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Abstract - Hydraulic single bucket excavators are widely used in
construction, mining and material production, but consume a lot
of fuel and emit harmful exhaust gases. This paper proposes an
energy recovery system using hydraulic accumulator to improve
energy efficiency. In the system configuration, the accumulator
and control valve are connected to the piston chamber of the
boom drive cylinder. When the boom is lowered, the potential
energy is recovered and stored in the accumulator, and then
reused during the boom raising process, which reduces the energy
consumption of the entire system. Important parameters such as
the initial volume and pressure of the accumulator are
investigated to select the optimal value. The system is built and
simulated using Amesim software, showing the ability to
significantly reduce the power consumption of the main pump,
proving the feasibility and effectiveness of the solution.

Key words - Energy recovery; hydraulic accumulator; hydraulic
hybrid excavator; energy recovery efficiency.

1. Introduction

The number of construction machines, especially
hydraulic excavators used in construction, mining, and
material production, is increasing rapidly. According to
research and forecasts, by 2025, the global construction
machinery market is expected to reach 227 billion USD,
compared to 151.46 billion USD in 2017 [1]. This number is
intended to climb to 13.9 trillion USD by 2037, driven by
significant growth in the Chinese, US, and Indian markets
[2]. With the rapid increase in quantity, issues related to
energy crises and pollution caused by excavators have
become increasingly severe. Therefore, reducing fuel
consumption and improving operational efficiency are top
priorities in the development of new-generation excavators.

In hydraulic excavators, when the boom is lowered, the
potential energy of the working components (boom, arm,
bucket) is converted into pressure inside the piston
chamber of the boom cylinder. This energy can be
recovered and reused during the boom-lifting process. In
recent years, research has focused on developing energy
regeneration technologies for hydraulic excavators to
harness this energy source [3, 4]. In energy regeneration
studies, energy storage devices such as batteries,

Tém tit - May dio mot giu truyén dong thity luc duge Gng dung
rong rii trong xay dung, khai thac va san xuat vat lidu, nhung tiéu
thu nhiéu nhién liéu va phat thai khi x4 gay hai méi treong. Bai
béo nay dé xudt mot hé thdng tai tao ning luong su dung tich ap
thuy luc nhim néng cao hidu qua nang luong. Trong cau hinh hé
théng, tich 4p va van didu khlen dugc ndi voi khoang piston cua
xylanh dan dong can. Khi ha can, ning luong thé niang dugc thu
hoi va luu trir trong tich 4p, sau d6 tai st dung trong qué trinh
nang can gitp giam tiéu thy nang luong cua toan hé thong. Cac
thong s6 quan trong nhu thé tich va ap sudt ban dAu cua tich ap
duoc khéo sat dé lua chon gia tri t61 wu. Hé thong duoc xay dung
va mé phong bing phan mém Amesim, cho thdy kha ning giam
dang ké cong suét tidu thu ciia bom chinh, ching minh tinh kha
thi va hiéu qua cua giai phap.

Tiur khéa - Thu héi nang luong; tich ap thuy lyc; may xuc hybrid
thuy luc; hi€u suat thu hoi nang luong.

supercapacitors, and hydraulic accumulators (ACC) are
commonly used [5-9]. Energy regeneration systems help
reduce fuel consumption, operating costs, and minimize
environmental impacts during excavator operation [10-12].
T. Lin et al. proposed an energy regeneration system that
combines the advantages of electrical storage and ACCs
[13]. L. Xia et al. proposed an integrated drive system with
energy regeneration using a three-chamber hydraulic
cylinder, in which one chamber is directly connected to an
ACC to recover and reuse the boom’s potential energy; this
system reduces energy consumption by over 50% during
boom lifting [14]. L. Ge et al. utilized an ACC to recover
energy from the boom-lowering operation of an excavator,
achieving an energy recovery efficiency of approximately
76% [15]. Z. Li et al. proposed an electro-hydraulic drive
system in which the ACC is connected to the piston
chamber of the boom cylinder to recover energy, resulting
in about a 70% reduction in energy consumption during
boom lifting [2]. L. Li ef al. demonstrated that ACCs offer
advantages such as compact size, fast response, stable
operation, and low cost; however, to further improve
efficiency, it is necessary to integrate electro-hydraulic
systems into the boom energy regeneration system [16].
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J. Zhu et al. proposed an energy regeneration system for
the boom system of a hybrid hydraulic excavator, where
the ACC is used to recover energy during boom lowering
and then used to drive a hydraulic motor to assist in boom
lifting [17]. From the above analyses, it can be seen that
ACCs are commonly used in hydraulic energy regeneration
systems for the boom drive mechanism of excavators.
Although these studies have achieved high efficiency, there
are still some drawbacks: adding extra cylinders for energy
regeneration limits the boom-lowering movement; the use
of three-chamber cylinders leads to piston rod instability
and increases geometric size; converting between
hydraulic pressure and electrical energy reduces energy
regeneration efficiency due to system losses. The
parameters of the ACC have not been visually described in
relation to the original system. Moreover, complex systems
result in high initial investment costs and difficulties in
maintenance and repair.

