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Abstract: A hydraulic excavator (HE) is a typical piece of construction equipment and is widely used
in various construction fields. However, the poor energy efficiency of HEs results in serious energy
waste and has aroused the attention of researchers. Furthermore, rising fuel prices and increasing
stringent waste gas emission legislation sparked demand for ways to improve energy efficiency.
Recovering the otherwise wasted boom potential energy of a conventional HE by proper methods
offers the potential to improve the fuel efficiency of HEs. In this paper, a mechanical energy recovery
system consisting of a pump/motor and a flywheel is presented for HEs using a load sensing system.
When the boom moves down, the boom potential energy is converted into mechanical energy by
the boom cylinder and the pump/motor to accelerate the flywheel. When needed, the captured
energy stored in the flywheel is converted back into a form of pressure energy to directly drive
the boom cylinder up without throttling the main valve. In the lifting process, a compound circuit
that consists of a throttling control circuit and a displacement control circuit is presented. A control
strategy is proposed to optimize the energy recovery and reuse procedure. A 4-t HE is used as a
study case to investigate the energy-saving potential of the proposed system. Numeric simulations
show that the proposed system, when compared with a conventional load sensing system, can reduce
as much as 48.9% energy consumption in a non-loaded cycle of boom lifting and lowering process.
As to a fully loaded case, the energy-saving rate is 16.9%. This research indicates the flywheel-based
scheme is promising for developing an energy-efficient fluid power system for HEs and reducing
energy consumptions.

Keywords: energy recovery system; flywheel; hydraulic excavator; load sensing

1. Introduction

A hydraulic excavator (HE) is a typical piece of construction equipment and is widely
used in various construction fields. However, the poor energy efficiency of HEs results in
serious energy waste and has aroused the attention of researchers. Furthermore, rising fuel
prices and increasing stringent waste gas emission legislation sparked demand for ways to
improve energy efficiency. Developing more energy-efficient and environmentally friendly
construction machinery-related technologies is a key factor for reducing fuel consumption,
CO; production, and pollutants emissions. This is particularly of great importance in the
case of HEs. For a conventional HE, when the boom goes down, its gravitational potential
energy is converted into heat energy through control valves. Zhang et al. reported that
the boom gravitational potential energy accounts for 15% of the total output energy of
the engine for a medium-size HE [1]. It can be concluded that the energy efficiency of
HEs will be significantly improved if the boom gravitational potential energy is recovered
and reused in a subsequent operation. This goal can be established by adding an energy
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regeneration system (ERS) to the original system. According to the specific energy form,
the three types of ERSs can be classified as electric type, hydraulic type, and mechanical
type [2].

Batteries and ultracapacitors are two types of commonly used energy storage devices
in the electric ERSs [3]. Generally, an electricity generation unit (mainly consists of a
hydraulic motor and a generator) is also needed to fulfil the task of energy conversion.
Lin et al. [4] proposed an ultracapacitor-based ERS with the electricity generation unit
installed in the main return line, and tests show that about 17% of the potential energy can
be recovered. The captured energy is reused by another auxiliary motor to undertake part
load of the engine. However, the rated power of the hydraulic motor and the generator in
such an architecture should be large enough to cover the maximum power of the boom
subsystem, which will result in a significant increase in manufacturing investment. To
ease this issue, an auxiliary hydraulic accumulator is used as a temporary energy storage
device, so the working time is prolonged, and the relative components are downsized. It is
reported that the rated power of the hydraulic motor is reduced by 60%, and the energy
recovery efficiency is enhanced to 45% [5]. To further improve the energy efficiency, Ahn
et al. proposed a scheme that the energy recovery unit is placed between the boom cylinder
and the main valve [6]. The resulting energy regeneration efficiency ranges from 33.8% to
57.4%, which is 3.2—4.1% higher than that of a conventional electric ERS. To further improve
the velocity and position performance, Ahn et al. employed a proportional flow control
valve installed parallel with the energy recovery unit [7]. It is reported that the energy
regeneration efficiency could achieve up to 44%. Whichever type of energy storage device
is chosen, the multiple energy conversions in electric ERSs result in low energy efficiency.

