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for Aluminum Profiles Based on the Carbon Peak and Carbon Neutrality Target
Li Haibin', Lin Shuying®, Zhu Jinhe’, Dong Xiaomei’, Qizo Bingheng’
(1. Xinjiang Changji Vocational and Technical College, Xinjiang, 831100

2. Xinjiang New Aluminum Industry Co., Lid., Xinjiang, 831100)
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Research and optimization of energy management
strategies for range-extended electric vehicles

Haibin Li

Xinjiang Changji Vocational and Technical College, 8 Xingve Avenue, Changji High-tech Development
Zone, Changjfi, Xinjiang, 831100, China
lihaibin_cjpu@ 163.com

Abstract: Aiming at the problem of energy management of range-extended electric vehicles, this paper
Sfirst analyzes the structural char-acteristics of range-exiended electric vehicles, and then
comprehensively considers the operating conditions of range-extended electric vehicles, and proposes a
miulri-parameter energy management contred sirategy. The effectiveness of the contral strategy is verified
by simulation. Finally. the control parameters are optimized by the multi-objective genetic optimization
algorithm (NSGA-H). The optimization results show that the fuel consumption per 10 kilometers of the
vehicle is reduced by 5.2% under the premise of meeting the driving range requirements. NOx emissions
remained largely unchanged, but CO-emissions were reduced by 2.5% and HC emissions decreased by
2% The economy of the whole vehicle has been improved o a certain extent.

K!_fw; range extended vehicle. energy management system, oplimization

1. Introduction

Pure electric vehicle has a single power source, but it will not pollute the environment during driving.
It is the best choice to solve the shortage of oil resources and environmental pollution. Nevertheless.
the existing power battery has relatively low specific energy, which is difficult to meet the requirements
of users for continuous driving range. Meanwhile, the long charging time of pure electric vehicles and
other problems seriously restrict the development of pure electric vehicles!'!. The range-extended electric
vehicle has pure clectric and range-extended working modes. In the pure electric mode, the electric
encrgy mainly comes from the power battery. At this time, The range-extended electric vehicle has no
pollution and zero enission. In the range-extended mode, the clectric energy 1s obtamned through the ex-
tender, And the fuel efficiency can be improved by controlling the working point of the extender to reduce
pollution emissions and extend driving mileage. The range-extended electric vehicle is the best model
for the transition from fuel vehicle to pure electnic vehicle.

The main feature of the range-extended electrie vehicle is the dual power source—power battery and
range extender. Therefore, the energy management control strategy is very important for the range
extended clectric vehicle. For range-extended clectnic wvehicle. reasonable and effective power
management and control strategy is the key to achieve energy saving and emission reduction and ensure
the efficient work of power components. Al present, the energy man-agement strategies of range-
extended electnic vehicle mainly include thermostat control strategy, power following con-trol strategy
and hybrid control strategy!®l. The main difference between the CS-CD strategy and the power following
control strategy is whether the output power of the range extender is constant. The energy consumption
maintenance control strategy proposed by Banvait”! has poor fuel economy in long-distance driving, and
relatively highfuel econo-my in shon-distance driving: The energy management control strategy based
on speed and battery state of charge{Soc) proposed by Zha yunfeil®! improves the fuel economy to some
extent, However, due to the constant output power of the range extender, there is a problem of encrgy
waste; Miu Jigaol*l proposed the optimal curve energy management strate-gy, which has improved
economical efficiency, but is only suitable for small engines: The Blended control strategy is to control
the work of the range extender by detecting the running condition of the vehicle, so that it works in the
high-efficiency arca’®;Moura!™ proposed a real-time online energy management strategy that takes into
account both the fuel economy and power performance of the vehicle.

