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Abstract: To alleviate the resulting increase in energy
consumption and emissions and other issues caused by the
traffic congestion ahead of the expressway toll station, a novel
traffic flow control method is put forward based on the
environment-friendly conception. The technical thinking of
inducing the slowly moving traffic into a batch pass is
determined based on the conclusion of the research, traffic
flow theory and traffic sensing detection technology. The
model of stop times is established and the parameters of the
system are optimized in accordance with the principle of
minimizing the fuel consumption. The optimal location
selection of traffic control lights and Detector 2 for queue of
different lengths at toll stations are calculated based on the
model. Finally, the effect of the congestion flow control
system is verified via the Paramics simulation system. The
result shows that the control system is capable of reducing
90% of fuel consumption for vehicles going through toll
stations.
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ue to adverse weather, traffic accidents, traffic de-
D mand fluctuations and other factors, the areas at ex-
pressway toll stations, which are called traffic bottlenecks
of the expressway, always suffer from long queues. Fre-
quent start and stop and long-time engine idling in traffic
congestion lead to a dramatic increase in fuel consumption
and emissions, severely undermining people’s health.
According to statistics, the fuel consumption of 3 min of
engine idling is sufficient for 1 km of normal driving, and
the fuel consumption of start is 3 to 6 times as much as
that of normal driving. The fuel consumption of vehicles
moving slowly through toll stations is 16 to 20 times as
much as that of normal driving.
Much research on traffic congestion at highway toll sta-
tions has been done in many countries. For example, the
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conclusion is drawn that when the traffic bottleneck is
congested, the phenomenon of road capacity drop will oc-
cur and the dissipation flow will be 10% to 30% less than
the capacity of the traffic bottleneck' ™. Based on the
three cellular automaton model for mixing traffic (NaSch,
VDR and BL), stop times and start fuel consumption in
unit time were studied"”’ .
tion system and the mutual relationship between vehicle
position, a congestion detection method without consider-
ation of traffic control was put forward'.

Secondly, there is plenty of research on the calculation
method of fuel consumption, which are categorized as the
theoretical fuel consumption model, multiple regression
model and fuel consumption model based on engine ex-
periments. For example, the Brazilian fuel consumption

Based on the vehicle recogni-

model, a statistical fuel consumption model, was estab-
lished by using the regression analysis method to relate
the unit fuel consumption to the engine power and the cal-
ibration speed. TRL, a British institute for transport stud-
ies, compared and analyzed the results of engine experi-
ments, and the experimental fuel consumption model was
established. Biggs'' used a similar modeling technology
to build the ARFCOM fuel consumption model, which
laid the foundation of the HDM-4 fuel consumption mod-
el. Smit et al. '’ studied the fuel consumption in different
speed, delay and congestion conditions, respectively,
and the fuel consumption models influenced by different
factors were established.

Developed western countries have made progress in
controlling vehicle flow by doing research on the highway
ramps. In 1965, Wattleworth et al. " were the first who
considered controlling the traffic by using the highway
ramps. In 1975, Masher et al. B! built a model that can
obtain the rates of ramp control adjustment by means of
analyzing the relationship between the road capacity and
the traffic demand. Papageorgiou et al.'” separated the
road section, and then succeeded in changing the static
model to the dynamic model. Taylor et al. """ achieved
the results in controlling traffic via using the ramp. Smul-
M who was the representative of the territory, stud-
ied the application of variable speeds and provided a
guideline for achieving control of the main roads.

ders

Based on the model of stop times, the traffic flow the-
ory and the traffic sensing detection technology, traffic
control technology is put forward in this paper. It is of
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great significance to energy conservation and emission re-
duction of expressways, because it can dramatically re-
duce start and idle fuel consumption without increasing
the passing time of vehicles.

