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Control of a Heterogeneous Platoon of Vehicles with Actuator Lag,
Communication Delay and Switched Interaction Topology:
Constant Spacing and Constant Time Headway Policies

Hossein Chehardoli, Mohammadreza Homaeinezhad

Abstract: This paper investigates the control problem of a heterogonous vehicular platoon with
time-varying interaction topology, communication delay and actuator’s lag. For each vehicle, a
neighbor based linear control law using relative position and relative velocity between vehicles is
considered. Two new approaches based on Lyapunov-Razumikhin theorem are presented to perform
the internal stability analysis of the resultant switched linear time delay system. It is shown that the
closed-loop dynamic is globally asymptotically stable under arbitrary switching. It means that the
heterogeneous platoon of vehicles is internal stable under switching action. In continuance of paper,
a new theorem is presented to obtain conditions on controller gains satisfying the string stability of
heterogeneous platoon. Simulation results are provided to show the effectiveness of the proposed
approaches.

Keywords: Heterogeneous platoon, Communication delay, Actuator lag, Lyapunov-
Razumikhin, String stability.

o sb i | s o8 gt J ST e a5 -0 1 385 31 5 ST Oledige ezl o 257 ale I3l e 1S s odge oy 5


https://dor.isc.ac/dor/20.1001.1.20088345.1396.11.1.6.3
https://joc-isice.ir/article-1-419-fa.html

[ Downloaded from joc-isice.ir on 2026-07-04 ]

[ DOR: 20.1001.1.20088345.1396.11.1.6.3 ]

b 8y Ol 5 Sl kol 31l it Ol (bl Skl b 5 Rlas 5 (bl Slej 5l sl 53 55055 (Sasliog § S J 28 YA

J‘;,J‘_;LQA L}JM sg_,bjlg% o=

(W] oo glady ol 2 oo Jlesl (2o plizsl Ol 3
dalan glaat ) oy addlas ;i hay [F] 53 ol 0dd o)y
ool ok &) 1425 (65 (52 g Ao il (T a2
(s 095 (bl St bl @i 8 Sladss bl o
g Al $Salys 9355 09 8 S 5 el akd 45 S Ly b
Sele i b STe 4l Lgpas (b lsle S b
338 o 5 s 5 e i e $SCalys oy a5 (b
g il $SCalys i [YOSYF] (G5S Glapin (5555 Gollas
Ul ol o) opmas 238 e IS GOMLL Esl W5
o dlie il 5 dled gpay bl L 55 1 et lady oL
5 Bl Sl St e 53 gyt Keal was o IS
oMot o 4y 35 gn 3 ke Olaj (Bl Sl b g s Shas
) 5 Al 68T e
33505 8 B8 s (Kasli-)
Jo 6l Sl S 4y me 5 (o LLES @)Y
S ket (5SSl 1L
Sl S sl 53 a3t 0s S Sl ol e
e Oy (Bl bl 5 6 Klas ¢ bl
Volad 5 el odd adkileile 5 00 4 Jlae aels!
;MMQ,QQVMP.»)fGAcUMGAU Soledia
33580 531 ot S5 (L e 4 SIS b s
Glasy oL F S 5333 8 o @1 Ll y ol 55 s 4ndS g3
S5 3y ol 55 Glads 5 S5 F dals 5 G 34 S
CtS g Sy dmie Gagileand O Cad j A dalgss
Sligpar & Cawd 53 e Sl 53035 8 o 4l s 0Ly (LU
Ny
Lo by Dlocrio —¥
3o OIS K LG =(V, e, W) S 5
(IS sy Come V={12, N} 0T, 8wl N w
W =[WijInxn s 5 ladb 45 gazes ecVxV
e 85 ST Al oG IS sl e Lo Wy > 0, W =0
i pes 1ol 51 el el als smg ]ty 4l il )
o3 o S el T e G Sy 05k I E 5y dals
Gl s 53 1 ) Bl b5 5y e &S5 il O sline

s sl L E Sl
Y Sl Bl 6503 s g s 53 ST 35 e okl

N =
L =[] ki =Zj:1¢iWij:¢»)w +« G s

G my s 08 K 3 s s B =W i
..\;Q;,.é\.:):Us})s‘,ijiu)'\uﬂ:-)ua\Kaaf‘jé%l&));};

4 Connected
® Laplacian

dodo -1
\(|TS) Ladgr & 5 Jo St Lou ol laaas 5o

5 tde o ITS ol [Y5)] col 85 515 ok 58 3550
Al e bl 855 03 (S oS5 ite S Al (sl e s
(ool il Bl Osmmen gadae gbize s ITS (giluesly [¥]
GRS s o E 5 KA b B s e e s
“lob b gy 25 8 IS ITS ol ol Y] aisb e ST
10Tl o (S315 oad b 51 ) st 4 oS cla

ITS e e Gilwesly Olge 4 lagys sa}f J s
S5 SGosk 4wl erg Soliss ar g sy sl slaans )
5] Sl ots w1y LOT (o &K &S > J S (gl (godmie sla
& Odery sshie 4 lagyngt 9 8 JRS el ol ol el [V
IS Coeal W] ibpo 0L o 5 Cogllas i sl
I 5 s GOl 53 (S a3 ol s bgss s (2 8
A By by Ol ST 6 sk 4 il S5 o b
I S b oKT g J RS 4 s oS
g 355 S e 55 33 55055 25,8 JRS s ¥ b e
N S KA YD A = NNV AR G
Wil gr wts I s o 228 pie e 7 glazt; 550
V5]

oslitul o953 G Glualol 3|l g IS Sl s
ol ol (351l s [VFVY] ol b i Olo) (51l 135 8 e
A o ol 28l &G b Do (b Aol (51 zal s [VWV-10]
ol by Ol 3l il 53 oS Jl= ys Sl s 695555 3
Al bgpd s Cope e g g g3 On el
mosly S J 53 038 pie 1) (Sl e Sub a5l
IV Y]l 550585 0T s (g5l