Hydraulic ERSs use hydraulic accumulators as energy storage devices. Compared
with the electric rivals, hydraulic ERSs benefit more from reducing many energy con-
versions. Additionally, hydraulic accumulators are much cheaper than batteries and
ultracapacitors and are characterized as high-power density. A hydraulic ERS is easier to
integrate with the existing hydraulic system. This is significant considering the existing
hydraulic system in HEs. Quan et al. investigated several schemes using hydraulic accumu-
lators to balance the boom gravity [8,9]. Tests show that 49.1-70.9% of the gravity potential
energy is recovered, and the fuel consumption can be reduced by 26.2-50.1% depending on
the specific size of a HE. Quan et al. also proposed a new electro-hydraulic hybrid driving
system consisting of an electrical-mechanical actuator and a hydraulically passive driving
system for HEs [10], where a hydraulic accumulator is used to balance the self-weight of
the boom. Experiments show that this new system can reduce the energy consumption by
70% compared with a load sensing (LS) system in one cycle of boom lifting and lowering
process. Alternatively, the recaptured energy either can be reutilized by adding an auxiliary
hydraulic motor to assist the engine when high torque requirement appears [11] or be
released to the pump suction port in the form of pressurized fluid [12]. However, when an
accumulator is used as an energy storage device, the pressure changes dramatically as the
boom goes up and down. In other words, the state of charge of a hydraulic accumulator is
dependent on its pressure. This character not only impacts the boom movement but also
results in low efficiency when the pressure difference between the hydraulic accumulator
and consumer is high. Novel hydraulic systems using various innovative hydraulic com-
ponents, such as hydraulic transformers [13,14] and asymmetric pumps [15], are promising
solutions to solve the pressure coupling issue. According to the corresponding research
results, compared to a conventional load-sensing system, a HE with three transformers
will reduce the fuel consumption by 32% [16], and an asymmetric pump is capable of
saving 75% energy consumption during the working process [15]. Controllable hydraulic
accumulator [17] is also a new concept to decouple the band between the pressure and
state of charge. However, the primary limitation is that these key components are not
sufficiently mature; thereby, there are no commercial products available. Another issue is
that the hydraulic accumulator has a drawback of low specific energy, which will restrict
its application in equipment with limited space [18,19].
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Mechanical ERSs using flywheels have the potential for being used in a series of
applications as flywheels are featured by comparatively low production costs, high specific
energy, and long life [20]. Many scholars have dedicated themselves to explore hybrid
technology using mechanical ERSs in the vehicle field [21], but very few in HEs. A wheeled
excavator is retrofitted by Ricardo using a flywheel-based ERS, and tests showed that
half of the potential energy could be regenerated [22]. A flywheel-based ERS for HE is
introduced in [23], and the energy recovery effect is investigated. However, it does not
discuss the interaction of the original system and the added ERS.

The load sensing system is one of the most popular systems in HEs [24,25], especially
in small and medium excavators. In this paper, a flywheel-based ERS is designed to be
integrated with an LS system, and the energy-saving effect is discussed. The remainder of
this paper is organized as follows. In Section 2, the system configuration and working prin-
ciples are described and analyzed. In Section 3, the mathematical modelling is presented
and analyzed. Section 4 describes the control strategy. The simulation model is built in
AMESim software, and the corresponding simulations are studied in Section 5. Finally,
conclusions are drawn in Section 6.

2. System Configurations
2.1. Original Boom Driving System

Figure 1 shows a conventional LS system of a HE’s boom subsystem. For conciseness,
the remaining circuit for other actuators, such as a bucket, arm, are omitted. It is composed
of a pump, the main valve, and a boom cylinder. As its name indicates, the LS pump
can automatically adjust the displacement to deliver the exact flow as required by the
main valve and keep the pressure at the output port higher than the maximum load
pressure by a preset value. The main valve consists of an electronic proportional valve, a
pressure compensation valve used to maintain a constant pressure drop of the electronic
proportional valve, two check valves, and two secondary relief valves. The pump’ flow
rate is determined by the throttling area of the main valve. Flow regeneration function is
integrated into the main valve, as shown by the check valve in the right envelope. When
the boom is lowered, as the gravity acts on the boom cylinder, the pump just provides
low-pressure fluid to the rod side of the boom cylinder to avoiding cavitation. Meanwhile,
some fluid from the cap side chamber will go into the rod side chamber through the check
valve, which will reduce the flow requirement to the pump. The first and second secondary
relief valves are employed to restrict the maximum feedback pressure to the pump when
the boom goes up and down, respectively.

2.2. Load Sensing System with a Flywheel-Based ERS

The proposed LS system with a flywheel-based ERS is displayed in Figure 2. Com-
pared with the original system, a flywheel-based ERS is added to regenerate and reutilize
the potential energy of the boom. The core components of the flywheel-based ERS are a
hydraulic pump/motor (PM) and a flywheel. The PM is the energy converter, and the
flywheel is the energy storage device. The PM can reverse its flow direction without any
auxiliary valves because its swashplate can swing in both directions. That means the
PM can work in pumping mode or motoring with the same rotating directions. To avoid
unnecessary friction loss when the PM is idle, a clutch is adopted to cutoff the coupling
between the PM and the flywheel. When necessary, the clutch is energized to couple the
PM with the flywheel. The regeneration valve is employed to control whether the ERS
works or not. Any reverse fluid can be blocked by the first and second check valves. The
3rd check valve is employed to avoid cavitation at the port P of the PM. Additionally, the
recaptured energy will be reutilized by releasing pressurized fluid to the cap side chamber
of the boom cylinder when the boom is moving up.
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Figure 1. The original load sensing system for a conventional hydraulic excavator boom.
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Figure 2. The proposed load sensing system with a flywheel-based energy recovery system.

