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Abstract: This paper presents an innovative powertrain design and an energy regeneration system
for hybrid hydraulic excavators to reduce energy consumption and emissions. The proposed system
is designed to maximize engine efficiency and make full use of the energy gained from boom and arm
retraction. The powertrain features an innovative design that incorporates a continuously variable
transmission (CVT), which drives the main pump. It enables precise control of both the engine’s
speed and torque, ensuring that the engine operates within the high-efficiency range. The energy
regeneration system is applied to regenerate the potential energy of the boom and arm, which can
be used to either charge the battery or directly supply power to the main pump. Moreover, an
energy management strategy based on an equivalent consumption minimization strategy is used to
distribute the power while offering maximum engine efficiency. When compared with the existing
hybrid system and conventional system, the simulation results indicated that the proposed approach
achieves energy-saving efficiencies of 16.9% and 77.1%, respectively, at high velocities and 22.25%
and 53.5%, respectively, at medium velocities. This research signifies a promising advancement for
sustainable and efficient hydraulic excavator operations.

Keywords: fuel consumption; energy management; energy recuperation; hybrid hydraulic excava-
tors; equivalent factor

MSC: 93C35; 93C40

1. Introduction

The increasing global energy crisis and environmental pollution, necessitate innova-
tive solutions, particularly in industries such as construction and agriculture where heavy
machinery contributes significantly to these issues [1–3]. Research into energy-saving
technologies and emission reductions for hydraulic excavators is particularly critical [4–6].

Hybrid technology has emerged as a promising solution to reduce energy consump-
tion in hydraulic excavators ((HEs)) [7,8]. HEs, mainly divided into hydraulic and electric
hybrids, have been developed and commercialized, offering potential energy savings [9,10].
Researchers have effectively demonstrated the potential of electric energy regeneration sys-
tems (EERSs) within the boom system of hybrid hydraulic excavators (HHEs) in previous
studies [11–13]. The EERSs offer efficient energy conservation capabilities and are compati-
ble with electric HHEs. In this application, the energy generated during operation is stored
in a battery and subsequently utilized by an electric motor for a future use [3,14,15].

The implementation of energy regeneration systems, such as EERSs and hydraulic
energy regeneration systems (HERSs), has been key to HHEs [16,17]. An electric generator
in an EERS can be utilized to capture and store the energy that has been regenerated. The
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storage options include devices such as a battery or a supercapacitor [18,19]. When consid-
ering HERSs, it is notable that the use of hydraulic valves enables the storage of regenerated
energy in a hydraulic accumulator [7,20,21]. These systems can capture and store energy
that can be used to run actuators directly or assist the internal combustion engine (ICE),
thus reducing energy consumption. However, the focus on energy regeneration efficiency
often overlooks the need to examine energy reuse in the drive mode, which influences the
overall system’s energy-saving efficiency [14,22]. An electric hybrid hydraulic excavator
was proposed, which considered the ICE and hydraulic pump (HPu) efficiency to enhance
energy saving [14]. This system saved 36.69–45.16% of energy compared to conventional
systems. Yu et al. also proposed a powertrain, the electrical hydraulic continually variable
powertrain (EHCVP), which used an ICE and an electric motor/generator (EMG) to power
the boom system. This system could adjust the torque and speed of the ICE for optimal
efficiency and regenerate potential hydraulic energy from the boom cylinder, converting
it into electrical energy. The generated energy was then stored in a battery for reuse in
subsequent cycles. A schematic diagram of an EHCVP system can be seen in Figure 1a.
A variable HPu is used to ensure that the speed and torque of the ICE are independent
of the pump’s speed and load, respectively. The HPu is driven directly by the ICE to
supply energy to the hydraulic system without a gearbox. The EHCVP system employs
an EMG capable of operating as both a motor and a generator, enabling the generation
of mechanical or electric energy. By employing the EHCVP system, it became possible
to adjust the operating speed of the ICE to operate optimally. Additionally, the system
incorporated a pump capable of altering its displacement, which allowed for precise control
over the torque produced by the ICE. This allows for the ICE to operate in its high-efficiency
range. However, one should bear in mind that the range of torque control in the ICE at high
speeds is constrained by the maximum displacement of the HPu. Under the conditions
of an extremely large load and middle velocity, the EHCVP could not control the ICE to
work with higher efficiency, highlighting the need for further research. Moreover, despite
extensive research on energy regeneration systems, further exploration remains necessary
to enhance the efficiency of energy utilization in HHEs, particularly with respect to energy
reuse during the drive mode [3].
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Figure 1. Comparison of the powertrain of the EHCVP, EHCVP II, and proposal structures.

To overcome the drawbacks of the EHCVP system, Yu et al. proposed an improved
version of the EHCVP, called the EHCVP II system [23]. This system incorporated a
two-speed gearbox, situated between the planetary gearbox and the HPu, which primarily
governed the control of the ICE torque, as illustrated in Figure 1b. Additionally, the speed of
the ICE was controlled by the EMG. The EHCVP II system was demonstrated to effectively
decrease energy usage when operating at high speeds. In comparison to both the existing
EHCVP system and a conventional system, it achieved energy savings of 11% and 54%,
respectively, under high-speed conditions. Thus, the EHCVP II system offered an efficient
solution for reducing fuel consumption in hydraulic excavators. However, its ability to
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reduce energy consumption was not prominent at medium and low speeds. Furthermore,
the EHCVP II only considered the energy regeneration mode with a standalone boom
system. In the case of the arm and bucket working, the energy regeneration mode of the
boom cylinder could not operate. The ICE and EMG can both independently operate
the HPu or work in unison with each other. While implementing the EHCVP II, the two-
speed gearbox’s capability to adapt to different speeds may be limited. Consequently,
its effectiveness in reducing energy consumption might not be prominent, particularly at
medium and low speeds. Additionally, using 1:1 gear ratios for energy regeneration may
lead to decreased generator efficiency. This makes it extremely challenging to implement
these systems on real excavators.