The CS-CD control strategy improves the fuel economy of mnge-extended electric vehicles to a
certain extent, but the reduction in encrgy demand at the end of the vehicle driving will lead to energy
waste and reduced fuel economy. Therefore, this paper improves the CS-CD control strategy, and

Published by Francis Academic Press, UK
-137-

192



Academic Journal of Engincering and Technology Science
ISSN 2616-5767 Vol.7, Issue 3: 137-145. DOL: 10.25236/AJETS.2024.070319

proposes a multi-parameter energy management controd strategy based on different vehicle speed stapes.
The effectiveness of the control strategy 15 verified |Jy simulation, and Through mulli-ohjal:cﬁvc E:n:l.ic
algorithm optimization, on the basis of ensuring the cruising range of range-extended electric vehicles,
the fuel economy and pollutant emissions are further optimized, so that the performance of the vehicle is
improved.

2, Vehicle structure

The rmange-cxtended clectric vehicle are divided into three types: series connection, parallcl
connection and hybrid connection according 1o the cooperative working mode between different power
sources. This paper takes urban public transport as the rescarch object. and the economy, safety and
convenience of its power system are the primary consider-ations!®. Therefore, the series connection
range-extended electric vehicle is selected as the research object, as shown in Figure 1. It can be scen
from Figure 1 that there is no mechanical connection between the range extender and the drive axle of
the serics-type range-extended clectric vehicle, so the working state of the engine is not affected by
external work-ing conditions,and the engine can work in a range with high fuel economy.

Rechanical Electrical
connection comnnection
Range extended
Ingtrument
= Power battery J [ Vheel |

I [
| engine | Energy management -—-1 motor I—f Drive axle |

Systam .I,
| Vhesl |

Figure I: Range extended electric vehicle struciure

In this paper, an range-extended clectric vehicle is used as the design basis for the energy management
control strategy, The vehicle parameters and dynamic performance parameters are shown in Table 1, and
the main power sys-tem component parameters are shown in Table 2. Since this paper mainly studies the
energy management control strat-egy of the range-extended electric vehicle, in order to shorten the
simulation optimization time. the battery capacity of the power battery is limited 1o 100 Ah, the actual
use capacity is TOAD, and the pure clectric driving range is 37km.

Table !: Parameters of range extended eleciric bus

Vehicle mass'kg 12300
Loaded vehicle mass’kg 16500
Wheel radius'm 0.47TR
Wind resistance cocflicient CD 0.58
Windward arca/m 27.5
Rolling resistance coefficient [ L.ol6
0-50km'h accelerabion hime's =20
maximum veloeit (km/h) =80
Maximum climbing gradient(%) >20
Driving range’km =70
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Table 2: Parameters of dyvmamic system

Power battery capacity/( A-h) 100
Drive motor peak power/kW EER)

Drive motor peak powenkW 6000
Engine peak power/kW 102
Engine peak torque/{N-m) 190
Gienerator peak power/k'W 77

Generator maximum speed/(r/'min) 10000
Main reduction ratio 6.2

3. Research on energy management control strategy

The main purpose of the energy management control strategy for range-extended electric vehicle is
to ensure that the vechicle can reasonably match the coordination operation ability between the range
extender and the power battery while completing the driving task, so as to ensure that the vehicle can
make full use of the clectric encrgy absorbed by the battery from the power battery, and at the same time
realize the vehicle achieves the best performance in terms of fuel economy, pollutant emissions and
overall vehicle dynamics!®l.

A1 Sire information

The multi-parameter energy management control strategy, during the whole vehicle driving process,
should first meet the power requirements of the vehicle under different working conditions to ensure the
handling stability and smoothness of the vehicle. Secondly, the operating point of the range extender is
sclected n.r:u:n'tling to the vehicle veloci-ty and the battery charge d‘l.l!’il:ls the dri\ring process. Based on
the design principle of pure clectric drive as the main and range extender as the supplement, the multi-
parameter energy management control strategy is designed as shown in Figure 2:

Veloclty and
Batrery hargs

-doch,-}-t

e welocity .

e

Powar Fowsr Latiery + Fowsr battery + Power Latisry + FPowsr balisry # gFe-w
battery workling polnt 1 workleg polng 2 working polot 3 working polot 2 Ehl\tm