1 Current Toll Station Types and Applicable
Conditions of the Traffic Control Technology

The current toll stations in our country can be classified
into main line toll stations and ramp toll stations. The
layout types of main line toll station includes: a two-way
dislocation charge, that is two toll plazas are staggered
over 120 m or more along the center line to form two in-
dividual toll stations (commonly used), one-way charge
(commonly used) and alternate station staggered charge
(uncommonly used). The layout types of ramp toll sta-
tion includes: centralized type (commonly used) and de-
centralized type (uncommonly used).

The traffic control technology at the toll station pro-
posed in this paper aims at the charging process of one-
way traffic flow, so it can be applied to all toll station lay-
out types except for the alternate station staggered charge
type. When the economic benefit of laying the system is
greater than the cost, this system should be introduced.

2 Characteristics of Traffic Congestion at Toll
Stations

The traffic congestion at toll stations can be demonstra-
ted in two states, as shown in Tab. 1.

Tab.1 Long-time stagnation and slowly moving traffic

Congestion state

Reasons

Long-time
stagnation

The complete close of expressways is due to
traffic accidents or severe weather conditions.

Some lane sections are closed due to road con-
struction or traffic accidents; the traffic far ex-
ceeds the traffic capacity of toll stations on
special days (such as holidays) due to a sharp
increase in traffic.

Slowly moving
traffic

Under the state of long-time stagnation, vehicles al-
ways park with stopped engines, so that the restart of en-
gines may influence traffic efficiency, and the air pollu-
tion caused by frequent start and stop can be much more
(2731 The analysis shows that, under
the state of slowly moving traffic, most vehicles are in a
car-following driving model with frequent starts and
stops, and the start and idle fuel consumption dramatical-
ly increases.

than at normal times

3 Principle of Traffic Control System

The design principle of the traffic control system is to
manage and control traffic without increasing passing time
and to change the slowly moving traffic into a batch pass
so as to significantly reduce idle time and vehicle braking
times and control traffic by setting signal lights at a cer-

tain distance from toll stations. The structure and control
flowchart of the congestion flow control system at expre-
ssway toll stations are illustrated in Fig. 1, where a is the
length of vehicle square; L, is the distance between the
traffic control lights and the widened section; L, is the dis-
tance between Detector 2 and toll stations, of which the
endpoint near the toll station is located at the alignment
place of driving cab and toll booth window; x is the queue
length in the upper reach of the lights when control lights
change from red to green when they are operating properly.
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Fig.1 Control system structure and facilities layout

It is noteworthy that x can be obtained via the detecting
analysis of the image!". All the entrances of the toll sta-
tions in the model are working charging channels, the di-
verging of traffic flow caused by part of the charging
channels’ closing have no impact on the operation of the
system.

When the vehicle queue at toll stations reaches Detector
1, the traffic control system is on and the traffic control
lights turn red to shut off the traffic. The vehicle queue in
the lower reach of the traffic control lights is detected by
Detector 2. When the queue is shortened to Detector 2,
the traffic control lights turn green, and the vehicles of
the upper reach are released. When the new queue of the
released vehicles at the toll stations reaches Detector 1,
the traffic control lights turn red, and the vehicles are cut
off after the traffic control lights. When the new queue of
the released vehicles at toll stations does not reach Detec-
tor 1, the traffic control system stops.

The traffic control system changes the slowly moving
traffic into a batch pass without increasing passing time;
drivers may stop engines according to traffic control lights
to avoid idling, frequently starting and braking in conges-
ted traffic.

4 Determination of Flow Control
Parameters

System

According to the control system structure and facilities
layout, there are three specific parameters involved in the
system, which, respectively, is the position of Detector
1, the position of Detector 2 and the position of traffic
control lights. The position of Detector 2 determines the
optimal time point to release the vehicles in the lower
reach of traffic control lights; Detector 1 is only used to
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start or shut down the traffic control system, and its posi-
tion can be set in accordance with the needs of different
toll stations.

4.1 Model of stop times

The model of stop times is established to analyze the
effect of the system. According to the principle of the
system, the passing process of vehicles from queuing to
passing through toll stations can be divided into two parts
(see Fig.2).