There are three working modes: regeneration mode, reutilization mode, and standby mode.

Recovery mode. Because of the gravity force of the working device, the pressure in

the cap side of the boom cylinder is higher than that in the rod side chamber. When
the boom cylinder moves down, the pump delivers fluid to the rod side of the boom
cylinder. The regeneration valve is energized, the fluid discharged from the cap side
of the boom cylinder flows through the regeneration valve and the PM and back to
the reservoir. The PM works in motoring mode and converts pressure energy into
mechanical energy to accelerate the flywheel.

Reutilization mode. When the boom is moving up, the main valve distributes the

fluid provided by the pump to the cap side of the boom cylinder. At the same time,
the clutch is energized, and the flywheel drives the PM pump fluid from the reservoir
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to the cap side of the boom cylinder. With the consumption of energy, the speed of
the flywheel decreases gradually. Thus, the recaptured energy is used to drive the
boom cylinder up.

3. Standby mode. When the boom is standstill, the system works in standby mode.
All valves and the clutch are de-energized, and the flywheel keeps spinning. The
flywheel will gradually slow down due to parasitic energy loss.

From the above description, it can be concluded that the proposed system consumes
less energy than the traditional LS system.

3. Mathematical Modeling

Simplified schemes of the conventional system and the proposed boom system when
the boom is lowering are shown in Figure 3. As we can see, the former is a throttling control
system, and the latter is a displacement control system.

(@ y Load (b) Load
B
Boom Boom
cylinder cylinder

A

A
Hydraulic Clutch

Main valve motor

Reservior Reservior Flywheel

Figure 3. The simplified scheme: (a) conventional boom system; (b) proposed boom system.

3.1. Mathematical Model of the Conventional System

The flow rate of the main valve in the conventional boom system can be described by:

Qmy = kqxv +kepr 1)

where k; and k, are the flow gain coefficient and flow-pressure coefficient of the main valve,
respectively; x, is the opening of the main valve, and p; is the pressure in the cap side
chamber of the boom cylinder.

The flow equation of the cap side chamber of the boom cylinder can be written from
the continuity equation as

Vidp
‘Bg dt

where V is the volume of the cap side chamber; , is the bulk modulus of the fluid; v and
A are the piston velocity and piston area of the boom cylinder; C; and C, are the external
and internal leakage coefficients of the boom cylinder.

The force balance equation of the boom cylinder by using Newton’s Second Law can
be given

=A1v—=Qmv — (C1 +C)p1 ()

do
dt

where F is the friction force acting on the boom cylinder; M is the equivalent mass of the
boom and the piston of the boom cylinder, and By, is the viscous damping coefficient.

—PlAl =M +BPZ)+F (3)
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Therefore, the transfer function of the throttling control system can be derived by
using the Laplace transform method:
%xv—i— %(Cl +C+Ke + %s)
v(s) =

4)

V-
VM M(Cy+Co+Ke)+ B4 B, (C1+Co+K)

+ s+ +1
Azﬁe A? A?

3.2. Mathematical Model of the Proposed System

When the boom moves downward, the PM works in the motoring mode, as shown in
Figure 3b. The flow rate of the PM can be described as:

Qm = wDy, + (Cem + Cim)Pl ®)

where D, is the displacement of the PM; w is the rotational of the PM; C;,, and Cy, are the
coefficients of the internal and external leakage of the PM, respectively.
Similar to Equation (2), the flow equation of the cap side chamber of the boom cylinder
can be given by:
Vidpy
Be dt

As to the force balance, the Equation (3) can also be use to describe that.
The dynamic torque balance equation between the PM and flywheel can be described as

= A10 = Qn — (C1 +Co)p1 (6)

Dmp1 = fowf+Bfwf+TL (7)

where ] is the total moment of inertia, kgm?; By is the rotational viscous damping coefficient,
N-m-s/rad; T} is the frictional torque load, N-m. Compared with the great inertia of the
flywheel, the friction torque and viscous damping torque can be neglected.