At higher velocities, the efficiency of the engine decreases as a result of its increased
speed. One possible solution to address this issue is to introduce an HPu with a larger
capacity into the system to enhance the ICE’s efficiency at high speeds. However, it should
be noted that the hydraulic pump primarily operates at low and medium displacements,
leading to lower efficiency under other conditions. As a result, the existing design lim-
itations of these systems hinder the potential improvement of energy-saving efficiency,
particularly when operating at high velocities. Consequently, it may not be possible to
enhance the fuel consumption of the entire system across different velocities in real-world
engineering applications.

To enhance the energy-saving efficiency of hybrid systems, numerous energy manage-
ment strategies have been suggested, as pointed out in source [24]. The role of an energy
management strategy (EMS) is of paramount importance in bolstering the energy-saving
efficiency in such hybrid systems. One prominent example of an energy management
strategy is the equivalent consumption minimization strategy (ECMS) utilized to regulate
hybrid systems, which uses an equivalent factor (EF) to convert battery electrical energy
into fuel consumption [25]. However, the traditional ECMS approach bears constraints
owing to the use of a static EF that has been predetermined under certain specific conditions
through offline optimization. The Adaptive ECMS (A-ECMS), which dynamically updates
the EF, involves conducting several experiments to determine values such as the starting EF
and the coefficient of proportionality [26]. A method for updating the EF, which relies on
velocity prediction, has been suggested [27], providing temporary driving information for
the real-time EF and achieving a stable state-of-charge (SOC) trajectory. Tian X. et al. [28],
introduced an approach wherein the A-ECMS was dependent on the driving style, updat-
ing the EF accordingly. This strategy resulted in better fuel economy and a more stable
SOC. Energy regeneration and energy reuse of drive mode are important for deciding
the energy-saving efficiency. The existing research has not optimized energy working
points, considering pump efficiency, in the structure design and EMS for an engine-driven
excavator [22,29,30]. Developing a new HE with high efficiency and stability requires a
new powertrain and EMS [31,32]. Several methods have been proposed for optimal power
distribution in a hybrid powertrain [33,34], but they require prior knowledge of the drive
cycle and offline optimization.

ECMS has been implemented in parallel hybrid forklifts and parallel powertrain HEs
to minimize fuel consumption and regulate the SOC of the supercapacitor within the
optimal range. This is achieved by adjusting the engine speed based on the load condi-
tion [35]. Extremum seeking (ES) is a model-free, real-time EMS also suitable for complex
systems, such as HEs [36]. Global optimal solutions cannot be directly applied in a real-time
EMS; however, they serve as valuable reference points for comparing and evaluating other
strategies. In a study conducted by Anders et al. [37], an ECMS was utilized in a parallel
powertrain HE, taking into account the power consumption of the ICE and the electric
motor’s internal and kinetic power, all incorporated within a Hamiltonian function.

To address the previously mentioned challenges and to effectively minimize fuel
consumption in HHEs, this research proposes an innovative solution aimed at reducing
fuel consumption in HHEs. The main contributions of the article are presented as follows:
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• This solution stands out by prioritizing energy regeneration and optimization of en-
ergy reuse for both boom and arm operations. By considering the energy regeneration
mode for not only the standalone boom system but also the arm working scenarios,
the solution ensures maximum efficiency in energy utilization.

• The powertrain design employs a CVT, which allows for precise control over the
ICE’s speed and torque. This ensures that the ICE always operates within its highest
efficiency range, thereby minimizing fuel usage.

• By optimizing the ICE working points, it utilizes an ECMS integrated with a CVT
system to maximize the energy-saving efficiency and implement energy regeneration.
Consequently, this approach can significantly reduce the energy expenditure of such
HHEs. The IEHCVP system demonstrates an improved energy consumption reduction
even at medium and low speeds.

When compared with both the EHCVP II setup and traditional excavator configu-
rations, the proposed system achieves remarkable energy savings of 16.9% and 77.1%,
respectively, at high velocities, and 22.25% and 53.5%, respectively, at medium velocities.

This paper is structured as follows. Firstly, Section 2 provides a comprehensive
discussion of the previous systems and the proposed innovative powertrain enhancement
for the EHCVP. The energy management strategy is presented in Section 3. In Section 4,
simulations and discussions are conducted to validate the system’s performance, and a
comparison of the energy efficiencies is made between the systems. Finally, our conclusions
are presented in Section 5.

2. Proposal System Configuration

To optimize energy-saving efficiency, particularly in scenarios involving high and
medium velocities as well as heavy loads, this paper introduces an innovative EHCVP
structure for the boom and arm systems. The proposed structure, depicted in Figure 2,
enables energy regeneration from boom retraction and facilitates its reuse for the arm-up
mode, and vice versa, simultaneously. The innovative EHCVP has the ability to harness
energy during boom descent. It can supply mechanical power to drive the pump and also
generate electrical power to charge the battery. The hydraulic motor (HMo) is installed in
the return line of the boom and arm cylinders to regenerate the potential energy of the boom
and arm systems, respectively. Simultaneously, a gearbox is installed in the return line of
the boom and arm cylinder to reverse the torque of the HMo, thereby facilitating energy
reuse for the battery and HPu. Not only does it have the features previously mentioned, but
the IEHCVP also includes a CVT, which is located in the position connecting the planetary
gearbox to the HPu. The CVT, together with the HPu, primarily regulates the ICE torque,
enabling more flexible control of the ICE torque’s working range compared to the current
EHCVP II. Furthermore, the speed of the ICE is governed by the EMG. The proposed
innovative powertrain enhancement for EHCVP in this paper is named the IEHCVP. With
the IEHCVP, the CVT can adjust the ICE’s speed and torque over a wide range of gear
ratios at high velocities. This allows the ICE to operate more efficiently at high speeds.
In the mid-range and low-speed conditions, the proposed IEHCVP can maintain a high
level of efficiency compared to the current EHCVP II. Overall, in real-world engineering
applications, the IEHCVP demonstrates enhanced fuel efficiency across a range of velocities,
adapting to varying operating conditions.