Toll

Detector 1 Detector 2 stations

Fig.2 Passing process of vehicles from queuing to passing
through toll station

Part 1 is the process of vehicles from queuing to pass-
ing through traffic control lights, in which vehicles pass
in batches, and then

_a(N-n) +n(L1 +a)
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where Q is the traffic volume of each batch; T, is the stop
times of vehicles from queuing to passing through traffic
control lights; N is the number of channels of working
entrances of a toll station; n is the number of mainlines;
s is the average space headway.

Part 2 is the process of vehicles from passing through
traffic control lights to passing through toll stations, in
which vehicles are in a state of slowly moving traffic.
Due to the short length of this section, the stop times of a
vehicle in this section is approximately equal to the num-
ber of vehicles before it. The stop times of the vehicles of
the same batch entering this section are different when
they pass through a toll station due to their sequence pass-
ing through the toll station. Then
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where T, is the stop times of vehicles from traffic control
lights to passing through toll stations, and T is the stop
times of vehicles from queuing to passing through toll sta-
tions.

nx N
a(N-n) +n(L, +a)

T=T +T, =

a’ (N -n) +n(L, +a)’ 1
2as(N -n) +2ns(L, +a) * 2

(4)

4.2 Stop times optimization method and solutions of
control system parameters

The derivation of Eq. (4) with respect to L, can be ex-
pressed as

a7T=n(L1 +a)’ =2a(L, +a)(N-n) —(N-n)a’ -2nsx

aL,
(5)

Let ;TT equal 0, and the critical value of L, can be cal-
1

culated as

L :(N—n)ai a’(N-n)> +na’ (N -n) +2n’sx (6)

n-a

Substituting Eq. (6) to Eq. (4), the optimal solution of
stop times 7 can be obtained.

In order to ensure that vehicles pass through toll sta-
tions without incremental time, the first vehicle of the
follow-up batch must arrive at the toll station to receive
charging service as soon as the final vehicle of the former
batch has completed charging service, so

LZ _

Li+a="m (7)

L2=%(Ll +a) (8)

where ¢ is the average charging time of a toll station, in-

1. 3 is the aver-

cluding service time and departure time'"”
age speed of the vehicles passing through L,, and the
speed of 20 km/h is selected for analysis.

An inspection of (6) and (8) reveals that, the vehicle
queue x in the upper reach of traffic control lights leads to
the optimal position of the traffic control light and Detec-

tor 2.

5 Case Study of Traffic Control System

5.1 Parameters of traffic congestion and area at toll
stations

A field case study of the toll station (entrance to Tian-
jin) of Tianjin-Baoding Expressway on the slowly moving
traffic caused by expressway closure was made. It in-
cludes the following parameters: space headway, vehicle
composition, vehicle arrival rate, service time, number
of channels and mainlines, speed limit and number of ve-
hicles per hundred meters!'” .

Taking the above parameters as the basic data for the
Paramics simulation, the congested traffic flow at the ini-
tial stage of the release of the Tianjin-Baoding Express-
way toll station was simulated. To find stop times of ve-
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hicles passing through the toll station, four cars in the
model that began to queue were tracked and their stop
times were averaged. The detailed values of traffic pa-
rameters are shown in Tabs. 2 to 4.

Tab.2 Traffic volume parameters of Paramics simulation system

Vehicle Heavy Medium Small Medium ar
type truck truck truck bus
Traffic volume/
3.51 1.2 2.85 0.21 0.18 10.89

(veh - min~")

Tab.3 Traffic parameters of Jinbao Expressway ( Tianjin Sec-

tion)
Parameters Survey value
Length of toll square a/m 79
Number of channels N 4
Delay time t,/min 50
Average space headway s/m 11

Number of mainlines n

Average time ¢ between adjacent startings/s 18

Tab.4 Simulation results of Paramics

Parameters Simulation value
Queue length L/m 2 000
Average number of stops 175.2
According to Eq. (6),
L, =237.66 m (9)

The distance from the toll station to the location where
the traffic light is set is defined as L', then

L'=L, +a=316.66 m (10)

L, and other parameter values are substituted into Eq.
(),

L,=34.8m (11)

5.2 Analysis of traffic control system effects

To analyze the effects of the traffic control system, the
fuel consumption of cars was investigated, and the results
show that their start fuel consumption is 27. 6 mL and idle
fuel consumption is 0.23 mL/s.