3 oML s aia s SIS Dladss sl slaans o
IS o sl okt il 555 (slaes 8 sl SRS b
2 g (28OS Gl ol Joe 5 S5 b
sy on plol [YFAA] 83 sl 5o L 5 [N-1V] L (sl
Slosl (b Slas s s gl (lai—plie J 8 S V7] o
laosls plp 55 pslie s o KIS e ol okt @yl 5555
035 15 5 glanty ol 8 Sl ok 151 [V0] 53 ) s |
5 ol Gl b SISV s uS e e
e Sy S e b SIS 6l ots 0 8 s gl
2 S Sae b e 53 3 Ren ey £ oSS sl ool

JRHIRV W)L:.G‘ L;Lg& Syl @ @b S Sl s &1y [VY]

! Intelligent transportation system (ITS)
2 Internal stability
% String stability

Journal of Control, Vol. 11, No. 1, Spring 2017

YFAF Sl o) osled o)) o oJ 25 aloe


https://dor.isc.ac/dor/20.1001.1.20088345.1396.11.1.6.3
https://joc-isice.ir/article-1-419-fa.html

[ Downloaded from joc-isice.ir on 2026-07-04 ]

[ DOR: 20.1001.1.20088345.1396.11.1.6.3 ]

Y4 b b Olej 5 b Al 651l e 0lej bl Sl le b g Rles 5 (bLo 1 Sloj b g 45 55055 Kenbiog oS5 a8

;lj.?@m Loy deses gé}.s)%;rﬂ»

o= = s ~ -~ € aE=n

->| D, I<_
X,

GaS IS o s (Kaal 505 03 5 0S5 0) Kb

Wl 25 S 4 9035 (Soals dolas
X =V
M% =u’ >{ 1 *)

V= U7 =T

I
Mi
5 L (Cand ge eSS “iui!vivxi’Mi of 43
3 A ol G5 IS T sl pll 5535 ST (63555
S,k Ol Fl el g3 a el il J S 06 el s
b a5 S b3 3 Sy ge  JES 056 b dsls 5 ot
N7
07 = KY Wi (t—7)—x (t—7)—d,;]+
= ®)
+K[X, (t=7) =% (t—7) —d; ]+ D(v, —V;)
Lial) $3)35% Co w5 Camdse iy wVg, Xy 10T 5o &
slaws N7 5 S8 (oo D s K bLyl Sl L b7 otz

Colls Combge 535 p Sl Al | 50505 wleas Slago

i
N eyl .
25 sph X =X =2 (D L) e e
j=1

505 bl s Jse 005 55 o oslle Ao Dy 0T
Glp 5 b olie Dy j ool ol (5l (sl ol ¢l ] -1
@S iy Dy =hVo+ Dy b o iy 0l 51l
hy s Jse ss0355 o ahols il Dyy 0T s 87 55500
oo 4 90355 2 Gl o gl e SO 80y O
Db A S

e =X-X =&=X-V,=§=X *)

g el 5O s 4 st $SKalys ey IS 056 b

N

Uio-:KJZ:;Wi(jT[ej(t_T)_ei(t_T)]_ o
—Ke, (t—7)— D¢

St 53 pdloler] Slosas 51 (bl Sl b

el 5 Slos 55 Glls 50355 2 5 g0 et el oo

Aal )3 15 Do 4 B SRS 058 S g5 2 LI LS

T

u’ = Kg:wﬂr[ej(t_ri)_ei(t_fi)]_

—Ke (t—7;) - D¢ (t-A;)

la-k.&\;& c" })}}"—)}3}4 4«5§in E) Ti :T"I‘Ai QT)J&

W)

25 Dope 4 gy s dil Salys () 53 W) (ol

el dal g s

e w5 G g 4 (K OIS s ) A aalllae sl
Ol 0 ojles b lazaly oy o5 555 o W NH1 Lls o8 548
A3 heo el sl e 5l Olsie 4 2 e Sle 5 5d e 00l
2Ll 5 (G gl g s W o oy GBI s ph e 8
G OlS sl ol oiws 53 Sos sty pled sl S 550
&\:‘5)1.,\.1\4_.%):45»;@@% H=L+Z ;L
.;;@)béuu:wl:)}n
LYF] Bl 6 ol o o 2mns 6 s Wy STH >0 2) of
= = (Su Sw
Sp; Sy
_ = - =
.S11>=0,S55, —51,51S;, =0 {vv]
599 A0 olgds s, g gl (KL gslusl) ¥ N
cul i, 2a°b<a’ca+b’c'h bt (§>0 sl

[YA]

A3 1 55 o, e (sl SLL) L) dad

SRS
x=f(x,)
x(0) = ¢(0), 6 e[-5,0] )

X, (0) =x(t+6), VO e[-,0], f(0)=0

4SS 53 5 00,0 S S e g 5
Vs>0: ¢(s)>0,4,(5)>0,¢,(s) >0 WS g
2 V) e 61 4(0) =4, (0) =0 coosly axsls omen
s g0z T IC([(=4,0],R") 5> R L dzmin s sy b s
e R st e S 0 ) C([—ﬁ,O],ER”) 5 gdoee
Séﬁ@.&l{ml::ﬁjV(X,t) w}icb‘e&;hhli}
¢ (M) <Vt ) <g,(X)).t e R, xeR" "

sy 9(S), B(S) > 5 aals o Wb &K 51l s g
456@..5@4.':[{ ails
v (tr X) < _(p3 ("X”)! ®

if V(t+80,x(t+0))<ep(V(t,x(1))), He[—ﬂ,o]

