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The global energy crisis and growing environmental concerns provide a strong
impetus for the development of fuel-efficient hydraulic excavators (HEs). The
boom potential energy of a conventional HE is consumed by throttling in a
lowering process, which is a major reason for energy inefficiency. To solve the
issue, this paper presents a flywheel-based boom energy regeneration system for
HEs using load-sensing systems. The otherwise wasted boom potential energy is
regenerated by a pump/motor and stored in a flywheel. The recaptured energy is
reused in the form of pressure energy released to the pump outlet. The energy
efficiencies of a conventional load-sensing system and the proposed system were
analyzed. A control strategy was proposed to optimize the energy-saving
procedure. To obtain a more reliable simulation model, a coasting experiment
of the flywheel was carried out to obtain the key parameters related to the friction
of the flywheel. A 4-t HE in our laboratory was selected as a study case to
investigate the energy-saving effect of the flywheel-based boom energy
regeneration system. Numeric simulations showed that compared with a
conventional load-sensing system, the energy-saving rate was about 32.7% in a
typical digging and dumping cycle. These findings indicated that the flywheel-
based boom energy regeneration system is promising for developing energy-
efficient HEs.
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1 Introduction

The global energy crisis and growing environmental concerns provide a strong impetus
for the development of fuel-efficient construction machinery. This task is particularly of
great importance in the case of hydraulic excavators (HEs) because HEs are the most widely
used construction machinery in engineering construction. Conventional HEs frequently
move up and down heavy booms to complete related work. During the lowering of the boom,
the gravitational potential energy is converted into heat energy, which will cause the oil
temperature to increase. This not only leads to energy waste but also increases the fluid
temperature and shortens the life of the hydraulic components. The boom gravitational
potential energy reportedly accounts for 15% of the total output energy of the diesel engine
for a typical medium-size HE (Triet and Ahn, 2011). Therefore, studying how to recover and
reuse the boom gravitational potential energy is of great significance for improving the
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energy efficiency of HEs and reducing the discharge of pollutants.
Adding an energy regeneration system (ERS) is an effective energy-
saving approach. According to the form of recaptured energy, ERSs
can be classified into three major categories: electric, hydraulic, and
mechanical systems (Yu and Ahn, 2019).

Inspired by the technology used in the automotive industry,
electric ERSs were first developed in the field of HEs. Electric ERSs
adopt a hydraulic motor and a generator as an energy converter
(Wang and Wang, 2014) and either a battery or an ultracapacitor as
the energy storage device (Hussaini and Wang, 2022). The battery
has the advantage of high energy density while the ultracapacitor has
the characteristic of high specific power. Wanget al. (Lin et al., 2010)
proposed a pressure-compensated ERS with a hydraulic motor and
generator installed in the main return line. The corresponding tests
showed that up to 60% of the potential energy could be recovered.
The recovered energy could be reutilized by adding another motor to
assist the engine (Xia et al., 2019). Compared with traditional HEs
that use internal combustion engines as a power source, the electric
ERS is preferable for electric excavators because the existing batteries
will greatly reduce the manufacturing investment (Amirante et al,
2017). However, excessive energy conversion cycles in electric ERSs
can lead to a decrease in energy utilization efficiency. The low
specific power and cycle life of batteries (Wang et al., 2017) are
barriers to the mass application of this technology. Although
ultracapacitors have the advantage of high specific power and
lifetime, their high manufacturing cost and low specific energy
are disadvantages (Joo and Stangl, 2016).

Hydraulic ERSs use hydraulic accumulators as energy storage
devices. Such systems are characterized by high specific power and
low manufacturing costs. Considering the existing hydraulic system
in HEs, fewer energy conversions are involved in the hydraulic ERS
than others. Regarding energy reutilization, the recaptured energy
either can be used to assist the engine when high power is required
(Zhao et al., 2011); releasing the pressurized fluid to the pump
suction port (Ho and Ahn, 2008; Casoli et al., 2016) is another choice
to reutilize the recaptured energy. However, the pressure in the
hydraulic accumulator changes dramatically in the energy recovery
and release process. This character will impact the boom movement
during the lowering process and lead to inefficiency and difficulty in
reusing the recaptured energy when the pressure in the accumulator
is low. This is the so-called “pressure coupling” issue. To solve this
problem, hydraulic transformers (Bui et al., 2015; Ge et al., 2018)
and asymmetric pumps (Wasbari et al., 2017) have been developed.
However, both of the above are in the research stage and no
commercial products are currently available. Another issue is that
hydraulic accumulators require more installation space and tend to
be bulky due to the low specific energy (Takahashi et al., 2002).