5.2.1 Traffic status without traffic control system

The traffic status without the traffic control system is
simulated in Paramics, as shown in Tab.4, in which the
stop times 7'=175.2.

The delay time of vehicles passing through the toll sta-
tion is 50 min, which can be approximately considered as
the idle time D. Given the start and idle fuel consump-
tion, the fuel consumption M of vehicles passing through
the toll station can be calculated, namely

M=27.6T+0.23D =5 525.7 mL (12)

5.2.2 Traffic status with traffic control system

The parameters, such as the number of mainlines and
channels and square length, are substituted into Eq. (4)
to calculate stop times 7 =17.07.

With the traffic control system, the vehicles passing

through the toll stations need to start 17.07 times, so the
total idle time

D =1T=307.26 s (13)

The parameter values 7 =17.07 and D =307. 26 s are
substituted into Eq. (12), and the fuel consumption of the
vehicles passing through the toll station is calculated as

M=541.8 mL (14)

The comparison of stop times and fuel consumption in
these two statuses shows that: without the traffic control
system, the vehicles passing through the toll station
parked 175.2 times, and the fuel consumption per vehicle
was about 5 525.7 mL; with the traffic control system,
the vehicles passing through the toll station parked 17. 07
times, and the fuel consumption per vehicle was about
541.8 mL. With the traffic control system, the stop times
and fuel consumption of the vehicles passing through the
toll station are 1/10 of the original values.

5.3 Optimal parameter selection for different queue
lengths

Tab. 5 presents the optimal location selection of traffic
control lights and Detector 2 for the queue of different
lengths at toll stations. According to the most frequent
queue length, the parameters of the system can be set, re-
ferring to Tab. 5.

Tab.5 Traffic control system parameter selections m

L=1000 m L=1500 m L=2000 m
L L L L L L L L L
185.69 264.69 29.12 213.26292.26 32.15 237.66 316.66 34.83
L=2500 m L =3 000 m L=3500 m
Ll L, LZ Ll L, L2 Ll L, LZ

259.77338.77 37.26 280.14359.14 39.56 299.14 378.14 41.59

6 Conclusions

1) This traffic control system is designed to significant-
ly reduce start and idle fuel consumption without increas-
ing passing time by reducing stop times and idle time.
Based on the analysis of the relationship among the pa-
rameters of the traffic control system, this system aims to
minimize fuel consumption and find optimal parameters
through functions.

2) The comparison of the stop times and the fuel con-
sumption with and without the traffic control system
shows that, with the traffic control system, the stop times
and the fuel consumption of the vehicles passing through
the toll station are 10% of the original values. Finally,
the optimal parameter selection programs of the traffic
control system for different queue lengths are given using
the optimal parameter calculation model.

3) The proposed traffic control system can significantly
reduce fuel consumption in traffic congestion at toll sta-
tions, which is in accordance with the national policies on
energy conservation and emission reduction.



An environment-friendly control method for congestion flow ahead of expressway toll stations 483

portation Research Board, 1975.

References [9] Papageorgiou M, Kotsialos A. Freeway ramp metering:

[1] Hadiuzzaman M, Qiu T Z, Lu X Y. Variable speed limit An overview [ C]// Proceedings of IEEE Intelligent Trans-
control design for relieving congestion caused by active portation  System  Conference. Dearborn, MI, USA,
bottleneck [J]. Journal of Transportation Engineering, 2000: 228 —239.

