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Abstract

With the increasing fossil fuel crisis and environmental degradation, energy-
saving has been one of the fluid power transmissions’ priority research areas.
In a conventional hydraulic boom, throttling and potential energy losses result
in poor energy efficiency and extra rising of fluid temperature. To boost
the energy efficiency of a hydraulic boom, this paper proposed a variable-
speed pump-controlled three-chamber cylinder system for hydraulic boom
with feed-forward plus linear active disturbance rejection control (LADRC).
In the proposed system, chambers A and B of the three-chamber cylinder
are controlled by two variable-speed fixed-displacement pumps and the third
chamber C is connected to a hydraulic accumulator to balance the weight
of the boom. Firstly, the model of the variable-speed pump-controlled three-
chamber cylinder system is built in Matlab/Simulink. Further, the mechanical
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model of a 1-ton excavator is established, and the proposed system is applied
to the boom. Secondly, a compound controller combining speed feed-forward
and LADRC is designed. Thirdly, simulations were performed under boom
up and down while keeping the arm and bucket cylinders fully retracted.
The position control performance and energy consumption are analysed and
compared. The results show that, compared to the PID and speed feed-
forward PID control, the proposed controller has a lower position tracking
error (less than 2.66%). Compared with the variable-speed pump-controlled
differential cylinder system, the proposed system can save energy by 43.51%
when considering energy recovery. Therefore, the proposed system has good
position tracking performance and has the potential to be applied to different
types of heavy-lifting equipment driven by hydraulic cylinders.

Keywords: Hydraulic boom, variable-speed pump-controlled, three-
chamber cylinder, speed feed-forward, LADRC, energy recovery.

1 Introduction

Energy-saving and decarbonization of construction machinery is getting
increasing attention [1]. Excavators are currently the most widely used con-
struction machinery and their booms perform lifting and lowering actions
cyclically during digging or levelling. The gravitational potential energy of
boom is converted into heat energy during the lowering phase through the
control valve, resulting in a low energy efficiency. Previous studies have
shown that the energy efficiency of hydraulic excavators is only 20% and
energy losses in the boom lifting hydraulic system exceed 50% [2, 3]. There-
fore, recovering and reusing the potential energy of a hydraulic boom plays
a significant role in energy saving and emission reduction in the construction
machinery industry [4].

Thus, various system architectures were brought forward to boost the
energy efficiency. Liebherr, a German company, has adopted the use of accu-
mulators to improve the energy utilization efficiency of closed-loop hydraulic
systems. By utilizing high-capacity accumulators to recover and reuse the
potential energy of the load, fuel consumption can be reduced by 30% [5].
Tried et al proposed a hydraulic circuit that integrates an accumulator with
a closed-loop hydraulic system. They employed a fuzzy self-tuning sliding
mode control strategy and the results demonstrated an efficiency improve-
ment of 22% to 59% [6]. In [7], the research result indicates that optimizing
the operating trajectory of a loader can improve its diesel utilization rate by
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15%. In [8], it demonstrates that employing a load-sensitive system to control
the loader’s boom can reduce fuel consumption by 7% to 15% compared
to traditional fixed-displacement pump oil supply systems. Hippalgaonkar
et al. introduced a novel approach to improve the hydraulic system efficiency
in excavators. They implemented a hydraulic accumulator to convert the
potential energy of the boom during its descent into hydraulic energy. The
recovered energy was then utilized to power the cooling system or other
auxiliary devices, resulting in a significant reduction of fuel consumption
by 27% [9]. Therefore, designing an energy recovery system to recover the
potential energy of the boom is a potential way to achieve energy saving.

Moreover, the application of traditional Proportional-Integral-Derivative
(PID) control usually can’t achieve satisfactory control performance under
conditions of parameter uncertainty and external load disturbance [10].
Therefore, various position control methods were carried out to achieve
construction automation and unmanned operation [11], such as nonlinear
PID control [12], adaptive control [13], sliding mode control [14], and fuzzy
control [15] which improved the control performance and robustness of the
system to some extent. Seung et al. applied discrete sliding mode control
to two variable speed pump control systems, enhancing the tracking control
performance and reducing tracking errors [16]. Alleyne et al. implemented
nonlinear adaptive robust control in force control for an actively controlled
suspension with differential cylinder drive, demonstrating that nonlinear
controllers can achieve better control performance compared to traditional
linear controllers [17]. In [18], an adaptive hierarchical sliding mode con-
trol strategy was proposed, and neural networks were used to optimize
the control parameters to have sufficient robustness under the uncertainty
of system parameters. In [19], a third-order nonlinear active disturbance
rejection control (ADRC) controller was designed to control the electro-
hydraulic servo position system, and the results showed that the ADRC
control outperformed the PID control in terms of anti-disturbance. In motor
control, feed-forward control was used to predict the load changes and ADRC
control was used to suppress the disturbances to the motor [20]. Aiming at
the impact of load torque disturbance on permanent magnet synchronous
motor (PMSM) control, a feed-forward compensation based ADRC strategy
was proposed, effectively suppressing the speed fluctuations caused by load
torque mutations [21].

