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ABSTRACT

Nowadays, along with the development of industry, the demand for fossil fuels is constantly 

increasing. Therefore, reducing fossil fuel consumption is one of the most important issues worldwide. 

This aim has opened up opportunities for the development of new low-emission and energy-efficient 

vehicles. These include hydraulic excavators (HE) which consume a lot of energy and emit a large 

amount of harmful emissions. To address this challenge, there are two main directions: reducing energy 

consumption and/or improving energy recuperation capability in HE. Hybrid powertrain combining an

internal combustion engine (ICE) with an electric motor is considered an ideal candidate to reduce 

energy consumption in HE. Meanwhile, an energy regeneration system (ERS) can be integrated into the 

HE to recover the potential energy and reuse it in subsequent cycles. 

Based on the above reasons, an innovative electric hybrid HE named electrical hydraulic 

continually variable powertrain (EHCVP) which could not only regenerate but also reuse the recovered 

energy is proposed. In detail, the powertrain includes an ICE and electric motor/generator to drive the 

main pump. The electric motor/generator can work as a motor or a generator to provide mechanical 

energy or generate electric energy. The speeds of ICE and motor/generator decide the speed of main 

pump through planetary gear. Then the ICE’s speed can be controlled to the high-efficiency range by 

changing the operation mode of the electric motor/generator. A variable displacement pump is installed 

in system to govern the torque of the engine. Hence, the engine working points can be controlled in the 

high-efficiency range. Besides, a hydraulic motor is placed at the output port of the boom cylinder. The 

potential hydraulic energy in the boom cylinder is converted into mechanical energy and drives the 

electric motor/generator via a function of a double clutch without an additional generator. The generated 

energy from the motor/generator is stored in a battery and it can be reused in subsequent cycles.  

However, the maximum displacement of the hydraulic pump limits the controlled range of engine torque 

in a condition of a large velocity. Hence, the current structure of EHCVP limits the improvement of the 

energy-saving efficiency in the condition of a large velocity. Finally, the fuel consumption of the total 

system cannot be improved with varying velocities in real engineering.

To enhance energy-saving efficiency, a double clutch with two different gear ratios is installed 

between the ring gear shaft and hydraulic pump. The ICE’s torque can be governed by both the hydraulic 

pump and gearbox mainly. Meanwhile, the electric motor/generator governs the speed of the engine. In 

the condition of a large velocity, the bigger gear ratio is used to decrease the speed and increase the 

torque of the ICE. So, the ICE can work with its high efficiency in the condition of a large velocity. 



xiv

Compared with the EHCVP without integrating the double clutch, the proposed system could offer 

improvements in energy saving up to 7%. 

For developing a new HE with highly efficient and stability, not only a new powertrain but also 

an energy management strategy should be proposed. In this thesis, an online energy management 

strategy based on the extremum seeking control (ESC) is used to switch the gear ratio and efficiently 

distribute the power to the EHCVP. In addition, the conventional penalty function is caused by suddenly 

changing the power engine and making the unstable of powertrain when the considered parameter such 

as SOC of battery beyond the allowable range is replaced by a fuzzy logic system. In detail, the fuzzy 

logic system is constructed based on considering the battery aging with its input parameters are the 

current, SOC, and temperature of the battery. During the operation, the fuzzy logic system estimates the 

output penalty value adjusting the power reference of each power source depending on the battery status. 

To verify the effectiveness of the proposed system, a co-simulation model using Matlab and 

AMESim has been built with a battery model developed in Matlab, and the powertrain and hydraulic 

circuit were constructed in AMESim to mimic the motion of the HE. Both simulation and experimental 

results demonstrated that the working points of the engine could be kept within its high-efficiency region 

under different working conditions.
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Chapter 1

INTRODUCTION

1.1. Overview 

Nowadays, the energy crisis has been being a very urgent issue. Fossil fuel is gradually exhausted 

due to the great demand of humans. Specifically, in 2017, it increased by nearly 1.5 times compared to 

1990 and reached nearly 10 million kilotons of oil equivalent (KTOE) each year as shown in Fig. 1-1