Figure 2 Multi-parameier energy management cantrol strategy

The energy management control strategy is divided into high-speed sections and low-speed sections
according to the different vehicle velocity. In the high-speed section, the vehicle travels at a higher speed,
which requires higher motor drive power and requires higher instantaneous energy. If the power battery
is sufficiently charged at this ime, the power will be provided by the power battery, and the power battery
can meet the dnving requirements at this time. When the charge of the power battery is insufficient, high-
power discharge will cause the temperature of the power battery 1o rise, which will further affect the
discharge efficiency. Thercfore, in the high-speed section, it is divided into four sections ac-cording to
the difference in the charge of the power battery. When Soc>=socmax. the power batiery provides power.
‘When socmid<Soc<socmax, the range extender works a1l working point 1. At this time, the range extender
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provides auxiliary power for the power system to prevent the battery life from being affected by excessive
discharge power of the power battery; When socmin<Soc<socmid, the range extender works at working
point 2, which further increases the power supply ratio of the mnge extender to the power system and
reduces the power supply of the power battery. When the output power is greater than the required power,
the power battery can be charged; When Soc<socmin, the range ex-tender works at operating point 3,
and the range extender is used as the main power supply device of the power system. When the output
power is greater than the required power, the power battery can be charged. In the low-speed area, the
work ratio of the range extender should be reduced while the entire vehicle is running, so as to prevent
encrgy waste caused by energy conversion efficiency. Therefore, when Soc<lsocmin, the mnge exlender
1s turned on and works at operating point 2. The range extender is used as the main power supply device
of the power system. When the output power is greater than the required power, the power battery can
be charged. The range extender stops working when Soc=lsocmax.

3.2 Range extender operating poine selection

Figure 3 is a map of the generator in the range extender, and Figure 4 15 a map of the engine i the
range extender.

Figure 3: Map of generator Figure 4: Map of engine

The range extender is the second power source of the whole vehicle, and the selection of the working
point has an important influence on the economy of the whole vehicle. There are three range extender
operating points in the energy management control strategy designed in this paper. Among them,
operating point | is mainly used for power supplementation under high-speed operating conditions, and
opcrating poeint 2 is the main power source of the vehicle under medium and high speed conditions, and
it is also the driving power source for driving under low speed conditions. The operating point 3 is the
vehicle charging and driving power source under medium and high speed conditions. When only rolling
resistance and wind resistance are considered, the required power calculation formula of the whole
vehicle is as follows.

P =

i CpAud
60 (mgfug + FIRT ) ()

Where F, is the required power of the vehicle:ny is the mechanical transmission efficiency: A is the
friction cocfficient of rolling resistance; u, is the vehicle velocity.

Bringing in the vehicle parameters, when the vehicle velocity 1s set to 22kmv'h, the required power 15
I4kw, when the vehicle velocity is set to 50km/h, the required power is 38kw, and when the vehicle
velocity is set to B0km/h, the required power is B2kw. After consulting the generator data, it can be seen
that the power generation at 500r/'min is |12kw, the power at 2000r/min is 50kw, and the power at
2500r/min is 60kw. In order to avoid problems such as friction loss and energy conversion efliciency, the
first working point is set to 800r/min, the second working point is set to 1500r/min, and the third working
point is set o 3000r/min. Taking into account the principle of preferential discharge of the power battery,
the key parameters of the initial cnergy management control strategy are designed as shown in Table 3.
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Table 3: Key parameters of energy management control strategy

set velocity(km/h) (0]
work point 1{r/min} 8OO
work point 2(r'min} 1500
work point 3(r'min} 3000

SOCmAax Lt
socmid 50
sOCmin 40
lsoemax 50
Isocmin 30

4. Simulation analysis

In summary, in order to verify the effectiveness of the energy management control strategy, this paper
builds a ve-hicle model based on the AVL-Cruise simulation software, and takes NEDC as the cycle
simulation condition. The ini-tial battery charge is set to 90%, and the depth of discharge is 70% to
prevent problems such as the reduction of service life caused by over-discharge of power battery.

