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Abstract. A hybrid distributed-centralized load sensing (HDC-LS) system is a potential
solution for reducing energy consumption in electric construction machinery. It balances
load differences by establishing a hybrid distributed-centralized actuator (HDCA) through
the parallel connection of a distributed actuator alongside the original hydraulic cylinder.
The characteristic of the excavator actuator, which is highly involved in compound motions,
is exploited to equip the arm with the HDCA in this study. A parameter design approach is
proposed that fully considers multiple HDCA factors, including load balance capacity,
nominal power, and installation space. Compared with the conventional EHA, the integrated
HDCA reduces the volume and mass by 43.9% and 27.3%, respectively, for a nominal power
of 5 kW. Simulation results for a 6 T electrified excavator show that battery energy
consumption is reduced by 2.2% — 15.6% for HDCA nominal powers of 3 — 7 kW, compared
with the conventional load sensing (LS) system.

Keywords. Electric excavator, Load sensing, Load differences, Integrated, Installation
space, Energy efficiency evaluation.

1. INTRODUCTION

With the international community increasingly focusing on policies of carbon neutrality and
carbon peaking, the development of new, highly efficient construction machinery has
become more urgent in recent years [1]. The load sensing (LS) system matchs pressure by
controlling the pump outlet pressure to be one pressure margin higher than the load pressure.
Offering advantages such as simple and reliable operation control, it is widely used in small
and medium-sized excavators. However, the system exhibits substantial energy losses that
originate from two dominant mechanisms.

(1) Control valve losses. These losses are termed meter-in (upstream) or meter-out
(downstream) throttling losses, depending on their location relative to the actuator. The
former can be partially reduced by variable pressure margin control, but this approach
requires extra sensors and signal-conditioning electronics [2]. The latter can be addressed
by potential energy recovery, but this requires additional energy-conversion components,
the implementation of which is often constrained by space limitations. The independent
metering control system is an effective solution for reducing these throttling losses [3].
However, the excessively low pressure differential across the valve orifice can easily
trigger oscillations, resulting in poor system stability [4].
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(2) Load differences loss. Previous studies have tackled this problem through four
mainstream approaches. 1) The hydraulic transformers. Due to their complex structure,
production costs remain high, posing significant challenges to commercialization [5]. 2)
The multi-pressure sources. These systems require multiple components (e.g., pumps,
accumulators, switching valves), leading to complex structures, high costs, and large
space requirements [6]. 3) The multi-chamber cylinder. When the actuator load changes,
frequent mode switching by the control valve is required to select a new working chamber.
This results in pressure shocks and poor system controllability [7]. 4) The distributed
control systems. Purely distributed systems suffer from high installed power and large
installation space.

To address the issue of low energy efficiency caused by load difference, a hybrid distributed-
centralized load sensing (HDC-LS) system was proposed in our previous work [8]. The
results obtained from an excavator’s boom showed advantages of high energy efficiency and
ease of implementation. In this study, the parameter design criterion for the HDCA is further
discussed to systematically consider its key factors, including load balance capacity,
nominal power, and installation space. A parameter design approach is proposed for the
HDCA and the control valve to make tradeoffs among nominal power, installation space,
and energy-saving capacity. Furthermore, an integrated HDCA with a four-chamber
hydraulic cylinder is designed and validated on a 6 T electrified excavator under different
nominal powers.

2. LAYOUT OF THE HDC-LS SYSTEM

As shown in Figure 2.1, the basic mechanism of the HDC-LS system is to establish an
HDCA by connecting an electro-hydrostatic actuator (EHA) (distributed actuator) in parallel
alongside the original hydraulic cylinder (centralized actuator). The four-quadrant operation
of the EHA is exploited to balance the load difference. When the HDCA is the highest-load
actuator, the EHA applies an auxiliary force to adjust the meter-in chamber pressure down
to that of the second-highest actuator, thereby reducing LS pump energy consumption.
Conversely, when the HDCA is not the highest-load actuator, the EHA applies a resistive
force to achieve pressure matching, thereby recovering the lost energy of the pressure
compensator. Furthermore, the EHA can also recover the potential energy under
overrunning loads during load balancing. The principle of the EHA controller is shown in
Figure 2.1 (d), with details referenced in our previous work [8]. In this study, the case of the
HDCA installed on the excavator’s arm is considered to discuss a design criterion. There are
three reasons as follows.

(1) The nominal power of the HDCA should be high enough to achieve full load balance
and energy recovery under different conditions. The arm experiences more complex four-
quadrant loads than the boom. Therefore, accurate and uniform evaluation of the load
difference under compound motion is necessary.

