (15) BERTE NG S BRBE i 22 A ) 32 1
S 3T Ik B TH AR 2, 4 S IR AR R S S A 6 B S R 1
SRS A B, A R B A B 08 44 AU 4 () i 2k L
TR BE AT
2 BT RIEAEEEXREEFNAE
2.1 RBITRYEAEMENT S

HEEAH O] PR B R AR AE I ORAT E 2 2 IS L,
T A B R M e /N S, TG N ZEAE S B AT Bl 72
W R TR AR N PR B AR ARSI T S
Wk [15] 25 H A B AR R) PR 28 3 3 SRR B 2 S5 A0 4
G ZE I ARRT R i 2 1A 3 8 DA B I 2 1 3 B AH
%, =k (16).

112
rel +0.851v, + 1.6 (16)

~ 2(0.052v; — 0.122)
o vy EIRBEAEMTERE . v T IESE, v =
vy — v & AR L.

X AR S BRI 2 ) SR A ) R AT A R
L E K, BB A= PR B 2 el P R A3 2, 25
JE& BB IS (0 H K22 ok T A R 2 11 e
TR B4, Mok (16) fAith, % v.q h 0, £3
#:L (17).

S

L% =3.06v, + 1.6 (17)

Hodpr L4 P42 [0 SRR BE 2, vy 28 4E 1)
TS [ PR A AE 0 B A S R A A m /s, {HAESE
B[ s i b, YRR A 2 km/h, 280 AT
e

2.2 BZTRYEAEHEMBE

TESERRIE R b, S84 SR T i, TAEZ
() RV AEDNS A BEARAEAR A, D T T 1n) i B ) i, S
R [16] &5t 7 WA AR B R IA L. K] 2 a2 IR
SO A T A B TR AT s i AR T TR AR S
I, BN E o ATBRIAE b, BOsmfRTEAER
PRBEZE, BRFEZEMALE ¢ ITHBIME d. ¥ b Xk
o VIGRIAEXT A BE o O, XA ZEER RN
= (18).

B2 AR S AR i P e A s S

Fig.2 Simplified schematic of time-varying relative angle

Horb, v GRS EAR, I 1 AT RUEIR (19).
U
== 19
r=. (19)

HRAETE A 7R 2 ) 1 B 2R (2) o R
RS T LU 3L (20).
L4/2
T

sinvy = (20)

Fea (18) Al (19) AN (20), AT LA HTE
FX I o st (21).
del

U

¢ = ol — arcsin (21)

Hra (21) FTRUE Y, ST AR A B2 L5 S0 S AR X
P AT IR R A S A AT R, e I AR
.

3 Rini=HlgRgit

SCHR [17] g B i R RS AR R B i34
T R AR ST I A R S B R AN i, S RS
EHEAT LR, IR 3 w22 BEAT Pl R



1181

PSS T IN A A E NIRRT A BE PR JE N A BRI P 7 i 7T

NE IR R G WA 3 PR, A LAETLNAEZIH
P ST BE PR B2 A0 R i N Ay I 3 ) 2% 1 257
T HRANTSERBE R B 5 (15), A% & A
SRS RIS, D PRI, M A A ST R A
R, AR SR A P ] A L BE 30 T S o I ) S it 42
T2 AR 2 U SR B vk 2o v vl R I 2 1 R A
i MR PR A T A, R 2 B AR S A ) g vk vy
DA X (22) Rt (23).

Lzlv qﬂcl

vV, o, v, w

® R A

TN BBV B

K
L= 1
K3 NG ERREE RS

Fig.3 Control system of unmanned cars following

_ 1
N h + (]
hw, cos ez + L4 sin(o? + es)+

wy [—klel — vy sines—

L cos(¢? + e3)+

Ly cos(p + e5)] (22)
vy = koey 4 vy cOS €3 — Wreqg+

hew; sin e + L4 cos(p? + e3)—

Lt sin(p? 4 e3)+

Liwsin(p® +es) + K (23)

K 2 (23) WA RIi, e 2 i 2R v K pR L
st (24) FNZRERES T O R £ 1) S 4 =X (25) 7331
(1. HE ke R kg #ORT 0, ASCAI ] 25 HE 1 5 K pR
B b2 AE BT (28 AR e T R A
H K rERisa.