The energy management control strategy is brought into the vehicle simulation model, and the
simulation results of the climing are presented in Figure 5, the 0-30km/h acceleration simulation results
are presented in Figure 6, and the driving range simulation results are presented in Figure 7.1t can be seen
from Figure 5 that the maximum climing of the vehicle is 21%. From Figure 6, it can be seen that the
ncceleration time from 0 to 50km'h is 19s. From Figure 7, it can be seen that the driving range of the
vehicle is 72.196km/h. The simulation results show that The maximum speed of the vehicle is 88km/h,
and the fucl consumption per 100 kilometers 1s 10.47L/100km.
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Figure 3: Simulation results of climing
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Figure 6: Simulation results of 0-50km/h acceleration
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Figure 7: Simulation resulls of driving range

The simulation results show that the control stralegy mects the design requirements of vehicle
dynamics and cconomy.

5. Optimization Analysis

The energy management control strategy designed in this paper basically meets the power and
economic requirements of the vehicle. In order to further improve the cconomy of the vehicle and achieve
the goal of energy saving and environmental protection, this paper uses the NSGA-Il optimization
algorithm to optimize the key parameters in the energy management control strategy.The NSGA-II
optimization algorithm has good robustness and can search and solve problems in a global scope. It is
one of the most widely used algorithms in the field of multi-objective optimization.

5.1 Oprimize settings

The multi-objective optimization is mainly carried out for the fuel consumption and pollutant
emission of range-extended electrnic vehicles. The pollutant emission mainly includes CO, NOX, and HC.
The pollutant emission objective function is:
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Fi(X) = foalX) + fue (X) (2)

Where X is the driving range.
The simulation optimization of the range-extended electric vehicle is carried out under the NEDC
condition, and the fuel consumption objective function under this condition is:

Q(X) = J Qyr dt (3

FaFighe
Where range indicates the working time of the range extender: (. indicates the fuel consumption
per unit time of the range extender.
Since the drniving range and energy consumption are in conflict with each other, this paper sclects the
driving range as a constraint. The multi-objective optimization problem is finally transformed into:

F—min F(X)=f; +Q,(X)

5.t X >70km “

The optimization variables are shown in Table 3.
Table 3: Optimization variables

variables upper bound | lower bound | initial value

set veloaty(kim'h) 70 40 60
work point 1{r/min} 1000 0 800

waork point 2(r/min) 2000 1000 1500

work pomt 3(r/mm) 3500 20043 3000
SOCMAX 80 60 60
socmid 60 45 50
SOoCmin 45 30 40
Izocmax 60 40 50
Isocmin 4 30 30

5.2 Oprimizition resules and analysis

In this paper, through the co-simulation of Isight and Cruise, the batch method is used to realize the
loop iteration. The parameters obtained after optimization are shown in Table 4.

Table 4 Qptimization Results

variable value
st velocity(km/h) 45,79
work point 1(r/min) B
work point 2{r/min) 1167
work point 3{r/min) 3123
SOCTTIN, 60.36
socmid 55.96
®OCITLN 3005
Isocmax 604
[Eer— 3547

It can be seen from the optimized simulation results that the vehicle dynamics are not affected by the
energy man-agement control strategy, but the economy has been improved 1o a certain extent. Figure 8
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shows the simulation results of the optimized follow-up mileage. It can be scen from the figure that the
driving milcage of the whole vehicle 1s 72.058km. The fuel consumption per 100 kilometers of the
vehicle is 9.93L/100km.
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Figure §: Optimized follow-up mifeage
To sum up, the dynamic performance of the range-extended electric vehicle after optimization still
meets the design requirements, and the overall vehicle economy has been improved to a certain extent,
of which the fuel consumption per 100 kilometers has been reduced by 5.2%. NOX emissions arc
basically unchanged, but both co and hc emissions have decreased by about 2%. That is to say, the energy
management control strategy of range-extended electric vehicle de-signed in this paper can further
improve the economy of the whole vehicle and reduce the pollutant emission.