Mechanical ERSs using flywheels have the potential for use in a
range of applications due to their many advantages. High-speed
flywheels have a high specific energy of up to 200 Wh/kg (Hedlund
et al, 2015). Compared with batteries, an almost unlimited service
life (in the order of 107 cycles) is the most important advantage
(Hadjipaschalis et al, 2009). Furthermore, the energy storage
capacity of a flywheel is independent of time or discharge depth.
Flywheels also have disadvantages. One distinguishing disadvantage
of the flywheel-based ERS is the high self-discharge rate (Zhou et al.,
2013). For long-term applications, this feature will lead to
unacceptable energy loss. However, if a flywheel is used as a
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buffer, the energy loss could be negligible (Dhand and Pullen,
2015). Many studies have explored the energy-saving potential of
mechanical ERSs in the vehicle field (Li and Zhao, 2021), but very
few have focused on HEs. We previously analyzed the main
advantages of a flywheel-based architecture and discussed the
feasibility of using a flywheel-based energy recovery system to
regenerate the boom potential energy (Li et al, 2020).
Specifically, we introduced a flywheel-based ERS for HE (Mahato
and Ghoshal, 2020) and investigated the energy recovery effect.
However, that study did not discuss the interaction of the original
system and the added ERS. For HEs with different hydraulic
architecture, the energy-saving effect should differ, even when
adopting the same ERSs.

Load-sensing systems are commonly used in HEs (Xu et al,
2017). In this paper, an energy-saving system composed of a load-
sensing system and a flywheel-based ERS is analyzed and the energy-
saving effect is discussed. The remainder of this paper is structured
as follows. Section 2 describes and analyzes the newly proposed
system configuration and working principles. Section 3 presents and
analyzes the energy analysis methodology. Section 4 describes the
control strategy. The coasting experiment of the flywheel is shown in
Section 5. The simulation model is built in AMESim software and
corresponding simulations are studied in Section 6. Finally,
conclusions are drawn in Section 7.

2 System configuration
2.1 Original boom driving system

A conventional load-sensing system of a HE boom subsystem is
shown in Figure 1 (left half). This hydraulic system is composed of a
pump, a main valve, and a boom cylinder. The pump is load-sensing
and can automatically adjust its displacement to exactly deliver flow
as required by the main valve and keep the pressure above the load
pressure by a preset value. The main valve is an electronic
proportional valve. Two check valves and two secondary relief
valves are used to set the maximum feedback pressure in the
corresponding pipes. When the boom lowers, due to the boom
gravity, the pump just provides low-pressure fluid to the rod side of
the boom cylinder.

2.2 Load-sensing system with a flywheel-
based ERS

Figure 1 shows the proposed load-sensing system with a
flywheel-based ERS (LS-FERS). Compared with the original
system, a flywheel-based ERS is added to regenerate and reutilize
the potential energy of the boom. The flywheel-based ERS consists of
a hydraulic pump/motor (PM), a clutch, a flywheel, a regeneration
valve, an energy-releasing valve, and three check valves. The PM is
the energy converter and the flywheel is the energy storage device.
The swashplate of the PM can swing to a negative angle or a positive
angle, so the PM can reverse its flow direction without auxiliary
valves and switch its operation mode. The clutch is energized to
connect the shafts of the PM and the flywheel when there is an
energy exchange between them. If not, the clutch is de-energized to
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FIGURE 1
Proposed load-sensing system with a flywheel-based energy regeneration

avoid unnecessary friction loss. The regeneration valve is employed
to control the operation of the flywheel-based ERS. The energy-
releasing valve is activated when the ERS releases energy to the
original system. The first and second check valves block any reverse
fluid. The third check valve is employed to connect the inlet of the
PM and the reservoir to avoid cavitation (Kan et al., 2022). The
recaptured energy will be reutilized by releasing pressurized fluid to
the inlet of the main valve.