Therefore, by using the Laplace method, the transfer function of the proposed system
can be derived as:

)Ms]v(s):MDm(s)*Dm(s)*v(s)1Dm(s)*Dm(s)* (s)+ <C+VS> () ®

472], 472 Jos Be
where C = C; 4+ C3 + Cepy + Cip,. As an HE is characteristic by great inertia, the friction

force and viscous damping force are neglected. Therefore, we can get:

4n2] Dm( ) % Dy (s) % v(s) 4n2] Dy (s) * Dy (s) x v(s)
o(s) = v, - ViIM 5 | MCg\ q ©)
(C + ES)MS A%ﬁe A%

4. Control Strategy

Figure 4 shows the control strategy for the proposed system. When the boom is
lowered, the boom speed is regulated by controlling the displacement of the PM. In this
phase, the boom potential energy is converted to pressure energy by the boom cylinder
and then mechanical energy by the PM to accelerate the flywheel. There is a premise that
the rotational speed of the flywheel should be smaller than its maximum speed, which
is decided by its material tensile strength. When the boom moves up, the pump delivers
fluid to the boom cylinder according to the control signal of the excavator operator. When
the control signal of the boom-up operation and the rotational speed of the flywheel
are greater than their thresholds, respectively, the PM starts to provide fluid to reduce
the energy required to the engine. Herein, the threshold of the boom-up control signal
is set to half of its maximum value. Such a control strategy aims to efficiently use the
recaptured energy because the total efficiency of the PM is low when operating in a relatively
small displacement [26]. A minimum rotational speed is used to indicate the flywheel has
enough energy.
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Figure 4. A flow chart of the control strategy.

5. Simulation and Discussion
5.1. Simulation Model

To verify the energy recovery and reuse efficiency of the proposed system, a simulation
model is established in AMESim software, as shown in Figure 5.

The model is composed of two parts: the original LS system and the flywheel-based
ERS. This model is also used to simulate the original LS system, which is used as a baseline.
This can be achieved by deactivating the energy regeneration valve. A 2/2 directional
valve is used to model the flow regeneration function in the original LS system. Another
2/2 directional valve named energy-releasing valve is installed to control the output flow
of the PM. An electric motor is used to model the widely used internal combustion engine
because the engine always works at a constant speed [27]. Another important reason is
that we only investigate the energy efficiency of the hydraulic system, but not the engine
efficiency or emission. In this excavator, the boom potential energy is about 22.6 kJ. Hence,
the moment of inertia of the flywheel is about 1.03 kgm? by assuming the maximum speed
is 2000 rpm. The detailed sizing process of the PM and flywheel are shown in [23]. All the
parameters are set based on a 4-ton mini HE. The pertinent simulation parameters are given
in Table 1. For the pump, the simulations were carried out assuming the overall efficiencies
constant. As to the PM, the total efficiency map is shown in Figure 6. The efficiency of
the PM varies with speed, pressure, and displacement. The LS pump displacement is
controlled by the pressure compensator and flow compensator, which are integrated inside
the pump.
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Table 1. The pertinent parameters of the simulation model [23].
Component Parameters Value
Hydro-mechanical efficiency 0.93
Volumetric efficiency 0.96
LS Pump Maximum displacement (ml/rev) 45
Pressure difference set by the flow compensator (bar) 20
Maximum pressure set by the pressure compensator (bar) 280
Efficiency see Figure 6
Pump/motor Maximum displacement (ml/rev) 71
Piston diameter (mm) 90
Rod diameter (mm) 53
Stroke (m) 0.6
Boom cylinder Initial displacement 0.1
Viscous friction coefficient [N/(m/s)] 800
Stiction force (N) 600
Coulomb friction force (N) 600
. . . 2
Flywheel . Mon}ent of 1r'1e'rt1a (kg-m?) ' 1.03
Viscous damping coefficient [N-m/(rev/min)] 0.001
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Figure 6. The pump/motor efficiency.

In a real HE, the boom is controlled by the operator through a joystick. The boom
motion profile in simulation model is shown in Figure 7.

Adisplacement
Hmux """""""" T
0 ; i _
tﬂ ! t1 t2 t3 :t4 t
| Suspension
Standby | phase
phase Y  Lifting phase Lowering phase
. ' T A

Figure 7. The duty cycle for the boom motion.

5.2. Simulation Results and Discussionto Validate the Energy Reutilization Effect under Different
Load Conditions, Two Working Cycles Were Simulated Based on Figure 7

5.2.1. The Baseline-Conventional LS System

Figure 8 shows the rod velocity and displacement curves of the boom cylinder in the
original system. In the first cycle, similar to many previous research results, the load of
the boom cylinder is constant [28,29], and the useful work is null [25] in the simulation
model. However, in the second lifting phase, the bucket is fully loaded. In the first lifting
phase, the displacement of the boom cylinder is 0.1 m at the beginning, and the final valve
is 0.618 m. Then, the boom cylinder retracted, and the exact rod displacement is 0.08 m. In
the second working cycle, the traveling distances are the same as those in the first working
cycle. The maximum speeds in the lifting phase and lowering phase are the same, about
0.11m/s.