In the IEHCVP configuration, various elements, such as the ICE, the EMG, and the
CVT, are specifically associated with the carrier, the sun, and the ring, in that order. The
rotational velocities of these gears are dictated by Equation (1) [23].

ωrg × drg = ωca ×
(
drg + dsg

)
− ωsg × dsg (1)

where we take into consideration the diameter and speed, which are represented as dsg and
ωsg for the sun gear, and, similarly, drg and ωrg for the ring gear. The speed at which the
carrier moves is denoted as ωca.
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The ratio of the CVT follows Equation (2).

ωrg = icvtωHpu (2)

where ωHpu stands for the HPu’s speed and icvt represents the ratio of the CVT. The joystick
signal provides the desired flow rate, which is in line with Equation (3).

ωHpu =
qc

DHpuηHpuv
(3)

where ηHpuv and qc denote the HPu’s efficiency in terms of volume and its rate of flow,
respectively. Using Equations (2) and (3), the selection of the HPu’s displacement and the
CVT’s ratio can be determined from the required rate of flow. This results in an infinite
number of possible combinations for the ICE speed and the speed of the EMG, as guided
by Equation (1). The control strategy then defines the final command for the speed of both
the ICE and the EMG.

Each gear’s torque is dictated by Equation (4) [38].

Trg : Tsg : Tca = drg : dsg :
(
drg + dsg

)
(4)

where Trg, Tsg, and Tca represent the torques corresponding to the elements of the ring, sun
gears, and carrier, in that order. The HPu’s torque depends on the pressure at the HPu’s
output side, as demonstrated in Equation (5).

Trg =
THpu

icvt
=

pcDHpu

2πηHpumicvt
(5)

where THpu symbolizes the torque associated with the HPu, and pc reflects the pressure
on the HPu’s output side. Further, DHpu conveys the HPu’s displacement, while ηHpum
accounts for the HPu’s hydro-mechanical efficiency. The torque HPu, denoted by THpu,
governs the torque of the ring gear.

In the test simulation, a large and small cylinder are utilized to replicate the boom
and arm cylinder, respectively, as found in the real system in the laboratory. EMG #1 and
#2 are used to simulate the functionalities of the ICE and the combined motor/generator,
correspondingly. Meanwhile, the load is fastened to the cylinder’s rod. The planetary
gear output shaft is regulated by a CVT, which can connect it to either the HPu or the
HMo. When the CVT is connected to the HPu, it operates in a mode called ‘boom-up’ or
‘arm-up’. During this phase, the valves VB and VA are positioned on the left. The function
of the IEHCVP is to propel the HPu, enabling the elevation of the load. Conversely, when
the CVT engages with the HMo, the system switches into either ‘boom-lowering’ mode,
‘arm-lowering’ mode, or both modes. In this state, the energy recuperation valves, namely
VGB and VGA, become operational. This facilitates the transfer of fluid from the cylinder to
the HMo. The latter is linked to both the innovative powertrain and the HPu. The purpose
of VGB and VGA is to reduce the flow rate through the HMo, especially under high velocity
and heavy load conditions. This ensures system safety and minimizes the power required
to drive the generator. EMG #2 acts as a generator in this scenario to stabilize the torque
from the HMo while also recapturing energy. The HMo propels either EMG #2 through the
CVT and planetary gear or the arm cylinder through BrakeP and the HPu. Each gear shaft
within the planetary system is equipped with devices to measure speed and torque and a
pressure monitoring device positioned within the discharge port of the rod chamber in the
boom and arm cylinders.
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Figure 2. Structure of the IEHCVP.

3. Energy Management System
3.1. Discussion and Control Modes of IEHCVP System

When operating in boom and arm-up mode, the velocity of the cylinders is directly
proportional to the joystick signal, as expressed in Equation (6).

vr = αvmax (6)

where α represents the joystick signal, while vr and vmax correspond to the cylinders’
desired velocity and their maximum velocity, in that order. The α value spans from 0 to a
full 100%. Furthermore, the necessary rate of flow qc can be determined using Equation (7).

qc = vr Acr (7)

where the area of the rod chamber is denoted by Acr. The speed of the HPu can be
calculated using Equation (3). In order to achieve the needed flow rate while enhancing the
system’s energy efficiency, it is necessary to control the ICE speed, EMG speed, CVT, and
displacement of the HPu. Therefore, an energy management strategy must be implemented
for the IEHCVP system. Furthermore, the pressure pc can be determined using Equation (8).

pc =
F

Acr
(8)

where F represents the force acting on the cylinder.
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This article discusses the control mode of the IEHCVP system and its components, as
illustrated in Figure 3. The lifting process can be executed by utilizing the energy supplied
by the ICE, the electric motor, or the energy of the arm when moving downwards. It
can also be accomplished by a combination of two of the three aforementioned sources.
Similarly, for the arm, energy can be derived from the ICE, electric motor, or boom. Modes
b1 and b2 exclusively utilize either the ICE or the electric motor to power the boom-up
mode, respectively. In b3, both the ICE and the electric motor are combined to provide
the necessary power. In b4, the ICE provides the necessary power for the boom and the
battery. As for b5 and b6, the arm, in combination with either the ICE or the electric
motor, respectively, exclusively powers the mode. Lastly, b7 is a mode where only the arm
provides the required power. Similarly, modes a1, a2, and a3 exclusively utilize the ICE,
the electric motor, and the boom to power the arm-up mode, respectively. Operation Mode,
please refer to the Table 1 below.