The three modes for the ERS are the regeneration mode, the
reutilization mode, and the standby mode. The operation principle
of the proposed system is as follows:

(1) Regeneration mode. When the boom cylinder is lowered
through the gravity force of the working device, the fluid
discharged by the pump goes into the rod side of the boom
cylinder. The regeneration valve shifts to its right position, and
the fluid discharged from the cap side of the boom cylinder goes
through the regeneration valve and the PM into the reservoir.
The PM works in motoring mode and the pressure energy is
converted into mechanical energy to accelerate the flywheel. As
the name implies, the potential energy is regenerated and stored
in the flywheel in the form of kinetic energy.

Reutilization mode. When the boom is to be driven upwards, the
fluid provided by the pump is directed by the main valve to the

(2

~

cap side of the boom cylinder. At the same time, the energy-
releasing valve and the clutch are energized. The flywheel drives
the PM at the cost of decreasing its rotational speed and the PM
works in pumping mode. The fluid output from port P of the
PM flows through the energy-releasing valve and the second
check valve and joins the pump flow at the inlet of the main
valve. Thus, the recaptured energy is used to drive the boom
cylinder.

3

~

Standby mode. When the boom is held in a certain position, the
system enters the standby mode. In this mode, all valves return
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system.

to their original positions and the clutch is de-energized. The
flywheel remains rotating but its speed gradually decreases due
to inevitable friction.

From the aforementioned description, it can be concluded that
the LS-FERS consumes less energy than the conventional load-
sensing system.

3 Energy distribution analysis

To better understand the energy distribution characteristics of
the LS-FERS, the energy flow was compared between the original
system and LS-FERS. The energy-saving effect of the LS-FERS was
also analyzed. First, some assumptions were made.

The tank pressure was always zero;

The energy consumption caused by the pump control device
was included in the energy loss of the pump;

The dynamic of the clutch was negligible because a typical
response time of an electromagnetic clutch was of the same
order as that of an electromagnetic valve;

The energy consumption of the pilot circuit was negligible;
The energy losses of all check valves were negligible;

The energy losses caused by the slippage of the clutch were
negligible; and

The internal and external leakages of the boom cylinder were
negligible.

3.1 Energy analysis of the original system

For the original system, the mechanical energy absorbed by the
pump was given as follows:
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Epump_in = JTpnpdt) (1)

where T), is the driving torque and #, is the rotational speed of
the pump.
The pressure energy output by the pump is described by

Epump,out = J.PPqut’ (2)

where p,, is the pressure and g, is the flow rate at the pump outlet.
Hence, the energy loss of the pump is

AEpump = Epump,in - Epump,out . (3)

The energy delivered to the boom cylinder is given by
Ecylinder_in = jpcylinder_inqcylinder_indt) (4)

where peiiner in a0d Geytinger_in Tepresent the pressure and the flow
rate at the boom cylinder inlet, respectively.

Since there is no flow loss at the main valve, the meter-in energy
loss of the main valve is the throttling loss between the pump outlet
and the boom cylinder inlet, which can be described by

AEmv_in = J(pp - pcylinder_in)qut > (5)

In a load-sensing hydraulic system, the pressure difference
between the pump outlet and the actuator (the boom cylinder
inlet) should equal the setting pressure difference of the pump,
which is

Pp - pcylinder_in = Apls . (6)

In a complete boom operation cycle, the energy equilibrium of
the boom cylinder is

Ecylinder_in = Ecylinder_out + AEc,vlinder > (7)

where E ylinder_out 1 the output energy at the boom cylinder outlet
and AE yiinder 18 the energy loss at the boom cylinder. The output
energy can be expressed as

Ecylinder_uut = jpcylinder_outQEylinder_outdt . (8)

No matter whether the boom cylinder extends or retracts, the
output energy of the boom cylinder is consumed at the main valve.
This is the meter-out energy loss of the main valve,

AEmV-out = Ecylinder_out .