[1]. It has been reported that coal and oil products accounted for an average of 50% of the world’s energy 

resources and the demand is still increasing. The rise of transport and construction vehicles is 

undoubtedly one of the most important contributors to this situation [2-8]. In addition, according to 

research by the energy research organization, most of the CO2 emissions come from coal and oil. The 

global CO2 emissions in 2017 also increased 1.5 times compared to 1990 and the number increased 

steadily over the years as shown in Fig. 1-2 [9]. The huge emissions make the environment worse and 

adversely affect human health. Therefore, reducing fossil fuel consumption is one of the top priority 

issues all over the world. These, subsequently, have paved opportunities to develop new environmental 

and low-emission vehicles, especially hydraulic excavators (HEs) which are commonly used in many 

fields, but consume a lot of fuel and release large amounts of toxic emissions.

Fig. 1-1 Total final consumption by source, World 1990-2017 (Source: IEA World Energy Statistic 
and Balances https://www.iea.org/data-and-statistics. [1]).
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Fig. 1-2 CO2 emissions by energy source, World 1990-2017 (Source: IEA World Energy Statistic and 
Balances https://www.iea.org/data-and-statistics. [9])

1.1.1. Structure of hybrid hydraulic excavator

1. Diesel engine 
2. Pump
3. Main control valve
4. Swing motor
5. Boom
6. Boom cylinders 
7. Arm
8. Arm cylinders
9. Bucket
10. Bucket cylinder
11. Hydr. Travel drive
12. Cab

Fig. 1-3 Layout of a typical hydraulic excavator [10]

The overall structure of a conventional HE is depicted in Fig. 1-3 often likens the movements of 

the working equipment to those of an actual arm. The boom portion of the equipment acts very much 

like the upper portion of a human arm, including the elbow and the shoulder. The arm portion behaves 

much like the portion of an arm that starts at the elbow and ends at the wrist. The bucket portion can be 

compared to a cupped hand. Hydraulic excavators offer much versatility. The buckets in these 

excavators can be removed and replaced with drills, scissors, or even crushing equipment. It is this level 

of versatility that makes hydraulic excavators so helpful in a large range of applications. Though the 

working equipment arm does the digging work, it is not at all the only important part of a hydraulic 

excavator. The upper structure of an excavator is important as well and can be viewed as the heart of 

the machine. It holds the engine, hydraulic pump and tank, and swing motors. These important devices 

are responsible for making the excavator dig and load. The lower section of a HE consists of the 

mechanisms that make the excavator move along the road, up a hill, or across a construction site. Most 
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hydraulic excavators have crawlers, as they are better suited to moving along rough roads and 

maneuvering along steep slopes. Crawlers are belt-like tracks used in place of wheels. Hydraulic 

excavators with crawlers are also more practical for muddy areas than those with wheels.

In the conventional HE, the main pump is directly driven by an ICE which leads to high energy 

consumption due to changing speed of the ICE during the operation. Therefore, hybrid HE (HHE) and 

electric HE have been widely considered promising solutions to overcome the energy consumption

problem of conventional HE. In the electric HE, the ICE is replaced by an electric motor which is 

powered by batteries or supercapacitors. Because of the high efficiency and low energy losses of the 

electric motor, energy consumption can be reduced by about 65% [1]. However, the problem of electric 

HE is facing that the size is limited due to the battery technology and expensive. Hence, HHE is still an 

irreplaceable technology today. In HHEs, an ICE is combined with an electric motor/generator to supply 

power to the system. The ICE still works as the main power source while the electric motor/generator 

acts as an auxiliary source. During operation, the operating point of the ICE can be easily maintained in 

the high-efficiency region regardless of the load by changing the working modes of the electric 

motor/generator. Therefore, HHEs can reduce energy consumption and store excess energy in the battery. 

Besides, in the HHEs, there are some places where the energy can be captured such as in the boom 

cylinder during the down movement or flow rate of the swing system during the deceleration process. 

If it is possible to capture these energies, not only improving the fuel saving but also the working 

performance of the HHEs can be achieved. 

1.1.2. Potential energies 

The characteristic of a HE is that it operates a lot of movements during the working motion such 

as braking, digging, lifting, gripping, swinging, and moving to a new position [11-14]. These operations 

are performed by the association of the boom, arm, bucket cylinders, and swing hydraulic motor. 

