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Table 1. IDM parameters and their typical values.

ZH HfE
a/m-s~? 1
ve/m-s™1 33.3

so/m 2

T/s 1.5
b/m-s~2 2

L/m 5
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Table 2. Desired time gaps t. and its acceptance ratio.
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Table 3. F values of CACC model.

te/s FHuE
0.6 1.2480
0.7 1.3181
0.9 1.4036
1.1 1.4529

21.4

1
33.3

0 6‘ 1‘2 1‘8 2‘4 3‘0
P /m-s—1
El1 o4 mas\ g i e

Fig. 1. Linear stability of traditional vehicles strings.
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Fig. 2. Diagram of heterogeneous traffic flow stability

in Case2.
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(a) tc = 0.6 s; (b) tc =0.7s; (¢) tc =0.9s; (d) tc =1.1s

Fig. 3. (color online) Heat map of heterogeneous traffic flow stability vs. v and p: (a) tc = 0.6 s; (b) tc = 0.7 s;

(¢) te =09 s; (d) tc =1.1s.

094502-4


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

) I % R Acta Phys. Sin.

Vol. 66, No. 9 (2017) 094502

N T EALTEA A T R 5 R T B
CACC 4 LBl FHE p*, LA K ELWHLE Hh 7 o
W ke, RPN BUE T, KI5 (5), (6),
(11) F1(12) X, THEAFE KM FF LT HEEL o
CACC H i L il p A, FF M (13) 8, HHEA
A B o T B p* fH, S5 R WE 3R fEE 3,
AN A FE o N pt E, Bk
T3, XF Lo Al p ISR S 50U AR 8, R OA R B

B 3 AT LU H, SR ARt CACC %
B LCAT) p AP 25 T o YU, SR BIA 1)AS FR e ek
0 R, CACC Z505 LU A7) FF) 386 Jin R P 1 25 38 i
£99.6—18.6 m/s W FE G, ¥ AT 4 R 5 A
FaETE. ULk, BEEE t AR, R Pt e R
Py KA B, XRYIEPATH L4 5280 %610 F,
WK CACC FE S A (1 1 A 22 (R I, W36 K 5
it E .

4 FRREARRE

I T S O A A PR R, O 3 AT B AR 0 SR
%, Btx CACCHE Y [ 1 82 2 8] IS B £ fH, BEAT 2
HURIED BT

5000
(a‘) — p=0
4000 | p=02
- p=0.4
< | — p=0.6
f; 3000 [ — p=0.8
= — p=10
p l P
¥ 2000
|
1000 f |
|
O I 1 1
0 71 50 100 150
37.06 W /veh-km—1
5000 .
(c) ——p=0
4000 | ——p=02 4
- p=04
= .
- _ _p=06
= L | p i
§ 3000 _ o-o0s
S~
i ——p=10
£ 2000 f
|
1000 [ |
|
|
O 1 1
0 ﬁ 50 100 150
#JE /veh-km !
27.05 B /veb-lm

4.1 fRItE

A (1) F (4) KR EE Z AR A E, 153

FE G R CACC ZEAHAE T A i 1 22k (AT :
. sg +vT
M= e T
h¢ = vte 4+ L + so,

A hy MU RE 3 A AL G AT CACC 240 (1)~
A ZESLAEE. WEREIEE R A N, NiE
BRACRE L, TR 7R~ A8 7 Sk (B B A

Ly = N(1 - p)hi + Nphp.

(14)

(15)
HT (14) A1 (15) 30, M43 B8 X, SRAS 57 B
TP kT o A R

so+Tv ]
k=< |vte + 50 — ————
{[ Sy el

+ [%+L]}_l.

FRIE (16) ZQLA Kt 26 PR 2 ] [ 3 AR
KR, to IR 2 BUAE, ATTHE B i
DA AN A CACC ZE40 LU I i 2 5 % R B A ]
M2k, w4 Fros.