The pressure curves of the boom cylinder and pump are illustrated in Figure 9. The
initial pressure in the cap side chamber of the boom cylinder is about 46 bar due to the
gravity of the boom. The pressure at the pump outlet is always 20 bar higher than the LS
pressure. This matches well with the character of an LS system. The LS pressure equals the
pressure in the cap side chamber when the boom is moving upward and the pressure in the
rod side chamber when moving down. The bucket of the excavator is fully loaded at the
14th second. So, there is a sudden rise of the pressure in the cap side chamber. The pressure
in the cap side chamber has a small drop while the pressure in the rod side chamber has a
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big rise at the 20th second because the unloading of the bucket and all ports in the center
position of the main valve are closed, and the fluid in the cap side chamber expands, and
the fluid in the rod side is compressed.
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Figure 8. Rod velocity and displacement curves of boom cylinder in the original system.
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Figure 9. Boom cylinder and pump pressure curves in the original system.

Figure 10 displays the flow rate curves of the boom cylinder, the pump, and the PM.
The flow rate of the PM is always zero since the PM does not work in the original system.
The regenerated flow rates in the boom-down phases show that the regeneration valve
works well. When the boom cylinder retracts, part of the fluid discharged from the cap
side chamber goes into the rod side chamber, so the flow rate of the LS pump is reduced.

The energy consumption of the original system is illustrated in Figure 11; the motor
output 32.9 kJ of energy in the first cycle and 60.2 k] in the second phase. The difference
between the two cycles is led by the load. Specifically, 25.3 k] of energy is needed in the
first lifting phase while 52.6 k] in the second lifting phase. Additionally, one can notice
that there is a gap between the motor output and the pump output, which is caused by
the hydro-mechanical and volumetric losses of the pump. As to the boom cylinder energy
curves, the output energy increases rapidly in the two boom-down phases due to the
release of the boom gravity potential energy. The difference between the two curves is
caused by the energy loss at the boom cylinder and the load.
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Figure 11. Energy consumption of the original system.

5.2.2. The Proposed System with No Load

In this subsection, the load of the boom cylinder is constant, and the useful work is
null. That means the excavator bucket is empty. Similar to Section 5.2.1, two working cycles
are simulated here. In the boom down phase of the first cycle, the ERS recovers the boom
potential energy, and the recovered energy is reused in the following working cycle. The
rod velocity and displacement of the boom cylinder are displayed in Figure 12. The initial
displacement of the boom cylinder is 0.1 m, and the final displacement is approximately
0.61 m when the boom cylinder reaches its top position. Similar to the simulation results in
Figure 8, the maximum extending speeds of the boom cylinder in two lifting phases are
the same, about 0.11 m/s. In the lowering phase, note that the retracting speed has a slow
response process to reach its maximum value. Because the system in the lowering phase



Actuators 2021, 10, 126

12 of 23

is a displacement control system by adjusting the PM displacement and it has a lower
response than a throttling system. However, the mean velocity in the lowering phase is the
same as that in the lifting process. That means they have similar working efficiency for a HE.
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Figure 12. The boom cylinder rod velocity and displacement of the proposed system without useful load.

The boom cylinder and pump pressure curves of the proposed system are shown in
Figure 13. The initial pressure in the cap side chamber of the boom cylinder is about 46 bar
due to the gravity of the boom, which coincides with the curves in Figure 9. The boom
cylinder starts to retract at 8 s. Subsequently, the pressure in both chambers have a sudden
rise and resume. That is because the PM has a low response compared with the throttling
system. As the name “load sensing” indicates, the pump is always delivering fluid that
is 20 bar higher than the LS pressure. The LS pressure is either equal to the pressure in
the cap side chamber or the pressure in the rod side chamber, whichever is greater. As
aforementioned, there are two cycles for the simulation. The pressure curves of the cycles
resemble each other but the pressure curve of the rod side chamber. The rod side chamber
pressure in the second lifting phase is higher than that in the first lifting phase. Because the
throttling area of the main valve in the second lifting phase is smaller than that in the first
lifting phase, and part of the fluid is delivered by the PM. This leads to a relatively higher
pressure drop.
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Figure 13. Boom cylinder and pump pressure curves of the proposed system with an empty bucket.
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Figures 14 and 15 show the energy curves of the proposed system. During the first
lifting phase, the output energy of the motor is 25.3 k], which is the same as that in the
original system. Due to the pump loss and throttling loss of the main valve, 15.8 kJ of
energy is delivered to the boom cylinder. From 8 s to 13 s, 10.8 k] of energy is needed for
the lowering phase, which is slightly more than that in the original system. This amount of
the energy and the potential energy of the boom are converted into mechanical energy by
the PM and then accelerate the flywheel. During the second boom lifting phase, the motor
only outputs 6.4 k] of energy. However, the boom cylinder has a similar displacement
and absorbs 17.4 k] of energy. This is because the flywheel provides the remaining energy,
which is more than that of the motor. Due to the energy regeneration function and relatively
higher efficiency of the ERS unit, the boom cylinder input energy exceeds the pump output
energy at the end of the second lifting phase. At the end of the second working cycle, the
input energy of the boom cylinder is almost equal to the output energy since the boom
cylinder returned to its original position. The small difference between them is caused by
the friction of the boom cylinder.
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Figure 14. Energy consumption of the proposed system with an empty bucket.
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Figure 15. Energy curves of the flywheel and PM of the proposed system when the excavator bucket
is empty.

