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Abstract: Due to the strengthening of air-quality regulations, researchers have been investigating
methods to improve excavator energy efficiency. Many researchers primarily conducted simulation
studies employing mathematical models to analyze the energy consumption of excavator systems,
which is necessary to examine the fuel efficiency improvement margin and the improvement effect.
However, to effectively study the improvement of excavator efficiency, the real-time energy consumption
characteristics must be examined through simulations and analyses of actual equipment-based energy
consumption. Accordingly, this study establishes an energy flow-down model for the entire excavator
system based on actual equipment tests. A measurement system is built to measure the required data,
thereby establishing an experimental methodology for modeling each component. This paper presents
an excavator system energy flow-down methodology that integrates the energy flow-down model,
measurement system, and experimental methodology. This methodology was applied to dig and
dump operations, and the energy consumption characteristics were analyzed. An analysis of the
operating modes indicates that 59.8% of the total fuel energy was consumed in the engine system,
17% in the hydraulic system, and 23.2% in the hydraulic actuation systems. The methodology can be
used to help analysis of the fuel efficiency improvement margin under various conditions.

Keywords: hydraulic excavator; energy consumption; energy flow down; engine system; hydraulic
system; hydraulic actuation system

1. Introduction

Excavators are multi-linked construction machinery consisting of a boom, an arm, and a bucket.
As their multi-linked structure enables various movements and high usability, they are being extensively
utilized. However, excavators consume more fuel per unit area than other construction machinery [1].
As a result, greenhouse gases emitted by hydraulic excavators make up a large proportion of the
greenhouse gas (CO,) emitted by construction machinery [2,3].

In the case of bulldozers and dump trucks, which are the most commonly used construction
machinery, the work produced by the engine is transferred to the wheels of the equipment through the
drive system; for dump trucks in particular, more than 30% of the consumed fuel is used for the actual
work performed by the equipment [4]. In the case of loaders, the engine work is directly transferred to
the wheels simultaneously with the operation of the hydraulic system [5,6]. Conversely, excavators
convert the engine work into hydraulic energy, as various operations, including traveling, digging,
dumping, and grinding, are performed according to the user’s requests. Consequently, excavators
have a low energy efficiency compared to the actual workload. For this reason, as the issue of air
quality intensifies, it is becoming more important to improve the energy efficiency of excavators.

The excavator operating systems can be classified into the engine system, hydraulic system,
and hydraulic actuation system. The energy efficiency of the excavator also varies with each system,
and numerous studies considering this are in progress.
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In the engine field, with tightening regulations on air quality, researchers have performed studies
to meet engine efficiency and performance requirements within emission regulations that satisfy EPA
Tier 4. Studies are also being conducted on applying engine cylinder deactivation technology, which is
commercially available in automobiles, to improve efficiency deterioration caused by the frequent load
fluctuations of excavator engines [7].

In the hydraulic system field, various control methods such as the positive control system, load
sensing system [8], virtual bleed-off (VBO) system [9], and independent metering valve (IMV) [10],
displacement controlled hydraulic system (DC) [11] have been used or proposed to not only improve
the efficiency of the hydraulic pump, but also enhance the efficiency of the system through hydraulic
system control.

Increasing energy efficiency in the hydraulic actuation system is being investigated in terms of
recovering potential energy and inertia generated during excavator operation. Methods for recovering
boom energy by adding a cylinder and accumulator to the existing boom hydraulic circuit [12],
the hydraulic motor connected to the engine shaft [13], and accumulators and hydraulic motors (added
to the hydraulic circuit) [9,14] have been studied. In addition, recovery methods through electrical
systems and storage devices have been studied [15].

In addition to the aforementioned studies on efficiency improvement, researchers have been
actively investigating hybridization schemes (to improve the efficiency of the entire excavator system),
hybrid systems based on an electrical system [16-19] used in automobiles, and hydraulic hybrid
excavators (HHEC) based on common pressure rail [20]. Additionally, macro excavator hybrid studies
using the above-mentioned DC system [21-24] and hybridization through direct driven hydraulic
drive (DDH) have been studied [25-28].

