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Abstract

In the environment of connected and autonomous vehicles (CAVs), the information multi-front ve-
hicle is connected with each other on the basis of vehicle to vehicle technology (V2V). For this, a
new improved model (T-MVD) is proposed by considering the influence of electronic throttle
opening in the multi-front vehicle velocity difference model. Firstly, the linear stability condition
of the model is derived, and the proportion of the area of the stability region is calculated with the
weighted coefficients of the number of vehicles m and the angle difference of the electronic throt-
tle w. It is found that the area of stability region increases with m and w. Secondly, the Burgers eq-
uation, mKdV equation and KdV equation of T-MVD model are derived respectively in different re-
gions by using the reduced perturbation method. Finally, the T-MVD model is numerically simu-
lated in different m and w under the condition of high velocity. The results show that the T-MVD
can effectively restrain the traffic jam and stabilize the vehicle at high velocity.
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1. 5|8

Bl & A AR BEAC B AR B H AR KPP HIFE &, B BEMEX % (Connected and autonomous vehicles, f&j#K
CAVs) ¥ = EARRIZHAF RN ZHAT R, Bl 25 % B B (vehicle-to-vehicle, FK V2V)HARILZ R
PAFE LT IBIB AT 5 B AL A L. I EEZMER, WA R T8 A 255, it
IR IEIEE, R A ST

B BE M IBCZEIAEE T R 2SI 1] A — AN B AT SR s . 7RO R B AEAY , Bando Z5[1142H 1tk
R )2 AT, 2 )5 Helbing 25[2175 58 T Fid fE Z s ma$E i 17 L J1(General Force, GF) 7,
FHIBIRH T 45 2 (Full Velocity Difference, FVD)IE AL, 43 3K, £ % & #AE FVD B8 |, JLFsz
BRAZ 388175 1505 R i LS S R B 2205 I8 el P8 R T S B 2R (4] (5] [6] [7], 35 [817E R 3R AN 2 4 A
SEMEEE BB N, #1217 200458 F 2 (Multiple Velocity Difference, MVD)FH, MVD A1)
AT E X IAE L FVD A Bt ok, Bk 2 50 4545 B0 T 28 I@ SR /e I B K, 8 BB A 2@ I -
HL -1 1145l (electronic throttle control, ETC)A& 4z HI 1% 0, 75 CAV RBERSH, WRFIER %
B AITEDMITE, Ba, T FR—HWEZEr R ET ok [ 30 xO80 kE fA2 @ 1% 2 fhliE, 1991
4, Hedrick %£[9], 1994 4F loannou 5[ 1011 )& T X TRTFWAITFES EHEPIHR, ERIEAFTFZFE
WFFE ETC [11][12] [13] [14]. $e7l3th, 2016 4, Li 5[ 15145 FVD #A g 5E AL R 70 B35S0 TS,
SRR KT RER AR X, IR T EEIE IR ARE S T CAV KGR SR, A1 &K
AR AT AR, JETT, Li 55[16]F0 Chen 5[ 1713873 75 18 1 A8 15 T4 5% 72 F1-F- 35 4 Sk ik 71 52 00 (1 SR Bt
B, 3 B4 R RIARE IR E A R, AR A .
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A FEAER RIS R G CAV R HIREL R, 5 tH 5 AN #1750 TF B2 2 40 i 40
P ZRY, BN T-MVD (the throttle-based Multiple Velocity Difference)fi 78! . & 4 H 2ethfa e v ik S
T-MVD *%?_E’ﬁ%% PSR, B LBk T AR % BT I 5 2 ——Burgers /72, mKdV HFE.
KdV 752, A Matlab i fe TH AR T-MVD #7815 B

2. T-MVD #HEI$RH
1961 5=, Newell Z5[ 18] T4 4 Sk 8] BE A A0 A0 P52 REARHR B 7 0 AR 2R 0 R Ot s A
vn(t+z'): ( n(t)) )]
Horb, ¢ RN BRI IR ], v, N5 n SR IR IR, v (Ax, (1)) R WA 42K A1 BE A, (1)
AT SRV I B AL T8
1995 4, Bando F5[1]iF— B H T 40 F A4 E FE Y (Optimal Velocity Model, OVM):
v, (t)=alV(Ax,(1)-v,(1)] 2)
Hrb, a NBURREL 7 (Ax, (¢) BRI B Ax, (1) 47 BRSO VF IR DL -
2001 4, FEBI3HEAEEZNFM, $EH T FVD AL
v, () =a[ v (Ax, (1) -v, (1) ]+ 24w, () 3)