6. Conclusions

Aiming at the energy control problem of range-extended electric vehicles, this paper proposes a multi-
parameter energy management control strategy by considering the driving characteristics of range-
extended electric vehicles with the goal of meeting the requirement of driving range. The simulation
results under NEDXC cycle conditions show that the conirol strategy is effective. In this paper, the key
paramecters of the control strategy are optimized by the NSGA-Il opti-mization algorithm. The
optimization results show that the fuel consumption per 100 klometers and the pollutant enmissions are
further reduced. This paper is of great significance for the study of range-extended electric vehicles.
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Abstract: This paper reponts the development and testing of an innovative type of eanhmoving machine. The rack-type
belt convevor (TTBC) can remove soil horzontally from deep excavations, The TTBC s more flexible than traditional
conveyors used in faciories, because it is self-moving (via two tracks) and loldable. Moreover, several TTBCs can work
together to transport a continuous stream of soil over long horizontal distances, which can significantly improve
earthmoving efficiency. Field tests were performed to assess the practical feasibility of single and multiple TTBCs. They
were used in a long, narrow, deep excavation below a railway station. The site was constructed using a top-down method
with a single soil exit a1 one end. The tests showed that the new TTBC is flexible and efficient for removing non-cohesive
soils from deep excavation sites.

Key words: track-type belt conveyor, foldable structure system, collaboration, earthmoving equipment; deep excavation

1. Introduction

The carthwork involved m deep excavations mcludes several stages: s01l must be excavated, collected, loaded onto
vehicles, and transported awsy from the excavation site. Excavation efficiency is largely dependent on the efficiency of
each earthmoving procedure, If the site used for excavated soil collection is restricted by the surrounding environment, in
top-down deep excavabions for mstance [1], the excavation efficiency will he decreased because of the long horizontal
ransportation distance required. To improve excavation efficiency, it 15 essential to develop new types of carthmoving
equipment for use in deep excavations [2-4],

In the 20th century, more than seven completely new forms of earthmoving cquipment were introduced subsequent to
technological advances. Tatum et al. analyzed the intraduction of five new forms, including the track-type tractor, off-
highway truck, wheel tractor scraper, hydraulic excavator, and loader-backhoe [3]. Moreover, Tatum et al. analyzed these
technical advancements in relation to the five systems relevant to earthmoving equipment implementation, traction,
structure, powertrain, and control and information [6]. Analyses of such systems consider their purpose and operation,
technical limitations and key technologics, and a chronology of major advancements, In this century, few carthmoving
equipment innovations have been reported in the hierature

This study reports the development and testing of an innovative type ol earthmoving machine. Hereafter referred to as
the track-type belt conveyor (TTBC), it was developed for removing soil from deep excavations. The new TTBC is flexible

due o being foldable and self-moving. Moreover, several TTBCs can work together to move excavated soil ina
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continuous stream over long horizontal distances. Field wests and applications were performed to check its practical
feasibility.

2. Development and Production of the TTEC

2.1 Analysis of requirements and proposed design

In conventional earthmoving methods, several small excavators are used to collect excavated soil. Their efficiency
decreases significantly with inereasing transportation distance as it is a discontinuous transportation method. 1f the
excavated soil can be delivered continuously, efficiency can be improved significantly, Conveyors, which deliver materials
or products continuously, are a highly efficient type of transportation equipment and have been widely used in vanous
industries. However, they are typically inflexible due 1o being fixed in place. In deep excavations, earthmoving equipment
has to move to remove excavated soil. Thus, conventional conveyors cannot be applied to deep excavations,

To overcome the inflexibility of radiional conveyors, a new foldable and walkable conveyor was required. The new
conveyor needed to be compact, and be able to work with several others to deliver excavated soil continuously over a long
distance. Moreover, the new conveyor needed to be electrically powered to achieve energy savings and emission reductions.