ADRC does not rely on the precise model of the controlled object and
has the ability of high control accuracy, fast response speed, and strong
anti-disturbance. Hence, it has been widely used in fields of electric power
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systems, precision machinery, machining lathes, chemical processes and
modern weapon systems [22, 23]. In addition, it has been successfully applied
to the control of lifting equipment, such as various cranes, including overhead
cranes [24], tower cranes [25], and ring cranes [26]. In response to the
complex parameter tuning of the nonlinear ADRC in practical applications,
Gao further linearized ADRC and proposed the linear active disturbance
rejection control (LADRC), which not only retains the excellent control
performance of ADRC but also simplifies the tuning problem to a bandwidth
tuning problem, requiring only a few parameters to achieve satisfactory
dynamic performance [27]. In summary, combining feed-forward control
with ADRC can further improve the system positioning accuracy, suppress
system disturbances, and achieve disturbance-free speed compensation.

In order to improve the position control performance and energy
efficiency of the boom system, this paper proposes a variable-speed
pump-controlled three-chamber cylinder system with feed-forward LADRC.
Section 2 introduces the working principle of the proposed system, includ-
ing recovery and utilization of the gravitational potential energy. Section 3
describes the modelling of the hydraulic system and mechanical system. Sec-
tion 4 illustrates the design of the combined speed feed-forward and LADRC
controller. In Section 5, the simulation and analysis were carried out to com-
pare the position tracking performance of the system with PID, feed-forward
PID, and speed feed-forward plus LADRC. Further, the energy efficiency of
the variable-speed pump-controlled differential cylinder and three-chamber
cylinder systems are comparatively analysed. Finally, conclusions are drawn
in Section 6.

2 System Working Principle

Figure 1 shows the schematics of the proposed variable-speed pump-
controlled three-chamber cylinder system for the boom. In the three-chamber
cylinder, the cap-side chamber A and rod-side chamber B are connected with
pump A and pump B, respectively, driven by a servo motor co-axially. The
chamber C is constructed by a hollow rod and a fixed plunger on the cylinder,
connected with the hydraulic accumulator B for balancing the weight of
load. Another hydraulic accumulator A is installed as a low-pressurized tank.
During boom lowering, the cylinder retracts, and the fluid in chamber C is
charged into accumulator B under the action of the boom gravity, converting
the potential energy into hydraulic energy. During boom lifting, the pres-
surized oil in accumulator B is discharged into chamber C, and the stored
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1 Servo motor; 2 Pump/motor A; 3 Pump/motor B; 4 Accumulator A; 5 Accumulator B; 6
Three-chamber cylinder; 7,8 Check valve; 9,10 Pressure relief valve

Figure 1 Schematics of the proposed variable-speed pump-controlled three-chamber cylin-
der system.

Boom
lifting

Boom

Figure 2 Four-quadrant operation of the variable-speed pump-controlled three-chamber
cylinder.

hydraulic energy is reutilized to balance the boom’s weight and to provide
auxiliary power for boom lifting.

Figure 2 shows the four-quadrant operation of the system. For an exca-
vator boom, the system typically runs in two quadrants. When the boom is
lifting, the system operates in quadrant I, pump A in pumping mode, and
the hydraulic energy stored in accumulator B is converted into the potential
energy of the boom to provide auxiliary power. When the boom is lowered,
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the system operates in quadrant III, pump A in motoring mode, and oil
outputs from chamber C and charges into accumulator B, converting potential
energy into hydraulic energy. Since chamber C is directly connected to
accumulator B, the potential energy of the boom can be efficiently recovered
and reutilized.