IY8] 55ttt (1) s (512 il Iy o S Ton oSST

(o (B g0 -V

G Jols (Raal g5 09 8 & 08 o U S (a0l 5
S o 3,8 o SF s s s sav N s Laaly 505
Sope 4 (1) S8 s ph 0 38 iys $amS Do 4 00 8
b N L T T . W PP ST P

! Leader-follower

Journal of Control, Vol. 11, No. 1, Spring 2017

YFAF Sl o) osled o)) o oJ 25 aloe


https://dor.isc.ac/dor/20.1001.1.20088345.1396.11.1.6.3
https://joc-isice.ir/article-1-419-fa.html

[ Downloaded from joc-isice.ir on 2026-07-04 ]

[ DOR: 20.1001.1.20088345.1396.11.1.6.3 ]

b b Olej 5 b Al 651l e 0lej bl Sl b g Khes 5 (bLol Sloj b ) gam 45 5555 Kenbiog oK J a8 *.

J‘;,J‘_;LQA L}JM sg_,bjlg% o=

X0 -
yo "
i1
il s w BUi ai Vi
i+l —,_' Control —
_|—> Tnput (5) Vehicle
Visl Dynamic (4)

058 505 &S JES 1 Sl Y JSh

Sl y Syll ¥
oasia 03 8 bl Jltle b slad; gyl gwyp Sl
SleMbl 4 Ll 5 oo gy 2 aS Sl OT 5 b3 dlae ol 5o il
(s S Cpioman 5 Lelal) 5 e gl (695055 b e Cund g

sy slrle 5 Ko sl awils g Lialy 50555 b

B a4 <t W
e <> 5§ e <— g
})}j}ﬂ@l}a}ﬁ?uﬂ)\:&b:rdﬁ

ol 505w ail Salys (S (DLl e 4 a5 L
Dyl 5 e
€ =Kile (t—-7)-et-7)]+
+ Ko t-7)—et-7)]- OF)
—Ke (t-7,)-Dé (t—A,)
b KO =KW, K =KW, 0T 5
358 on 5 daly 4 e G Dol b b WOLY
E, =G, ,E, ,+G,.E,

i-1-i-1 i+1 i+l
Kicvriilefris
Gs = s24+sDe™™ + (K%, +KZ  +K)e™’ on
ii-1 ii+l
Ki?i+leirIS
i1 = —A o o —r
s?+sDe™ + (K7, + K/, +K)e™
ol o3l Sl plonil
E. G
EI :—HE (8)
i+1 1_Gi+1 i+1
E.

1
o gyap (Benlon 8 ABL i, 5 bs S0 dudd
:;ﬁ.ul,s‘_gla:.:))l.u_g@iy‘)&
+K)(r, + A, +
2

(fiJrAi)sz—)sti (\#)
Kia+ Ko, +K 2A
Ke =0

i+l i
N,N+1

(K7, +K?

ii-1 i,i+l

€ = KNZ;T:W;;[ej(t_Ti)_ei(t_Ti)]_

—Ke;(t—7;)-Dég (t-4)
8 s il Salis €=, 64,8, 6] Cu L

)

el 55O se 40 S
e=Ae+Y B et-7)+>.C et-4) 0
i=1 i=1

so(t):ite[0,0) >kefl,2,...,n} 0T ;58

0 1 m 0 0
Ao': N ’zBio': '
0 0)& ' |-KH, 0
m 0 0
Zcio':
~~ie {0 -DI,

G s G5ST  di8L 1 5 ls ST b
g el 815 ila Sl ol il g e a S (V) e

S gl g s 53 s S 6l Ll (695 5 )

Sow 4 Al adls 3 PEERZNXZNL'):&A\:AT:GWJ;\A—V
S
PE, +E;P<-Q <0,
m m )
E, =A, +ZBi,k +2Ciyk, kefl,2,..,n}
i-1 i=1
: D [Im(Z,)
0T 45 & —=> max | max ————¢ -¥

\/E k=12,..n, |i=12,..N ,Re(ﬂ«.,k)

b Hy sl oK o35 Slie 4y

6 s G5S e (BL 1S 5 s ST b
g al g 515 silema S ol g g 2 o (1) Lo

R S N N T
AL gl

Dol o5 2L ls 5w s P e RVN i s Loy
Al Lol 5

_ .
PH,+H_ P >0 oY)

2(D-Du

D>1K< , 12 = min(eig(P)), a

¥
— — —\—1 —

A= max{eig[PHo_ (PHG + HI,P) HLP}}

Co 5 (F) (Solus SVslea b 5y0 &é}fﬂf[@(\’)ﬁi

a3 e Ol St Sy 1, (0) J 287 0 56

Journal of Control, Vol. 11, No. 1, Spring 2017

YFAF Sl o) osled o)) o oJ 25 aloe


https://dor.isc.ac/dor/20.1001.1.20088345.1396.11.1.6.3
https://joc-isice.ir/article-1-419-fa.html

[ Downloaded from joc-isice.ir on 2026-07-04 ]

[ DOR: 20.1001.1.20088345.1396.11.1.6.3 ]

A

b b Olej 5 b Al 651l e 0lej bl Sl le b g Rles 5 (bLo 1 Sloj b g 45 55055 Kenbiog oS5 a8

;lj.?@m Loy deses gé}.s)%;rﬂ»