However, not all movements need to provide power from the main pump, some of which can come to 

the required position by gravitational force, and the excess energy is largely consumed at the control 

valve and produces heat which reduces the life of equipment in the system. In the previous research [15, 

16], the pressure and flow rate of each part in a 20-t HE are experienced as shown in Table 1-1. The 

potential energy that the boom cylinder can be generated is 51% and the swing motor is 25% of the total 

recoverable energy in the excavator. They are two parts that able to generate big potential energy and 

contribute to all the actions. However, the energies in these actuators are changed according to the 

weight of the load and the distance of the cylinder or the rotation angle of the swing motor as shown in 

Fig. 1-4 and Fig. 1-5. Typically, they will be converted into different forms of energy depending on the 

energy storage device of the ERS. Hence, the development of a suitable configuration can increase 

energy regeneration and fuel saving. 
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Table 1-1 Potential energies in HE. [15, 16] Copyright 2017. Elsevier

Actuators Regenerated energy (J) Proportion (%)

Boom 132,809 51

Arm 28,456 11

Bucket 34,704 13

Swing 66,472 25

Fig. 1-4 Power requirement of HE in digging condition. [16]

Fig. 1-5 Recoverable energy of the boom cylinder in digging condition. [16]

1.1.3. Drawback of previous research

Hybrid hydraulic excavators (HHEs) have been widely considered one of the most promising 

solutions to overcome the energy consumption problem of conventional HE [17]. In HHEs, an internal 

combustion engine (ICE) is combined with an electric motor/generator to supply power to the system. 

The ICE still works as the main power source while the electric motor/generator acts as an auxiliary 

source. During operation, the operating point of the ICE can be easily maintained in the high-efficiency 

region regardless of the load by changing the working modes of the electric motor/generator. Therefore, 

HHEs can reduce energy consumption and store excess energy in the battery. The configuration of the 

HHEs has been developed with several concepts such as series, parallel, and compound [2]. In the series 

HHE architecture, the power from the ICE is converted to electric energy through a generator. During 

the operation, this electric energy is converted again into mechanical power and supplied to electric 

motors. In 2007, Kobelco released a commercial 6-ton class HHE using the series powertrain in which 
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the ICE is directly connected to a generator [18]. The energy consumption could be reduced by 40% or 

more compared with conventional HE. To improve the fuel economy of the conventional serial HHE, 

Wang et al. proposed a new series hybrid configuration based on electro-hydraulic composite energy 

storage [19]. In this system, an accumulator was used to capture the potential energy from the actuators. 

Then, the stored energy could be converted to electric energy through an electric motor/generator, and 

a hydraulic pump/motor and supply to the electric machines. During the operation, the ICE provided the 

average power and the excess part was supplied by the battery and accumulator. Simulation and 

experiment results based on a 7-ton crawler excavator configuration indicated that the variation range 

of SOC battery was limited from 40% to 60%. The energy-saving of the system could achieve 33%. 

New Holland Construction presented a hybrid 7-ton parallel hydraulic excavator at the 2006 Internet 

show [20]. According to the report from New Holland, both fuel consumption and CO2 emission were 

reduced by 40%. In 2008, Komatsu released a full-scale HHE PC200-8 integrated compound powertrain 

[21]. The fuel consumption of PC200-8 could be reduced by 7% compared with the conventional 

excavator. To evaluate the advantages and disadvantages of the three configurations, Kwon et al. [22]

made a comprehensive comparison based on fuel consumption, installation cost, and the expected 

payback time. The authors indicated that the serial configuration could achieve the lowest fuel 

consumption but the highest additional cost. The parallel configuration had high fuel consumption, 

however, the lowest additional cost. According to the comparison result, the compound type is a good 

solution for short-expected payback time and high-reliability purposes. 

In HE, there are some places where the energy can be captured such as in the boom cylinder 

during the down movement or flow rate of the swing system during the deceleration process [23-25]. In 

fact, potential energy in boom cylinders accounts for 51% of the total recoverable energy. Therefore, 

most energy regeneration systems (ERSs) are developed to recover the boom energy [17]. ERSs can be 

categorized into two main types: hydraulic and electric according to the energy storage devices. 