The total energy losses at the main valve can be calculated by

AEmv = AEmv_in + AEmv_out . (9)

The inlet and outlet of the boom cylinder vary according to
specific working conditions. When the boom is lifted, the pump flow
enters the cap side chamber of the boom cylinder. That is,

pcylinder_in = P1
QCylinder_in =q1
pcylinder_out = Pz ’
qcylinder_out =q

(10)
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When the boom is lowered, the pump flow enters the rod side
chamber of the boom cylinder. That is,

pcylinder_in = Pz
qcylinder_in = CIz
pcylinder,out =P >
qcylinder_aut =q

(11)

where p; and ¢q; are the pressure and flow rate of the cap side
chamber of the boom cylinder and p, and g, are the pressure and
flow rate of the rod side chamber of the boom cylinder, respectively.

According to Newton’s Second Law, the force balance equation
of the boom cylinder is as follows:

plAcap - pZArod =mx + Bx + Fcylinder + FBoom: (12)

where A, and A, represent the area of the cap side and the rod
side of the boom cylinder, respectively; m is the equivalent mass of
the working device; x is the piston displacement; B is the viscous
friction coefficient, Fyiyqe, is the coulomb friction force; and Fp,o,, is
the output force of the boom cylinder.
The energy losses of the boom cylinder are caused by the
coulomb friction force and the viscous friction forces. So,
AEpintr = [ (B + Fonir )t (13)
According to the aforementioned equations, the energy
efficiency from the engine to the boom can be described as

Ecylinder_in

Miotal = E (14)

pump_in

3.2 Energy analysis of the proposed LS-FERS

The energy flow and losses of the LS-FERS can also be described
by the aforementioned equations but based on the boom cylinder.
The recoverable energy is the pressure energy output from the cap
side chamber of the boom cylinder during lowering, while the energy
output of the boom lifting process is not included, which can be
concluded from the operation principle in Section 2. Therefore, the
recoverable energy is as follows:

t.
Erecovmble = _[tjPcylinder_outqcylinder_autdt) (15)
where t; and t, are the start and end times of the boom-lowering
process, respectively.
The regenerated energy E, is the kinetic energy of the flywheel,
which can be written as

E L
7_E]wf_mux’

(16)
where ] is the moment of inertia of the flywheel and wy ,qy is the
rotational speed just after the regeneration process is completed.

The ratio of the boom potential energy regeneration of the
proposed system is calculated as follows:

E,

f, = (17)

E recoverable
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FIGURE 2
Flow chart of the control strategy.

3.3 Energy-saving effect analysis of LS-FERS

As illustrated in Section 2, during the lifting process, the flywheel
drives the PM to provide pressurized fluid. So, in a complete boom
operation cycle, the energy-saving rate of the proposed system can
be described as

Ny oy = 1~ 5 205 19)
pump_in
where E! . is the mechanical energy absorbed by the pump in
one cycle of the LS-FERS.

From the aforementioned analysis, one can conclude that the
more energy the pump motor provides to the system, the less energy
the hydraulic pump provides, and the better the energy-saving
effects achieved by the system. To achieve the aforementioned
goals, appropriate control strategies are required to improve the
energy efficiency of the pump motor.

4 Control strategy

The two problems to be solved by the control strategy are how to
regenerate the potential energy as much as possible and how to
efficiently release the recaptured energy. When the boom goes down,
the boom speed is regulated by adjusting the displacement of the
PM. At the same time, the boom potential energy is converted to the
kinetic energy of the flywheel. When the boom is lifted, the PM
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provides part of the fluid needed by the system to reduce the energy
required by the engine. However, to efficiently use the recaptured
energy, considering that the total efficiency of the PM is low when
operating in a small displacement (Gong et al., 2019), only when the
control signal of boom-up (I,,) is greater than its half-maximum
value (Ip_max) can the PM provide fluid to the main valve. The
control strategy is described in Figure 2.

5 Flywheel coasting experiment

The flywheel coasting experiment refers to the experimental
process in which there is no energy exchange between the
flywheel and the hydraulic motor, the flywheel rotates due to
its own inertia, and its rotational speed gradually decreases
because of air resistance and bearing friction. Since the
current design used a low-speed metal flywheel with common
deep groove ball bearings, the friction should not be ignored,
especially when the flywheel is running in the atmospheric
environment. For this reason, the self-discharging
characteristics of the flywheel were tested. Figure 3 shows the
coasting state of the flywheel used in the flywheel-based energy
regeneration system. The relationship between the flywheel’s
rotational speed and time is also shown in Figure 3. In this
figure, when the clutch is disconnected, the flywheel speed
gradually decreases. At initial speeds of 500, 750, and
1,000 rev/min respectively, the flywheel requires approximately
200, 330, and 400 s from its initial state to stop. At the three initial
speeds, it required approximately 8, 13, and 15s to reduce the
flywheel speed by 10% from the initial speed. These times are
much longer than those for the boom lifting and landing cycle of
the normal excavator, and more than the dwell time between
boom lifting and landing actions during normal operation (about
1-2s). These results showed that the energy loss of the flywheel
itself could be ignored. In conclusion, the flywheel system had
good
requirements of the subsequent experiments.