As such, studies for improving the efficiency of excavators are underway in various fields;
to examine the effectiveness of these methods during applications, it is necessary to analyze the
energy consumption characteristics of the excavator. For this purpose, researchers have created energy
consumption models [29] through mathematical models and analysis of excavator systems, and applied
them to simulation tools (MATLAB Simulink, AMESim®) [30,31]. By expanding this, simulation
studies on the energy efficiency of hybrid excavators [32], as well as research on efficiency improvement
concepts through simulations are in progress [33]. In addition to energy consumption analysis through
simulation, researchers have proposed energy consumption analysis methodologies through system
efficiency as well as fixed and variable energy consumption concepts [34].

Many researchers primarily conducted simulation studies employing mathematical models to
analyze the energy consumption of excavator systems, which is necessary to examine the fuel efficiency
improvement margin and the improvement effect. However, this study proposes a methodology for
analyzing the real-time energy consumption characteristics of excavators based on data measured in
real time, with a focus on the measurement and analysis of actual equipment tests. This study also
distinguishes the components that consume energy generated from fuel for the entire excavator system
and proposes a measurement system that can measure the energy consumption of each component.
The actual energy consumption of the components during operation is analyzed using the real-time
data measured by the measurement system and the energy consumption component model.

2. Excavator System Energy Flow

As shown in Figure 1, the excavator system consists of an engine system, a hydraulic system,
and hydraulic actuation systems. The engine converts the injected fuel energy into mechanical
energy and delivers it to each accessory and the hydraulic system. The delivered mechanical
energy is subsequently converted into hydraulic energy through a hydraulic pump, transferred
to hydraulic cylinders and hydraulic motors, and converted to mechanical energy for performing
necessary operations.
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Figure 1. Excavator system.
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In this process, losses occur due to various factors in each part; by identifying these factors in each
component and analyzing them, the energy consumption characteristics during equipment operation

can be examined.

For this purpose, the energy consumption components in each system must first be identified.
We classified the engine system, hydraulic system, and hydraulic actuation systems into detailed
energy consumption components, formulated equations, and used these equations to analyze the
energy flow of the entire excavator. The nomenclature of the variables used in the equations is shown

in Table 1.
Table 1. Nomenclature.
Symbol Definition Unit Symbol Definition Unit
C Normalized friction } W Hydraulic cylinder J
L factor for engine load cylinder,out output energy
Normalized friction Engine mechanical
Cn - |4 J
factor for engine speed esf friction work
C Normalized friction } w En%izﬁ:iﬁf}ical J
T factor for temperature egf base .
at base point
Engine total
L Alternator current A Wengine total friction Fric%ion work J
Hydraulic cylinder
mg Fuel mass kg Whydmulic cylinder input energy J
Engine cylinder ) Hydraulic motor
Pcyl pressure Pa Whydmulzc motor input energy J
Hydraulic cylinder s
Peyiinder Y pressui‘]e Pa Wind.gross Gross indicated work J
Hydraulic motor
Protor Y pressure Pa WaMcv oss MCV loss ]
Ppump Main pump pressure Pa Wmcv out MCV output energy ]
: Hydraulic cylinder .
Qcylinder cyl. flow rate m3/5 Wpumping Pumping loss J
. ) Main pump
Qruv Low heating value J/kg Woump,in input work ]
. Hydraulic motor 3 Main pump
Quiotor flow rate m°/s Wpump, out ]

output energy
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Table 1. Cont.

Symbol Definition Unit Symbol Definition Unit
qump, Main pump flow rate m3/S Wpump loss Main pump loss ]
Hydraulic cylinder .

Ucylinder dinlacemen}; speed cm/s Wthermodynamic loss Thermodynamic loss J
Working fluid fan
Vbat Battery voltage v Wavorking fluid fan syste;én work J
v Engine cylinder 3 Al ffici
eyl volume m MNalt ternator efficiency -
Cooling fan
W Alternator work ] Dcooling fan angular velocity rad/s
. Working fluid fan
Whyrake Engine brake work J @working fluid fan angula% velocity rad/s
Weooling fan Cooling fan work ] At Time s
) Hydraulic Hydraulic cylinder
chlmder loss Cy]inder loss J As displacement m

2.1. Energy Flow Model in the Engine System

The engine converts fuel energy into heat energy through the combustion process, from which
energy is transferred to the piston, excluding heat loss due to high-temperature exhaust gases and
heat transfer to the engine block and coolant; this is subsequently converted into mechanical energy.
The converted mechanical energy is used by various energy consumption components to drive the
engine, and the energy is transferred to the hydraulic system. As such, a schematic of the energy flow
in the engine system is shown in Figure 2.
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Figure 2. Energy flow model in the engine system.
Figure 2 can be defined in equations as follows.