R R BN =X (24).

1 1
V= 56? + 563 + k3(1 — coses)

W ks KT 0, AR (24) HoJLEH V > 0.
HHAHN e = ey =e3 =01, V =0. ¥ (24)
kG121 (25).

V= €1é1 + €2é2 + k3é3 sin €3

(24)

(25)

Bk (15). 2 (22) st (23) FAFIL (25) o,
AT 3058 (26).
V = eléel + €2é2 + k’gég sin €3 = —

kiel — koes — Keg + ks(w; — wy) sines =

2035
k3w, — ! (I;dsin(god—i—e )—
N e 3
v sines — Ldgéd cos(p® + e3)—
kiey + Lw; cos(¢? + e3)
— hw; cos 63) } sin es—
kre? — kyel — kssin’es — Kes (26)

N T DR HEE TR P AU 3 EONT55 T 0, 10
(EE:)E (26) & G scdn ikl I Kk o
27).

_ k3 |wl|
|ez]
{29 + £ 0] + L2 el + fen] + b lea| + P el }
h + |62|
(27)
JE A s (28),
A=kzw — ! (Lsin(p® + e3)—
3 ! h + (] 3
v sin e3 L4 cos(¢? + e5)—
krey — L% cos(op® + e3)—
hw; cos 63)} — Key (28)

K3k (27) F(28) ARAHIS (26), T LA HA
(29).

V < —k‘lef - kgeg - k3Sin2€3 + A < 0 (29)

TESE bR B FE I R geh, HE: W KA E MR BER
TEIS TR E PEM BRI 5T L) 2 A8, 2 V Ik
€LV R IEE N, RGN FRE v T LA 25
v R B A H, (H R AN BEAT B AR GE S A AL W
IS, Barbalat 512 b il 1 2 v 5K B0 1)
JEBRYE, 7F VR IEE R OUT, BT LA AR
P A8 2R G F A e S ),

5|38, Barbalat 5| HARR S LT

1) ik x(t) 9L, IR H @(t) & —BuEsn) (W
B(t) € T>), WMt — 0 I, @(t) — 0 L.

2) R ox(t) Ao2(t) #AH AR, H
TILIEOIOTM(x)dt< oo, Horp M(x) & —/NiE 4
IEE BREL, WIS ¢ — 0, 2(t) — 0 BT,

3) W z(t) e T2NT> H a(t) € T, NH
t — 0 I, z(t) — 0 BOL.



2036 H ]|

¥ {1

44 %

SER. st (20) LTSI (30) HUKE.
V- V(0) <0 (30)
$434 (24) AR (30) o, ATLLAESIR (31)

1 1

56? + 56; + k3(1 — cose3) <
1 1

—e2(0) + 56%(0) + ks(1 — cose3(0))

2
(31)

K4 e1(0),e2(0),e3(0) € Lo HAL, BTl
(31) ﬂu;f%liu €1,€2,€3 S Loo %EREEEE (29) EI
PAFF HiEC (32).

V_V(0) = / (e — o2 — hige? 1 A)t (32)
0
F 2 (32) Fefb ik (33).
V(0)-V =k /T efdt + ko /T eadt+
0 0

ks / e2dt — / Adt < V(0) (33)
0 0

V() & —"H gk, @i (33) nlLEH
et < oo, f7 llealPdt < oo J7 sl <
00, [o |Alldt < oo MinL. Xgi&a (4), o LAAF
Bl ey, es,e3 € Lo N Ly Fléy, ¢y, 63 € Lo, 4 LRI LL
3 ey, e, €3 X =AMRZESE—FUELLN. 0

R4 Barbalat 5| # 45 Lk ik W] %1, 4
t — oo I, é1,éa,65 — 0 KL, Mt — oo I,
e1,ea,e3 — 0 WL, £ b, FET P ZE AT R B 1%
2R A ASE M T NI IS EAS RUER, A
SC I il s Be 0 MCER T A 45 i) R 8 1 BN R R 22
ST 0.