2013, 139(4): 358 —370. DOI: 10.1061/(asce)te. 1943-  [10] Taylor J C, McKenna P G, Young P C, et al. Macroscop-
5436. 0000507. ic traffic flow modelling and ramp metering controlusing

[2] Hadiuzzaman M. Variable speed limit control to mitigate Matlab/Simulink [ J]. Environmental Modelling & Soft-
freeway congestion [ D]. Edmonton, Canada: Civil and ware, 2004, 19(10): 975 — 988. DOL: 10. 1016/j. env-
Environmental Engineering, University of Alberta, 2014. soft. 2003. 11. 009.

[3] Liu( Weihua) Qiang. Study on the effects of vehicles to [11] Smulders S. Control of freeway traffic flow by variable
start and energy dissipation based on cellular automaton speed signs [J]. Transportation Research Part B: Meth-
models of mixed traffic [ D]. Nanning: College of Sci- odological, 1990, 24(2): 111 —132.
ence and Engineering Technology, Guangxi University, [12] Yi T, Xiong J, Wan H S. Modeling and realization with
2013. (in Chinese) microcosmic simulation of traffic flow on highways [J].

[4] Bauza R, Gozalvez J, Sanchez-Soriano J. Road traffic Journal of Kunming University of Science and Technolo-
congestion detection through cooperative vehicle-to-vehicle gy: Science and Technology, 2004, 29(3):94 —97. (in
communications[ C]//2010 IEEE the 35th Conference on Chinese)

Local Computer Networks. Denver, CO, USA, 2010: [13] Lei Miao. Study on lane closure impact on express-way
606 —612. DOIL: 10. 1109/LCN. 2010. 5735780. traffic [D]. Xi’an: College of Highway, Chang’an Uni-

[5] Biggs D C. ARFCOM: Models for estimating light to versity, 2013. (in Chinese)
heavy vehicle fuel consumption[ R/OL]. (1988-09)[2016-  [14] Wang C, Shi Z K. Design and FPGA implementation of
10-20]. https: //trid. trb. org/view. aspx?id =295534. real-time vehicle queue detection system based on image

[6] Smit R, Brown A L, Chan Y C. Do air pollution emis- processing [J]. Journal of Transportation Systems Engi-
sions and fuel consumption models for roadways include neering and Information Technology, 2012, 12(3):65 -
the effects of congestion in the roadway traffic flow [J]. 74, 97. (in Chinese)

Environmental Modelling & Software, 2008, 23(10/11): [15] Zhou G, Chang C L. Expressway tollgate capacity study
1262 —1270. DOI: 10. 1016/j. envsoft. 2008. 03. 001. [J1. Journal of Highway and Transportation Research

[7] Wattleworth J A, Berry D S. Peak-period control of a and Development, 2001, 18(3):56 —59. (in Chinese)
freeway system-some theoretical investigations[J]. High- [16] Guo Jia. Research on the control of highway toll station
way Research Record, 1965, 89: 16 —25. operation [ D]. Guangzhou: College of Civil Engineering

[8] Masher D P, Ross D W, Wong P J, et al. Guidelines for and Transportation, South China University of Technolo-
design and operation of ramp control systems[ M]. Trans- gy, 2012. (in Chinese)

ETHRERFEZHN S IE B ZFH I HUE%EQ?%T%EUIL*:%UjJ A
EHE W 7 F

? =8 T ;;{
(A6 Tk K% & K5 50 % e, R 300401)

FE A28 R & ik RO T 56 AT B B I HE 5 7 5 b A R 69 AR R TH A e B 5 HE A O S R, R T
RBEAIFRAE REBT —FHEER X AL A TAZLER EBARAFEMBRERER, T T HEIR
ATHERO D BAHATERI FORARIEE. E T T 5 RIBEA  MRAHE AR B AR, A & 09 5
FERAT T ARAC, FE2T B AT F 48 R R HE A K B 5 F 69 a8 42 h0 45 S 0T el 5 2 69 AR A By A B b AT
T A ;p:%,:@_:i Paramics 15 L3 AF 3T MBFF 2 R In B R ARG A R #AAT T e £ R B 7, iz 24T
VAR RO, I B 5 384T & 415 90% 49 SR A K 4L

KR aE lff- B M B IE S I SE A #E

RE 5 ES: U491