Horh, 2 NEEERMEREL A, (1) =v,.,(0)-v, (1) -
2006 4, EHSE[QIHRH T Ui 2 Al 4 i =AY

5 )= (45, ()= ()] + v (1) @

o, k,j‘ﬁﬁijmi-ﬁﬁmm,l()fifh%ﬁ m<N, Hk; >k, .
2012 4F, RESTAE[1912E T 2 RIS 400 B 5 B2 (5 B IR2ma e 2 301 92 0 32 5 0k P 22 M«

i(0= S0, [ (85, (0) 5, (0] + 2,80, (1) )

Hr, o, NTTSR%E ) BURREL a,>a,,, m< N
2016 4F, Li %[15]7F FVD HAMEAE E, FEETRITRIFERZmW, &1 7T T-FVD
(Throttle-based FVD)#: 7 ;

a,(t)=k[V (Ax, () =v, () |+ AAv, (1) + A0, (6)

Heb, A0 =0, -0 8% i+1 5E i MEE, « NBERE

SKhr b, AR CAV ST, 23 GiEN VoV SORPUESRIUE B AL RS B 1T, MifeE
ROt sl AR E . Pl ASCER BN T, 2T 2 A4l ZZ R (4), HBETRT
FERIEE, SR ) T-MVD £ .

a, (1) = k[ (ax, (1)) ~v, (1) +§z,AVﬂH (1)+ @A0, 7

oty kBB RAEBRERETBUR AL, A TS R A, (1) RELREL m FRoRET m
1=12,-,m, w AR TR TAEEZRNERL: b NL2IEE. UACEE R BOEBCCER 201 B4 R
e
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V(ax, (1)) = Vf;ﬁ* [ tanh (Ax, )+ tanh (,) | ®)

Mo=00, (HNZHZEHG)[8], HYw-0,m=1F, (7))~ T-FVD #A(6) [3].
3. T-MVD 2B LR T3 EE DR

AT AN RS E ME W I iR M T-MVD B R (7)Y LM RRE 1k
NTIETER W, KIS A

5éj(t)=k[V(ij(t))—)'cj(t)}+i/1,Aicj+H(t)+wA6’j ©)
R GBI ARG P FIVIGEIR S RFE I, ZE50H0 LUK [ () 42 Sk i) B RN B A AT I, 42k 1)

B by RERLAERARIEEE N V (h) , SRR A SSE IR A A B n] AR IR
W ()= hj+V (h)t,h = L/N (10)
e WARGHIM—/NRE) y, (1), p, (1) =exp(ifk+zt), Wx; (1) A
x; (1) = x5 (1)+ 2, (¢) (n

FAOMANRATTFLO), W73
3,(0) = [V (e Ay, (0) =V (B) =3, (1) |+ 3. 23, (1) + 00, (12)
=1

S, A, (1) = 3,0 (0=, (1) -
FHSCHR[10] [L1]RT %0, ET MRS 8 B i 5 FEun R

aj(t)z—e(vj(t)—vo)—i-cgj+d./. (13)
Helv, 0,=0,-6,, AMIMRE 0, (AL, v, NS, o 5 c by, BILIMREL d, RN RE).
TR, A
aj=67j+90:l(yj(z)wyj(t)—dj)wo (14)
C
A0, =1(Ayz (t)+eny, (1)) (15)
J c J J
Hef, A0, =0,,-6,.
44;(15)1t}\(12)ﬁ -suttER
j}j(t)zk[V’(h)ij(t)—yj(t)]+iﬂ,ij+,,l(t)+§(Aj)j(t)+eij(t)) (16)
ar (ax))
Hrr, v'(h)= e

Axj=h

3Ky, (t) = exp ik + zt) fRN(16), HEFRAGF
2’ = k[V'(h)(exp(ik)—l)—z]+zi/il (exp(ilk) exp (ilk — zk)) (z +ez)(exp(ik)—1) (17)
= c

Bz BTN 2 = 2, (ik) + 2, (ik )+ o AREE ik 10 VR, ARN(17), BFHF;
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k423" 2+ 2 (hY
z=V'(h), z,= 12k <y (h)- V(kh)
Wz, >0, FATBRMAGIRFFRE: Wz, <0, EZBRAGKARE. £z, =00, FRIHR
SEPEI S 2% A
kzz[V'(h)—fz,—@) (18)
= ¢

hF V’(h)—ixl, > V'(h)—ii, L2 R >V (h)- 22, ~“2 0 T A R

B k> V' (h)- Z/I,, XRHETFHTIFEY KT et X,
AT R B A E X RO, AT MATLAB 43 J il 3 T-MVD B8 7E AR o BUE R 42
Sk IE) PR 58U RBUG G A A e e 2k . s 2R B R A e X, HNEa AR Xk, WA 1