Table 1. Operation mode.

Operation Mode Functional Symbols

Engine mode Boom cylinder supplied by only engine b1
Brake BE, BR, BP operate

Motor mode Boom cylinder supplied by only electric motor b2
Brake BM, BR, BP operate

Hybrid mode #1 Boom cylinder supplied by both engine and electric motor b3
Brake BE, BM, BR, BP operate

Hybrid mode #2 The engine supplies power to the boom cylinder and the battery b4
Brake BE, BM, BR, BP operate

Arm_reuse_Motor mode Boom cylinder is powered by both the electric motor and the arm when the arm is
lowering b5

Brake BM, BR, BH, BP operate
Arm_reuse_Engine mode Boom cylinder is powered by both the engine and the arm when the arm is lowering b6

Brake BE, BR, BH, BP operate
Arm mode Boom cylinder is powered solely by the arm when the arm is lowering b7

Brake BH, BP operate

Boom_reuse_Generator mode Boom cylinder supplies power to the arm when the arm is raised and also to the
battery b8

Brake BM, BR, BH, BP operate
Generator mode Energy from the lowering of the boom is supplied to the battery b9

Brake BM, BR, BH operate
Engine mode Arm cylinder supplied by only engine a1

Brake BE, BR, BP operate
Motor mode Arm cylinder supplied by only motor a2

Brake BM, BR, BP operate
Boom mode Arm cylinder supplied by only boom when the boom is lowering a3

Brake BR, BH, BP operate
Arm mode Boom cylinder supplied by only arm when the arm is lowering a4

Brake BH, BP operate
Generator mode Energy from the lowering of the arm is supplied to the battery a5

Brake BM, BR, BH operate

During the lowering process, the recovered energy can be used to drive the generator
and lift the arm, or it can only be used to drive the generator separately. Similarly, for the
arm, energy can be used to drive the generator or participate in the lifting process. The
recovered energy in mode b8 can be utilized to drive the generator and lift the arm. In
mode b9, the recovered energy is solely employed to drive the generator. Similarly, in
modes a4 and a5, the recovered energy can be used to drive the generator and lift the
boom, respectively.

Corresponding to each of the mentioned modes, the brakes BE, BM, BR, BH, and BP
are controlled to turn on or off accordingly, as illustrated in Figure 3.
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Figure 3. Mode control is used for raising and lowering the boom and arm.

3.2. Strategy for Energy Management

As previously discussed, the EMS significantly influences the energy efficiency of the
IEHCVP. An ECMS approach has been employed with the aim of enhancing this efficiency.
This ECMS was utilized in the context of a hybrid excavator to ascertain the situation
that resulted in the least amount of fuel consumption. Given the unique properties of the
IEHCVP, a novel ECMS has been suggested as the strategic approach to energy management.
The cost function for the proposed ECMS is detailed in Equation (9) [28].

ṁtotal = ṁe + s(t)× ṁm/g (9)

where ṁtotal is the comprehensive equivalent of fuel consumption and ṁe and ṁm/g are
the equivalent energy consumptions of the ICE and EMG, respectively. The EF, denoted as
s(t), is needed to convert the electricity consumption into equivalent fuel consumption, as
shown in Equation (10) [39].

s(t) =


sdis ×

(
1 −

(
SOC−SOCave

4×(SOCmax−SOCmin)

)3
)

, ωsgTsg > 0

schar ×
(

1 −
(

SOC−SOCave
0.5×(SOCmax−SOCmin)

)3
)

, ωsgTsg ≤ 0
(10)

where sdis and schar are the discharge coefficient and charging coefficient, respectively, and
can be expressed as Equation (11) [40].{

sdis =
1

ηe×η×ηchg
, ωsgTsg > 0

schar =
ηmdis×ηdis

ηe
, ωsgTsg ≤ 0

(11)

where ηe is engine efficiency; ηmchg is the efficiency of the motor during power generation;
ηmdis is the efficiency of the motor during driving; and ηchg and ηdis are the charge and
discharge efficiency of the battery, respectively.

The SOC of a lithium-ion battery is a measure of its remaining capacity compared to
its fully charged capacity, which needs to be kept within a defined range to provide the
required power. The SOC can be expressed as Equation (12) [41], which includes the initial
SOC of the battery SOCinit; the Coulomb efficiency of the battery ηb, which is assumed to
be 1 for battery discharging and 0.98 for battery charging; and the power of the lithium-ion
battery Pm/g, where positive Pm/g values indicate discharging and negative Pm/g values
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indicate charging. Additionally, Eb denotes the nominal energy rating of the battery in
Watt-hours (Wh).

SOC = SOCinit +
∫ t

o

Pm/g

3600ηbEb
dt (12)

where Pm/g can be expressed by Equation (13)

Pm/g =
ωsgTsg

9550
(13)

In ECMS, ṁe and ṁm/g can be expressed by Equations (14) and (15) [42].

ṁe =
∫

ωcaTca

9550ηe
(14)

ṁm/g =


∫ ωsgTsg

9550×ηm/gηb
, ωsgTsg > 0∫ ωsgTsgηm/gηb

9550 , ωsgTsg ≤ 0
(15)

where ηe, ηm/g, and ηb denote the efficiency of the ICE, EMG, and battery, respectively.
ṁm/g represents the equivalent output energy of the battery. Regarding Equation (15),
if the EMG operates as a motor, the directions of the speed and torque align (ωsgTsg >
0). Conversely, when ωsgTsg ≤ 0, it indicates that the EMG functions as a generator.
Utilizing Equations (4) and (5), we can calculate Tca and Tsg, which are then shown in
Equations (16) and (17).