2.2 Key systems and function description

Tatum ¢t al. pointed out that the operational capability and production rate of earthmoving equipment are determined
by five systems [5, 6]. These are the implement, traction, structure, powerirain, and control systems. In this section, the
new TTBC convevor is described in terms of these five systems, The TTBC is designed to be 10.8 m in length. Figure |
presents its longitudinal profile and a cross-section. The implement system applies force and performs the actual
earthmoving operations. In this case, a belt is used to carry the excavated soil. The TTBC's traction system uses two tracks
for traction with the ground, allowing the machine to apply force and move around. The structure system connects the
variows components, transmits loads, provides attachment points for implements, and allows the machine to travel over
uneven ground. The TTBC's structure system includes rollers, arms and a frame above the chassis, The powerirain delivers
power o move the machine and its implements, Considering the typical poor air circulation in deep excavations, an electric
motor is used to power the conveyor. Finally, the conveyor is monitored and controlled by the control and information
systems. These systems enable the operator to direct and control all the other systems, provide information to guide
operations, and monitor the performance and condition of the equipment.

Roller Helt ﬂ ﬂ ﬂ Eleutric metor
o - "t —t= A=ttt

Fomearm M- Back arm
Track 10Em
- L
(b Crross section
Figure 1. The new TTBC conveyor: (a) Longitudimal profile showing the major components; (b) cross-section showing the
five key svstems,
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Considering the complex construction environment in deep excavations, the TTBC conveyor 15 designed w be
foldable to improve its flexibility. Figure 2 shows the folding process, which has three stages. In the first stage, the forearm
is folded. In the second and third stages, the back arm and then the mid-arm are folded. Figures 3(a) and (b) show photos of
the conveyor in unfolded and folded states, respectively. Afler the conveyor is folded, its length reduces from 108 1o 6.8 m

7E8m
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H.8m
| -
#l| -
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. ! “(2)
n_ -~ 1 -.(3) [ 5
# ! 1| "'.
d 4 & i — -
P R P
Forearm Mid-arm Back arm

Figure 2. Folding process of the track-type belt conveyor

{a) Unfold

(b) Fold

Figure 3. Track-type belt conveyor in (a) unfolded and (b) folded positions.

Long-distance transportation of excavated soil can be achieved by joming multiple conveyors. To achieve this
collaboration function, the convevors are inclinable so that cach conveyor can overlap the end of the next one. Figure 4
shows two inclined convevors working together to achieve long distance transportation. Figure 5 shows a photo of two
overlapped TTBCs
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Figure 4. Collaboration between two track-type belt conveyors.

Figure 5. Photograph of two overlapped TTBCs

3. Field Investigation

3.1 Site information

The developed conveyor will be apphied to o metro staton excavation on Line #15 of the Shanghai Metro system
This excavation is part of a comprehensive transportation hub project and uses a top-down construction method, The
transportation hub, located at Shanghai West Railway Station, includes the railway station and two underground metro
stations. A north-south underpass was constructed o connect two sides of the railway, and a transfer channel was
constructed to connect the railway station and the two metro stations (Figure 6). The Shanghai West Railway Station and
the metro station on Line #£11 were already in operation.

The underpass measures approximately 32 = 108 m in planeg, and its bottom slab is 9.5 m below the ground surface. It
was recently constructed and partly undercrosses the 64 m-wide Huning High-Speed Railway, which means that the top
slab of the underpass is the subgrade of the operating railway. The metro station on Line #15 is 240 m long and 23.5 m
wide, and will be constructed after the underpass 15 finished and the ralway commences operation. The excavation of the
metro station was divided into five parts (Parls A-1 to A-5 m Figure 7), considening metro Line #11 and the Huning High-
Speed Railway. After the construction of the underpass and completion of the transfer channel, Part A-3 was constructed,
then the excavation of Part A-2 was carried out. Part A-2 is a two-floor metro station beneath the underpass with in-plane
dimensions of approximately 23.5 = 84 m, The excavation depth of Part A-2 is 23.5 m below the surface, which 1s about 14
m below the bottom slab of the underpass. Since the underpass is located under the railway station and the excavation of
Part A-2 15 located under it, the top-down method was adopted, and only one soil exit was provided in Part A-3. The
maximum transportation distance of the excavated soil was about 90 m. Such a long horizontal transportation distance can
decrease the excavahon efficiency sigmificantly. To improve excavation efficiency, the new TTBC conveyor was used m

this deep excavation site
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Figure 6. Excavation site and surrounding environment: (a) plan view; (b) profile of section I-1.