self-discharging performance and could meet the
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According to the experimental data, the speed curve of the
flywheel under the coasting state was fitted, as shown in Figure 4. At
the same time, based on these data, the relevant resistance
parameters of the flywheel model were obtained, which were
used for the following simulation. Figure 4 shows the speed
curve of the flywheel model used for simulation under the self-
energized state. Furthermore, the error was very small during most
speed intervals, especially in the high-speed section. The figure
demonstrates the high similarity of the simulation curve with the
experimental data.

6 Simulation and discussion

To verify the energy regeneration and reutilization efficiency of
the LS-FERS, Figure 5
Amesim software.

shows a simulation model established in

The model was composed of two parts, the original load-sensing
system, and the flywheel-based ERS. The original load-sensing
system included a boom hydraulic cylinder, a main valve, and a
load-sensing pump. Therefore, this model was also used to simulate
the original load-sensing system. To regenerate the gravity potential
energy, the flywheel-based ERS consisted of a flywheel, a PM, a
clutch, a regeneration valve, an energy-releasing valve, and a check
valve. As illustrated in Figure 1, the energy regeneration function can
be achieved by deactivating the regeneration valve. An electric motor
was used to simulate the commonly used internal combustion
engine because the engine always works at a constant speed
(Chen et al,, 2019). In addition, some sensors, such as the power
sensor and energy sensor, were used to obtain data for the
corresponding components. The pertinent simulation parameters
are given in Table 1. Regarding the LS pump and PM, the
simulations carried out constant  overall

were assuming
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efficiencies. The pump displacement was controlled by the
pressure compensator and flow compensator. Like previous
studies, the load of the boom cylinder was constant (Wang and
Wang, 2012; Chen et al., 2019) and the useful work in the simulation
model was null (Xu et al.,, 2017).

6.1 Simulation results of the original load-
sensing system

Figure 6 shows a complete operation cycle in which the boom is
lifted and lowered. The initial displacement of the boom cylinder
was 0.1 m and the final displacement was approximately 0.61 m. The
maximum extending and retracting speeds of the boom cylinder
were the same, at approximately 0.11 m/s.

The pressure curves of the boom cylinder and pump are
illustrated in Figure 7.

In Figure 7, the initial pressure in the rodless chamber of the
boom cylinder is approximately 46 bar due to the gravity of the
boom. The pressure in the two chambers exhibited a sudden drop
and resume at 8 s because the boom cylinder started to retract at this
time. The pressure at the pump outlet was always 20 bar higher than
the load-sensing pressure. These observations matched well with the
characteristics of a load-sensing system. The load-sensing pressure
was equal to the pressure in the cap side chamber when the boom
was lifting and was equal to the pressure in the rod side chamber
when lowering. Because all ports in the center position of the main
valve were closed, the pressures in the cap side chamber after the
boom cylinder reached the top position and retracted to the bottom
position were 59 bar and 57 bar, respectively, which were higher
than the initial value of 46 bar.

Figure 8 shows the energy curves of the original system, in
which the motor outputs 30.7 k] of energy to perform a lifting
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FIGURE 5
Simulation model established in Amesim.

motion and 13.3kJ of energy to perform a lowering motion.
Thus, the pump consumed 44 k] of energy for one cycle. The
difference between the motor output and pump output is due to
hydro-mechanical and volumetric losses of the pump, which are
described as the pump losses in Section 3. Similarly, the energy
difference between the pump output and the boom cylinder input
was generated by the pressure drop across the main valve. The
energy entering the boom cylinder is greater in the boom-up
phase than that in the boom-down phase, and the energy output
by the boom cylinder has the opposite trend. The reason is that in
the boom-up phase, most of the energy entering the boom
cylinder is used to overcome the boom gravity. In addition, in
the boom-down phase, the boom potential energy is converted to
pressure energy accounting for a main part of the output energy.
The energy difference between the input and output in a complete
cycle is the friction losses of the boom cylinder, as described in
equation (13).