3 System Modelling

In this section, the excavator’s front attachment model is created in MAT-
LAB/Simulink, including hydraulic system and mechanical system.

3.1 Hydraulic System Modelling

In previous research [28], a pump-controlled differential cylinder system
was modelled in MATLAB/Simulink and validated. The hydraulic system’s
schematics and test bench are shown in Figure 3, where the hydraulic
accumulator A’ is utilized as a low-pressurized tank. Further, with the val-
idated model, the model of the proposed variable-speed pump-controlled
three-chamber cylinder system was created for an excavator boom, replacing
the differential cylinder with the designed three-chamber cylinder and adding
an accumulator B to balance the weight of boom. Tables 1 and 2 present
the main components parameters of the two hydraulic systems, differential
cylinder system and three-chamber cylinder system.

Compared to the differential cylinder system, the three-chamber cylinder
system adds an additional accumulator and substitutes the three-chamber

: N@

Figure 3 Pump-controlled differential cylinder system and the test bench.
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Table 1 Main parameters of the differential cylinder system in the setup [28]

No. Component Parameter Value

1 Pump/motor A’ Displacement (mL/rev) 13.03

2 Pump/motor B’ Displacement (mL/rev) 9.35

3 Hydraulic accumulator A’ Volume(L) 0.7

4 Differential cylinder Dimensions (mm) 60x30@300

Table 2 Main parameters of the three-chamber cylinder system

No. Component Parameter Value

1 Pump/motor A Displacement (mL/rev) 13.03

2 Pump/motor B Displacement (mL/rev) 9.35

3 Hydraulic accumulator A Volume(L) 0.7

4 Hydraulic accumulator B Volume(L) 0.7
Pre-charged pressure (MPa) 1

5 Three-chamber cylinder Dimensions (mm) 60x50x30@300

cylinder for the differential cylinder. Hence, component models regarding
the accumulator and the three-chamber cylinder were built in the following
subsections.

3.1.1 Three-chamber cylinder
Three-chamber cylinder schematics is demonstrated in Figure 1. The force
balance equation of the cylinder is

Aapa_Abpb+Acpc =mi + Fy + Iy, (D

where p,, pp, and p. are the pressures of chamber A, B and C respectively,
Pa; A,, A}, and A, are the effective area of each chamber, m?; m is the mass
of piston rod; x is the piston displacement, m; F} is the friction force based
on the LuGre model [28], N; F7, is the load force, N.

The effective area of each chamber of the three-chamber cylinder is

2 2
A, = T 2)
4
d2 o d2
A= T %) 3
4
wd?
Ao= =5, 4)

where d,, d, and d, are the diameters of piston, rod and fixed plunger
respectively, m.
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The flow continuity equation for each chamber of the three-chamber
cylinder is

V. dpa dx
. = — a——, 5
q 5, di + 7 )
W dpy dx
= ——— — Ay,— 6
oo 5. dt b (6)
Ve dpe dx
c = 5 — AT 7
Q=3 " at )

where ¢,, g1, and ¢. are the flow rates into chamber A, B and C respectively,
m3/s; V,, 14 and V. are the total volumes of chamber A, B and C respectively,
m?; B, is the effective bulk modulus of hydraulic oil [28], Pa.

3.1.2 Hydraulic accumulator B
In the system, a bladder-type accumulator is selected for accumulator B and
its gas state equation is

pOV()ng = Dz xng) (8)

where pg is the pre-charged pressure, Pa; 1} is the pre-charged gas volume,
m?; p, and V,, are the pressure and volume of gas at any state, Pa and m?; Ng
is the gas adiabatic constant.

As the accumulator B is connected to chamber C directly, from Equa-
tions (7) and (8), the pressure expression of the chamber C is derived as

follows "
‘/O g

= P ———— 9

Pec = Po (Vo — :V) ; €]

where AV is the net volume of hydraulic oil flowing into and out from the

accumulator, m>.

3.2 Mechanical Model

A 1-ton micro excavator in the laboratory was used as the research object.
The front attachment of the excavator was disassembled and the parameters
of each part were measured, including mass, joint points, and centre of
the mass. Based on the measured data, the three-dimensional model of the
excavator was created. Further, the created CAD model was imported into the
MATLAB/Simulink [29] and the mechanical model was created as shown in
Figure 4.
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Figure 4 Mechanical model.
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Figure 5 Differential cylinder system model in Matlab.