0.1 D550 4y A(sec)
4 s Jsb L(m) Silodnd s -0
0.02 e ol h, Siss (1) U5 Gillae 1) s 0 Juls (Keali o3 8 oS
2 st omossdot D, 2 s 4 sl (bl ksl aw cla sl 4087 6l b K
0.1 ot oo il D ) < 76 ST D <07 ) <---w>>
€< g < @__@.gé_ <— =
) <--6) <-- &) <-- () <--(
FEaS v ¢ O oA < o=

Y oY GLlas b 5 odd amlbes Sl LU YL O S alie iV Jau>

) <776 €77 D) <-- () <Y

»>0 A(seC) 195 9o 4ag 4 < o < oo O 3 <— T=e
7(sec) Sl Alots as 8 L s
0.38 0.05 Y i 90055 Radbiog 8 e 0l bl sl F
0.29 0.05 ¥ o4l
0.7 01 \‘4—43 ©) S8 Syso 4 Leialy 3,555 oy Yo ) glagsliw s
021 01 - Soppo 4 b Aol 5l gl ol gl 3 g e a5 S biys
017 0.5 \‘4—43 Oy g ot 3k 0ley o3l 1 08 =X, =X — L,
0.12 0.25 .o 228 o 0= Xy =X =V~ Do,

ot aiels JSC8 ol Gab odas oo OLES 1y 53555 05 8 i sl (8) S8
- o},f Slady 6ol edias Ol oS 5)ls LalS gy wws Jsb o
A?}]L_.M:@Qu&b})éf.ﬁ}ﬁéﬁfsués})}W(V)JQ.M\{
G F s M

- S P N U P Py PP PO TS P 0] I LI G-

=1500Kg ,ldis g3zl ol 03 835 A e ST 4

b i Obej 651l Gl l)u.!j:;fs:j»}gﬂ.bdélbﬁ- [CORPRCIITIY

Velocity of lead vehicle (m/s)

s e OLES 1)) ke s ol

18 L L L r r
0 20 40 60 80 100 120

" l ' ' ' l Time (Sec)
0.2 4
I Yo) gl yolaaly g8 Co O JKCH
i
Arﬂ?*i”i 5 4
E | — .. z . . . )
Serdl L/ |- N ] A3 DL 0 8 slagso s oled sl o) 5o 1) gl
Wostdl  oaff .\ | 5, ] DL 1) s Sl 5 5 (slo sy () U s o 453 5
£ — ]
g % ‘ kb b S5 8 YU 018  (glamlia (1) Jslo as o
’ 0 45 50 5% il
12 R mabbbloes ¥oai8 Jgdo ol Gb s e Ol 1Y 5 Y cLlas bu g
‘“ ] AUl G rhe GYL OIS 5 Bl ¥ add 4 Ll S )
16 L L . L : . - - . N . o
0 * “© Timeel()Sec) & 100 10 s3ie (andd 95 ol awslie Hobte 4 das e sl b5y b

b ahols (51 mal N gyl 6l s llos i IS

warg b Sl b YL OIS 5 Clodd 55 Sl H g 50

RV PR wlse.a QT

V b (1 e Sl S5l 0) J9oer

slade o g S
1500 225 0 M (Kg)
11 GFS P K
3.9 SFS D
0.07]sin(t)| Sk =t 7(sec)

Journal of Control, Vol. 11, No. 1, Spring 2017

YFAF Sl o) osled o)) o oJ 25 aloe


https://dor.isc.ac/dor/20.1001.1.20088345.1396.11.1.6.3
https://joc-isice.ir/article-1-419-fa.html

[ Downloaded from joc-isice.ir on 2026-07-04 ]

[ DOR: 20.1001.1.20088345.1396.11.1.6.3 ]

b b Olej 5 b Al 651l e 0lej bl Sl b g Khes 5 (bLol Sloj b ) gam 45 5555 Kenbiog oK J a8

35 glen Loy dess ‘LQJ-ULR

G

Yy

T T
- A
E
g
W A
j=
£
% A -
Q.
2]
9 100 110
16 : : : : ;
0 20 “ 60 80 100 120
Time (Sec)
- = - o . bITe .. Re
Sl akols (51l oY g5l 6l s llas ) e IS
3000 T T T T T
20001+
2 1000
Z
<
=
3
g
= 0
o
s
c
[=3
O 1000
-2000
-3000
~
3 4
S
=
o
=
w
j=2)
£
8 4
j=3
a
-0.2]
0.3~ 03] *
90 95 100 105
04 : : : : ;
0 20 4 60 80 100 120
Time (Sec)

b 8 iy Oles (6551l Y gyl 55 s o VY IS

Control Input (N)

1500

1000

g
g
8

o

&
g
8

-1000

-1500

-2000 L
80 100 120

ol iy Olej 651l oY gl (gl S8 (639,55 VT IS

Control Input (N)

-2000

8

o

Control Input (N)

Spacing Error (m)

60
Time (Sec)

Sl ol (51l ) gyl 55 IS (655,55 K

60
Time (Sec)

D8 ey Ol (5371 ) gyl 51 s sl A

000

1500

1000

500

L L i i

Time (Sec)

ol i Olej g5l ) gl 53 (J ST (035,51 KD

.(rJ}k)bﬁ@dfﬁ)bﬁtj)b?a}fﬁ)bJ“)b:r5{)&0
i gl (V1) 5 (10) JSC8 ilotis a5 5 Jasys |5 wlie J 28"l
éhﬁw..L'A:‘;QLL'qﬁwbé}?lﬁwlslj\)‘;;fh;;”,j

b iy Ol 5l Gl 1y (S 63955 5 cin slax (VW) 5 (V)

s e olas

(M, AL L) sy oKasliog 5 sl 3 Jous

4 3 2 1
1700,0.11, 1500, 0.07, 1600,0.1,4 1400, 0.08,
3.9 4.1 3.8

Journal of Control, Vol. 11, No. 1, Spring 2017

YFAF Sl o) osled o)) o oJ 25 aloe


https://dor.isc.ac/dor/20.1001.1.20088345.1396.11.1.6.3
https://joc-isice.ir/article-1-419-fa.html