6.2 Simulations of LS-FERS

With the same joystick signal, simulations of LS-FERS were
carried out. However, to validate the energy reutilization effect,
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] Pump/motor

another lifting phase was added for LS-FERS. The resting time
(13-14 s in Figure 9) of the boom between the lowering phase and
the second lifting phase is 1 s, which is shorter than the actual
operating time of the excavator. However, this was acceptable
because this study only analyzed the recovery and reuse of the
potential energy of the boom. The rod velocity and displacement of
the boom cylinder are displayed in Figure 9. Compared with
Figure 6, the boom cylinder in LS-FERS has the same
displacement profile as the boom cylinder in the original system.
The velocity in the lifting phases is the same as that in that original
system. The velocity in the lowering phase differs from that of the
original system because the system in the lowering phase is a
displacement control system and it has a lower response than a
throttling system. However, these two systems have the same mean
velocity in the lowering phase since the retraction stokes are
the same.

The boom cylinder and pump pressure curves of the proposed
system are illustrated in Figure 10. These pressure curves highly
resemble those in Figure 7. A pressure peak occurs at 8 s because the
boom cylinder starts to retract during the low response of the
combination of the flywheel and PM. The pressure drop across
the main valve is always 20 bar, which is determined by the flow
compensator of the load-sensing pump.
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TABLE 1 Pertinent simulation parameter.
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Component Parameter Value
Pump Hydro-mechanical efficiency 0.93
Volumetric efficiency 0.96
Maximum displacement (mL/rev) 45
Pressure difference set by the flow compensator (bar) 20
Maximum pressure set by the pressure compensator (bar) 280
Pump/motor Hydro-mechanical efficiency 0.93
Volumetric efficiency 0.95
Maximum displacement (mL/rev) 45
Boom cylinder Piston diameter (mm) 90
Rod diameter (mm) 53
Stroke (m) 0.6
Initial displacement (m) 0.1
Viscous friction coefficient [N/(m/s)] 800
Stiction force (N) 600
Coulomb friction force (N) 600
Flywheel Moment of inertia [kg-m? (kg-m?)] 1.03
Coulomb friction torque (Nm) 5.6 x 1072
Viscous damping coefficient [Nm/(rev/min)] 4.6 x 107
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FIGURE 6
Boom cylinder rod velocity and displacement of the original
system.

Figure 11 shows the energy curves of LS-FERS. During the
first lifting phase, the output energy of the motor is 30.7 kJ, which
is the same as that in the original system. However, 14.1 k] of
energy is needed for the lowering phase, which is a little more
than that of the original system. This energy and the potential
energy of the boom are converted into mechanical energy by the
PM and then transferred to the flywheel. This means that the
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Boom cylinder and pump pressure curves of the original system.

flywheel energy is increasing as the boom lowers. When the boom
reaches its bottom, the energy regeneration is finished and 16.5 kJ
of energy is captured by the flywheel. The kinetic energy in the
flywheel will gradually decrease due to windage and friction. In
the second lifting phase, the flywheel drives the PM operating in
pumping mode to provide fluid to the main valve at the cost of
consuming the flywheel’s kinetic energy. Therefore, the output
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energy of the motor is only 15.5 k], which is much less than that
of the original system. The pump in LS-FERS consumes 29.6 k] in
each cycle. Note that the energy amounts of the PM and flywheel
differ by about 6.1kJ. This is caused by the mechanical and
volumetric loss of the PM and the windage and friction loss of the
flywheel. The motor energy output curve in Figure 11 shows that
the motor power is greater than that before from 17.7 s. This is
because the flywheel and PM are not able to deliver enough
energy, so the motor should output more to satisfy the system
requirement. The pump output curve also shows a similar profile.
The energy consumption is summarized in Table 2. Compared
with a conventional load-sensing system, the energy-saving
efficiency of the proposed system is 32.7% in a complete
working cycle.