Whrake = m f QLuv — Wthermodynamic loss — YVind.gross — Wengine total friction (1)

BDC expansion
Wind.gross = f Pcyl chyl (2)

BDC,compression
Wthermodynamic loss = Mf Qrav — Wing. gross 3)
Wengine total friction — Wegf + Wpumping + W + Wcooling fan “)

The energy that the engine finally transfers to the hydraulic system is indicated by engine brake
work, as shown in Equation (1). The engine brake work is the energy remaining after the various
consumption components have consumed energy for operating the engine; to determine this value,
the injected fuel energy and energy consumption of each component when the engine is operated must
be known.

The fuel energy consumed during equipment operation is expressed by the mass of fuel consumed
and the lower heating value. A volumetric fuel flowmeter was installed in the equipment to measure
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the cumulative fuel quantity during operation. However, the aforementioned method cannot measure
the fuel level in real time due to the characteristics of the fuel flowmeter; thus, for real-time fuel energy
analysis, the electronic control unit (ECU) fuel quantity was measured through the controller area
network (CAN) communication of the equipment and compared with the fuel flowmeter to investigate
the reliability of the ECU’s fuel quantity [35].

As a result, the difference in the total fuel quantity was accurate to within 1.5% at the start and
end of equipment operation, and the fuel energy was derived using the aforementioned fuel quantity
measurement techniques.

The engine converts fuel energy into heat energy through combustion, from which energy is
transferred to the piston, excluding heat loss due to high-temperature exhaust gases, heat transfer to
the engine block and coolant; this is subsequently converted into mechanical energy. To determine the
energy lost in this process, it can be directly predicted through detailed engine combustion models or
indirectly calculated by measuring the exhaust gas composition, exhaust temperature, coolant flow
rate, and temperature. In this study, however, without separating the aforementioned components in
detail, the variety of heat loss is indirectly defined as thermodynamic loss by measuring the mechanical
energy converted through actual piston movement.

To define the thermodynamic loss, the converted mechanical energy must first be known. This is
represented by gross indicated work and expressed by Equation (2). Through this, the thermodynamic
loss is expressed by Equation (3) [36].

The converted mechanical energy (excluding the aforementioned loss) is used by several
components required to drive the engine (until it is transferred to the hydraulic system) and
subsequently converted into hydraulic energy. This is defined as the engine total friction work
and classified into pumping loss, alternator work, cooling fan work, and engine mechanical friction
work, as shown in Figure 2 and Equation (4). Among these, engine mechanical friction work was
defined by integrating the loss of components of excluding the aforementioned devices and the engine
friction [37]. The aforementioned engine total friction work requires modeling for each component
and is described in Section 3.

2.2. Energy Flow Model in the Hydraulic System

The engine brake work transferred from the engine is supplied to the main pump and converted
into hydraulic energy, which is supplied to the main control valve (MCV) and subsequently delivered
to the hydraulic actuation system. Loss occurs in each part of this process; the resulting energy flow is
shown in Figure 3.

Engine Brake « Main Pump Main Pump M.C.V Output
Work - Input Work Output Energy Energy
Working Fluid .
Fan System Work Main Pump Loss M.C.V Loss

Figure 3. Energy flow model in the hydraulic system.

The energy flow model of Figure 3 can be expressed by Equation (5), in which the MCV output
energy is the energy supplied to the hydraulic actuation system.

WMCV,out = Whrake — Wpump loss — WMcCV loss — working fluid fan ®)

Whicv,out = Whydmulic actuator (6)

In the process wherein mechanical energy transferred to the main pump is converted into hydraulic
energy and transferred to the main control valve (MCV), mechanical friction, pressure, and flow
losses occur in the pump. This loss varies with the pump operating conditions and can be obtained
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through component tests or simulation modeling. In this study, however, for real-time analysis through
measurement, the main pump input work, which can be determined from Equation (7), and the pump
pressure and flow rate measured, as shown in Equation (8), were used to calculate the main pump
output hydraulic energy. The difference between the two components was defined as the main pump
loss, as shown in Equation (9).