[ Downloaded from joc-isice.ir on 2026-07-04 ]

[ DOR: 20.1001.1.20088345.1396.11.1.6.3 ]

v b b Olej 5 b Al 651l e 0lej bl Sl le b g Rles 5 (bLo 1 Sloj b g 45 55055 Kenbiog oS5 a8

315 g len Lo jdasa ¢« J 95 kg o

2000 T
1500 A
1000 1
g/ 500 -
<
3
g
=0 .
S
2
o -500 A
@)
-1000 A
-1500 -
00 : . : . ,
0 20 40 60 80 100 120

Time (Sec)

b b,y Olej (651l F g5l s IS (639551 Y USS

S 5 At -
555 Realios 8 S lasy 5 s Ml il il )
S esla 3 5 sy 5 R 5 (Bl Sbj b gl s
~ LY e b ol sl 8 s 0l L e (bl
s Sl AL e SS Gt b sl el
P C S K Py N O A e R [ g gy
Jsl 4 o A els DL (5iluad mls ) A3 5 sy [FCI,
Sl YL OIS 5wl pgs 4dB 4 od S ()l diblone
Glady (ol o 4 caslsl 55 das o slgiin (bl Sloj b
T PO A K O Py e P . PP
Sl o (sl 5 landd 5 b sl K8 e Olej ksl
4 sdaze gla g slw = b L OLL s A5 5 sl gy 05 8 lash,

.M%\éﬂbﬂﬁ‘)\dh&j)%w

Cw o -y

OT (M) dales (ol Pw;u;ﬁ)&lﬁp‘y.b,:f«,’aéol;l
s wB aaiis dole ] sl B <08

Pl Ol b6 5 s 4 sS BN O alol-

| -1
det(pl —E,) = det| " -
KH, (p+D)I .

N
=det(p’l+ pDI+KH,) =] [(p*+ pD+K2%,)

i=1
IS 03 G3ST I o (sl s Letaly (55555 51 o) Gollae
Slaer x> .4, >0 KT il (g el orwd JB A

] St p? + pD+ KA,

AN)

L e 53wt lazhy L gk ol 53 Fg sl
IS 5 ate sl 43,8 o 13 (s g 3050 Loaly 5355 s
1.2sin(0.7t), t>30,t<50
s 4 a=14-1.2sin(0.7t), t>80,t<100  slazl
0, otherwise
63555 5 win sl (10) 5 (O0F) (gla IS5 1355 o Jlas! Lozl
BB S pmen s e OLE 1) Sl Aol 351l sl RS
Oy @5lzal @l S5 @asss 5wt gl (W) 5 (V)
e s Ol 1y b e iy

0.4 T T T T T

Spacing Error (m)

1.4 -
16 : r r r r
0 20 40 60 80 100 120
Time (Sec)
. s el - . s . 5
Sl akeols (651 mal OF g5l 53 glandy ool VP ICH
000 T T T T T
2000
A
1000(
~ i
zZ
£
5 o0
o
£
£ 1000
c
o
o
-2000
-3000 -1
I I I I I

0 20 40 60 80 100 120
Time (Sec)

C_A‘UA.Lp‘..s&j}"}aﬂ\&‘ﬂ"ﬁ)b)}éﬁfd)})}:\oJ::)

03

0.2

°
=

Spacing Error (m)

&
[

-0.2

-03

L
0 20 40 60 80 100 120
Time (Sec)

b Ol (65l O gl sl slans ) souL N Ch

Journal of Control, Vol. 11, No. 1, Spring 2017

YFAF Sl o) osled o)) o oJ 25 aloe


https://dor.isc.ac/dor/20.1001.1.20088345.1396.11.1.6.3
https://joc-isice.ir/article-1-419-fa.html

[ Downloaded from joc-isice.ir on 2026-07-04 ]

[ DOR: 20.1001.1.20088345.1396.11.1.6.3 ]

b b Olej 5 b Al 651l e 0lej bl Sl b g Khes 5 (bLol Sloj b ) gam 45 5555 Kenbiog oK J a8 vE

J‘}&L&A L}JM sé}.ULg,_g o=

m m
/ T
V<e P(Ag(t) +Y Bio +2Ci,a(t)]+
i=1 i=1
m m T
+ Aa(t)+ZBiyg(t)+ZCiyg(t) Ple+
i=1 i=1

+ Zm:j: {eT (s)Pe(s) +
i1

-7

+ eT (t)PBi,U(t)AO'(S) PilAL(S)BIU(t) Pe(t)} ds +

m t m
+Zj Z[eT(s—rj)Pe(s—er
i A j=1
+€T (OPCi 4()B) 0P "B} o ClomPel®) |+
m
+Z[eT (s—A;)Pe(s—A;)+
=i

+& OPCi4yC.00P 'C o CloPe® ] s
)

V(e(t+0) <nV(e(t)), oswesily 4 5l oslizal L
:ﬁ)bH e[-max(A; +7;),0], 7>1

izml“ Jtri e’ (s)Pe(s)ds <
e’ (t)Pe(t)an:ri =e' (t)(zm: Pz, je(t)
i=1 i=1
m t m
;J.t"A‘ j=1