The power curves of the motor and flywheel are illustrated in
Figure 12, in which positive and negative values indicate energy
absorption and output by the flywheel, respectively. The motor is the
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only power source in the first lifting phase and the flywheel is at a
standstill. The maximum power is approximately 6.8 kW. When the
boom is lowered, the flywheel regenerates the output energy of the
boom cylinder, which consists of the boom potential energy and the
pressure energy entering the rod side chamber of the boom cylinder.
This can explain why the power of the flywheel is greater than that of
the motor from 9 s to 12 s. When the boom is lifted for the second
time (from 14 s to 19 s), the motor is the only power source within
the first 0.25s. As described in Section 4, when the control signal
exceeds its half-maximum valve, the flywheel starts to provide fluid.
From 14.5 s to 17.7 s, the flywheel power is greater than the motor
power. From 17.7 s, the flywheel cannot satisfy the power demand of
the system and the motor will output more power to offset the
gap. When the flywheel kinetic energy is exhausted, the motor again
becomes the only power source.
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TABLE 2 Summary of the energy-saving effects.

Original system/kJ Proposed system/kJ Energy-saving rate/%
Motor energy needed to lift boom 30.7 15.5 49.5
Motor energy needed in one cycle 44 29.6 32.7

Unfortunately, the main valve meter-in energy dissipation (33%) is
8 still the largest contributor to the wasted energy. If it is needed to
improve system energy efficiency, more attention should be paid to
the main valve. The energy losses caused by components related to
ERS accounted for 18% of the total energy, which was the second
largest contributor. Therefore, employing components with higher

E efficiency, such as more efficient PM and flywheel, have the potential
‘g to reduce energy loss as all the recoverable energy will flow through
% A : the whole chain in both directions.
Q_( E
2] i t
| = Motor power i "
4| ¢ Flywheel y i 6.3 Further discussion of the energy-saving
e ¢ = o . .
] effect compared with other architecture
B e SN T e I S |
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. Our previous research reported a relatively higher energy-saving
Time [s] . .
effect. The two main reasons for the decreased energy-saving effects
FIGURE 12 in the present study are as follows.
Power curves of the motor and flywheel.
» Based on the experiments illustrated in Section 5, compared
with reference [], more accurate model parameters were

obtained to describe the flywheel-based energy recovery

system. However, the new model based on these

Conventional load sensing system parameters in the present study has a relatively low energy
Pump11% o efficiency compared to that reported previously (Li et al,
[ Main valve meter-in 2020).
[ Boom cylinder e . .
I e valve meter-out o Asshown in Figure 1, any fluid to the boom cylinder should go
Main valve meter-in32% Main valve meter-out54% through the main valve. This will cause energy loss, as

discussed in Section 6.2. In comparison, in the previous
report (Li et al, 2020), the pressurized fluid provided by
the PM was directly delivered to the boom cylinder without
any significant throttling loss.

Boom cylinder2%

Load sensing syg&tran%%}th flywheel-based ERS

recaptured energy37% 7 Conclusion
I Pump
Main valve meter-in33% L__Main valve meter-in The main contributions of this paper can be summarized as
[ Boom cylinder
[ ERS follows:
[ recaptured energy

B li 19 9
comicyindar=ite  ERS18% 1) A new load-sensing system with a flywheel-based ERS was
FIGURE 13 proposed and analyzed. The boom potential energy is

Comparison of energy loss distributions. converted into kinetic energy of the flywheel by using a

hydraulic PM when the boom goes down. The regenerated
energy is reutilized by pumping fluid to the outlet of the
pump to reduce the power demand of the original engine.

Figure 13 demonstrates the energy loss distributions in the 2) A simulation model was established in Amesim software, and

boom-down condition of the conventional load-sensing system simulation analysis was carried out to investigate the energy-
and LS-FERS. In the conventional load-sensing system, 86% of saving effect. The results showed that the energy-saving
the total energy loss was caused by the main valve. By adding a efficiency of the proposed system was approximately 32.7%
flywheel-based ERS, 37% of the energy loss can be regenerated. compared with a conventional load-sensing system.
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These findings indicate that the flywheel-based scheme is
promising for developing energy-efficient HEs. Although the data
are not fuel-saving based, they provide a reference for evaluating the
energy efficiency of the new system. In the future, it is worth building
a full prototype to investigate its energy-saving effect.
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