Tca =

(
drg + dsg

)
pcDHPu

2πicvtdrgηHpumηcvt
(16)

Tsg =
dsg pcDHpu

2πicvtdrgηHpumηcvt
(17)

In Equations (16) and (17), the pressure sensor measures the cylinder pressure pc in the
IEHCVP. The ECMS of the IEHCVP differs from that of a regular vehicle due to its unique
structure. In order to calculate the proposed ECMS, the efficiency of the hydraulic part and
CVT must also be taken into account. The proposed ECMS, as described in Equations (9)
and (14)–(17), incorporates the ICE efficiency ηcvt, battery efficiency, HPu efficiency, battery
SOC, CVT efficiency ηcvt, and CVT gear ratio. Therefore, by combining the conventional
ECMS with the specific characteristics of the IEHCVP, the proposed ECMS aims to reduce
fuel consumption. To illustrate the proposed ECMS calculation, a flow chart outlining the
essential EMS components is presented in Figure 4.

The isys transmission ratio of the entire system can be characterized as follows:

isys = icvt × iplg (18)

where iplg is the ratio of the planetary gearbox.
In Equation (9), the constraints for the system are defined as follows in Equation (19):

SOCmin ≤ SOC ≤ SOCmax
Tcamin ≤ Tca ≤ Tcamax
ωcamin ≤ ωca ≤ ωcamax
Tsgmin ≤ Tsg ≤ Tsgmax
ωsgmin ≤ ωsg ≤ ωsgmax

(19)
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4. Simulation and Discussion
4.1. Investigation of Key Parameters in a Simulation Model

Based on the aforementioned analysis, the ICE speed and torque are decoupled
from the pump speed and load, respectively. Moreover, it is possible to achieve energy
regeneration, which contributes to a reduction in fuel consumption for HHEs equipped
with an IEHCVP.

The ICE’s speed range is determined based on the range of the boom cylinder velocity.
In the case of the real excavator and the real system in the laboratory, the velocity range
of the boom cylinder is between 0.05 and 0.2 m/s. In this simulation, the same velocity
range as that of the real system is selected to test the innovative system. The ICE’s torque
range is chosen based on the load of the simulation. In this case, the load is 30 times
smaller than that of a 21-ton hydraulic excavator. To ensure the ICE’s optimal working
efficiency, the speed and torque ranges should not be excessively large. Therefore, the
ranges for the ICE’s speed and torque are carefully selected to balance the requirements of
velocity, load, and efficiency. In the case of this proposed system using the SAA6D107E-1
engine [43,44], the simulation results are used to scale down the ICE’s speed and torque,
and the corresponding efficiency map is used to calculate the energy management strategy
and to verify the trend in the energy-saving efficiency. The hydraulic system and load
sizes in the simulation are the same as those used in the real system. The IEHCVP has the
potential to enhance energy efficiency, particularly under conditions of high velocity. The
simulation considered a cylinder boom and arm with maximum velocities of 0.2 m/s and
loads of 700 kg and 500 kg, respectively. The efficiency maps of the ICE and EMG [45] are
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based on those described in the real system. In real engineering, the speed range of an ICE
is typically around 800–4000 rpm. However, for the purpose of simulating the real system,
the ICE speed range has been limited to 100–500 rpm. The EMG’s speed and torque are
measured by a speed sensor and a torque sensor to determine the ICE’s working points. To
verify the energy savings of the IEHCVP, a test simulation model was built using AMESim
software version 2022.1, as shown in Figure 5.
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In the simulation, a variable hydraulic pump is used with a displacement range from
10 to 55 cc/rev. As discussed in Section 3, the proposed energy management strategy takes
into account the efficiency of the hydraulic pump. Therefore, the volumetric efficiency and
hydro-mechanical efficiency of the hydraulic pump are tested on the simulation and used
for calculation in the ECMS. Figure 6 shows one map of the volumetric efficiency and hydro-
mechanical efficiency. Function of the key components, please refer to the Table 2 below.

Figure 6. Efficiency of hydraulic pump.

In a hybrid hydraulic excavator, the battery’s capacity is a crucial factor to consider.
To ensure the battery’s longevity and avoid deep discharge and overcharging, the working
range of the battery is typically set between 30 and 90% of its total capacity [17,46]. Addi-
tionally, the battery must have enough energy to drive the hydraulic excavator through
its electric motor. Based on these requirements, a battery with a capacity of 0.02 kWh was
chosen for the simulation tests. This battery capacity is sufficient to provide energy for
many cycles of operation while remaining within the recommended working range. Table 3
presents the parameters for the main components.
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Table 2. Function of the key components.

Component Functional Abbreviation

Hydraulic pump Supply the flow rate to the cylinder HPu
Hydraulic motor Convert hydraulic energy into mechanical energy HMo

Hydraulic boom cylinder Create linear motion for the boom BC
Hydraulic arm cylinder Create linear motion for the arm AC

Control valve of BC Change the direction of boom cylinder movement VBC
Control valve of AC Change the direction of arm cylinder movement VAC

Regeneration valve of BC Transfer flow rate from boom cylinder to hydraulic motor VGB
Regeneration valve of AC Transfer flow rate from arm cylinder to hydraulic motor VGA

Check valve Installed in pipelines to prevent backflow CV
Internal combustion engine Supply main mechanical power to system ICE

Electric motor/generator Supply sub-mechanical power to system or EMG
Convert mechanical energy into electric energy to battery

Battery Store electric energy BAT
Ring gear Connect to hydraulic system Rin
Sun gear Connect to EMG Sun
Carrier Connect to ICE Car

Continuously variable transmission Control speed and torque of ICE, EMG CVT
Rotary link To connect component of system together RL

also used for torque division

Gearbox Change the direction of torque from the hydraulic motor to the
system GB

Brake Connect or disconnect between two shafts BE, BM, BR, BP, BH

Table 3. Parameters of the key components.