(m=Lom=2)R1 2 (m=3). &XURERK KRG 5 HEH Iy P=1- I(Tjﬁgggf*f‘)xloO%o s,

ANFEE XS AR
m Vmax m
S = J‘ [ s sech? (x—h, )= 3" 4, —%}dx:T[tanh(xz—hv)—tanh(xl—hL,)]—( 1_1/1,+%j(x2—x1)

Hr, x,x, €(18,22), GAHIFL S ik SR e v i 2k b i . PR 2 ZE TR . 381 MATLAB %if 5y
A EAH FVD A (m=1Lw=0)1 P=69.33%, MVD *%?é(m:3,w=0)ﬂ’~]19=77.19%, T-MVD #:%4
(B m=10=0.1) P=8446%; HILF I, T-MVD BAE Y K T e k.

AR A 5 EE 2 B T B A U 1, (5 2 #ReT DURNE, BER o (R0 T 2 REUE 530
(34K, T-MVD B8 A ) R R REOH S, Aooe XK K, BUARMERR: [FFE, BEE m 34K, T-MVD
B BT E RO, Fooe XK . XTI, B T B R AE V2V REE R I 2 T 415
BT @i e e, SEsCimEE .

5

— w=0m/s"2(m=1)
4sr T w=0.02mis2
W=0.05m/s"2

18 185 19 195 20 205 21 215 22
L3 A (m)
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5 . : ; ; .
— w=0m/s"2(m=2)

45 r + W=0.02m/s"2
W=0.05m/s"2
4 X:20 —— W=0.1m/s"2

Y:33

KA (a)

18 18.5 19 19.5 20 205 21 21.5 22
2[RI BE (m)
Figure 1. The critical stability curve of T-MVD model with m = 1 and m =

2
1. Hm=1,m=208 T-MVD =B WIEEFaEMihsk

5 T T T T T T T
t=0m/s"2(m=3)
45 + = |
t=0.02m/s"2
4+ t=0.05m/s"2 i
—0— =0.1m/s"2
35F b

RS ()
— [\

—
T

18 185 19 195 20 205 21 215 22
2K A (m)

Figure 2. The critical stability curve of T-MVD model with m =3
E 2. & m=38 T-MVD REWIRFIEE L%

4. T-MVD FHE I AL IBEE D

AT A I ) SR EhIE X T RE(19) HEAT AR LR A, 6 I 57 BRI ) AT FEAS R XIS AR Lk T
FEUA R 25 tH AR S AL, AR SRR (21 PR A B i A g X3, A X AR E X 4k
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UK T FE(T)MUS R

¢ (x, (1))

= k[V(ijH ()-7 (Ax, (1))~ d-t'

o (d(Axg, () d(Ax,, (1))
+§z,[ T " (19)
o (a5 (0) & (a5 (1) (d(a%,.() _d(a (1)
c dr’ dr’ dt dt
4.1. B Burgers 58
TEFRE X4k, 51 NARE X A T:
X=e(j+br),T=¢e (20)
He, b RFFEFEH, 0<e<x1, WHLEEN:
Ax,(t)=h, +&R(X,T) 1)
#20). HRRNA9R, LLETRBEAE & &9, NS
ke* (b-V'(h))o,R+& Kzﬁ —%(h)—biﬂ, —”—l’eJa§R—kV"(h)RaXR+kaTR =0 (22)
I=1 4
o V(A% a7 (A, )
Hep, v'(h)= | BT -
Lb=V'(h), HEe MK, LFEQ22)H:
' 4
" V'(h)_l_g_l_ﬂ 4 2 —
0, R-V"(h)RO,R+ A — V'(h)o%R=0 (23)
F e e M A
vi(n)<Ee3 a4 (24)
2 I=1 C
AT H1(23) /& — A Burgers 52, B8 W N f#:
1 1 1
R(X,T)—W[X—E(Uj +77j+1):|_W(77j+1 _77]')
(25)
ml ’ _ _
Xtanh[zw—hcﬂV (h)(?]ﬁ_l ﬂ/)(X é/j ):|
1 1gm we V'(h) ' S % S S Sy B — >
Horpr, ml:E+ZZI=1’11+_k_T’ b=V'(h,) N=FABRB L REREE, ¢ BT AR, 7, N
C