(2) The HDCA includes many components such as an electric motor, a valve block, and
a hydraulic pump. The increased mass has a significant impact on the required force and,
thereby, on the energy consumption.



(3) The HDCA is sensitive to size constraints when installed on the arm of the excavator
or other machinery. The HDCA should be designed carefully within limited installation
space to avoid structural interference.
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Figure 2.1. Working principle of the HDC-LS system

3. PARAMETER DESIGN APPROACH

The flow diagram of the parameter design is shown in Figure 3.1. For the distributed
actuator, the key criterion for parameter design is to identify the relationship between EHA
nominal power (HDCA nominal power) and energy-saving capability. The load forces of
three actuators during the excavating cycle are obtained through load characteristic
modelling. The EHA output force is calculated assuming fully balanced load differences,
and its probability distribution is derived. A power coverage ratio is calculated by combining
the probability distribution of EHA velocity, and this ratio is used as an index for evaluating
energy-saving capability. For the centralized actuator, the meter-out orifice of the control
valve is redesigned based on the selected HDCA nominal power to compensate for loads
exceeding the nominal power.
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Figure 3.1. Flow diagram of the parameter design

3.1 Distributed actuator

3.1.1.  Modelling of load characteristic

A typical excavating cycle is shown in Figure 3.2(a), which consists of four working steps:
digging, lifting, dumping, and lowering. To evaluate the energy-saving capability of the
HDCA, the excavating cycle is divided into two conditions: soil interaction condition

(Figure 3.2(b)) and free motion condition (Figure 3.2(c)).
(a) Working cycle

A ‘A\v
(c) Free motion col%i>tion

Figure 3.2. Typical excavating cycle and its two conditions



1) Full load excavating condition. The arm and bucket cylinders typically extend in a
compound motion for soil excavation, while the boom has a rare or small movement. The
digging force is applied to the bucket tip by the soil. Specifically, the mass of the HDCA
impact on energy consumption is considered in the modelling process. Furthermore, to
guarantee that the load forces represent the operating conditions of the arm and bucket
cylinders across various postures, the modelling process considers different boom
displacements. 2) Full load free motion condition. The boom, arm, and bucket cylinders
perform a compound motion to complete the soil dumping. Similarly, the effects of different
bucket displacements on the load forces are considered. During the excavating condition,
static equilibrium balances the excavating force and manipulator gravity against the
hydraulic cylinder output. During the free-motion condition, it balances the combined

gravity of the soil and manipulator against the hydraulic cylinder output. The load force of
the actuators is shown Figure 3.3.
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Figure 3.3. Load forces of the actuators

3.1.2.  Probability distribution of EHA output force

The four-chamber cylinder structure is shown in Figure 3.4. To ensure the digging force of
the arm, the effective area A,, of chamber "a" in the four-chamber cylinder of the
centralized actuator must not be less than that of the original cylinder. 1) Full load excavating
condition. When the excavator is in excavating condition, both the arm and bucket actuators

are typically extended. Ignoring friction, the steady state force equilibrium equation for the
arm and bucket can be expressed as:



{FZ = (paZAaZ - prAbZ) + Fgna (3 1)
F3 = pazAaz — Pb3Abs '

where F, and F; represent the load forces on the arm and bucket, respectively (positive
direction is defined as cylinder extension); Fgp, indicates the output force of the EHA; p,,
and py, denote the pressure in chambers "a" and "b"; Ay, is the effective area in chamber
"b"; p.z and py; are the head-side and rod-side pressures of the bucket cylinder; and A3
and Az represent the corresponding effective areas. Here, py,, with the meter-out orifice

fully open for potential energy recovery. p,3 can be derived from the orifice equation,
which is:

2Ap
q = CaAq > (3.2)

where q represents the flow rate; C; indicates the flow coefficient; p denotes the oil
density; Aq is the cross-sectional area; and Ap represents the differential pressure.
Therefore, p,, and pp; can be expressed as:
Ppz = 0, Arm extends
2
= %, Bucket extends (3:3)
2C4AGp3
where qp3; and Agpz represent the flow rate and cross-sectional area of the bucket control
valve, respectively. When the EHA adjusts the load pressure of the centralized actuator so

that it is consistent with the load-pressure feedback from other actuators, the load differences
are fully balanced, that is:

Pb3

Paz = Pf = Pas (3.4)
where pr represents load pressure feedback from other actuators. From Eqgs. (3.1) and (3.4),
Fgha can be inferred as:
Fona = Fy P00 (35
a3
From Eq. (3.5), Fgna can be calculated for different displacements of the arm and bucket,
as shown in Figure 3.5. 2) Full load free motion condition. Similarly, Fgp, can be obtained

according to the direction of motion of the boom and arm, as shown in Figure 3.6.
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3.1.3.  Power coverage ratio of HDCA

As shown in Figure 3.5 and Figure 3.6, Fgp, is stochastic under different motion
conditions. To better describe this complex load characteristic, its probability distribution is

calculated for the typical excavating cycle by uniformly segmenting Fgp, several zones.
The probability distribution and segmenting can be expressed as:

n;
Prpig = -—100%,
11 . . cps
F.. —F F.. _f. =123, ..,z Excavatingcondition
Foy +—‘“Z PL(i— 1) < Fgpa < Fpy +—”1Z 2Ly,
1 1
Prpre = Y *100% (3.6)
" Ny gy g0 ’
FUZZI— FDZZZ 2o Fus — Fo» j=123,..,z, Free motion condition
Fpy + — =1 < Fgpa <Fpz + ——J,
2

Z2

where Pppig and Pppr. represent the probabilities within the output force of segment i
and j, respectively; Fy,, Fpi, Fy, and Fp, indicate the upper and lower limits; z; and
z, denote the number of segments; n; and n; are the number of sample points within each
segment; and n,; and n,; represent the numbers of sample points for Fg,, Figure 3.5 and
Figure 3.6 (each actuator displacement step corresponds to a sample point). During each
motion phase, the velocities of the arm actuator typically tend toward a normal distribution.
Therefore, the probability S, at the velocity vgp, can be expressed as:
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where p and o represent the mean and standard deviation, respectively. The total number
of the EHA power sample points is defined as w. In each segment, m output-force samples
are calculated based on the probability distribution, and m velocity samples are generated
randomly according to the velocity distribution. Considering the efficiencies 71p,, and
Ncyr of the hydraulic pump and cylinder, the power P¥.. corresponding to each sample
point for the distributed side can be expressed as:
k k
. M, (F¥v% = 0) Under resistive condition
Pgha = { Mpum?cyl , k=1.2w (3.8)
Fé‘hav{;‘hanpumncyl, (Fé‘vg < 0) Under overrunning condition

where FY . and vf,, represent the output force and velocity corresponding to each
sample point, respectively. To achieve better load balance, a higher nominal power of the
EHA is preferable to cover all P ., but is limited by the installation space of the arm. To
evaluate the load balance capacity, the power coverage ratio of the HDCA is introduced as
an evaluation index. The schematic of the power coverage ratio under different motion
conditions is shown in Figure 3.7. Here, the red and blue points represent power sample
points Pg ., and the green curve is the nominal power Py of the EHA electric motor.
PE . are distributed according to the joint probability distribution of the velocity and the
output force of the distributed side. The light blue area represents the sufficient nominal
power (PX.. < Pyot), While other colored areas represent the insufficient power (PY,, >
Ppmot)- The EHA operates in two-quadrant modes during the soil interaction condition:
extension condition with resistive load (ECRL) and extension condition with overrunning
load (ECOL). When P¥ ., > Py (light green and orange regions in Figure 3.7(a)), the
excess power is consumed by the pressure compensator (ECRL mode: bucket compensator;
ECOL mode: arm compensator). During the free motion condition, the EHA operates in
four-quadrant modes: ECRL, ECOL, retraction condition with overrunning load (RCOL),
and retraction condition with resistive load (RCRL). Similarly, when P,é‘ha > Pyt (vellow,
orange, and black regions in Figure 3.7(b)), the excess power is consumed by the pressure
compensator or control valve. Under ECRL and RCRL modes, it is consumed by the boom
compensator. Under RCOL and ECOL modes, the arm control valve takes priority and
consumes the excess power, while the arm pressure compensator compensates for the
insufficient power. Therefore, the power coverage ratio Pc,, of the EHA can be expressed

as:

W.
1.100% (3.9)
w

where w; presents the number of sample points (P¥ . < Pyot). The distributions of the

excavating condition and the free motion condition are determined to be 1/3 and 2/3,

respectively, through statistical analysis of multiple typical excavating cycles. Therefore,

the power coverage ratio Pgy. of the HDCA under excavating cycle can be expressed as:
_ PCovDig 2PCovFre

PCyc - 3 3 (3.10)
where Pgoypig and Peoypre Tepresent the power coverage ratios of the EHA for the

Peov =

excavating condition and free motion condition, respectively.
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Figure 3.7. Schematic of the power coverage ratio under different motion conditions

The power coverage ratio of the HDCA needs to consider the effects of its mass and the
effective area of the four-chamber cylinder:

(1) HDCA mass. The mass of the HDCA can be equivalently transferred to the boom

when the arm is equipped with the HDCA, as shown in Figure 3.8. Thus, the equivalent
mass mj of the boom can be expressed as:

my = my + kyMygca (3.11)
where kj, represents the coefficient; m, indicates the mass of the boom; and Mmy4c,a
denotes the additional mass of the HDCA.