3.3 Overall Front Attachment Model

Combining the hydraulic model and mechanical model, the overall front
attachment model is built. Figures 5 and 6 demonstrate the boom driven
by the variable-speed pump-controlled differential cylinder and the proposed
three-chamber system respectively.

4 Controller Design

To improve the anti-disturbance ability and to increase position tracking
accuracy, a feed-forward LADRC is proposed and designed for the boom
system. Firstly, a LADRC controller was designed to apply the extended state
observer to observe and compensate the system state variables and overall
disturbances, thereby enabling the system to effectively suppress disturbance
and time-varying uncertainties. Secondly, a speed feed-forward controller
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Figure 6 Three-chamber cylinder system model in Matlab.

dwdt Fplve  u
Speed feedforward u f . Yy
u y »
Object
X
X0 uo
LADRC

Figure 7 Block diagram of proposed controller.

is added to implement dynamic time lag compensation, ensuring accurate
tracking of the given signal.

4.1 Controller Structure

The controller of the speed feed-forward LADRC is presented in Figure 7.
In the controller, the target of the speed feed-forward control is to make the
velocity of the boom converge to a reference signal u,, that is computed based
on the velocity v.. And the LADRC is a feedback control that aims to make
the position of the boom track a desired reference position zg. Hence, a total
control signal (u = ug + uy) for the servo motor is acquired [30].

4.2 LADRC Controller Structure

Active disturbance rejection control (ADRC) is a control algorithm that does
not fully rely on the mathematical model of the controlled object. It considers
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x3

x2

x1

LESO

Figure 8 Control structure of LADRC controller.

the unknown disturbance and unmodelled part of the system as a total
disturbance for estimation and dynamic compensation [31]. Compared to
ADRG, linear active disturbance rejection control (LADRC) has reduced the
number of tuning parameters from 10 to 3—4 for a single controller, making
it easier to tune and more practical for practical applications. Therefore,
the LADRC was put forward: (1) linearizing the nonlinear expanding state
observer (NLESO) as a linear expanding state observer (LESO); (2) elim-
inating the tracking differential operator and replacing the feedback control
law with a proportional-derivative (PD) controller. Figure 8 shows the closed-
loop control system composed of a second-order LADRC. we, by, and the
parameter wg in LESO are the tuning parameters to be determined.

The state-space equation of the variable-speed pump-controlled three-
chamber system is derived based on the mathematical model of compo-
nents. Based on Equations (1)—(7), the system state-space equation can be
represented as

i’l = X9
Tg = x3 ; (10)
T3 = k1o — koxs + kszs — F
where
d? — d? A B d? — d?
klzﬂ-(a c)+v _7d7 ]{ZQZW(& b)+Vb,
4m mBe M 4m Bem
d? - Fr + F
fy = "o Ve o p LA (11)
dm  Bem m

The ESO is the core part of ADRC. It can track the state variables in real-
time, estimate the unmodelled dynamics of the system and unknown external
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disturbances. For a nth-order nonlinear controlled object, the n'"-order
system can be expanded into the following (n + 1)*"-order system:

(&1 = 29

Ty = x3

. ; (12)

Tn = Tpt1 + bu

Tpt1 = f(x1,22,. .., Tn,w(t))

y=n
where x1, 22, ..., 2, is the system state variable; u is system input; b is the
control parameter; y is the system output; w(¢) is an external perturbation;
flx1,x9,..., 24, w(t)) is the total unmodelled dynamic term of the system.

Based on the original NLESO, an improvement is made by replacing
the previous nonlinear function with the observer error e, resulting in the
following LESO:
e=z1—Y
Z = 29 — e
Zy = 23 — fPae

) (13)

Zn = Zny1 — Pue + bu
\Z'/n+1 = _ﬁnJrle

Based on Equation (13), defining the state variable [z1,z2,x3] =
[x, &, Z], then the system state-space equation is

i‘lzxg
iy = w3+ bu,, (14)
i3 =f

where f is the total system disturbance.
Based on this, the LESO can be represented as

e=z—-Y

21 = 22 — Poie

. 15
2o = 23 — Po2e +bu’ a3
23 = —foze

where e is the error between the output position and the estimated position;
Bo1, Boz2 and Py are the gain coefficient of output error; 7y, Z5 and Z3 are
the estimated values of the system’s state variables.
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Figure 9 Overall system model.

