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Abstract. To solve the problems such as driving safety and energy consump-
tion existing in tunnel lighting control system, an automatic control system
of tunnel lighting is designed based on stepless control method. The tunnel
lighting control model is established based on “Specifications for Design of
Ventilation and Lighting of Highway Tunnel (China)”. Simulation experiment
of tunnel lighting control based on the established stepless control model is
completed with Matlab. Compared with theoretical luminance data, simulation
results show that the automatic control system can meet the luminance require-
ments of actual tunnel lighting, the error can be controlled less than 2%. Com-
pared with HPS (high pressure sodium) lamps and LED (light-emitting diode)
lamps with the consideration of maximum lighting value, the stepless controlled
LED lamps can save more than 80% and 35% energy than HPS lamps and LED
lamps respectively, and can save more than 20 % energy than 4-steps controlled
LED lamps.

Keywords: tunnel lighting, automatic control system, stepless control method,
continuous light tuning, energy-saving.

1 Introduction

China social economy and traffic undertaking are developing rapidly, tunnel traffic is
becoming more and more necessary and important in mountainous areas of China, but
the operating cost of tunnel traffic is huge, how to improve traffic safety performance
and reduce operating cost of the tunnel traffic has become a focus issue that the
China's transport department concerned. Tunnel lighting is an indispensable part to
ensure driving safety and normal operation in tunnel traffic, and also is a key factor to
reduce tunnel interior energy consumption [1]. Therefore, the corresponding design
specifications about tunnel lighting are issued in various countries, such as CIE
(Commission International d'Eclairage), BS (Britain lighting standards) and IES (II-
luminating Engineering Society of North America), etc[2]-[4]. To establish a safe,
economical and energy-saving tunnel lighting system has important significance for
sustainable development of China’s highway engineering.

Design quality of tunnel lighting control system determines whether tunnel lighting
design is excellent or not. The existing control methods include manual control, se-
quential control and automatic control methods. Manual and sequential control meth-
ods are easy to implement and more stable and reliable in practice, but the tunnel
interior luminance can be not adjusted along with the changes of weather, traffic vol-
ume and vehicle speed, the both methods hardly have any energy-saving effect, as a
result, much electric energy is wasted [5]-[6].
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Automatic control methods are widely used in modern tunnel lighting system,
which can be divided into hierarchically control method and stepless control method
according to adjustment continuity of tunnel light. At present, hierarchical control
methods are often used in tunnel lighting control system in China before the applica-
tion of LED lamps in tunnel lighting, but some problems exist in the methods, the
main problems are: 1) the automatic control levels can be done are only from 2 to 3
because of the limited routing circuit, the parameters of environmental luminance,
traffic volume and vehicle speed are only considered with maximum values at design
stage, as a result, the lighting luminance of each section in tunnel is always in maxi-
mum state, lighting efficiency is evidently low, electric energy consumption is great;
2) the contradictions with driving safety and tunnel monitor arise during the operation
course [7]-[8]. In the paper, an automatic control system for tunnel lighting is de-
signed based on the characteristics of LED lamps, especially the characteristics of
control easiness compared with other lamps, which made the luminance in tunnel be
adjusted dynamically along with the changes of environmental luminance, traffic
volume and vehicle speed, and thus continuous tuning of tunnel lighting is achieved.
The control system not only ensures operation safety of the tunnel, but also realizes
energy-saving.

2 Control System Structure

In order to meet the demands of tunnel lighting and energy-saving better, stepless
control method is adopted in the tunnel lighting control system. The control system is
composed of vehicle detectors, luminance detectors, data converters, lighting control
computer, dimming controllers and LED lamps. The structure block diagram is shown
in Fig. 1.

Environmental luminance, traffic volume and vehicle speed information are col-
lected by vehicle detectors and luminance detectors. The data converted by data con-
verters from collected information are sent to lighting control computer installed in
tunnel control room. According to the predetermined dimming logic in lighting con-
trol computer, the luminance of each section in tunnel is calculated, the required
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Fig. 1. Block diagram of tunnel lighting auto-control
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dimming values for dimming controllers of each node are calculated in the control
computer in accordance with the preceding luminance calculated and power curve of
LED lamps. The control computer sent control commands to dimming controllers,
LED lamps power are adjusted by the commands received, and fed relevant informa-
tion back to lighting control computer, and continuous light tuning of tunnel lighting
is achieved.