Component Value Remark Unit

Hydraulic pump 30 (IEHCVP) Displacement cc/rev
36 (EHCVP II) - -

55 (Conventional system) - -
Hydraulic motor 20 Displacement cc/rev
Boom cylinder 0.05*0.028*1.0 Piston dia.*Rod dia.*Stroke m
Arm cylinder 0.03*0.02*0.6 (Arm) - -

Control valve of boom/arm cylinder 40 Valve rated current mA
Regeneration valve of boom/arm cylinder 10 - -

Check valve 250 Check valve flow rate pressure gradient L/min/bar
0.5 Check valve cracking pressure bar

Motor (Engine) 7.5 Rate power kW
Motor/Generator 5.5 - -

Battery 0.02 Capacity kWh
Planetary geartrain 260 (Ring) Diameter mm

100 (Sun) - -
Gearbox 1:1 Ratio -

Brake 10 Number of clutch contact faces -
250 Maximum Coulomb -

4.2. Simulation Results and Discussion

During the simulation process, the speed and torque sensors are utilized to measure
the speed and torque of both the ICE and EMG. The acquired data, along with the control
signal from the speed and torque readings obtained from the ICE and EMG sensors, are then
fed into an ECMS implemented using Python from Equation (9). The calculation results
are then sent back to the control elements in AMESim. This paper presents a novel ap-
proach that replaces the conventional Simulink method by leveraging Python co-simulation
with AMESim.

The displacement of the boom and arm cylinders is shown in Figure 7a. The velocities
for the boom and arm cylinders are 0.2 m/s and 0.12 m/s, respectively, during most cycles.
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In the arm-up mode and arm-down mode in the fourth cycle, the velocities are 0.1 m/s and
0.2 m/s, respectively. Specifically, between seconds 1 and 30, the ICE powered both the
boom and arm extension, while any energy generated during the retraction process was
stored in the battery. From 33 to 38 s, the system operated in boom-up mode, with both
the ICE and motor contributing to the energy supply in hybrid mode #1 (ICE + motor).
Energy recovered during arm retraction and from the motor was used to lift the boom
from seconds 52 to 57, while the energy recovered during boom-down mode regeneration
(between 60 and 65 s) was divided into two lines: one line supplied energy to the HPu for
extending the arm, while the other charged the battery. From seconds 68 to 73, the energy
needed to lift the boom was obtained from energy recovered during arm retraction and
from the ICE. The motor provided energy for extending the arm between seconds 82 and
88. From 91 to 94 s, the energy needed for lifting the boom was obtained from the energy
recovered during the arm retraction. From seconds 94 to 99, the ICE provided the energy
required for lifting the boom. Finally, from seconds 114 to 119, the ICE powered the boom,
charging the battery simultaneously, as hybrid mode #2 (ICE + generator). A conventional
system without the EHCVP II and IEHCVP was also tested.

1 2 1 2 2

B A + B A B

4 6 9 7 2 3 8 3 2 5 211

IEHCVP
EHCVP II
Conventional

421 3Motor:Generator:Engine: Hybrid_1: Hybrid_2: 5

Arm_reuse_Motor: Arm_reuse_Engine: Arm_reuse:6 7 8

Boom: Arm:B ABoom_reuse_Generator: 9

(a)

(b)

(c)

70.73

70.78

Figure 7. Displacement, energy consumption, and SOC of battery for proposed system with IEHCVP,
EHCVP II, and Conventional.



Actuators 2023, 12, 382 15 of 22

The energy consumption of the ICE for each system is depicted in Figure 7b from
Equations (1)–(3), (6)–(8), (14), and (16). From 1 to 43 s, the IEHCVP exhibits a lower
energy output from the ICE than the EHCVP II, thanks to the integration of the CVT and
ECMS. This integration leads to superior engine efficiency in the IEHCVP system. Notably,
during hybrid mode #1 between 33 and 38 s, the IEHCVP effectively reduces engine energy
consumption while maintaining a higher SOC than the EHCVP II. Between 60 and 65 s,
the IEHCVP efficiently utilizes the energy from the boom during the arm-lowering process
to drive the arm and simultaneously charge the battery. In contrast, the EHCVP II system
not only fails to harness this energy but also requires power from the battery to perform
this process for the motor. From 68 to 73 s, the ICE’s energy supply is lower compared to
the first cycle, as it benefits from the assistance provided by the energy harvested from the
arm-lowering process. In comparison, the energy supplied by the engine in the EHCVP
II system is more than twice as high during the same time frame. Between 91 and 94 s,
both the conventional system and the EHCVP II rely on energy from the engine, while
the IEHCVP system completely eliminates the need for it by harnessing energy from the
arm-lowering process. This leads to a significantly reduced energy consumption in the
IEHCVP system, which is remarkably efficient. During hybrid mode #2, from 114 to 119 s,
the IEHCVP efficiently reduces the ICE’s energy consumption while charging the battery
more effectively compared to the EHCVP II system. Finally, the energy consumption of the
ICE is measured as 133.976 kJ, 187.789 kJ, and 568.943 kJ for the IEHCVP, EHCVP II, and
conventional systems, respectively.