This paper proposed an energy regeneration system for
the boom cylinder of a hydraulic excavator. In this system,
an ACC and a control valve were directly connected to the
piston chamber of the cylinder. The advantages of this
system include a simple structure, compact ACC size,
minimized losses through control valves, and easy
installation on excavators. The initial volume and pre-
charge pressure of the ACC were investigated to design the
most suitable drive circuit for operating conditions.
Simulation results using Amesim software demonstrated
that the proposed system operated efficiently under the
specified conditions.

2. Design of the hydraulic boom drive system
integrated with energy regeneration for single-bucket
excavators
2.1. Development of the hydraulic energy recovery system

This paper proposes an energy recovery system applied
to the boom cylinder of a hydraulic excavator, as described
in Figure 1.

Arm
Boom

Bucket
cylinder

[ )
—
—
—|
| ———

Boom
cylinder Hydraulic
Accumulator
é ‘ 22
bt valve

Hydraulic excavator Buket

Main valve

L1 Tank

Figure 1. Structure of the proposed system

The energy recovery principle of the system is
illustrated in Figure 2. In traditional hydraulic circuits,
high-pressure oil in the piston chamber during boom
lowering is discharged directly to the tank, resulting in

wasted recoverable energy. Therefore, in this paper, the
hydraulic valve DV1 and the ACC are placed on the oil
outlet line of the piston chamber. When the piston moves
downward, the potential energy of the working
components is converted into hydraulic oil pressure in the
piston chamber. Next, the oil passes through valve DV1
into the oil chamber of the ACC. The piston’s downward
speed is controlled by valve DV1 and the parameters of the

ACC. Thus, the potential energy of the working
components is recovered by the ACC.
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Figure 2. Principe of Energy Recovery
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Figure 3. Principe of Energy Reuse

The principle of energy reuse is illustrated in Figure 3.
During boom lifting, high-pressure oil from the ACC
passes through valve DV1 into the piston chamber of the
right cylinder. The stored energy is released from the ACC
to assist the pump during the boom-lifting process. With
the support of this regenerated energy, the hydraulic pump
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only needs to supply flow to the left cylinder. Thus, the
proposed system reduces the pump flow requirement.

In the case of ACC replacement or when high
operational accuracy is required, DV1 is closed and DV2
is opened, returning the system to its original state
without the energy regeneration circuit. Therefore, the
system can operate in both energy regeneration mode and
original mode.

2.2. Calculation basis

Based on the proposed configuration, the mathematical
formulas used to describe the system are as follows.

2.2.1. Hydraulic cylinder’s calculation

Hydraulic LE yﬂj 93 d

Accumulator  p, Ig-‘ P,

Figure 4. Cylinder Working Priciple

- The equation describing the motion of the working
components:

ma=mg+pd —p,4,—F, 6]
- The oil pressure in the piston chamber is determined by:
3 m(g—a)#-mA1 —-F,

P, = A 2

- The oil flow rate out of the piston chamber is
determined by:

9, :q1+(A2_A1)-V (3)

where, m is the equivalent mass, a is acceleration, v is
velocity, p; is the oil pressure in the rod chamber, p; is the
oil pressure in the piston chamber, F7 is the total resistance
force, A, is the area of the rod chamber, A is the area of
the piston chamber.

2.2.2. Pipeline’s calculation

Assuming laminar flow, the pressure loss is calculated
as [18]:

(4)

where, Ap is the pressure loss between the two ends of the
pipe, v is the average flow velocity, d is the pipe diameter,
[ is the pipe length, u is the dynamic viscosity of the fluid.