4  Matlab {(FEIEIE

e b—rh, D H 2T s S5 M Bar-
balat 5] BEA P kW] 7 #2845 G800 ASE 1 AT
WS . PR A o N 2R 2 TR) B8 TR A S B 2 R £
A AR PR, AR SR IX P AN I AR AN BB 45
il TP AT O, JF UK X AN AR T AT T
L. SRS BRAT O AR p A A I S R
T 23 5% W) AT 25 1 3 A T TR A ARG 0 2 0, STk
[19] 7% J& 31 7 W P 0F 250 20 DA 1) 52 . i LAAS 3T
FTMNIAN T AT B, &G, B S S
(P EEAEUE B0 B EAT 07 LA AR, JL IR, 1 o e 7S
NBIEH R G, A7 e S R R s, 3L
H, WIS E AL SR, St A R e N 4R
Bt 158 ZE AR R I I 4 4 Simulink SEF.

Simulink R FE R FE: SR G U4 AT 3
PO, PR S B T AR A [ Simulink %
RUORK, PRF R, LA S il s Simulink 2 41 W1
4 o, A AGE by A k.

vl
vl
» N v a»
vf
LD el To workspace
rom
4
@2 fen
From1
e3 wi @
From2 wi
[C}———s{Cons vt |
Constant To workspacel

Feedback controller
K4 RIBHFEHIZE Simulink HE K]
Fig.4 Simulink diagram of feedback controller
4.1 SMEFERIITIRENTE
ST WA 45 58 B I AT 3, B v S
T S (34).
v = qi(zi(t)) (34)
H g, = a+ bxf(t), WAL, E01 5D SHOE
H: x(0) = 3.5, a = 2.5, b= 0.8. JHILHKIE
SR R e, Wi 5 s, H=rar g Has ) il
R E, FFATIAEAE LB TE R E AT 3R .

6 000

5000p

40001
g 3000p
S

20001

10001

0 1 1 1 1
0 20 40 60 80 100
X/m

K5 A AT BB i £

Fig.5 Travel trajectory curve of leader
4.2 SR RY 0GR FE FOR

AR e A A AE AT B IR A, BRI
e BL—ANBE I (A AR A NI L @, AT8E, HARIEM TG
TR0 I8 L AR A P, s B Hh £ 4t 6
7. SCHR [20] 25 RS 27 AR AE AT B I 1 s 2 ANX
AU [ E HY B 0, T2 BEIN TR 2240 ).



A BT IR AR TR] MRG0 N 4 BB 28 1R 7 ST 5

2037

0 50 100 150 200
i i) /s

K6 AUTS o nid i
Fig.6 Leader’s acceleration
BB P JE N ZE NI a6 e 45 LR, 0T 1 4]
ORI RE VR O /s, T4 R T 1 2t /2 B IS [ AR
1R, ihgetni 7 pos.

50

0 5IO IE)O 15IO 200
INFTH] /s
7 BTG
Fig.7 Leader’s speed

4.3 BTRVEAEMEXEEES

VA 24 ) 30 S ) B o AU 4 23 1 AR A T AR Ak
W= (17) o, P42 18] 04 S B i 25 55 A0 4 340 %
AR K 8 B, B 8 ) % 100s R AT 4= ik
SRS FERR Ry w3, 2 5 AU 2 e AT P o R AR
A ARG 20 2 m.
4.4 FMERABIRE

AU 2 (1 A B 5 AT BBz A DG RY ) ] 1
fy JLAT X R T LA (35).
og % _
(971,‘1 = 8xl = tan@l
PAHEHI X (36).