The energy consumption model of the working fluid fan system, an energy consumption
component required to determine the main pump input energy, is described in Section 3

Wpump,in = Whrake — Wworking fluid fan )
Wpump, out = fppump, out X qump, outdt (8)
Wpump loss — Wpump, in Wpump, out (9)

In the process of transferring the hydraulic energy generated from the main pump to the hydraulic
actuation systems, the MCV controls the flow path of the hydraulic energy. In the MCV, pressure loss
due to the pipelines and valves, as well as flow loss due to main pump control occur.

This study defined the difference between the pump output energy transferred to the MCV and
the energy transferred to the hydraulic actuation systems as MCV loss, as shown in Equation (10).

WMCV loss — Wpump, out — WMCV, out (10)

2.3. Energy Flow Model in the Hydraulic Actuation System

The hydraulic energy transferred to the MCV is transferred to each hydraulic actuation system;
the actuators can be classified into the hydraulic cylinder and hydraulic motor, according to the driving
method. Figure 4 shows a schematic of the energy flow.

______ I
i 1

M.C.V Output > Hyc!.rauhc Net Work I
Energy Cylinders I I

Hydraulic Hydraulic

Motors Work Cylinder Loss
Hydraulic
Cylinder Output
Energy

Figure 4. Energy flow model in the hydraulic actuation system.

The hydraulic energy transferred to the hydraulic motor is used to move the excavator and turn
the turret.

The hydraulic energy transferred to the hydraulic cylinders is used to drive the boom, arm,
and bucket. This is expressed in Equation (11). The energy transferred to each actuator is shown in
Equations (12) and (13), respectively.

WMCV, out = Whydmulic cylinder + Whydmulic motor (11)
Whydmulic cylinder = fpcylinder, in X Qcylinder cyl.dt (12)
Whydmulic motor — fpmotor, in X Qmotor, indt (13)

By examining the hydraulic cylinders in detail, it can be observed that the transferred hydraulic
energy (of the hydraulic cylinders) moves the piston, thus converting the hydraulic energy into
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mechanical energy. In this process, pressure and flow loss occur from the hydraulic energy transfer and
output hydraulic energy (according to double-cylinder operation). Furthermore, mechanical friction
loss occurs due to the operation of hydraulic actuation system. This study defined hydraulic cylinder
loss by integrating the hydraulic energy loss generated during the hydraulic energy transfer and the
mechanical frictional loss generated during hydraulic actuation system operation. This is expressed in
Equation (14).

Wwork,net = chlinder,in = YWeylider,out — chlider loss (14)

The net work refers to the pure work performed through the cylinder, which is the sum of
positive work and negative work determined by the cylinder’s direction of motion and transfer of force.
The output hydraulic energy is given by Equation (15), and the cylinder loss is described in Section 3.

chlinder,out = fpcylinder,out X Qcylinder,outdt (15)

3. Modeling of Energy Consumption Component

3.1. Modeling of Engine Total Friction

The engine total friction work defined in Section 2.1 is given in Equation (4). The engine mechanical
friction work refers to the engine basic friction and accessory drive work (not defined above). This item
is essential for driving the engine; in this study, the engine bench test was conducted to perform
a real-time analysis within the measurable factors. The engine bench test set up, test conditions,
and sensor specifications are shown in Figure 5. The factors affecting the engine mechanical friction
are engine speed, engine load, and engine oil temperature. Each was varied to perform the component
test, and models were built based on the results. Based on the engine mechanical friction in the main
operating area, the normalized friction factor was defined, as shown in Equation (16).