Figure 3.8. Equivalent mass of the boom

(2) Effective area of the four-chamber cylinder. To guarantee that the EHA can output

maximum force within pressure limits in the EHA circuit, the effective areas A., and

Ag, of the symmetrical chambers are selected to be half of A,,.Therefore, the area

coefficient kp.. can be described as:

kare = %, 0<kpe<1 (3.12)
a2

where Ay, represents the new effective area of chamber "b" in the four-chamber

cylinder.
The comparison of volume and mass between HDCA and conventional EHA (arm EHA
with purely distributed drive in [9]) is shown in Figure 3.9. It can be observed that the
percentage decrease in volume and mass of the HDCA gradually decreases with Py;¢. When
Prot 18 5 kW, the volume and mass are reduced by 43.9% and 27.3%, respectively. By
combining Egs. (3.1) — (3.12), Py for different values of Pyor and kupe can be
calculated, as shown in Figure 3.10.
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Figure 3.10. Power coverage ratio
between HDCA and EHA

of the HDCA

3.2. Centralized actuator

When the arm is in overrunning mode, it is necessary to avoid the HDCA overspeed because
of insufficient output force. Therefore, the cross-sectional area acquires to be redesigned.
The energy-saving effects of the system are evaluated for kp.e = 0.43 and Py of 3 kW,
5 kW, and 7 kW. Correspondingly, Pcy. is 56.8%, 76.2% and 87.3%, respectively, from

Figure 3.10. Considering the limitations of the EHA components, the actual output force
Fghaact can be expressed as:

Fghaace = min <
VEhalPumlcyl

where Fco, represents the maximum output force limited by the EHA components. The
back pressure pgac; and pgacr required at the control valve can be expressed as:

Fuinz — FEhaact
Ap;
FMaxZ B FEhaAct
Aaz
where Fyinz and Fyaxe represent the maximum gravitational forces that the EHA needs
to overcome in overrunning mode (shown in Figure 3.3(d)); and ps indicates the minimum

pressure to guarantee control performance. The flow rate qg,c; and ggac» of the control
valve can be expressed as:

PMot

,FCom> , EHA under overrunning condition (3.13)

DPBaci = Max (ps, ) Arm extends

(3.14)

U?Bacz = max (Ps, ) Arm retracts

{qgm = Ap,v,, Arm extends

qRacz = A2V, Arm retracts (3.15)
Here, vgp, can be expressed through the control valve opening kgpe as follows:
VEha = kOpevMaxz (3.16)

where Vyax, represents the maximum velocity of the arm. From Eq. (3.2), the designed
cross-sectional area Aq; and A4, can be calculated using the flow formula as follows:

(Acl1 = &, Arm extends
C 2(pBac1—PT)
d\/ p
TBac (3.17)
Agp = = Arm retracts

k Cd ’Z(IJBa;Z -pT) '

where pr represents the tank pressure (pr = 0). From Eqgs. (3.13) — (3.17), Aq; and Ag;
(blue curve) for different kqpe values are obtained when Pyo is 3 kW, 5 kW, and 7 kW,
respectively, as shown in Figure 3.11. To reduce the difficulty of valve machining, A4; and
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4. SIMULATION STUDY
4.1. Simulation modelling

A 6 T electric excavator driven by a conventional LS system is taken as the reference
prototype. A simulation model of this prototype is built in the AMESim environment. Based
on the simulation model, the arm cylinder is replaced with an HDCA to establish the HDC-
LS system. The models are simulated under the same excavation cycle to evaluate the

energy-saving effects and the velocity performance at HDCA nominal powers of 3 kW, 5
kW, and 7 kW.

4.2.
4.2.1.