As shown in Figure 15, the energy stored in the flywheel is increasing as the boom
lowers. When the boom backs to its bottom position, the energy recovery process is
finished, and 17.1 k] of energy is regenerated and stored in the flywheel. Because of the
effect of its windage and friction, the kinetic energy will gradually disparate. In the second
lifting phase, the PM operates in pumping mode to provide part of the fluid to the boom
cylinder. The flywheel drives the PM at the cost of consuming its kinetic energy. Therefore,
as aforementioned, the motor only outputs 6.4 k] of energy in this phase, which is much
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less than that in the first lifting phase. That means the pump in the proposed system
consumes 16.8 kJ for one cycle of boom lifting and lowering. Note that there is a difference
between the energy curves of the PM and flywheel, about 5.7 k], as shown in Figure 15.
This is caused by the hydro-mechanical and volumetric loss of the PM and the windage
and friction loss of the flywheel. In the second lowering phase, the flywheel is accelerated
again, and the energy gap between the PM and flywheel is getting greater and greater. The
energy consumption is summarized in Table 2. If only the lifting process is considered,
the energy-saving rate is 74.7%. However, the energy-saving rate is 48.9% when a whole
working cycle is considered.

Table 2. Summarization of energy-saving effect.

Load of the Excavator Bucket

Motor Energy Original System/k]  Proposed System/k] Energy-Saving

Rate/%
Needed to lift boom 25.3 6.4 74.7
Null (empty bucket) Needed in one cycle 32.9 16.8 489
needed to lift boom 52.6 39.3 25.3
Fully loaded (full bucket) Needed in one cycle 60.2 50.0 16.9

From Figures 14 and 15, one can know that the boom cylinder outputs 20.4 k] of energy
and the flywheel absorbs 17.1 k] in a lowering phase. Therefore, it can be calculated that
the total efficiency of the PM is about 86%. Additionally, one can see that the PM outputs
14.3 kJ in the following lifting phase. Therefore, it can be calculated that the total efficiency
of the PM is about 87%.

Figure 16 shows the power curves of the motor and flywheel. Here, a positive value
means the flywheel absorbs energy and a negative one outputs energy. From 1 s to 6 s,
the motor is the only power source while the flywheel is standstill. The maximum power
of the motor is about 5.6 kW. When the boom moves down, the boom potential energy
and the pressure energy entering the rod side chamber of the boom cylinder are converted
to mechanical energy by the PM. Consequently, the flywheel accelerates to absorb the
energy. In the second lifting phase (from 14 s), the motor is the only power source within a
small period, about 0.25 s. As shown in the control strategy, the flywheel starts to provide
fluid to the system when the control signal is greater than its half-maximum valve. From
14.5 s to 18.3 s, the flywheel output more power than the motor. The motor power is
about 1.1 kW, and the flywheel power is about 3.7 kW. The total power is smaller than
that in the first lifting phase. In the newly proposed system, only the fluid provided by
the pump goes through the main valve while the fluid delivered by the PM goes into the
boom cylinder directly. That means the throttling loss is much smaller than the original LS
system. So, the proposed system can lift the boom with smaller power consumption. Then,
the flywheel cannot output enough power and the motor output more to compensate for
the gap between the flywheel output and the system’s requirement. The motor becomes
the only power source again when the flywheel’s kinetic energy is exhausted. Since a
throttling system has a faster response than a displacement control system, it is hard to
notice that there is a switch between the two power sources. From this figure, one could
see that the peak power of the motor output is reduced to 2.2 kW, which is 60.7% smaller
than the original power output (5.6 kW).
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Figure 16. Power curves of the motor and flywheel when the excavator bucket is empty.

The displacement curve of the PM is shown in Figure 17. In the first lifting phase, the
PM displacement is zero as all the fluids are delivered by the pump, and the ERS has no
energy exchange with the original system. When the boom goes down, the PM works in
motoring mode to convert pressure energy to mechanical energy to accelerate the flywheel;
see the energy curve in Figure 15. When the boom reaches its bottom position, the energy
recovery process is over, and the flywheel keeps rotating. The kinetic energy will gradually
dissipate as time goes. From the 14th second, the boom is lifted again. The PM works in
pumping mode to provide pressurized fluid to the boom cylinder without the throttling of
the main valve. The PM displacement increases as the flywheel slows down. When the PM
reaches its maximum displacement, the motor outputs more energy to satisfy the system'’s
power demand.
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Figure 17. The PM displacement curve of the proposed system when the excavator bucket is empty.