3 Tunnel Lighting Control Strategy

The control strategy of tunnel lighting system is designed based on “Specifications for
Design of Ventilation and Lighting of Highway Tunnel” [9] (hereinafter referred to as
the “Design Specifications”), the principle is that the mathematical models of each
section in tunnel are established based on the adaptation curve of the luminance in
tunnel (as shown in Fig. 2), tunnel exterior environmental luminance, traffic flow and
vehicle speed information. In accordance with the established mathematical models,
the dynamic dimming control of LED lamps is conducted, and the luminance in tunnel
is very close to the adaptation curve, energy-saving is achieved with optimal control
effect.

Stepless control is not absolute continuous dimming, but a more refined hierarchical
control method. Environmental parameters with maximum values are generally con-
sidered in hierarchical control at tunnel lighting design stage, the effect of the changes
of environmental parameters is neglected. Sometimes automatic control is achieved
whose control levels are only from 2 to 3 because of the limited routing circuit.
Stepless control is closer to continuous dimming by adopting more refined levels [10].

When planning tunnel lighting, five sections have to be considered: access zone,
entrance zone, transition zone, interior zone and exit zone. There are different lighting
requirements for different zones. In order to meet requirements of human eyes adapta-
tion to luminance, logarithm dimming method for LED lamps is adopted: single-lamp
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Fig. 2. Theory demand curve of tunnel lighting
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256-grade dimming, so that the whole tunnel lighting looks like a linear regulator
dimming. Meanwhile, the threat of driving safety due to abrupt luminance change can
be avoided by gradual control method. Triggering light dimming too often is not only
conducive to the human eyes adaptability, and to some extent, service time of lamps
is also reduced. Therefore time-triggered model is resorted during the control process:
information of environmental luminance, traffic flow and vehicle speed is collected
and required luminance is calculated at interval of 3~5 minutes.

In this paper, the mathematical models of the luminance of each section in tunnel
are established on the data from “Design Specification” by a linear regression.

1) The mathematical model of the entrance zone: one-rank linear regression is
adopted in MATLAB to make statistics analysis of the data from “Design Specifica-
tions” and fitted regression equations of luminance discount coefficient of the en-
trance zone are obtained. The luminance discount coefficient of the entrance zone
under different traffic volumes and vehicle speeds is calculated by formula (1).

0.0004v-0.0085 Q<700

(o 0.54v+O.000127QO((\)/—1.1)—12~91 700 < Q < 2400 . (1)

0.0006v-0.0107  Q =2400

where v is vehicle speed, Q is traffic volume.
The luminance of entrance zone is calculated by the formula (2).

L, =k-L,(S). )

where L, is the entrance zone luminance (cd/mz); L,o(S) is the tunnel exterior envi-
ronmental luminance (cd/mz).

The entrance zone luminance under different traffic volumes and vehicle speeds is
calculated by formula (3).

(0.0004v —0.0085)X L, (S) Q<700

L - 0.54v+0.OOOf7QO(g—1.1)—12.91XLZO(S) 700 < Q < 2400 . 3)

(0.0006v—0.0107)X L, (S) Q> 2400

2) The mathematical model of the interior zone: the interior zone luminance is
relevant to traffic volume and vehicle speed, the tunnel exterior environmental lumi-
nance has no effect on it. In order to reduce the luminance calculation error, the sec-
ond-order linear regression is adopted to fit the interior zone luminance values. The
interior zone luminance under different traffic volumes and vehicle speeds is calcu-
lated by formula (4).

0.0013v* —0.135v+4.95 Q<700
2 2
L - 158v" +0.09%°Q 19531471/003(.)88vQ+4.75Q+808250 700 < 0 < 2400 . (4)

0.0022v> —0.1838v+5.425  Q >2400
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3) The transition zone luminance depends on the entrance luminance. The transi-
tion zone is composed of three sections: L, L,,, L,3, and the corresponding lumi-
nance of each section is calculated by L,,=0.3L,, L,»=0.1L,, L,3=0.035L,, respec-
tively, according to the “Design Specifications”.