(16)

5000
(b) =0
4000 | —— p=02
- p=0.4
=
. —— p=0.6
< k 4
§ 3000 — p-0s
~
i | —p=1.0
2000 f 1
|
1000 f I
|
0 | . .
0 71 50 100 150
32.99 %% /veh-km~1
5000
(d) p=0
4000 | p=0.2 -
7 p=0.4
=
T —— p=0.6
) L 4
§ 3000  p—os
S~
i —— p=1.0
¥ 2000 [
|
1000 f |
|
0 | ‘ ‘
0 4 50 100 150
22.92 % /veh-km !

4 (MFEG) RESHEEEAEINZL (a) tc =0.6s; (b) te =0.758; (¢) te =0.9s; (d) te =1.1s
Fig. 4. (color online) Curves of flow-density fundamental diagram: (a) tc = 0.6 s; (b) tc = 0.7 s; (¢) tc =0.9's; (d) tc = 1.1 s.
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Fig. 5. Schematic configuration of road section in simulation.
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Fig. 6. (color online) Simulation results of fundamental diagram (¢tc = 0.6 s): (a) p = 0; (b) p = 0.1;
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Abstract

This paper is aimed at building a framework for string stability analysis of traffic flow mixed with different coop-
erative adaptive cruise control (CACC) market penetration rates. In addition to the string stability, the fundamental
diagram of the mixed flow is also taken into consideration for evaluating the effect of CACC vehicles on capacity.

In order to describe the car-following dynamics of real CACC vehicles, the CACC model proposed by PATH is
employed, which is validated by real experimental data. The intelligent driver model (IDM) is used as a surrogate
car-following model for traditional manual driven vehicles. Based on the guidelines proposed by Ward [Ward J A 2009
Ph. D. Dissertation (Bristol: University of Bristol)], a framework is developed for the analytical investigation of het-
erogeneous traffic flow string stability. The framework presented considers the instability condition of traffic flow as a
linear function of CACC market penetration rate. Following the framework, the string stabilities of the mixed traffic
flow under different CACC market penetration rates and equilibrium velocities are analyzed. For fundamental diagram
of the heterogeneous traffic flow, the equilibrium velocity-spacing functions of manual vehicles and CACC vehicles are
obtained respectively based on car-following model. Then, the fundamental diagram of the density-velocity relationship
of the heterogeneous traffic flow is derived based on the definition of traffic flow density. In addition, the theoretical
fundamental diagram is plotted to show the property of traffic throughput. The numerical simulations are also carried
out in order to investigate the effect of CACC vehicle on the characteristics of fundamental diagram. Besides, sensitivity
analyses on CACC desired time gap are conducted for both string stability and fundamental diagram.

Analytical studies and simulation results are as follows. 1) The heterogeneous traffic flow is stable for different
equilibrium velocities and CACC market penetration rates, if manual driven vehicles are stable. Otherwise, the instabil-
ity of traditional traffic flow is improved gradually with the increase of the CACC market penetration rate. Additionally,
the stability will become better when equilibrium velocity is away from the velocity range of 9.6-18.6 m/s. 2) Because
CACC vehicles can travel at free-flow speed in a relatively small headway, CACC vehicles can improve the capacity of
heterogeneous traffic flow. 3) The results of sensitivity analysis indicate that with the increase of the CACC desired
time gap, the stable region of heterogeneous traffic flow increases. However, the capacity of the fundamental diagram
drops. Therefore, the value of the desired time gap should be determined with considering the effects of the two aspects
on the heterogeneous traffic flow. It is noted that the CACC model used in this paper is based on the current state-
of-the-art real CACC vehicle experiments. In the future, more experimental observations will yield new CACC models.
However, the framework presented in this paper can still be used for the analytical investigation of string stability of the
heterogeneous traffic flow at that time.

Keywords: heterogeneous traffic flow, stability analysis, cooperative adaptive cruise control, fundamen-

tal diagram
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