Zm:j: _muze! ()Pe(t)ds =" (t){zm: myPA, 1e(t)
i= - i=1

(Yo)

e’ (s—7;)Pe(s—7;)ds <

(¥$)
m t m
Zj ZeT (5—Aj)Pe(s—A;)ds < )
ERd ]
m t - T m
> I mre” (HPe(t)ds =e” (1) > myPA; [e(t)
et 1, <
i=1 i=1
:;'i)b aals| ys

Mt
ZJ.H_ e’ (t)PBi,o—(t)Ao—(s)PilA;(s) BiT,a(t)Pe(t)dS =
i

m t
=e' (P Bi “t Ass) PlAL(s)"S} Bl Pe(t)

i=1
(YA)

s 1,V =eTPe oS pie Bl ab (U wlsl s

g dals x5S 4 (10) gl 55 0T Grie 7 4 K

V=2"P {Agme + ) Biopelt—7)+ Y Cielt—A )}
i=1 i=1

(%)

V- Al eslisal b

e(t—z,)=e() —f_r &(s)ds, e(t— A,) = e(t) - j:_A é(s)ds

(Yo

. o o
V =2"P {Aame +Y Biow [e(t) - ‘[H e(s)ds} +
i=1 !

(¥y)
+ Z Ci,o‘(t) [e(t) - '[:-A. é(s)ds}}

s r.:.al? B Oyle ilwesla b

V=e' {P(Aa(t) +2 Bt ZCW(OJJF

i=1 i=1

m m T
+ [Aam + Z Biow + Z Cioo j P}e +

+ ;J‘ttﬁ, _2eT PBi'g([) {AU(S)e(S) +

(¥y)
+ Bj,(r(s)e(s—‘[j)+ch’{r(s)e(s—Aj)}ds
il =
m t .
* Py It—AI —2¢ PCi,u(t) {AJ(S)e(S) +

+Y B e(s—7)+ > .C, els—A, )} ds
j=1 j=1

B, B =B

io(t)Pi,o(s)

C

5 e (D) &KL sl Slaslizal b 55 Gy yA =0

o) Zios) — S 4 arg L

—2e" (t)PB; 5 yAu(s)8(S):
a' =—¢' ()PB; ;)An(s);D=e(s); g =P

—2" ()PC; »)B j.o()8(S—77):
)

—2e" ()PC; »1)C oS —A)):
al =—e' (OPCio1)Cop) P=0(5-4)i¢= P

g Ol e

! Newton-Leibnitz

Journal of Control, Vol. 11, No. 1, Spring 2017

YFAF Sl o) osled o)) o oJ 25 aloe


https://dor.isc.ac/dor/20.1001.1.20088345.1396.11.1.6.3
https://joc-isice.ir/article-1-419-fa.html

[ Downloaded from joc-isice.ir on 2026-07-04 ]

[ DOR: 20.1001.1.20088345.1396.11.1.6.3 ]

i) b b Olej 5 b Al 651l e 0lej bl Sl le b g Rles 5 (bLo 1 Sloj b g 45 55055 Kenbiog oS5 a8

;l;@m Loy deses gé;.wlg,_}y

m m
7 T
V<e P[Aa(t) +> Bioy +Zci,am]+
i=1 i=1
m m T
+ Aa(t)+ZBi’U(t)+ZCLU(t) Pire+
i=1 i=1

Tonac® ZPB,k Za,JA PAT 1Bl P+myP e+

nS
Amax® ZPCI k Zm:Zﬂir(Bj,rP_lBE,r +Cj,rP_1C1j—,r)

j=lr=1
CIkP+2m2nP)e
(*Y)

s Ol S Sl

V<-e'Qe+r,,aee+rA aee @
207 34
a = max max A
L ko, | 0say <t max

S
A+ iy +o s =1

m ng
Z PB; ZaijAj PAT LBl P+mnP
i=1 j

a, = max max Aimax

s 0<0{IJ <1

Uiy + 0+ Qs =1
m
ch,k ZZﬂ,r(B p- 1BTj'r+Cj’rP’lC}r) cl P+
=1 r=1
+2m277P}
(¥f)
V<0 ihs el s s 8 Lol 5kl 51
7 <in(Q)/ 8, 7 <(Anin (Q) -7, )/ & ()
O
L OY) sbaal Py 5l s 51 05Y b3 F dnlad LT
P e o AN Jaars b Hy =0 o culoT as L)
(Sl aalsl 53 3 g dals e e H ) olSST sl (6l o o 2

0T 50 8 4,8 s LV =e'Pe oS s Sl ek

) DP P
4 OPLU wb Grhe (S s i plewl L P= 5 B

Dy el 55 Ose

dwa o3l «[0, 73] 5L s ol ] e 5 KT 5500

nS

ARl 5 Dope 4 B Dsle Dl Lo Zaij =1
j=1

(o) =K) >

TZTPBIk Za”A PAT {B] Pe<
(Ya)

Toax @ ZPB,k Za”A PAT 1B, Pe
i=1 j=1

dus Bir oilut [0 A b s o e 5 81 Jl

nS
SR [Zﬁir =1J st

r=1

CtoNeLT AT T
Zj‘t—A Ze MPCis1)Bj.os)P Bjos)CiomPet)ds =
i AT

m m
t
1T T _
Z PCi,O‘(t) Zj.th Bj,U(S)P Bjyg(s)ds Ci,o‘(t)Pe_
=it

m m Ng
= A€"PCi | D> BB P B, [CliPe<
i=1 j=lr=1
m N
max ZPCIK ZZﬂerj,rP_lBTj,r CiT,kP €
j=1r=1

x)