4) The exit luminance is 5 times of the interior zone luminance, L,,,=5L;,.

4 Main Control Program Flow Chart

The flow chart of the main tunnel lighting control program is shown in Fig. 3, the
steps are: (1) Initializing sub-modules of the system, reading luminance information

Initialize Modules
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1 Auto-dimming Control
Program
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Control Instructions
y End
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Stop Program?

Fig. 3. Flow chart of tunnel lighting control system
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and vehicle information, and judging whether the manual control is enabled (the
automatic control is implemented by default). (2) If the automatic control is imple-
mented, judging whether the tunnel is in normal state, if in abnormal state, calling the
special control procedures, alarming and ending the program; if in normal state, call-
ing control procedures of automatic dimming directly and outputting control instruc-
tions, so one dimming course is completed. (3) Judging whether the program is
stopped by instruction of external trigger, if not, collecting the new data at interval of
3~5 minutes, if yes, ending the program. The mathematical model and control flow
are converted into the corresponding control program and embedded in the lighting
control computer to realize automatic dimming control of tunnel lighting.

5 Simulation

According to the mathematical model and control method, combining with the envi-
ronmental data, a simulation experiment and analysis is done. Setting parameter val-
ues of environmental luminance, traffic volume and vehicle speed in different time
range during sunny day, 20 sets of simulation luminance data of each section in tunnel
are collected, part data are shown in Table 1 (only 5 sets of sample data are listed in
the paper). The theoretical luminance data of each section in tunnel are calculated
according to the established mathematical model and environmental parameters set, 5
sets of data are shown in Table 2. Comparing the data of Table 1 and Table 2, the
simulation luminance data are very close to the theoretical luminance data, the error
range can be controlled at 2%, even less.

The power curves of tunnel lighting in sunny day are shown in Fig. 4, it can be
seen from the graph that 40%~50% energy-saving is achieved by using LED lamps to
replace HPS lamps. Energy-saving effect of stepless control to LED lamps is very
obvious, compared with HPS lamps and LED lamps only considering maximum light-
ing value, the energy-saving is more than 80% and 35% respectively. Even compared
with 4-steps controlled LED lamps, stepless controlled LED lamps can save more
than 20 % energy.

Table 1. Simulation luminance data (partly)

Exterior Traffic Vehicle

luminance  volume speed Ly, Ly Lo Lis L;, Loy
(cd/m?) (vehicles/h)  (km/h)

4000 500 65 73 21.9 7.3 2.6 1.8 9.0

4000 1000 75 99 29.7 9.9 3.5 2.4 12.0
3000 1500 85 96 28.8 9.6 34 3.6 18.0
3000 2500 95 142 42.6 14.2 5.0 7.9 39.5
2000 1500 85 67 20.1 6.7 2.3 4.1 20.5

2000 1000 75 51 15.3 5.1 1.8 2.3 11.5
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Table 2. Simulation luminance data (partly)

Exterior Traffic Vehicle

luminance  volume speed Ly, Ly L, L3 L;, Loy
(cd/m?) (vehicles/h)  (km/h)

4000 500 65 70 21 7 2.5 1.7 8.5
4000 1000 75 95 28.5 9.5 33 2.2 11

3000 1500 85 97 29.1 9.7 34 3.8 19

3000 2500 95 139 41.7 13.9 4.9 7.8 39

2000 1500 85 65 19.5 6.5 2.3 3.8 19

2000 1000 75 48 144 4.8 1.7 2.2 11
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Fig. 4. Power curves of tunnel lighting in sunny day

6 Conclusion

Tunnel lighting is an important component of highway traffic; its primary function is
to ensure driving safety and comfort during both daytime and nighttime in tunnel.
However, energy-saving is also great of importance and cannot be neglected. In this
paper, an automatic control system of tunnel lighting is designed based on superior
performance of LED lamps and stepless control. The designed control system can
meet the lighting requirements very well and overcome the problem of large electric-
ity waste caused by traditional lighting control methods. The impact of the changes of
environmental luminance, traffic flow and vehicle speed is considered, continuous
dimming of tunnel lighting is achieved, and energy-saving effect is remarkable.
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