Wegr = CrCNCLWegf base
Cr = friction torque at T/ friction torque at T = 85 °C
wheres Cn = friction torque at N/ friction torque at N = 1400 rpm
CL = friction torque at IMEP / friction torque at IMEP = 11.5 bar

(16)

Engine specifications
Water cooled, Turbocharged,

Ty
W ype diesel, 4 stroke engine
. egf No. of cylinder 6
P w; . _ Y
s Kistler | Winagross | = Winagross BorexStroke 108 x 139 mm
Ocrankshart | KiBox® | Woumping ~ Woumping Displacement 7640 cc
Tengine oil Wrake ~ Whrake Maximum Power 290ps / 1800 rpm
Thrake Maximum Torque 130kg-m / 1300 rpm
Experimental conditions
Engine speed 800 - 1800 rpm
Brake Torque 0-1000 Nm
———— Engine oil 20— 95°C
temperature
O - Electric power  Battery charge without alternator
Y
-
qé Variable Sensor Features
=} High temperature 0- 250 l?ar
g Peyt ressure sensor Sensitivity
[} press ~ —17 pC/bar
E\, 0 Crank position
Engine (=) crank shaft signal from ICE
-200 — 400 °C
o T type temperature
Tengine oit sensor Accuracy
+ 0.1 %FS

Brake torque signal

T
brake from dynamometer

Figure 5. Engine bench test set up and specification.
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Figure 6 shows the equation for each normalized friction factor. Figure 7a shows the model
validation results by comparing the engine mechanical friction model with measurement data measured
under various conditions.

‘. ® ® Normalized at Engine oil temp. 85 oC ‘

Tengine oil =85 °C
O O OIMEP =1.5 bar
154 & AIMEP=115bar
0O O OIMEP =18.3 bar

Normalized friction Factor [C,]
Normalized friction Factor [C,]

1
1
1
1
1
1
05— 1
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1
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1
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0O O 001400 rpm
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Figure 6. Normalized friction factor. (a) Engine oil temperature; (b) engine speed; (c) engine load.
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Figure 7. Measurement data vs. model. (a) Engine mechanical friction; (b) hydraulic cylinder loss.



Energies 2020, 13, 951 9 of 19

The pumping loss, i.e., the loss in engine intake and exhaust, is given by Equation (17).

BDC ,intake
Wumpin :f Pey dVey (17)
pUIpIS BDC exhaust < <
The alternator work is given by Equation (18) using the battery voltage, alternator generating
current, and alternator efficiency, considering the system converting mechanical energy into electrical
energy through the alternator.

ngt _ f Vbat X IalifdiL (18)
Malt
Engine cooling fan work is given by a third degree equation for the operating speed of the fan, as
shown in Equation (19). The coefficient of the defined equation is set by simulating the engine cooling
system on a dynamometer and measuring the energy consumption, according to the fan speed, as
shown in Figure 8a.

. _ 3
Weaaing fan = (00011862 ) % A (19)
16 16
+ + +Engine cooling fan |O O OWorking fluid cooling fan system |
14— 14 |—-
12 12 |=
— 10— — 10—
z 2
& )
g 8 5 8
3 3
(=] =)
~ 6 ~ o
Y i 4=
2 2=
0 | | | 0 | | |
0 40 80 120 160 200 0 40 80 120 160 200
Fan Speed [rad/s] Fan Speed [rad/s]
(a) (b)

Figure 8. Result of the cooling fan test. (a) Engine cooling fan; (b) working fluid cooling fan system.
3.2. Modeling of the Hydraulic System

Change in viscosity due to the working fluid (hydraulic oil) temperature in the hydraulic system
of the excavator is a component affecting the flow loss and friction. Furthermore, most of the energy
consumed in the hydraulic system is converted into heat, which increases the temperature of the
working fluid [38]. Accordingly, a system is equipped to control the hydraulic fluid temperature by
driving the cooling fan through the hydraulic motor. In Section 2.2, the aforementioned cooling system
was classified into energy consumption components, and a preliminary experiment was conducted
to model them. Like the engine cooling fan, this is given by a third degree equation (Equation (20)),
and the related coefficients were set by analyzing the data obtained through the experiment, as shown
in Figure 8b.