Further relates the parameters of the PD controller and the LESO to their
bandwidths, with only three parameters, namely, the controller bandwidth
we, the observer bandwidth wg and the system characteristic bg, need to be
tuned to obtain satisfactory dynamic performance. The relevant parameter
configurations are as follows.

{kp = wg, kq = 2w

. 16
Bor = 3wo, Boz = 3w, Bos = wp (16)

5 Simulation Results and Analysis

Figure 9 shows the multi-domain model of the proposed boom system, con-
sisting of control hydraulic system and multibody. According to the general
LADRC parameter tuning method [32], the parameters are finally set as
bo = 20, w, = 1200 and w, = 100. During the simulation, the arm and
bucket are keeping fully retracted.

5.1 Comparison of Position Tracking with PID, Feed-Forward
PID and Feed-Forward LADRC

Figure 10 shows the position tracking curves and tracking error curves of the
boom under different controllers. In the simulation, the boom descends to its
lowest position during phase I, stays stationary in phase II, and rises to the
initial position in phase III. Three types of controllers (PID, feed-forward PID
and feed-forward LADRC) are applied to the three-chamber cylinder system,
respectively.

Figure 11 shows the comparisons of position tracking errors under dif-
ferent controllers. The maximum error, mean error and root mean square
error (RMSE) of the feed-forward LADRC controller are 2.66 mm, 1.23 mm
and 0.82 mm, respectively, much lower than the other two controllers.
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Figure 10 The position tracking of the boom (a) position tracking; (b) tracking error.
- PID Feed-forward PID  f3 Feed-forward LADRC
| 1447

11.92

Error (mm)

1.23

0.82

/)

N

0 " ,
Maximum error Mean error Root Mean Square error

Figure 11 Comparison of position tracking error with different controllers.

The maximum error is reduced by 81.62% and 77.68%, the mean error by
77.87% and 73.03% and the RMSE by 86.08% and 84.56%. Therefore, the
tracking performance of the feed-forward LADRC outperforms that of the
PID and feed-forward PID.

Figure 12 illustrates the position and pressure levels of the three-chamber
cylinder. As chamber C of the three-chamber cylinder and accumulator B
are connected directly, their pressures are basically equal. In the phase of the
boom down, the oil discharges from chamber C and goes into the accumulator
B and the pressure of the accumulator rises from 1 MPa to 3 MPa. Therefore,
the potential energy of the boom is converted into hydraulic energy and
stored in the accumulator B. During lifting, the oil discharges from the
accumulator B and flows into chamber C. As the volume of oil in accumulator
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Figure 12 Position and pressure curves for three-chamber cylinder.

B discharges, the pressure decreases from 3 MPa to 1 MPa, and energy stored
in the accumulator is directly converted into the potential energy of the boom.

5.2 Energy Consumption Analysis with Feed-Forward LADRC

The power consumption of each component in the system can be calculated
using the corresponding formulas in Table 3.

Figure 13 shows the power curves of each component of the differential
cylinder system and three-chamber cylinder system.

Figure 13(a) shows the power curves of each component of the differ-
ential cylinder system. In phase I, pump A’ operates in motoring mode,
and the peak power of the servo motor under generating mode is 0.34 kW.
Theoretically, 0.33 kJ of electrical energy can be recovered. In phase III, the
peak power of the servo motor in motoring mode is 0.72 kW. In a working
cycle, servo motor energy consumption is about 1.63 kJ.

Figure 13(b) shows the power curves of each component of the three-
chamber system. In phase I, pump A runs in motoring mode, and the peak
power of the servo motor is 0.26 kW. About 0.30 kJ of electrical energy can
be recovered during this stage. In phase III, the peak power of the servo motor
is 0.52 kW. During a working cycle, the servo motor consumes about 1.34 kJ.
The peak power of the servo motor decreases from 0.72 kW to 0.52 kW,
resulting in a decrease of 27.77% in system peak power and a corresponding
reduction in energy consumption.