2 2 )
% (a 91) _ 99 (1 4 tan20)6,

Oz} Oz}

(35)

(36)

140

1201

100

/m

80

Tl_ijT

601

ARXFET

40

-- WMl
— Kb fE

201

0

0 10 20 30 40 50
I Am/s)
B8 I ARSI G g QUL 47 T 82 O A% T 2%
Fig.8 The relationship between relative distance

between unmanned cars and the speed of the leader car

H12X (36) AT LAHE HAALA= (1 A 5 (37)).

ézszz 1 <82gz>$. _
(1+tan®,) \ 022 ) ™"
1 g
(1 + tan?6,) (8:1:12 > v cos b

%2, (0) B, 7T v, (0) = g, (2 (0))
F16,(0) = arctan(g%l |ml(0) ).

A TN IREE, HiHe 51 ST, 5
RATTIRS), BTG AR R b2 s 9 PR,

(37)

0.003

0.002r,

0.001

oF

fi

IS s

-0.001F

~0.00 . . . . .
0 20 40 60 80 100 120
IRFTR] /s
9 WG
Fig.9 Angular velocity of leader

45 HTHEEHENAE

R (21), WIS (AR A R N 42 2 T84
SRR AR R . TN 2 ) U9 B B DL R AT
(103 S N A TP A 5. ST EEA S A B 1) B £ B 10
Fis. I NETFIRATR, AT0T 4548 B BE 47 10 IE Rl
JifrE, WZEZ IR ISR A R 4 B R (21) ARk
().



2038 E| ) k. 2 icd 1444
- MBI 3 BT 4R, P 2 S B R B K T I B

[ o 1L T2 B8 ) TR L RSB T 95 S 2 N 2

- AEDR B 80 A0, 1 128 T A R, AR M =S8 B ) — BOK T
= WIEEAE (WKl 8 W B ZR ATARIE “HIIY MsLgk irR).
= Jr LA SR i 2 B — LR K T AR, O S A
% SEBRER B E T T AR . AR A SR K AE T 4R i
= A4S P 2R S B R K T ISR B Y, XA AR R
TEERBE P I FE P B e, 2, 2800 4 30 i 328 i

25, = - - - AR /N, R 2 TR R S () S s 5 R R B R I

fif 1) /s

10 JTERADN
Fig. 10 Expected relative angle

4.6 BRPEERYIRE

B IE NG (AT A () B AR B 2 LY R
e ARAFEHIg Wt (22) A=K (23), A T BT
PiEACR, &0d 2 IR B SHLE, — /Mo
WA ky = 1, ky = 0.5, ks = 0.01, ] LA E R
I 2k A A RE 2 2 sl an 1] 11 () FHEE] 11 (b)

PR
50
— WL
40F — --WEEE
> ok N
301
£
=g 41
® o0t
40r
101 s
/ 39 :
50
0 | 1 |
0 50 100 150 200
] 1] /s
(a) BRMUA- LR (L 2% 1
(a) Speed of following car 1
04
0.004 — gWH%iF
03 0.002 /\1 JRBEZE
3 0 T
g 02 . , .
i 50100 15
fg 01f
A ISEUNZ]
0 M
-0.1 ' ' .
0 50 100 150 200
R 1) /s

(b) BRBUA-IK Ay PRt 2% 2

(b) Angular velocity of following car 2

11 PIE TS i R T 2k

Fig.11 Velocity following of two unmaned cars

I 11 (a), 541 8, AP W BRI R R

h CJE P, SRR SRS N T IR S, U
S i 2 (1) 3 ARG T A0 A, DA N Sk s B 125

BB 11 (b) AT, 45U 28 1) A 3 R IR i 2 1)
FIH R e KR 258 0.034rad /s, 2 J5 R B 25 1) £ 3
J5E 8 AT AAR B b S i 4 A 7

AR, TE PTG N4 2 8] (1) 301 B2 ARG BE 2 0 A
FEI ARG LT, AN SCT7 7068 R B 2 1) 3958 % A ok
PR ) TR b da A .