Wworking fluid fan = (0’00249wi}0rking fluid fan + 12~87071wworking fluid fun) X At (20)

The hydraulic energy transferred to the hydraulic cylinder is balanced with the change in kinetic
energy and potential energy of each implement structure, the hydraulic energy acting on the opposite
side of the double-acting cylinder, the energy lost in the flow path, cylinder, and implement structure.
This is shown in Figure 9a.
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Actuator cylinder energy balance 100,000
———————————————————— No load Add 3000k
1 8
MCV input :Input Hydraulic Energy 1 ® ® ®Boom O O OBoom
t : _. 80,000 A A AArm A A AArm
_ _
MCVI > . 1 E H B BEBucket 0 [ [OBucket
| g.. Hydraulic @ ,
= | 8 T cylinder loss : o
& |1 El | ¥ 60,000
=
3 1 Kinematic 1 £
g |1 ! %
° | . . .
S | Swing 1nert1a: ___E 40,000
«— ! 1 [
-—
: 1 - :
Oil Tank {utput Hydraulic Energy : H 20,000
! 1
! |
! 1
! |
! 1

i 0 20 40 60 80
U Eoien_tla_l ______ 3 Cylinder displacement speed [cm/s]

(a) (b)
Figure 9. (a) Actuator cylinder energy balance; (b) result of the hydraulic cylinder loss test.

The change in kinetic energy and potential energy of the implement structure is given by
Equation (21) using the measured real-time cylinder displacement and kinematic model. The output
hydraulic energy (W yjinder,out) o0 the opposite side of the double-acting cylinder, or exiting the cylinder,
is given by Equation (22) through the pressure and flow rate.

The hydraulic cylinder loss is defined by Equation (23) through the measured input hydraulic
energy and output energy, in addition to the calculated change in kinetic energy and potential energy.

1 1
Wactuator = mgAh + EIC‘)Z + Emvz (21)
chlinder,out = fpcylinder,out X Qcylinder,outdt (22)
chlinder loss = YVeylinder,in — Wactuator — chlinder,out (23)

The aforementioned equations can be applied in situations where the geometric components of
the implement structure are known. For excavators, however, it is difficult to determine the exact
state of the excavation target during actual operation, and the mass transported in the bucket cannot
be accurately known. As such, the hydraulic cylinder loss is modeled through the aforementioned
equation and preliminary experiments. The cylinder hydraulic loss consists of the loss in the flow
path, cylinder, and the friction of the implement structure; the flow loss is affected by the flow rate,
according to Darcy’s equation (Equation (24)) [39].

L\(©? v?
H =fl=)=—=|+K| = 24
- f(D)(Zg)+ (Zg) .
The mechanical friction generated in the implement structure is also a function of speed in the
general hydrodynamic lubrication region and can be expressed by a second degree equation. Under

these two assumptions, cylinder loss is expressed as a second degree equation for cylinder displacement
speed, as shown in Equation (25).

2
Weyiinder 1oss = | €17, + C2Ucylinder + €3 | X As (25)
Y cylinder Y

The coefficients in Equation (25) were selected from preliminary experiments. To determine the
effect on the load, preliminary experiments added mass to the bucket and operated each cylinder at
various speeds. Detailed experiment set up, conditions, and sensor specifications are shown Figure 10.
Figure 9b shows the results of applying the previous experimental results to Equations (21)—(23).
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According to the previous experimental results, the hydraulic cylinder loss had a low influence on the
load and a dominant influence on the cylinder displacement speed. The hydraulic cylinder loss model
was verified by comparing the hydraulic cylinder loss obtained from Equation (25) and value of Table 2
with the results obtained from Equation (23) during no-load dig and dump operation. The result is
shown in Figure 7b.

Table 2. Values of the coefficients c1, ¢2, and 3.

Actuator cl c2 c3
Boom 11.04 173.46 6371.11
Arm 7.45 88.05 3229.47
Bucket 17.11 111.78 4970.35