Hydraulic ERSs use a hydraulic accumulator to store energy as well as absorb shock pressure and 

maintain the standby of the power source. Ge et al. [26] presented a gravitational potential energy 

recovery system using an accumulator and a conversion cylinder. During the operation, the hydraulic 

power in the conversion cylinder was directly stored and reused in the accumulator without increasing 

the cost and installed power. The simulation results indicated that the system could recover 75.9% of 

the gravitational potential energy in the lowering process and reduced energy consumption by 41.8%. 

Chen et al. [27] proposed a new ERS based on a closed-circuit hydrostatic transmission that adopted a 

hydraulic accumulator as the main energy storage element to overcome the problems of high throttling 

loss of the open circuit. In detail, the state of the boom cylinder was directly controlled by the rotation 

direction of hydraulic pumps/motors and the entire gravitational energy was stored in the accumulator. 
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Experiment results showed that energy regeneration efficiency can achieve from 60% to 68.2% 

according to different working conditions. Although hydraulic ERSs offer a lot of advantages such as 

high energy regeneration efficiency, emergency backup, vibration, and shock reduction, the main 

drawback of hydraulic ERSs is that they require the use of throttle valves or hydraulic transformers to 

guarantee safety and stability. Besides, energy regeneration efficiency is also affected by the pressure 

in the accumulator. The authors therefore must correctly calculate and select the initial pressure of the 

accumulator to achieve the highest efficiency.

In contrast to the hydraulic ERS, electric ERSs can overcome the problems of installation spaces, 

limited capacity, and initial setting parameters by using a battery/supercapacitor to store the recovered 

energy. Yu et al. [28] placed a hydraulic motor at the outlet port of the bore chamber to reduce energy 

losses. In addition, a flow control valve was integrated to regulate the flow rate through the hydraulic 

motor. Hence, the hydraulic motor’s working point was maintained in a high-efficiency area. 

Experiment results showed that the energy regeneration efficiency can achieve 57,4%. Considering the 

sizing of energy regeneration devices and cylinder velocity fluctuation of the conventional electric ERS, 

some authors [29-31] proposed a new electric ERS structure that could take advantage of both hydraulic 

accumulators and batteries. When the cylinder moved down, the energy in the bore chamber quickly 

charged and increased the pressure in the accumulator. After reaching the set pressure threshold, the 

accumulator discharged the pressurized flow rate and combined it with the power from the boom 

cylinder to drive a hydraulic motor and a generator. Consequently, the hydraulic power was converted 

to electric power and stored in the battery. With the proposed system, the fluctuation of the boom 

cylinder was reduced, and the rotational time of the generator could be increased. The experiment results 

showed that an estimated 39% of the total recoverable boom energy could be captured while the 

regeneration efficiency of the conventional ERS was approximately 36%. The rated power of the electric 

generator was also decreased by more than 65%. In particular, the electric ERS is especially suitable for 

integration in hybrid HE where the powertrain already has an electric motor. With this configuration, 

the stored energy in the battery can be easily reused by the electric motor during operation.

For developing a new HE with highly efficient and stability, not only a new powertrain but also 

an energy management strategy should be proposed. Wang et al. applied dynamic programming (DP) 

to obtain the optimal working state of the series powertrain based on the load spectrum curve of the real 

HE to reduce energy consumption. Chen et al. presented an EMS-based genetic algorithm to optimize 

the power of ICE based on fuel-rate, battery SOC, and driveline power demand [27]. Roland discussed 

the trade-off between the optimality and computational efficiency of a parallel powertrain with the use 

of EMS-based Pontryagin’s Minimums Principle (PMP) [32]. However, in order to derive an optimal 

power distribution for the hybrid powertrain, these methods need to solve their optimization problems 
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offline with the need for prior knowledge of the drive cycle. 

On the other hand, concerning the complexity of the HE, it might be impossible to capture its 

dynamics just by mathematical modeling, which is required by various energy management schemes. 