The comparison of the SOC for the battery is illustrated in Figure 7c from
Equations (1)–(3), (12), (13), and (17). From 1 to 33 s, the SOC of the EHCVP II was
higher than that of the IEHCVP due to the use of a CVT in the IEHCVP, which is influenced
by the CVT’s efficiency. However, the difference is not considered significant. During
hybrid mode #1, from 33 to 38 s, the IEHCVP utilizes less power from the motor, while the
energy consumption from the ICE is lower compared to the EHCVP II. Between 52 and
57 s, the SOC of the EHCVP II experiences a significant decrease compared to the IEHCVP.
This decrease is attributed to the EHCVP II’s inability to utilize the regeneration system of
the arm when it operates concurrently with the boom. Similarly, during the period from
60 to 65 s, the SOC of the EHCVP II decreases while the SOC of the IEHCVP increases.
This discrepancy arises from the EHCVP II relying on the motor to supply energy to the
system, whereas the IEHCVP benefits from the simultaneous regeneration of the boom.
Additionally, from 106 to 111 s, the SOC of the IEHCVP increases due to the utilization of
the regeneration from both the boom and the arm, while the EHCVP II does not possess
this capability. Lastly, during hybrid mode #2, from 114 to 119 s, the SOC of the IEHCVP is
higher than that of the EHCVP II.

Figure 8 illustrates the speed and torque of the ICE for the IEHCVP, EHCVP II, and
conventional systems. By utilizing the efficiency map of the ICE shown in Figure 9a, the
efficiency of each working point can be determined based on the tested speed and torque.
Similarly, the working points and efficiency of the EMG can be obtained using the efficiency
map in Figure 9b. Based on this information, the energy consumption of both the ICE
and the EMG can be calculated. Finally, the charge and discharge energies of the battery
are evaluated through the simulation process. The ICE and EMG operating points are
strategically positioned within the range of the highest efficiency. To achieve this, the ratio
of CVT is adjusted to match the change in each cycle as shown in Figure 10. Furthermore,
the efficiency map of the CVT also achieves high efficiency, as shown in Figure 11 [47].
This is achieved by utilizing the CVT in the proposed IEHCVP system and employing the
ECMS. Another factor involves the incorporation of the primary energy sources, namely
the ICE and the motor, along with the supplementary energy obtained from the retraction
process of the boom or arm.

To evaluate the overall energy consumption of the system, the paper proposes a
calculation formula that takes into account the energy from the battery and the energy
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regeneration during the retraction of the arm, which is calculated by Equation (20).

Etotal =


Ee − ∆Eb − ∆Era, retraction arm + (engine or motor)
Ee − ∆Era, retraction arm + pump
Ee − ∆Erb, retraction boom + (pump, generator)
Ee − ∆Eb, else

(20)

where Ee represents the energy consumed by the ICE. ∆Eb denotes the change in battery
charge from the beginning to the end of a process; ∆Ebcc, as depicted in Figure 12, denotes
the change in battery charge from the beginning to the end of the current cycle, where
a positive value indicates an increase in the energy stored in the battery, and vice versa.
∆Era and ∆Erb refer to the energy regenerated during the retraction of the arm and boom,
respectively, throughout the process. Etotal estimates the total energy consumption of the
system, which is calculated by Equation (20).

Conventional

EHCVP II

IEHCVP

Figure 8. Speed and torque of engine for IEHCVP, EHCVP II, and Conventional.

(a) (b)

Figure 9. Working points of engine and motor/generator of proposed IEHCVP and EHCVP II.
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Figure 10. Ratio of CVT for IEHCVP.

Figure 11. CVT operating efficiency.

The energy-saving efficiency is calculated by Equation (21)

ηsav =
Ec − Etotal

Ec
(21)

where ηsav is the energy-saving efficiency, and Ec is the energy consumption of the conven-
tional system. The efficiency of the engine is a critical factor in determining the system’s
energy consumption. However, the energy consumption is also influenced by other com-
ponents, such as the battery, boom, and arm. Consequently, a simulation was conducted
to assess the overall energy consumption of the entire system. The findings, presented in
Tables 4 and 5, aim to verify the energy-saving effectiveness of the proposed IEHCVP in a
HE’s boom and arm system.

The results are summarized in Figure 12a. The graph illustrates that the energy-saving
efficiency of the IEHCVP is significantly higher than that of the EHCVP II in all cycles. For
example, in stages where energy is utilized from lowering the boom and the arm, which
the EHCVP II does not possess, the IEHCVP demonstrates a much superior performance.
Specifically, the IEHCVP achieves an energy-saving efficiency of 79.1% within the time
range from 52 to 57 s, surpassing the current EHCVP II, which achieves 63%. Moreover, the
IEHCVP shows a remarkable improvement of 16.1% in the energy-saving efficiency com-
pared to that of the EHCVP II. This improvement is attributed to the reduced energy supply
from the battery due to the assistance provided by the arm-lowering process, as calculated
using Equation (21). As a result, the proposed IEHCVP outperforms both the conventional
system and the EHCVP II, effectively enhancing energy conservation. From 60 to 65 s,
the IEHCVP demonstrates an impressive energy-saving efficiency, reaching a maximum
of 85.3%. This notable accomplishment is attributed to its ability to effectively utilize the
energy generated during the boom-lowering process for both battery charging and pump
operation simultaneously. Such a capability sets the IEHCVP apart from conventional
systems and the current EHCVP II, as they cannot achieve this level of efficiency. Here, we
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can see the relationship between the hydraulic motor, pump, and generator, as shown in
Equation (22). From 68 to 73 s, the EHCVP II provides more energy to the system from
the engine compared to the IEHCVP, resulting in a lower energy-saving efficiency for the
EHCVP II. From 91 to 94 s, the boom is fully lifted using only the energy obtained from the
arm-lowering process, leading to an impressive energy-saving efficiency of 86.5% for the
IEHCVP. Furthermore, it is evident that the average energy-saving efficiency throughout
the entire simulation process of the IEHCVP is significantly higher than that of the current
EHCVP II, specifically 77.1% compared to 60.2%, respectively.