4.7 ERREH=MRESHR

N T SR L b s i TIE N A ) R A R, R
A OS2 B T A S S PR 2 2E eq - A
X} PR BN A I A S S PR 2 22 en FIPHZE
REHE A 2 22 es. EATHIPTE M2 & 12.

AN RERT 2s WAL FE, MWK 12 (a) T ATLLE
TSN ZEZ A A R 25 7E 17 s Ja PR lie 843 0,
BORHIRE AR 20 0.02m. MK 12 (b) ] LUE H
IR ZESE 10s Ja Pl Besh 2 0, e KN ) iR 22
& 6.57m, HAFAE, XTEEBRAT M FE g T4
17 0. W 12 (c) F el UG A IR ZE7E 408 J R
TSR] 0, e KM EIRZE N 0.057rad. iR =4~
VR ZEAEAE SERRAT MR Bt p 38 & v A2 1. 45 b, f)
FLEE PRI T A SO I 7 V26 T8 N 4 (1) R B
TR R LF BRI

4.8 MWEXANERITHIRE

B 13 FATEUE Y, BREE 2035 4= 1 it
PUZEREEATRE, D T L U IR I RIROR, AL
A T AR K AT Bl B 34T 31, i B B e K
(KIP7 AR 5500 m. 45 A5 R Ul W BR Bl 2= )
PAAR -3t R B AT 4=

FiLSRE

AR SCAERESL T N AR ZERLIN, K5 T N7 1]
(R 9T R A X B A AR A D I A RN, 4R T
I A2 (R 0 N AR ERBEAT B 95, SR L Bt
N T AT L BRI 4 2 T PR R ZE Y
B 0 N7 22 18] 1R ST R A AT B 120 30 SR A0S ) P2 A I
AR b, A% BB RN A A A Vi X 5 ik BT R

5



113 VA AR T IR D) B R A P T TG N AR BR BE R R T VRO 2039

! I 7= o P 2 o SR £ B 4k 2%, F Barbalat 5138
o ERE 1A W] T R BRI WA M8k, 1] Matlab
S IR 07 L T 2 10 B B AT I AT 007 2L, 47 20 4%
2} 002 S B T B 2 T AR G 2 T ) B
- A\ BRBRATIR. 6 ST FEh, 16 K (0 T 7
| 002 BN T MR BC 1 535  ATU 2 73 J Sk
| I T (38 A (M P A 7 A B

[ A 22 /m
&
o

0 50 100 150 200 References

) /s 1 Yang Fan, Yun Mei-Ping, Yang Xiao-Guang. Single lane mi-
(@) RN HMFERRE | croscopic traffic flow model based on multi-agent in CVIS
(a) Lateral error between two unmanned cars 1 circumstance. Journal of Tongji University (Natural Sci-

5 ence), 2012, 40(8): 1189—1196
(B, =RM, bt HET 2 a4 K AP 5T R4
0 -( TE WO AS B A, R 5F K2 240 (HARBFE ), 2012, 40(8):

1189—1196)

2 Dethe N S, Shevatkar V S, Bijwe R P. Google driverless
car. International Journal of Scientific Research in Science,
Engfineering and Technology, 2011, 21(2): 2394—4099

HRIRZE /m

-I51 3 Wang Jia-En, Chen Wu-Wei, Wang Tan-Bin, Wang Ming-
Lei, Xiao Ling-Zhi. Vision guided intelligent vehicle lateral
control based on desired yaw rate. Journal of Mechanical
Engineering, 2012, 48(4): 108—115

(EXRB, BRI R, EHM, EE, HRZ. T W EE M
BE YRR 3 TR B 2 R ) P o BLAR AR 73R, 2012, 48(4):
108—115)

205 50 100 150 200
Ff1m) /s
(b) IR Z T m it ze 2

(b) Longitudinal error between two unmanned cars 2

4 Tian Tao-Tao, Hou Zhong-Sheng, Liu Shi-Da, Deng Zhi-

0/¥ Dong. Model-free adaptive control based lateral control
of self-driving car. Acta Automatica Sinica, 2017, 43(11):