This relationship is valid for Reynolds numbers (Re) up
to 1200. Re values between 1200 and 2500 indicate
transitional flow, where the flow becomes turbulent. For
Re greater than 2500, the flow is fully turbulent.

Re_ VAP (5)
u

where, p is the fluid density.
For turbulent flow, the pressure loss is calculated as [18]:

4.f1py
Ap =——""— 6
P > d (6)
where, f is the pipe friction factor, determined
experimentally.
flpyv?
Ap =+—"—— 7
P = (7

2.2.3. Mathematical formulas for the hydraulic accumulator
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Figure 5. Accumulator Working Principe

During energy recovery, the gas pressure and volume
inside the ACC follow the law presented in [18]:

piOV;g = ngV;) = ngj ®)

where, A is the coefficient, Vi is the initial gas volume, pio
is the initial pre-charge pressure, Vg, peo are the gas volume
and pressure at the moment the piston starts to move down,
Ve pg are the gas volume and pressure at the moment the
piston finishes moving down.

The effective oil volume Vin the ACC is calculated by:
Vr =V =Vs ©)

The relationship between the oil flow into the ACC and
the flow out of the valve is:

vy
qs dt (10)
Neglecting flow losses through the valve (assuming the
accumulator is directly connected to the piston chamber)
and oil compressibility, the input and output flows of the
valve are equal. The flow g3 can be calculated based on the
piston displacement as:

dx

=Av=— 11
q; bV dr (11)
where, x is the piston displacement.
From equation (10) we have:
V= [t (12)
0
From equations (9) and (12) we have:
Ve=Veo Ve (13)
From equations (8), (12), and (13) we obtain:
Veo (14)

Py = Pgo-
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Equation (14) shows the relationship between the gas cylinder Piston rod diameter 30 mm
pressure in the ACC and the actual oil flow charged into Stroke 0.45 m
the ACC during energy recovery. Main valve : Current 40 mA

From equation (8), the initial gas volume is determined as: Maximum flow rate 60 L/min

1 2/2 valve Initial state 1 -
2 vav Maximum flow rate 25 L/min

V=V P (15) Relief valve Cracking pressure 240 bar

g i
Pgo Table 2. Parameters of Hydraulic accumulator (ACC)

The recovered energy in the accumulator, Eth, is |Components Parameter Value Unit

determined by: Accumulator Initial volume 1-3 L
v, Initial pressure 5-25 bar
E,= | pav (16)

VgO

From equations (8) and (16), the recovered energy can
be expressed as:

1-1

V. V.
thzm —e | (17)
A=1 1V

Also, from equations (8) and (9), the effective volume
can be determined as:

1
B B
Vef =V,. (ﬂ} _(ﬂ] (18)
‘ P P TS
The recoverable energy from the system E,. is the =
potential energy of the equivalent mass m, calculated by:

E, =mgh (19)

| |

| |

. . | . o0 ©® O |

where, m is the equivalent mass, g is the gravitational o !
acceleration, 7 is the displacement distance. —_-

,,,,,,,,,,,,,,,

The energy recovery ratio is calculated by: t:-) i

E |
&=—".100% (20) 1

& :

pot \

3. Simulation and analysis of the model using amesim Ry i
|

To select appropriate operating parameters for the ACC i |= [ S
and to demonstrate the effectiveness of the proposed system,
a simulation model was developed using Amesim software.
This software has been used in many scientific studies
published in reputable journals [2, 13, 19, 20]. In this study,
the input parameters for the simulation model were
referenced from [20] and are shown in Table 1. In addition,
other parameters in the proposed circuit were calculated
based on the formulas in Section 2.2. The hydraulic
accumulator parameters are varied as shown in Table 2.

(b) Proposed System
Figure 6. Simulation Model in AMEsim

Traditional system
----- Proposed system using ACC (1L; 5bar)

Table 1. Parameters of traditional system | Proposed system using ACC (2L; 5bar)
N [m] — - — Proposed system using ACC (3L; 5bar)
Components Parameter Value Units 0.5 —
Oil Elementary - 1 Tt e
L Temperature 40 degC
Hydraulic oil D(E,)nsity 350 kg/grn3 5
Bulk modulus 17000 bar §
Mas m 3000 kg é
External force F 10000 N a
IMaxumum displacement 25 cc/rev
Hydraulic Mechanical efficiency 0.96 - 04 : : : ‘ : |
pump Volumetric efficency 0.92 - o 5 o 1 20 25 30
Speed 2000 rpm Time (s)
Hydraulic Piston diameter 55 mm Figure 7. Piston Displacement Comparison
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Figure 9. Piston displacement comparison