Wb Ol e s

m
Z j Ze (OPCi o 0C j.o()PClo(s)CloPe(t)ds =
=

e'PC, o ZI CiowP 1CT s |CloyPe =

i=1 j=1
m m ng
ZAe PCiic| DD BiCj PTICl, [CliPes<
j=1r=1
m Ng
max ZPCIK ZZﬁer PilCT kP €
j=1r=1

(*Y)
Oly BB 55 s 4 (TF) oty «(F1) 6 (Y0) Laly) sipar b

154 dal 5

Journal of Control, Vol. 11, No. 1, Spring 2017

YFAF Sl o) osled o)) o oJ 25 aloe


https://dor.isc.ac/dor/20.1001.1.20088345.1396.11.1.6.3
https://joc-isice.ir/article-1-419-fa.html

[ Downloaded from joc-isice.ir on 2026-07-04 ]

[ DOR: 20.1001.1.20088345.1396.11.1.6.3 ]

b b Olej 5 b Al 651l e 0lej bl Sl b g Khes 5 (bLol Sloj b ) gam 45 5555 Kenbiog oK J a8 2

J‘;,J‘_;LQA L}JM sg_,bjlg% o=

1-2DA, 20,
2(K| Ja-1 + K|(7|+1
K>K> , —K?

i+l ii-1

+K)A+D(z, +A,)) 20, v

AL e D g0 4 3005 o T e il Sl
€y =K nalena(t—7y) —ey (t—7y)]
—KZe, (t—7,)—Dé, (t-A,)
A s s Bl 0l 05 e S5 wlie Jlsy el L
By By S1o&T sy

(FF)

1-2DA, =20,
-2(Kg NaT KR)@+D(zy +A,)) =0

4 Ol 1y (F0) 5 (FF) «(FY) Sl 6y Slnlona planil |

(F0)

By Ol 2y b s O

||1+K||+1+K)(T +A+
(r, + A + 2 )<D (¥%)
||1 I‘(|O-|+1 K
SZA Kl?lN+l O

&y

[1] R. Horowitz and P. Varaiya, “Control design of an
automated highway system”, Proceedings of the IEEE
IFACK Conference, vol. 88, no. 7, pp. 913-925, 2000.

[2]Y. Toor, P. Muhlethaler and A. Laouiti, “Vehicle ad
hoc networks: applications and related technical
issues”, IEEE Communication Survey Tutorial, vol.
10, no. 3, pp. 74-88, 2008.

[3]A. Ghasemi, R. Kazemi and S. Azadi, “Directional
control of a platoon of vehicles for comfort
Specification by considering parasitic time delays and
lags”, Promet-Traffic and Transportation, vol. 25, no.
5, pp. 412-420, 2013.

[4]1D. Helbing and B. Tilch, “Generalized force model of
traffic dynamics”, Physics Revision E, vol. 58, pp.
133-138, 1998.

[5]Y. Li, D. Sun, W. Liu, M. Zhang, M. Zhao and L.
Tang, “Modeling and simulation for microscopic
traffic flow based on multiple headway, velocity and
acceleration difference”, Nonlinear Dynamic, vol. 66,
pp. 15-28, 2011.

[6]H. Hao and P. Barooah, “Stability and robustness of
large platoons of vehicles with double-integrator
models and nearest neighbor interaction”,
International Journal of Robust Nonlinear Control,
vol. 23, no. 18, pp. 2097-2122, 2003.

[7]S. Eben, K. Li and J. Wang, “Economy-oriented
vehicle adaptive cruise control with coordinating
multiple objectives functions”, Vehicular System
Dynamic, vol. 51, no. 1, pp. 1-17, 2013.

[8]A. Ghasemi, R. Kazemi and S. Azadi, “Stable
decentralized control of platoon of vehicles with

V< Qe+ pae e+A e e,

_ - e
5, —ETpPE - K(PHG +HIP) KHIP

KPH,, 2(D-1)P
(%)
K Q, <0 X N ok
— — — T= -1 T=
s 2(D—1)P—KPHU(PHU+HGP) H'P >0
_2D-Du
V SO :a\ij-\’u\;’

7 <nin(Qo)/ 8y, 7 <(ﬂ~min Q,)-7 aZ)Ial (V)
(|
BV Sibys Olg e (V0) daly & a5 b F duidd QL3I
&T

T st i, [Ey /Eyy|<1 5 |Gy |G| <05 Lis,

) 1 _
|Gi—1| = % SE RYR VI R '|Ei /Ei—1| <1
u i1

Ol ps=0q,—4p, 20
+K7 +K) -

ii-1 i+l

g, =0"+0’D* +(K/,
—-20°DsinAw-2(K/, + K7, + K)o’ cosr,o+
+2(K, + K, + K)wDsin(z, + Ao

ii-1 i+l

= (K

1, i-1
(¥A)

By dals 5 a 0, —4P ;20 Ojle
(K + K +K)? 4(K”1) +

ii+l

+2(K7 L, + KP

ii+l

—2(K¢ . + K7

ii+l

+K)wDsin(z, + Ao —
(va)
+ K)o’ cosr,0—
-20°DsinA,o+ o' +®°D* >0
bl aersl
Va20:sina<a - -sina > -a, -
cosa <1— —cosa >-1
25050k 5 Do )y (F) Dsle 015
(1-2DA))o" +{D* - 2(K/_, + K, +K)
@+ D(r, +A )}’ + (K, + K, + K = (F1)
—4(K )?=>0
gl 185 G bl 5l b o
1-2DA, 20,