Hydraulic system specifications

h pl
Main pump Swas .p ate type
axial piston pump
No. of pump 2
Geometric W cyiinder toss Rated pump speed 1800 rpm
t = Weytinder, in Displacement 2 x 200 cm?3
components ~ Wactuator Max. flow rate 2 x 350 I/min
- chlinder,out : @ 1800 rpm & 50bar
r i Hydrauls Boom — 1450 mm
i Measurement module | ydraulic Arm — 1805 mm
! i cylinder stroke Bucket - 1300 mm
i| ETAS ETAS |1
1 | — - —
i ES610 ES620 i e .](Eixperlmental conditions
H orking flui o
H (A/ D) i temperature £95%C
Ly ---7 Working load Okg, 3000kg
Ppump qump Pcylinder T Dcylinder Hydraulic Various
cylinder speed
@ Variable Sensor Features
. . < Q Brump, Electronic pressure 0- 600 bar
Main _| Main Control = P transmitter Accuracy
pump | Valve (M.C.V) 4 erimaer +0.25 %FS
®EO IO IR E: . 40 600 /min
> = ) Electronic flow rate Accura.
pump transmitter ceuracy
< 2% actual va
@ : Pressure sensor @ : Temperature sensor 200 — 400 °C
T type temperature
@ : flow rate sensor @ : Displacement sensor Tw.f P senssr Accuracy
+ 0.1 %FS
Wire type linear 03000 mm
Deyiinder osition sensor Accuracy
P +0.25 %FS

Figure 10. Hydraulic cylinder experiment set up and specification.

4. Real Time Data Measurement System

To analyze the energy consumption components identified in the previous section, the real-time
measurement system of the excavator was constructed, as shown in Figure 11.
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: Temperature sensor
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: Working Fluid flow
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: Displacement sensor m m- ¢l
of ol O

Figure 11. Real time data measurement system.

Boom
Arm
Bucket

© 6600000 |,

To obtain the indicated work and pumping loss, a combustion pressure sensor is installed in
each cylinder, and the crank angle signal is processed to obtain the engine rotation angle and speed.
The engine mechanical friction defined through the engine component test requires engine load, engine
speed, and engine temperature; for this purpose, an oil temperature sensor is installed in the engine.
The speed of the engine fan is calculated using the engine speed (calculated above) because it is
connected to the engine speed and pulley. A current sensor is installed in the alternator to measure
the real-time current. As the working fluid cooling fan is operated by the hydraulic motor and not
connected to the engine and pulley, a rotation speed sensor is installed on the fan blade to measure the
fan speed. A pressure sensor and a flowmeter are installed at the outlet of the main pump to determine
the pump output hydraulic energy. When installing a flowmeter to directly measure the flow rate after
the MCV, the flow resistance is increased, and the installation space is small. As such, it is instead
indirectly measured through a cylinder displacement sensor. The flow rate of the swing motor is
indirectly measured by the rotational speed of the turret. The sensors and measuring equipment used
in the composition of the measurement system are shown in Figure 12. Figure 13 shows the excavator
system-based energy flow analysis defined in Sections 2 and 3 integrated with the measurement system
of Section 4.
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Figure 13. Energy flow-down methodology.
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5. Dig and Dump Cycle Analysis

Excavators perform various tasks according to traveling, digging, dumping, grinding,
and numerous additional attachments. Consequently, fixed conditions are required for a variety of
tasks to evaluate and analyze actual excavator operation, such as the Japan Construction Mechanization
Association Standard (JCMAS) working cycle [40]. Moreover, the proportion of each task in the total
workload varies between track excavators and wheel excavators.

For wheel excavators, among the four tasks, the ratio of traveling increases due to the convenience
of road driving. For both types of excavators, however, digging and dumping comprise the largest
proportions [41].

This study first constructs a working cycle that repeatedly performs digging and dumping,
excluding traveling and grinding, and performs tests and analyses.

The working cycle attempted to repeatedly operate under the same conditions (temperature,
height, speed, etc.) to the extent possible, and the operation sequence of each part was made constant.
Figure 14 shows the cycle.

1. Dig
O—©—©Boom G5 HBucket J1s
A—A—AArm %% X Turret 1, &%
12 | &
]1” =8
6 S5
bt
1 %
0 g o
- g 7
—-6
160 12
- —
Y g
= S 120
M=
2§
% g 80
]
< &40
PN e
janlilac]
0 ) I ) I ) I ) I )

0 20 40 60 80 100
Time [s]

Figure 14. Dig and dump working cycle.
The data measured during the progress of the working cycle were analyzed to examine the energy

consumption of each consumption component; the real-time energy consumption during working
cycle operation is shown in Figure 15.
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Figure 15. Real time energy consumption analysis.