From the graphs in Figures 7, 8, and 9, it can be seen
that the piston stroke varies with the volume and initial
pressure of the ACC. With a 1L ACC, when the initial
pressure increases from 5 to 25 bar, the piston cannot move
to the end of its working stroke. Thus, a 1L ACC is not
suitable for the specified conditions of the hydraulic
system. With a 2L ACC, the appropriate initial pressure is
15 bar. For a 3L ACC, the suitable initial pressure is 25 bar.
With appropriate volume and initial pressure matching the
working conditions, the piston in the proposed system will
move equivalently to that in the original system.

Traditional system
----- Proposed system using ACC (2L; 15bar)
sl | Proposed system using ACC (3L; 25bar)
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Figure 10. Piston velocity comparison

Figure 10 shows a comparison of piston operating
velocity according to the volume and pressure of the ACC.
The graph shows that the velocities during both upward
and downward movements reach approximately 0.15 m/s.
The graph also indicates some resistance during the
piston’s downward stroke due to the ACC connected to the

cylinder outlet; however, this resistance is negligible.

Traditional system

----- Proposed system using ACC (2L; 15bar)
------- Proposed system using ACC (3L; 25bar)

Pressure

Time (s)
Figure 11. Pressure comparison of piston chamber with ACC

From Figure 11, it can be seen that, since the cylinder
is driven only by the ACC, the operating pressure of this
cylinder in the proposed circuit is significantly lower than
that in the original circuit, although the flow supplied to the
cylinder remains adequate.

Traditional system
----- Proposed system using ACC (2L; 15bar)
------- Proposed system using ACC (3L; 25bar)

Pressure

Time (s)
Figure 12. Pressure comparison of piston chamber without ACC

Figure 12 shows a comparison of the pressure in the
piston chamber not connected to the ACC. The graph
indicates that this piston bears a higher load in the proposed
circuit. This is due to the pressure reduction in the piston
chamber of the cylinder connected to the ACC.

Traditional system
----- Proposed system using ACC (2L; 15bar)
------- Proposed system using ACC (3L; 25bar)
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Figure 13. Pump flow rate comparison

Since the hydraulic pump only supplies flow to one side
of the cylinder, the pump flow rate in the proposed circuit
is reduced by about 50% compared to the original circuit,
as shown in Figure 13.

The comparison of hydraulic pump power is shown in
Figure 14. The graph shows that the power in the proposed
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circuit is lower than that in the original circuit. This
demonstrates that the proposed system can recover energy
during the boom-lowering process and reuse this energy
during boom lifting. This operating principle helps the system
consume less energy and operate more efficiently than
systems without energy regeneration. The power difference
when using an accumulator (2L, 15 bar) is not significantly
different from using an accumulator (3L, 25 bar).

Traditional system
L Proposed system using ACC (2L; 15bar)

x| Proposed system using ACC (3L; 25bar)
16
14 -
12
5 10 N
z 8
o 4
~ 6 -
4 -
2
o
-2 T T T T T 1
0 5 10 15 20 25 30

Time (s)
Figure 14. Driving power comparison

From the simulation comparison results, it can be seen
that under the selected operating conditions, the proposed
hydraulic circuit operates most efficiently when using a 2L
ACC with an initial pressure of 15 bar.

4. Conclusions and recommendations

This paper has proposed an energy regeneration system
using an ACC to address the fuel consumption issue of
hydraulic single-bucket excavators. The energy from the
boom-lowering process is recovered, stored, and reused
thanks to the ACC and control valve. In addition, factors
affecting the energy recovery process, such as the volume
and initial pressure of the ACC, were also investigated to
select the most suitable operating parameters. Simulation
results using Amesim software have demonstrated that the
proposed system operates efficiently under the given
conditions. However, the pressure difference between the
piston chambers in the proposed circuit leads to uneven
loads on the two boom drive cylinders. This causes wear of
the cylinder bearings and bushings during operation.
Moreover, energy recovery on only one side of the cylinder
results in a modest reduction in pump drive power.
Therefore, energy regeneration on both piston sides of the
boom cylinder is the research direction for the group in the
future. An experimental model will also be developed to
validate the simulation results.
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