5.2.3. The Proposed System with a Fully Loaded Bucket

In this subsection, to investigate the energy efficiency in a fully loaded case, the bucket
is empty in the first working cycle, and the bucket is fully loaded in the second working cycle.



Actuators 2021, 10, 126

16 of 23

The rod velocity and displacement curves in the proposed system with a fully loaded
bucket are shown in Figure 18. The rod velocity and displacement curves here resemble
those in Figure 12.
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Figure 18. The boom cylinder rod velocity and displacement of the proposed system when the
excavator bucket is fully loaded.

The boom cylinder and pump pressure curves of the proposed system with a fully
loaded bucket are shown in Figure 19. The pressure in the second lifting phase (about
140 bar at the pump outlet) in Figure 19 is much higher than that in Figure 13 (about 70 bar
at the pump outlet) due to the load in the bucket. Note that the pressures from the 14th
to 16th second (the first half) are 4 bar higher than the remaining part (the second half) of
the second lifting phase. The reason is that from the 14th to 16th second, the throttling
area of ports B to T in the main valve is relatively small as only part of the fluid entered
into the boom cylinder is directed by the main valve and the rest are provided by the PM.
Furthermore, all the fluid is provided by the main valve, so both the throttling areas of
ports P to A and ports B to T get larger than before.
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Figure 19. Boom cylinder and pump pressure curves of the proposed system with a fully loaded bucket.

In Section 5.2.2, the flywheel’s kinetic energy is exhausted by the end of the second
lifting process. However, this case is that the bucket is empty. So, one can conclude that the
kinetic energy will be exhausted in a shorter period if the bucket is fully loaded. Figure 20
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shows the Energy consumption curves of the proposed system with a fully loaded bucket.
In the first working cycle, the curves in Figure 20 are the same as those in Figure 14. In
the second lifting phase, due to the load in the bucket, the motor outputs 39.3 k] of energy,
which is much more than that in the first lifting phase but less than that in the original
system. Additionally, it can be concluded that the energy needed to lift the boom is more
than that needed to lift the load in the bucket. One could notice that there is a big difference
between the input and output of the boom cylinder, which is used to lift the load. The
energy consumption is summarized in Table 2. In cases where the lifting process is the only
consideration, the energy-saving rate is 25.1%. However, the energy-saving rate is 16.9%
when considering a whole working cycle. The main reason is that the energy used to lift
the load accounts for the largest portion among all energy consumers.
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Figure 20. Energy consumption of the proposed system with a fully loaded bucket.

From Figures 20 and 21, one can know that the boom cylinder outputs 19.9 k] of
energy and the flywheel absorbs 16.7 k] in a lowering phase. Therefore, it can be calculated
that the total efficiency of the PM is about 84%. It is normal that these data are slightly
different from the data in Section 5.2.2 because the traveling distances are also not quite the
same. Additionally, one can see that the flywheel delivers 16.7 kJ of energy and the PM
outputs 10.7 kJ in a lifting phase. Therefore, it can be calculated that the total efficiency of
the PM is about 64%. The change of the working area of the PM is the main reason why
the PM’s total efficiency decreases so much. This is also one reason for the decrease in the
energy-saving rate of a fully loaded condition, see Table 2.

The energy curves of the PM and flywheel are displayed in Figure 21. From this figure,
one can know that the flywheel absorbs 16.7 k] of energy in a boom lowering phase. When
the boom goes up, the PM provides energy to the system by decelerating the flywheel.
Similar to Figure 15, the efficiencies of the PM and flywheel push the energy curves to go
apart as time goes.

To better understand the energy distribution, the energy flow of the two systems
under different load conditions are shown in Figure 22. Since the boom cylinder is these
four figures have very similar velocity and displacement profile, the amounts of energy
lost at the boom cylinder are the same. In Figure 22a,c, the useful work is zero and are
the energy provided by the motor is wasted. When the excavator bucket is fully loaded,
the effective energy efficiencies in the conventional LS system and the proposed system
are 39.4% and 47.6%, respectively, as displayed by Figure 22b,d. The flywheel can recover
energy no matter how much the load is; hence, the total energy output by the motor is
reduced. Specifically, the motor output 16.9 k] of energy when the excavator bucket is
empty and 50.0 k] when fully loaded. Compared with the conventional system, the energy
is reduced by 48.9% and 16.9%. In any case of the four, the energy lost at the main valve
is more than any other component. That means more effort should be made to reduce
the energy loss here to improve energy efficiency. The second one is the energy recovery
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system. The PM efficiency has a more impact on the total efficiency of the ERS than the
flywheel efficiency. The PM efficiency varies a lot when the displacement, pressure, or
rotational speed varies, while the energy loss of the flywheel is mainly caused by the
windage. From this point, control the PM work in a high-efficiency area will greatly impact
the energy reuse efficiency. There is a minor difference between the energy used to lift the
fully load bucket, which is caused by the minor position difference of the boom cylinder.
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Figure 21. Energy curves of the flywheel and PM of the proposed system when the excavator bucket
is fully loaded.
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Figure 22. Cont.