Figure 16 shows the energy consumption characteristics of the entire working cycle. The results of
the major system are comparable with those published by other authors. The engine system consumes
approximately 60% fuel energy and main pump and the hydraulic auxiliary devices consume more
than 10% fuel energy. Only about 10% of fuel energy is used on actual work [34,42].
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Figure 16. Energy flow during dig and dump.

Detailed energy consumption break down results determined by the methodology proposed
in this study are as follows. Among the total consumed fuel, 50.9% was converted to mechanical
energy in the engine, among which 25.2% was consumed by engine friction, pumping loss, and various
accessory operations before being transferred to the main pump. Next, 22.4% of the mechanical energy
transferred to the main pump was consumed by friction and flow loss, and the remaining energy was
converted into hydraulic energy and transferred to the MCV. Of the hydraulic energy transferred to the
MCYV, only 78.4% was transferred to the hydraulic motor and hydraulic cylinders due to pressure and
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flow rate loss. This corresponds to 23.2% of the total fuel energy and 45.5% of the energy generated
by the engine. Furthermore, 47.4% of the hydraulic energy transferred to the hydraulic cylinder was
wasted through the cylinder output hydraulic energy, and 8.2% was wasted through the hydraulic
cylinder loss. Excluding this, 44.4% of the hydraulic energy is the net work used in actual work, which
is 7.7% of the total fuel energy, 15.1% of the energy generated by the engine, and 26.1% of the hydraulic
energy converted in the pump.

The hydraulic cylinder operations, which transfer 17.4% of the total fuel energy, are classified into
items, according to the actuator cylinder energy balance defined in Section 3.2 (Table 3).

Table 3. Hydraulic cylinder energy flow during dig and dump.

Consumption Boom Arm Bucket
Component Fuel Energy (%) Fuel Energy (%) Fuel Energy (%)
Net work 2.1% (24.9%) 3.2% (72.2%) 2.4% (50.0%)
Cyl. out energy 5.7% (70.9%) 0.9% (21.0%) 1.6% (34.0%)
Hyd. cylinder loss 0.4% (4.2%) 0.3% (6.8%) 0.8% (16.0%)
Total 8.2% - 4.5% - 4.7% -

The most energy-consuming operation of the hydraulic cylinder operations was boom, which
consumed approximately 1.8 times more energy than arm (4.5%) and bucket (4.7%) operations. This is
due to the difference caused by the discharged cylinder output hydraulic energy that could not be
recovered, rather than the difference due to the net work.

6. Conclusions

To establish the energy flow-down method of an excavator, this study classified the entire excavator
system into the engine system, hydraulic system, and hydraulic actuation systems to identify the
energy consumption components for each part. The identified energy consumption components
were divided into those that can be determined through actual measurements and those that can be
determined through additional modeling. The analysis methodology was established for each of these
components. In particular, the mechanical friction of the engine, cooling fan, hydraulic cylinder loss,
and components that require additional modeling were established by designing and conducting
an experimental procedure based on theoretical modeling. A measurement system is required to
collect data for each analysis of the energy consumption component in real time. Therefore, in this
study, a real-time integrated measurement system that is capable of measuring pressure, flow rate,
temperature, and speed was built. The real-time energy flow-down methodology of the excavators
was presented through the analysis methodology of each energy consumption component and the
real-time measurement system.

To apply the proposed methodology for the energy consumption analysis of an actual excavator,
this study established a basic working cycle that simulates dig and dump operations, which account
for a large proportion of excavator operations. The working cycle was performed repeatedly and
analyzed according to the energy consumption components identified in the methodology. According
to the results, of the total fuel energy, 49.1% was consumed by thermodynamic loss, 10.7% by engine
total friction work, and 17% in the hydraulic system; excluding this, 23.2% was used for operating
actuators. Among this, 5.8% of the total fuel energy was used in the hydraulic motor, and 7.7% of the
energy was transferred to hydraulic cylinders and used for the net work.
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By applying the proposed energy flow-down methodology to various working cycles and operating
modes and by analyzing the energy consumption characteristics of the entire excavator system, it will
be possible to estimate the fuel efficiency improvement margin under various conditions. This will
also facilitate the comparison and analysis of the energy consumption characteristics of individual
excavators under identical conditions.
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