W x SRR, i Burgers J7REME T LU Y, BRAR T8 4R Sk RN BEOR = A (A% Sk B o) 5
MT >off, HR(X,T)—>0, XK, T-MVD BATERRE X = Mk 2748 e 2@ it .
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4.2. B mKdv 5718
EAREXE, SIAZE XM T:
X=¢(j+bt),T=¢ (26)
H, b RIFEFEH, 0<e<l1, BELMEIEN:
Ax,(t)=h, +eR(X.T) (27)

HQO)LQHIRNTFE(9), FEREEIR & EH, WAFE]FHI T2

ke® (b=V"(h))0,R+& (bz —kVT(h)—bi/ll —”—beJaiR

=1 c

kV"(h kV'(h) b wb> 1 wbe
+g4l:kaTR—%axR3—[%—}—5;;{7(2[—1)4-74-57}6}1?} (28)
no e kv"(h) kvV'(h) b 1 wb®> 1 wbe
+55{[2b—;ﬂ,—7j8X6TR— B a§R3—[ o +g;/1,(312—31+1)+5 —+o— o4R|=0
dv (Ax, d’V (Ax,
Hr, V’(h):—( ) » V"(h)= ( 3’)
dAx, dAx)
ij:h Ax/»:h
' = k " V, h b m Cl)bz 1 wb
é'\b:V (l’lL) 3 E"fEXl}X-L 6X8,R ZEV (h)ai,Rz +[%+EZI111(21_1)"'?"'56_:]8;1? ) )H\IJE
A (kb ) B, (28)HO%5 1 A, BRI
0rR—a,0%R+a,0, R +&(a,0 R+a,03 R +a04R)=0 (29)

|8 A ob® 1 wbe 144 V' yrl & 2we
B, g =Y A2 )t , gy=—— s ay=—, a,=——| 2D A=AV |,
6 sz,§ (2-1) ck, 2ck, 7 6 2t 12 ,ZI: !

m ’ 2 ’ " m
a, =(2V'—%—Z%)[K+ﬂ+lww LS ) (21—1)}

SN 6 k2 ck, 2k 5

Lol? laVe Vi V'
Ll Ll PR LS A (3 -3i)
2 ¢ 6 c 24 6 I=1

T'=aT, R= /ﬁR'
a

0, R~ R'+0,R" +i(a3a§R'+%a§(R3 +a58‘)‘(Rj =0 (30)

a a

o Q29)AANE T T 2t AR e .

LM EIEH O(&) 13 mKdV 2.

e L(a38§R’+%8§R3 +a56‘)‘(RJ = M[R], TEQO)TRMKIET O(g), MAFFAEN mKdV F7fE, H
a

a,

&S - A S PR
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ftanh{\/;X of )} 31)

HHEBIEGO)FRE O (&) T, W R (X,T") =Ry (X,T')+&R (X.T') . J T RHGHR P E%
BEc, TR (X,T") W2 U R ey it 2% A
(Rp.M[R;])=[ " dXR;M[R;]=0 (32)

H1(32) 3R AT 3 HALARIE L ¢ RIE N

Sa,a,
_ 33
“ 2a,as —3a,a, @3
i, FTFEGO)IfEN:
1”2 ' m
{V,+6a)V +3ole 3V 2/1,(21—1)}1
Ckc kc I=1
R(X,T)=
_VI” (34)
4 AR oV 1 aVe
xtanh\/:{)( ¢ [ Z (20-1)+ o +5 o H
TR, £33 T-MVD B (1) 2 3k 5 P 1 A5
2 'm
pe (1) =+ J{Vu v zl,(y_l)}(k_c_qq
Ckc c 1=1 k
35)
ok |4 A ob®> 1 wbe k.
xtanh{ 2(k 1)[]{1 cl( ZZ (20-1)+ Ckc+2ckc ](k 1}}3]}
45 - ARG o) IR IE Y :
[V'+6“’V' ;‘:3”"” 21(21 1)}( 1}3
B= e ko i (36)

V(II
43. SHi Kav ;518
EXGARR X =¢(j+bt)MT =", 0<e<1, Hh b NFFERE B KME:
Ax,(1)=h+&'R(X.T) 37)

B RDAN19), LK R RIT R & B4, MR N5

ke* (b—V")0,R (bz —kT—bZ/l —“’—bejaz
C
kv , [ KV b"' wb® 1 wbe 5 R
KOpR == -0, R | St A (A1) 2 R OVR 38
V', o, (kY b ) 1 wb* 1 wbe) .,
2-3 4= |00 R == LR | T 430 =31+1)+ =L+ 222 |5 R | =0
K > J [24+;( +)2c+6ch}
d*v (Ax
Hrp, V'=dV(Ax) , V= (2)
dax | A |
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é\sz,’ 1?13&