Actuators 2021, 10, 126

19 of 23

Energy flow of the propose system, non-loaded
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Figure 22. Sankey diagrams of energy flow. (a) The energy flow of the conventional load sensing system, non-loaded;
(b) The energy flow of the conventional load sensing system, fully loaded; (c) The energy flow of the proposed system,

non-loaded; (d) The energy flow of the proposed system, fully loaded.

From the power curves shown in Figure 23, in the first lifting phase, the flywheel has
no energy exchange with the system and absorbs energy when the boom moves down. In
the second lifting phase, the flywheel provides more energy than the motor from the 14th
to 16th second. After that, the motor becomes the only power source of the system since
the kinetic energy in the flywheel has been exhausted. Those coincide with the curves in
Figure 21. Since the flywheel does not work for the whole lifting phase, we do not discuss

the peak power reduction effect more.
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Figure 23. Power curves of the motor and flywheel when the excavator bucket is fully loaded.

Figure 24 shows the PM displacement curve when the excavator bucket is fully loaded.
The curve is very similar to that in Figure 17. The main difference appears in the second
boom lifting phase. In this figure, the PM displacement hits its maximum value in 2 s,
which is much shorter than that in Figure 17. Because when the bucket is fully loaded,
the system needs greater power to lift the boom. A similar conclusion can be drawn from
Figures 20 and 23.
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Figure 24. The PM displacement of the proposed system when the excavator bucket is full.

5.2.4. Comparison with Other Research and Discussion

As aforementioned in Section 1, a hydraulic accumulator-based integrated drive
and energy recuperation system is proposed in reference [9]. A three-chamber hydraulic
cylinder is used to replace the commonly used double-chamber cylinder. One feature of
the system is that one chamber of the three-chamber hydraulic cylinder is connected to
the hydraulic accumulator. A 6 t HE is chosen as a study case, and experiments show
that this novel system can reduce the energy consumption by 50.1% when the bucket is
empty. Furthermore, the peak power of the hydraulic pump is reduced by 64.9%. The
energy-saving and power reduction effect is similar to that in this paper.
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The energy-saving effect is achieved by the balanced effect of the hydraulic accumu-
lator. It is a highly efficient design since direct connection reduces energy conversion as
much as possible. Another merit of schemes using accumulators as energy storage devices
is a relatively low manufacture cost and mature manufacturing technique. Currently, a lot
of literature reports that a flywheel with a similar power capacity is higher than a hydraulic
accumulator, especially a flywheel made of composite material. However, a flywheel can
store more energy than a hydraulic accumulator with equivalent mass [30], which makes it
more completive in cases where a large amount of energy to be recovered.

Inspired by the reference [9], the authors believe that more effort should be made to
improve the energy efficiency of the energy converter if a flywheel is used as the energy
storage device. In this paper, a displacement variable PM is used as the energy converter.
This gives us more freedom to control the energy-releasing process.

6. Conclusions

This work responds to the need for companies to move towards cleaner productivity
in the construction machinery field by identifying an appropriate means to recover the
otherwise wasted energy and reuse it in the following work process. It can be concluded as
follows:

1. A new LS system with a flywheel-based ERS is proposed and analyzed. A hydraulic
PM is employed in this system as a converter, and a flywheel is used as an energy
storage device. The PM converts the pressure energy in the boom cylinder into kinetic
energy to accelerate the flywheel when the boom moves down. The recaptured energy
is reutilized by pumping fluid to the boom cylinder when the boom goes up. This
reduces the power demand of the original engine.

2. AMESim software is used to model the proposed system and to investigate the energy-
saving effect. Simulation results show that, in a non-loaded cycle of boom lifting and
lowering process, the proposed system reduces as much as 48.9% energy consumption
compared with an LS system without an ERS. However, in fully-loaded cases, the
energy-saving rate decreases to 16.9%. More energy is needed to lift the load, and the
recovered energy is almost constant, so the energy-saving rate decreases. This is the
main reason. The change of working area is another reason for this.

This research indicates the flywheel-based scheme is promising to develop a more
sustainable future of HEs. In the future, it is worth building a prototype to investigate its
energy-saving effect, especially a fuel-saving-based effect. Advanced energy management
should be developed to help the PM operate in high-efficiency areas for better reuse of the
recovered energy.

7. Patents
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