Comparative analysis
Motion performance

As shown in Figure 4.1(a), the HDCA enters the extend mode and the retract mode according
to the arm control signal during a typical excavation cycle. As shown in Figure 4.1(b), during
the entire motion process, the arm actuator maintains nearly identical velocities with smooth
dynamic speed variations because the flow control method of the conventional LS system is
retained. Therefore, the designed cross-sectional area of the control valve avoids overspeed
dropping caused by insufficient HDCA nominal power. This guarantees the consistent
motion profiles and evaluation accuracy of energy efficiency.
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(a) Typical excavating cycle of the excavator (b) Arm
Figure 4.1. Excavating cycle and actuator velocities
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4.2.2.  Energy consumption performance

As shown in Figure 4.2, by controlling the EHA output force to adjust the pressures in
chambers a and b of the four-chamber cylinder, the pressure differential and the energy
losses across the pressure compensators are reduced. The output energy of the LS pump is
reduced effectively since the EHA outputs an auxiliary force. When the EHA outputs a
resistive force, it prioritizes recovering potential energy while balancing load difference.

30

Force (kN)
f=1

30 —— HDC-LS (5 kW)

HDC-LS (7kW)

0 2 4 6 8 10 12 14
Time (s)

(a) Output force of the EHA

Pressure (MPa)

(c) Pressure differential of the arm pressure

compensator

[
—_
T

—_
N

Pressure (MPa)

~

0 2 4 6 8 10 12 14
Time (s)

(e) Outlet pressure of the LS pump

Pressure (MPa)

(b) Pressure differential of the boom pressure

compensator

Pressure (MPa)

0 2 4 6 8 10 12 14
Time (s)

(d) Pressure differential of the bucket pressure

compensator
T

T T T T T
8

Power (kW)

Time (s)

(f) Power of the EHA

Figure 4.2. Simulation results of the conventional LS and HDC-LS systems

The system efficiency can be calculated as:

Ece — Ecp
= __CP.1009

¢ Ee, %o

Ep,— E
np = ——"2.100% (4.1)

EPt

Er—E

ns = ——2+100%

Er
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where 7n¢ and np represent energy-saving efficiency of the pressure compensator and LS
pump, respectively; ns indicates the energy-saving efficiency; Ec., Ep; and Er denote
the energy consumption of the pressure compensator, LS pump, and battery in the
conventional LS system; and E¢p, Epp, and Ep are the energy consumption of the pressure
compensator, LS pump, and battery in the HDC-LS system. Based on Eq. (4.1) and
combined Figure 4.3, the system efficiencies for different HDCA nominal powers are
calculated in Table 1. It can be observed that both the energy loss in the pressure
compensator due to the load difference and the output energy by the LS pump are
significantly reduced. As the nominal power of the HDCA increases, the load difference
effect of the EHA becomes more pronounced, leading to increasing energy savings. At
nominal powers of 3 kW, 5 kW, and 7 kW, the energy consumption of the battery is reduced
by 2.2 %, 11.2 %, and 15.6 %, respectively.
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Table 1 System efficiency for different HDCA nominal powers
HDC-LS system  HDC-LS system  HDC-LS system

Name LS system (3 kW) (5 kW) (7 kW)
Ec/Ecy 37kJ 339kJ 25.4KkJ 21.5k]
(Boom 19.2kJ)  (Boom 19.7 kJ) (Boom 14 kJ) (Boom 10.4 kJ)
(Arm 10.1 kJ) (Arm 3 kJ) (Arm 3.5 kJ) (Arm 4.1 kJ)
(Bucket 7.7kJ)  (Bucket 11.2kJ)  (Bucket 7.9 kJ) (Bucket 7 kJ)
Epi/Epy, 131.9kJ 128.6 kJ 115.6kJ 108.8 kJ
Et/Ep 197.6 kJ 193.2kJ 175.4kJ 166.8 kJ
Nc — 8.4% 31.4% 41.9%
p — 2.5% 12.4% 17.5%
Mg — 2.2% 11.2% 15.6%
5. CONCLUSION

In this study, a parameter design approach suitable for the HDCA when installed on the arm
of electric excavator is proposed. Furthermore, the HDCA is designed to achieve an
integrated drive. Compared with the conventional EHA, the integrated HDCA reduces the
volume and mass by 43.9% and 27.3%, respectively, for a nominal power of 5 kW. A6 T
electric excavator simulation model of the HDC-LS system is established. The energy-
saving effects of the HDC-LS system are evaluated under HDCA nominal powers of 3 kW,
5 kW, and 7 kW. The energy losses of the pressure compensator (boom + arm + bucket) are
reduced by 8.4%, 31.4%, and 41.9%, respectively, through the EHA load balancing effect.
This approach reduces battery energy consumption by 2.2%, 11.2%, and 15.6%. With the
increase in HDCA nominal power, the energy-saving effect of the proposed system becomes
increasingly significant.
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