Hence, a model-free, real-time energy management strategy would be a more suitable candidate for the 

HE. Teodorescu et al. applied the ECMS for a parallel hybrid forklift to minimize fuel consumption and 

maintain the state of charge (SOC) of the supercapacitor in the optimal range by changing the engine 

speed corresponding to the load condition [33]. Anders et al. used the ECMS for a parallel powertrain 

HE with considering the power consumption of the ICE, and the inner and kinetic power of the electric 

motor in a Hamiltonian function [34]. By minimizing this function, the optimal fuel control of the ICE 

could be estimated, and the dynamics of the powertrain became smoother. Yu et al. developed a real-

time EMS based on DP-extremum seeking (ES) [35]. In which, DP was used to ensure the approximate 

global energy optimality and SOC sustainability, while ES compensated the control signal from the DP 

to reduce fuel consumption in real-time operation.  However, these studies have just focused on 

maximizing the ICE efficiency and reducing energy consumption without consideration battery aging.

1.2. Research objectives

From the above analysis, it is clear that both hybrid powertrain and energy regeneration systems 

play an important role in reducing energy consumption and emissions in the HEs. However, the 

hybrid/electric ERSs have just focused on energy regeneration efficiency and studied independently 

with the hybrid powertrain without mention of how to reuse the recovered energy. Even if the energy 

regeneration efficiency is high, fuel consumption cannot be reduced without reasonable structure and 

energy management strategy in energy reuse mode. 

Based on these reasons, this thesis proposed an innovative powertrain named electrical hydraulic 

continually variable powertrain (EHCVP) which an ICE and an electric motor/generator are used to 

provide the power for the boom system. During the operation, the torque and speed of the ICE can be 

adjusted to shift its working point into its optimal working region by using the double clutch with two 

different gear ratios. Besides, a hydraulic motor is placed at the output port of the boom cylinder. The 

potential hydraulic energy in the boom cylinder is converted into mechanical energy and drives the 

electric motor/generator via a function of a double clutch without an additional generator. The generated 

energy from the motor/generator is stored in a battery and it can be reused in subsequent cycles.  

In addition, an online energy management strategy based on the extremum seeking control 

(ESC) is used to switch the gear ratio and efficiently distribute the power to the EHCVP. In addition, 

the conventional penalty function caused by suddenly changing of the power engine and making the 

unstable of powertrain when the considered parameter such as SOC of battery beyond the allowable 
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range is replaced by a fuzzy logic system. In detail, the fuzzy logic system is constructed based on 

considering the battery aging with its input parameters are the current, SOC, and temperature of the 

battery. During the operation, the fuzzy logic system estimates the output penalty value adjusting the 

power reference of each power source depending on the battery status. 

To verify the effectiveness of the proposed system, a co-simulation model using Matlab and 

AMESim has been built with a battery model developed in Matlab, and the powertrain and hydraulic 

circuit were constructed in AMESim to mimic the motion of the HE. Both simulation and experimental 

results demonstrated that the working points of the engine could be kept within its high-efficiency region 

under different working conditions.

1.3. Limitations

In this work, an innovative powertrain named EHCVP managed by an advanced energy 

management strategy was developed for the hybrid hydraulic excavator to optimize energy regeneration 

and energy-saving capability. The results showed that during operation, the working point of the ICE 

was kept in its high-efficiency region and the excess energy could be compensated by the electric 

motor/generator. In addition, the recoverable energy in the boom cylinder can be captured and stored in 

the battery with the energy regeneration efficiency could be reached to 48.2%. Compared with the 

conventional EHCVP, the proposed EHCVP can improve energy saving by about 7%. Besides, by using 

the proposed EMS up to 3.35% of the battery health could be saved, leading to 33% improvement in 

capacity loss based on 50000 working cycle projections. However, some limitations of the thesis are 

remaining as follow:

- The torque of the ICE should be adjusted according to different working conditions to achieve 

optimal efficiency. Therefore, a continuously variable transmission (CVT) should be used to 

adaptively adjust the gear ratio related to the load of the boom cylinder to enhance the efficiency 

of ICE. 

- In addition, a learning-based method should be combined with the ESC to not only adaptively 

adjust the transmission ratio of CVT but also enhance the working performance of the battery. 