Figure 14 shows the energy consumption distribution of different drive
systems. Compared with the differential cylinder system, the proposed
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Table 3 Utilized equation for calculation

Equation Symbol

Pcyr = (paAa — poAb + pcAc)v Pcyi-power of the cylinder
Ecy1 = / Pcyidt  (Poyr > 0) Ecy1-energy consumed by the cylinder

P, = Appap Ap,,-pump pressure difference
gp-pump flow rate

P,-power of the pump

Ep = / Ppdt (Pp>0) Ep-energy consumed by the pump

Ep = — / Ppdt (Pp <0) Ep’-energy input to the pump when motoring

Pace = pcAcv P,cc-power of accumulator

Face = / Piccdt FEacc-power of accumulator

Pem = Pp/09 (Pp >0) Penv-power consumed by the electric motor

and 0.9 is the efficiency of electric motor

Py =09Pr  (Pp <0) P’ -power regenerated by the electric motor

Eem = / Penmdt FErm-energy consumed by the electric motor

Egy = — / Pl dt Egn’-energy regenerated by the electric motor
ECyl N . . . . .

n=4 x 100% n-system efficiency with differential cylinder

EM

/ Erm _Eacc —
77 =

E/
i EM +100% n’-system efficiency with three-chamber cylinder
EM

system that the potential energy FE,.. of the boom can be recovered and
reutilized.

Figure 15 shows the accumulator B power and energy of the three-
chamber cylinder system.

In phase I of the boom down, the gravitational potential energy is con-
verted into hydraulic energy stored in accumulator B for potential energy
recovery. The peak power is 0.17 kW, and the energy that can be recovered in
this stage is 0.29 kJ. During lifting, converting stored hydraulic energy into
gravitational potential energy to achieve energy recovery and reuse. Because
the boom moves the same distance in the lower and upper ranges, the energy
collected and released by the accumulator B is roughly the same.
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Figure 17 Comparison of boom system efficiency (a) differential cylinder; (b) three-
chamber cylinder.

Figure 16 compares the energy consumption of the differential cylinder
system and the three-chamber cylinder system.

In a working cycle, the actual energy consumption of the differential
cylinder system is 1.63 kJ regardless of electric energy recovery. The energy
consumption of the three-chamber cylinder system is about 1.34 kJ. However,
the energy recovery of the accumulator B is 0.29 kJ, so the actual energy con-
sumption of the three-chamber cylinder system is 1.05 kJ. If electric energy
recovery is considered, the actual energy consumption of the differential
cylinder system is 1.31 kJ, and that of the three-chamber cylinder system is
0.74 kJ. The proposed three-chamber cylinder system can save approximately
43.51% of energy.

Figure 17 compares the efficiency of the differential cylinder system and
the three-chamber cylinder system.

The servo motor input energies of the differential cylinder system and
the three-chamber cylinder system are 1.63 kJ and 1.34 kJ, respectively, and
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the hydraulic cylinder consumed are 0.94 kJ and 0.83 kJ, respectively. The
efficiency of the three-chamber cylinder system (61.94%) is about 4.27%
higher than that of the differential cylinder system (57.67%), mainly due to
the use of a special structure of the three-chamber hydraulic cylinder and
accumulator B. In addition, the required flow rate is reduced under the same
speed conditions because of smaller effective working area, when using three-
chamber cylinder. To a certain extent, the system has added damping and
reduced the speed oscillation further.

6 Conclusions

In order to boost the energy efficiency of the hydraulic boom, this paper
proposes a novel energy-saving system, a variable-speed pump-controlled
three-chamber cylinder using speed feed-forward LADRC control. The pro-
posed system provides good position control performance while ensuring
high energy recovery efficiency. The following main conclusions are derived
from the analysis of the proposed system’s position tracking performance and
energy consumption characteristics:

(1) The control system with the feed-forward LADRC algorithm can
achieve a stable state smoothly. The position tracking error is controlled
within 2.66% and has no overshoot to the position signal. Therefore,
the control performance of the feed-forward LADRC is better than that
of the PID, which can better meet the position control needs of the
variable-speed pump-controlled system.

(2) Compared with the variable-speed pump-controlled differential cylinder
system, when energy recovery is considered, the energy consumption
during the boom operation is reduced by 43.51% with the proposed
three-chamber cylinder system using feed-forward LADRC. Also, the
peak power of the power source is reduced by 27.77%. Therefore,
significant energy saving can be achieved with the proposed system.
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Abbreviation

ADRC  Active disturbance rejection control

LADRC Linear active disturbance rejection control
PMSM  Permanent magnet synchronous motor

PID Proportional-integral-derivative

FFC Feedforward control

JCMAS Japan Construction Mechanization Association
NLESO Nonlinear expanding state observer

LESO Linear expanding state observer

PD Proportional-derivative

RMSE  Root mean square error
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