01 1931-1940

(H#H, G, XS, XEEAR. H T JoRi Ry FE N i i o A 2

WRERS Tk, AR, 2017, 43(11): 1931—-1940)

LR ZE /rad

5 Liu Wei, Xiao Xu-Hui, Wei Jing-Dong. Simulation study
on horizontal sliding mode control of driverless cars. Beijing
Automotive Engineering, 2017, (4): 31—-34

= 0 5 500 CAUF, P00, BB, Jo 2By b e B O OO 5. Lt

1] /s %, 2017, (4): 31-34)
(©) FIENTFZ MR L UeTE 3

(c¢) Angular error between two unmanned cars 3

6 Nouveliére L, Mammar S D. Experimental vehicle longitu-

- dinal control using a second order sliding mode technique.
K12 WLEANZEZRK="RE Control Engineering Practice, 2007, 15(8): 943—954

Fig.12 Three errors between two unmanned cars 7 Li R M, Zhang L W, Han L, Wang J. Multiple vehicle for-

mation control based on robust adaptive control algorithm.

6000 IEEE Intelligent Transportation Systems Magazine, 2017,
9(2): 41-51
5000
8 Peters A A, Middleton R H, Mason O. Cyclic interconnec-
40007 tion for formation control of 1-D vehicle strings. European
£ Journal of Control, 2016, 27: 36—44
= 3000
9 Wang P K C. Navigation strategies for multiple autonomous
20001 mobile robots moving in formation. In: Proceedings of 1989
IEEE/RSJ International Workshop on Intelligent Robots
10001 and Systems’ 89. Tsukuba, Japan, Japan: IEEE, 1989.
486—493
O 1 1 1 1
0 20 40 X/m 60 80 100 10 No T S, Chong K T, Roh D H. A Lyapunov function
oo P , approach to longitudinal control of vehicles in a platoon.
K13 PR Z AT Bl 12 IEEE Transactions on Vehicular Technology, 2000, 50(1):

Fig.13 Movement track of two unmanned cars 116—124



2040 H ]|

e

2 it 44 %

11

12

13

14

15

16

17

18

19

20

Ren Dian-Bo, Zhang Ji-Ye, Li Wei-Jun. Mathematical
model of automated vehicle following system with delay
based on sliding model control method. Journal of High-
way and Transportation Research and Development, 2008,
25(1): 142—145

(PRI, sk, AR 75 L T-IB A2 0 R I iy 1 3 22 A ER B 2R 58
Hze R ABAZRHE, 2008, 25(1): 142—145)

Ren Dian-Bo, Zhang Jing-Ming, Cui Sheng-Min, Zhang Ji-
Ye. Vehicle following control using front and back informa-
tion based on vector Lyapunov function. Journal of Central
South University (Science and Technology), 2010, 41(6):
2195—2200

(FEBED, BRATH, AERERS, Tk4klk. 35T 174 Lyapunov MU
YL i Y A R BE A . PR R AR AR (BARELIR), 2010,
41(6): 2195—2200)

Xuan Jian-Yong, Lu Geng, Wang Jing-Chun. Vehicle follow-
ing control system based on micro smart car. Information
and Control, 2014, 43(2): 165—170

(K, Bk, ERiaR. 26T REZE I E B B R 28, R
Ly, 2014, 43(2): 165—170)

Qian Fang. Vehicle formation control based on feedback lin-
earization [Master dissertation|, Dalian Maritime Univer-
sity, China, 2011
(87, BT Bt AL m A i A1 [ L2208 ], K
K, 1, 2011)

Hou De-Zao, Liu Gang, Gao Feng, Li Ke-Qiang, Lian Xiao-
Min. A new safety distance model for vehicle collision avoid-
ance. Automotive Engineering, 2005, 27(2): 186—190
(s, XU, W, 45 00im, /NIRRT 2 4 i
B YRR TR, 2005, 27(2): 186—190)