THm =
pcDHmηHm

2π
= THpu + TG (22)

where THm represents the torque of the HMo, pc represents the pressure of the output
side of the HMo, DHm denotes the displacement of the HMo, and ηHm denotes the hydro-
mechanical efficiency of the HMo. THpu and TG represent the torque of the HPu and
generator, respectively.

Table 4. Comparison of energy consumption between 52 and 57 s.

System Ee ∆Ebcc ∆Eb ∆Era Etotal ηsav

IEHCVP 55.2 −4.95 +4.93 +3.00 47.27 0.791
EHCVP II 75.56 −15.6 −8.3 0.00 83.86 0.630
Conventional 226.53 0.00 0.00 0.00 226.53 0.00

Table 5. Comparison of energy consumption between 114 and 119 s.

System Ee ∆Ebcc ∆Eb ∆Era Etotal ηsav

IEHCVP 125.36 +2.37 +19.55 0.00 105.81 0.814
EHCVP II 187.79 +0.69 −21.42 0.00 209.2 0.632
Conventional 568.94 0.00 0.00 0.00 568.94 0.00

This paper also compares the energy-saving ratios between high and medium veloci-
ties of the boom cylinder in the IEHCVP system. The results show that in the large velocity
mode, the energy-saving efficiency is higher compared to the middle velocity, as shown in
Figure 12b. The saving ratios for the first and third cycles are 1.16 and 1.22, respectively,
as described in Table 6. The results similarly indicate that the efficiency of the EHCVP
II energy-saving system is significantly higher at high speeds than at medium speeds;
specifically, the saving ratios are 1.51 and 1.54 for the first and third cycles, respectively.
These findings prove that the IEHCVP system performed well at both high and middle
speeds. However, a significant difference exists between the two modes in the current
EHCVP II system.

Table 6. Comparison between the saving ratios of high and medium velocities of boom cylinder.

Cycle

Velocities

Ratio Saving0.2 m/s (high) 0.1 m/s (medium)

ηsav

1st IEHCVP 0.594 (1–6 s) 0.509 (1–11 s) 1.16
EHCVP II 0.418 (1–6 s) 0.277 (1–11 s) 1.51

3rd IEHCVP 0.687 (33–38 s) 0.561 (33–43 s) 1.22
EHCVP II 0.537 (33–38 s) 0.348 (33–43 s) 1.54
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(b)

(a)

Figure 12. Energy-saving efficiency for the proposed system with IEHCVP and EHCVP II.

5. Conclusions

This paper tackled the paramount issue of energy consumption and emissions in HEs
by presenting a pioneering HHE that incorporates the innovative IEHCVP and an energy
regeneration system. An ECMS was also proposed as an energy management strategy,
which allows the ICE’s speed and torque to function within an optimal efficiency range.

The simulation results corroborated the energy-saving potential of the proposed
system, indicating a decrease in energy utilization during the ‘boom-up’ mode. This was
achieved by regenerating the boom’s potential energy during the ‘boom-down’ mode and
reutilizing it in the ‘arm-up’ mode. Furthermore, the combined potential energy of the
arm and energy from the ICE or motor significantly contributed to the reduction in energy
usage during the ‘boom-up’ mode.

A comparative analysis with the existing EHCVP II system and a traditional system
without an EHCVP demonstrated the superior energy-saving efficiencies of the IEHCVP.
Specifically, at high velocities, the proposed system was found to yield efficiencies of
16.9% and 77.1%, respectively. Similarly, at medium velocities, the system achieved energy
savings of 22.25% and 53.5%, respectively. The results suggest that the proposed IEHCVP
and improved ECMS can significantly enhance ICE efficiency compared to the conventional
system and the current EHCVP II, proving effective in reducing energy consumption
across both high and medium velocities and, thus, addressing the limitations of the current
EHCVP II system.

Despite the promising results, this study also acknowledges its limitations. One
prominent area was that the energy-saving efficiency in hybrid mode #1 was found to be
lower than expected when compared to pure ICE mode at medium velocities. As a result,
future endeavors will be focused on improving the energy-saving efficiency in all operation
modes and under various conditions.
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To sum up, the IEHCVP stands as a promising strategy for significantly reducing the
energy consumption of HHEs. It represents a significant stride forward in the quest for
more energy-efficient excavator operations, offering potential improvements to the existing
systems and paving the way for future research in this area.
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Abbreviations

HEs Hydraulic excavators
HHEs Hybrid hydraulic excavators
EERS Electric energy regeneration systems
HERS Hydraulic energy regeneration systems
ICE Internal combustion engine
EMG Electric motor/generator
CVT Continuously variable transmission
HPu Hydraulic pump
HMo Hydraulic motor
EHCVP Electrical hydraulic continually variable powertrain
IEHCVP Improve energy consumption of EHCVP
EMS Energy management strategy
ECMS Equivalent consumption minimization strategy
A-ECMS Adaptive equivalent consumption minimization strategy
ES Extremum seeking
EF Equivalent factor
SOC State of charge
BC Boom Cylinder
AC Arm Cylinder
VBC Control valve of BoC
VAC Control valve of ArC
VGB Regeneration valve of BoC
VGA Regeneration valve of ArC
CV Check valve
BE Brake of ICE
BM Brake of EMG
BR Brake of ring gear
BP Brake of HPu
BH Brake of HMo
Rin Ring gear
Car Carrier
Sun Sun gear
GB Gearbox
RL Rotary link
ST Sensor torque
SS Sensor speed
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SD Sensor displacement
SV Sensor velocity
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