V' " wb® 1 whe V"
0,0, R= 20-1)+—+——— |0%R 82R2
xer [ 1Z: ( ) ck + 2 ck J X
N k A% Paraniihy
TUIE Fh i e v il 2% V'(h):?s+z/1 +—Bﬁﬁ, ﬁk_ k IS 77 FR(38) AL T A«
S
0,R~ f,03 R~ f,RO R+ e[ - f,0X R+ f,0\ R+ f;0%R* | =0 (39)
V' V' n a)b la)be V'
H = A, (20-1)+ =V,
R T LG EE s A A
| . oV 1oVe
2V =N = || —+=—>" 4, (21-1)+ +—
fi= ( Z c][6 ZY; ( )+ ck, ZCkSJ
kv yr lawV? 1awVe ’
B A, (37 =31+1)+— +—
{24 ,Z; ( +) 2 ¢ 6 ¢ }
V" " 20V
= k—4v' -2 4 -
n= 542,
X (39)20AE i T 2t AR e
! ’ R'
T=\/71T,X:—\/71X,R:7 (40)
2
#3240~ KdV FHE:
2 3 ' ' ' 1 2 ﬁl 4 f; 2 |
0pR'+0WR'+R0R +¢ ? —f£i0% R+f8 R +220%R”? |=0 (41)
1 1 1

FEANTH 285 O () T, SRIbRMER KAV 772, A ICLEMN:

' ! A 2 £ !_E '
R} (X',T") = Esech {\/;(X 3Tﬂ (42)

AL TR AT mKAV FRERI Tk, RIS LR (42) TR E M-
__ 206 A
50 =244 15

T, JAGH] T-MVD B ) 4 3K 1a] 2 1 «

Axf'(t):m%[l_ki]xsecw | 6/ & : 120/ 6ol [ _kij
\IZV'+ VS (20 -1)+ 120V beVe ks

s

o ; ck,
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F T B 2 AT 3% (ORI (0%, B A I I 2 5™ 5, i 3% T-MVD AR (9IS R
925 Sk (T BEAR(43), T LAAIE, 4 m Bl @ (ORI, Ax, (¢) AOIER, 3303k 35 B 0 5 0 A8 7
A LIRS o
5. T-MVD &8 gy #{E &40

ARt — 20 F H MATLAB2019a 4af iH BRI SL G 256 UF T-MVD B8 (7) IS € A i RS
TR B SN ERE THIRER L, WE T-MDV B EASHW T HRERELSK L
1B 800 m, ZE4% N HUHE 4y 100 4, b = L/ N REERF[A] [A] BRI 0.1 #0: K =041, ¢c=0.8, =027, 4, =02,
A4, =015, A4,=0.15, iEDKN 10000, BAEIIRAGEE R(8), LUAHE 1) 4K A BE 3551 70 A
BATEMEE S SRS T o B PAN J5 AT B TSR
5.1. KERESTARE o FHZERBEE

SR AT I Sk B R0 N B -

1 if n=1
Vi (O)ZV(AXH(O))’xn (O):{(}’l—l)b ifn>1 (44)

N TAEFHUERERL, ATEG: vV, =6, m=3, X T-MVD. MVD A7 1) B AREUE A1) 25
LK 3. A3 AT, T-MVD 8 (7) 842400 B2 I S AH X /NT MVD B8, K372 28 30 #5568 70 44
ST AR EE, SR T-MVD B8 (7) B A8 B2 B il =y T MVD B4, DRI N2 4 A0 -

Velocity for All Cars at time 1500

8

T-MVD

o)}
T

Velocity (m/s)
N

0 20 40 60 80 100
Car number

Figure 3. Speed distribution of Vehicles of MVD and T-MVD models
E 3.MVD 5 T-MVD &2 E 4R E 5370

] 4(a)R1FE 4(b) 3 BRI (E 0 3% 1 £+ 2 A0F RCBUE RN AT RS B E A IS5 .
4Rl LB, BEE o [EREK, R0 FE i SR AWk, HAS@ERRAS E it e, ANt H i
KE =040, HBLHHERHERT 0 =018, XAFFAS@ERFEEIE: WE 40)TLLEE, X4
=032 I EAEE MR MR HET T 0 =03, /i, 2 0 =035 B HIBRAN 0=0.3, XHH T-MVD
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Figure 4. Speed distribution of Vehicles of T-MVD model
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Figure 5. Speed distribution of vehicles of T-MVD model at high speed
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