Zhao Ming, Lin Mao-Song, Huang Yu-Qing. Leader-
following formation control of multi-robots based on dy-
namic value of ¢. Journal of Southwest University of Science
and Technology, 2013, 28(4): 57—61

(B, BROSERS, BRTE. ZET0E o MERSUTERRETE 2 HLEE A giBA
P, PERIRHEOR L2 (ARFIER), 2013, 28(4): 57—61)

Fan Jia-Lu, Jiang Yi, Chai Tian-You. Operational feedback
control of industrial processes in a wireless network environ-
ment. Acta Automatica Sinica, 2016, 42(8): 1166—1174
(BRI, £2, S8R M. TEMBIIEG T Tk BRIz 4T S w7
i BElbEAR, 2016, 42(8): 1166—1174)

Min Ying-Ying, Liu Yun-Gang. Barbalat lemma and its ap-
plication in analysis of system stability. Journal of Shandong
University, 2007, 37(1): 51—55

(I, x| ekl Barbalat 513 & HAE R GRG0 i R AL
IR KZ2E] (T2£HR), 2007, 37(1): 51—55)

Yu Zhi-Ying, Guo Ge. Vehicle formation control based on
adaptive Kalman filter. Journal of Liaoning Technical Uni-
versity (Natural Science), 2016, (11): 1312—1315
(A%, ¥, FET B MR /R 2083 0 2 g BA P . 1T TR
FR KR (AREAAR), 2016, (11): 1312—1315)

Guo X G, Wang J L, Liao F, Teo R S H. Distributed adap-
tive sliding mode control strategy for vehicle-following sys-
tems with nonlinear acceleration uncertainties. IEEE Trans-
actions on Vehicular Technology, 2017, 66(2): 981—991

21 Dixon W E, Dawson D M, Zergeroglu E, Behal A. Nonlinear
Control of Wheeled Mobile Robots. London: Springer, 2001.

22 Wu Z H, Huang N E. A study of the characteristics of white
noise using the empirical mode decomposition method. Pro-
ceedings of The Royal Society A: Mathematical, and Engi-
neering Sciences, 2004, 460(2046): 1597—1611

ZiaMe bl K F R E . 2005
T B R B E s AT 5T T 3R A 1
e VAN o R 1 ATl [ Tl A
Rl R 88, J0 N 2245 ) 5G4 B AR W A,
(B iy NE € OF LS N T R NS S R =R

.
‘ ‘ E-mail: rmli@bjtu.edu.cn
(LI Run-Mei  Associate professor at

Beijing Jiaotong University. She received her Ph. D. degree
in control theory and control engineering from the Institute
of Automation, Chinese Academy of Sciences in 2005. Her
research interest covers intelligent vehicle road coordina-
tion system, key technologies of driverless cars and traffic
big data processing and prediction. Corresponding author

of this paper.)

C KIZREL AbnUSCHE AR, 2011 4R
TAE R A A T Be iAo e, &
BERIFTT 1) A JE N A g DA FR e 4 A
f£. E-mail: 15120226@bjtu.edu.cn

(ZHANG Li-Wei
dent at Beijing Jiaotong University.

Graduate stu-

She received her bachelor degree in con-
trol technology and instrument from
Beijing Institute of Petrochemical Technology in 2011. Her
research interest covers control and optimization with ap-
plication in driverless cars formation systems.)

E & JbntsE KA. 2007 T
Bl PRl NE LS 7 G AL B w3 VAR S 3 1)

T A ia AT P f R S A R R
AU FR T I HOR AT
E-mail: jwang@bjtu.edu.cn
(WANG Jian Professor at Beijing
Jiaotong University. He received his
Ph. D. degrees for Beijing Jiaotong Uni-

versity, Beijing, China, in 2007. His research interest cov-
ers communication based train control, theoretical research
and technical innovation of satellite navigation in the rail-
ways.)