3.2 Ficld test

Before application, field tests were carried out at the construction site 1o check the applicability of the new conveyor
Figures 7(a) and (b) show two photos of the test site. It can be seen from Figure T(a) that an excavator was used 1o
excavale sl and stow it in the conveyor. The conveyor delivered the soil from one end to the other. In Figure T(h), two
conveyors work topether to deliver the excavated soil. It can be seen that the soil is delivered from one conveyor to another

These field tests indicate that the new TTBC can successfully remove soil from deep excavations

Figure 7. Field tests of the track-type bell conveyor.
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3.3 Application

The excavation of Part A-2 was divided into four stages in the vertical direction. The depths of soil excavated at cach
stage were 45 m, 32 m, 35 m, and 2.8 m, respectively. In cach stage, the soil was removed by the channel-type
excavation method, as proposed by Li et al. [7] A work channel was first excavated in the middle of the whole excavation
area from south to north. The width of the channel was & m, considening the excavator's size. Then, the remaining soil on
both sides of the channel was quickly excavated from north to south in segments, and the excavated soil ways delivered
through the channel. After a segment of the excavation was completed, struts or slabs were constructed immediately 1o
minimize the deflection of the diaphragm wall.
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4. Results

Both the new and traditional soil removal schemes were used in this deep excavation project. Traditional excavators
were used mn stages 1, 3 and 4 with the earthmoving scheme shown in Figure 9(a), while new TTBCs were used in stage 2
with the earthmoving scheme shown in Figure 9(b). Figures 1({a) and (b) show two photographs of the excavated soil
being delivered by excavators and conveyors, respectively. It is clear that the excavation environment 15 very complex
Both the excavators and the conveyors were surrounded by columns. Because of the proximity of the columns, rotation of
the excavators was restricied. Table | Lists the earthmoving efficiency of the excavaiors and the new TTBC conveyors. In
stages |, 3 and 4, excavators removed soil with efMiciencies of 268 m'/d, 475 m%/d and 389 m%/d, respectively. In stage 2,
the TTBCs removed soil at an efficiency of 537 m*d, which is obwv iously higher than that of the excavators. The resulis
indicate that the TTBC can improve carthmoving efficiency significantly. Morcover, since the TTBCs are electrically
powered, they produce much less air pollution than diesel-powered excavators, which significantly improves the health and

safety of the worksite

Excavators Conveyors

Figure 10. Honzontal transportation of the excavated soil with (a) traditional excavators; (b) the proposed conveyors

Table 1. Comparison of earthmoving efficiency between excavators and TTBC conveyors

‘ Construction stage Event Volume {m'} Time (d) Efficiency im/d) Equipment
ECS 1340 5

Stage 1 : 268 Excavator
ERS 4538 17
ECS 1611 3

Stage 2 e == 337 Convevor
ERS 4835 9
ECS 1425 3

Stage 3 475 Excavator
ERS 5701 12
_ ECS 1168 3

Stage 4 3z9 Excavator
ERS 4673 12

Mote: ECS = excavation of channel soil; ERS = excavation of remaining soil

5. Limitations
Although the field tests indicated that the TTBC can greatly improve earthmoving efficiency, it was found that clay
soil stuck to the belts and cannot drop onto the overlapped area when multiple TTBCs were used. Therefore, in its present

form, the TTBC 15 more suitable for use with cobesionless soil. It requires further improvement for use with sticky soils
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6. Conclusions

This study reports the development of a track-type belt conveyor for removing soil from deep excavations. Field tests
indicated that the TTBC is flexible in practice because it is self-moving and foldable. Moreover, several TTBCs can work
together to move soil continuously over a long distance. Compared to conventional carthmoving methods using small
excavators, the TTBC 15 more efficient and provides a healthier workplace. However, further improvement is needed
hefore it can be used for cohesive soils
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