2(K| iat K|G|+1 +K)A+ D(Ti +Ai)) >0, (f1)
K 2 Klal -1 K|U|+1
p|+l N
Jol 5 |G| = <- st», wlie IVl L

i+1

338

Journal of Control, Vol. 11, No. 1, Spring 2017

YFAF Sl o) osled o)) o oJ 25 aloe


https://dor.isc.ac/dor/20.1001.1.20088345.1396.11.1.6.3
https://joc-isice.ir/article-1-419-fa.html

[ Downloaded from joc-isice.ir on 2026-07-04 ]

[ DOR: 20.1001.1.20088345.1396.11.1.6.3 ]

v b b Olej 5 b Al 651l e 0lej bl Sl le b g Rles 5 (bLo 1 Sloj b g 45 55055 Kenbiog oS5 a8

;l;@m Loy deses gé;.wlg,_}y

[19]Y. Li, K. Li, T. Zheng and Y. Li, “Evaluating the
performance of vehicular platoon control under
different network topologies of initial states”, Physica
A, vol. 450, pp. 359-368, 2016.

[20]J. Naranjo, C. Gonzalez and R. Carcia,
“ACC+stop&go maneuvers with throttle and brake
fuzzy control”, IEEE Transaction on Intelligent
Transportation System, vol. 7, no. 2, pp. 213-225,
2006.

[21] R. Kianfar, P. Falcone and J. Fredriksson, “A control
matching model predictive control approach to string
stable vehicle platooning”, Cont Engineering Practice,
vol. 45, pp. 163-173, 2015.

[22]G. L. Naus, R. Vugts, J. Ploeg, J. Molengraft and M.
Steinbuch, “String-stable CACC design and
experimental  validation: a  frequency-domain
approach”, IEEE  Transaction on  Vehicular
Technology, vol. 59, no. 9, pp. 4268-4277, 2010.

[23]X. L. Yun and G. Feng , “Effect of information delay
on string stability of platoon of automated vehicles
under typical information frameworks”, J Cent South
University Technology, vol. 17, pp. 1271-1278, 2010.

[24]D. Liberzon, “Switching in systems and control”,
Boston Birkhauser, 2003.

[25]H. Chehardoli and M. Eghtesad, “Robust adaptive
control of switched nonlinear systems in strict
feedback form with unknown time delay”, IMA
Journal of Mathematical Control and Information, vol.
32, pp. 761-779, 2015.

[26]J. Hu and Y. Hong, “Leader-following coordination of
multi-agent systems with coupling time delays”,
Physica A Statistical Mechanics and its Applications,
vol. 374, pp. 2, 853-863, 2007.

[27]R. Horn and C. Johnson, “Matrix analysis”, New
York Cambridge Univ Press, 1985.

[28]J. Gallier, “The schur complement and symmetric
positive semi definite (and definite) matrices”, 2010.

[29]K. Gu, V. Kharitonov and J. Chen, “Stability of time-
delay Systems”, Birkhauser, 2003.

[30]R. Gomez, “Exact and Exhaustive Stability Analysis
of Linear Consensus Protocols with Time Delay”,
PhD. Thesis, University of Connecticut, Storrs, CT,
2012.

heterogeneous  information  feedback”,  IEEE
Transaction on Vehicular Technology, vol. 62, no. 9,
pp. 4299-4308, 2013.

[9]A. Ghasemi, R. Kazemi and S. Azadi, “Stability
analysis of bidirectional adaptive cruise control with
asymmetric information flow”, Journal of Mechanical
Engineering Science, vol. 229, no. 2, pp. 216-226,
2015.

[10]G. Guo and S. Wen, “Communication scheduling and
control of a platoon of vehicles in VANETs”, IEEE
Transaction on Transportation Systems, vol. 17, pp.
1551-1563, 2016.

[11]J. Ploeg, A. Serrarens and G. Heijenk, “Connect &
Drive: Design and evaluation of cooperative adaptive
cruise control for congestion reduction”, Journal of
Modeling Transportation, vol. 19, no. 3, pp. 207-213,
2011.

[12]R. Rajmani, “Vehicle dynamic and control”, Springer,
2011.

[13]L. Xiao and F. Gao, “Practical string stability of
platoon of adaptive cruise control vehicles”, IEEE
Transaction on Intelligent Transportation System, vol.
12, no. 4, pp. 1184-1194, 2011.

[14]A. Ghasemi, R. Kazemi and S. Azadi, “Exact stability
of a platoon of vehicles by considering time delay and
lag”, Journal of Mechanical Science and Technology,
vol. 29, no. 2, pp. 799-805, 2015.

[15]D. Jia and D. Ngoduy, “Platoon based cooperative
driving model with consideration of realistic inter
vehicle communication”, Transportation Research
Part C, vol. 68, pp. 245-264, 2016.

[16]K. Wook and C. Dongk, “Direct adaptive
bidirectional platoon using a coupled sliding mode
control method”, IEEE Transaction of Intelligent
Transportation Systems, vol. 15, no. 4, pp. 2040-2049,
2016.

[17]A. A. Peters, R. H. Middelton and O. Mason, “Leader
tracking homogeneous platoons with broadcast
delays”, Automatica, vol. 50, pp. 64-74, 2014,

[18]M. Bernardo and A. Salvi, “Santini S, Valente AS,
“Third-order consensus in vehicles platoon with
heterogeneous  time-varying  delays”,  IFAC
Conference, pp. 358-363, 2015.

Journal of Control, Vol. 11, No. 1, Spring 2017

YFAF Sl o) osled o)) o oJ 25 aloe


https://dor.isc.ac/dor/20.1001.1.20088345.1396.11.1.6.3
https://joc-isice.ir/article-1-419-fa.html
http://www.tcpdf.org