1.4. Thesis outline

The research outline of this dissertation is arranged as follows:

- Chapter 1 introduces the motivations, research objectives, limitations, and outlines of this thesis.

- Chapter 2 presents the developments of the hybrid powertrains and energy regeneration systems 

in HHE.

- Chapter 3 describes the structure of the proposed powertrain.
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- Chapter 4 reports an improvement in energy saving for HHE using a double clutch.

- Chapter 5 presents an advanced energy management strategy based on fuzzy extremum-seeking 

methods.

- Chapter 6 concludes the thesis and proposes future works.
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Chapter 2

DEVELOPMENTS OF HYBRID HYDRAULIC 

EXCAVATOR (HHE)

2.1. Introduction

To reduce energy consumption and take advantage of these recoverable energy sources, many 

HHE approaches have been proposed. This chapter, therefore, aims to carry out a comprehensive review 

of the current state-of-art of hybrid powertrain configuration and energy regeneration technologies in 

HEs.

2.2. Powertrain configurations of hybrid HE 

The conventional powertrain configuration [16] of a typical hybrid HE is depicted in Fig. 2-1. 

In this configuration, hydraulic pumps are driven by an internal combustion engine (ICE) to power up 

the actuators such as boom, arm, and bucket cylinders and driving and swing hydraulic motors via 

hydraulic control valve block. 

Fig. 2-1 The conventional powertrain configuration on a construction machine

In a conventional hydraulic excavator, the pumps must always supply hydraulic power 

corresponding to the maximum workload to ensure the required power in all working conditions. 

Therefore, in low-load working conditions, the excessive power is dissipated as heat. Moreover, the total 

surplus potential energy generated by lowering the boom and kinetic energy by braking the swing 

motion is also squandered as heat. For example, as in Fig. 2-2, only 13% of energy is extracted as 

effective work, and the remainder is generally discarded as heat loss [36]. In addition, in [18] Masayuki 

K. et al. pointed out that the total efficiency of the conventional hydraulic excavators only achieves 20% 

as illustrated in Fig. 2-3 due to the loss of power in the hydraulic pump, hydraulic system, and 

mechanical system. The energy loss and the efficiencies of subsystems leads to the low total energy 

efficiency of the conventional excavator.
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Fig. 2-2 The amount of heat generated by fuel

Fig. 2-3 The energy flow in typical work of a hydraulic excavator

Therefore, a question is raised as how to improve the system efficiency of hydraulic excavators 

in the face of challenges in terms of fossil fuel shortage and environmental pollution due to pollutant 

emissions. To deal with the above-mentioned problems, many studies have been accomplished [16, 18, 

36-41]. The solutions to the efficiency improvement problem focus on the development of new 

powertrain configurations by combining two or more distinct power sources, so-called hybrid 

configurations, and the utilization of higher efficient actuators replacing conventional actuators in 

hydraulic construction machines. The results show that energy consumption is significantly reduced, 

and efficiency is greatly improved. The hybrid configurations can be divided into two types including 

engine hybrid and fuel cell hybrid powertrains which are thoroughly discussed in the following sections. 

To improve the fuel economy and increase the efficiency of construction machines, the engine hybrid 

configuration was firstly investigated. In this configuration, the main supply power still comes from the 

ICE engine, however, the size of this engine can be significantly reduced by employing auxiliary power 

sources that act as storage devices that complement energy in conjunction with the engine when needed. 

Moreover, the dissipated energy generated in the conventional powertrain configuration will be saved 

in this storage device, which contributes to considerably improving the fuel consumption of the engine 

hybrid configuration. Engine hybrid architectures for construction machines can be classified into serial, 

parallel, and series-parallel (compound) types which will be discussed and analyzed in the following 

sections.

2.2.1. Series powertrain configuration
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The typical series configuration is explicitly depicted in Fig. 2-4. Compared with the conventional 

powertrain, in this configuration, the total mechanical energy generated from ICE is converted into 

electric energy by employing a generator. The main part of this energy is utilized to power the electric

motors (EMs) which drive hydraulic pumps, whereas the remainder is consumed to charge energy 

storage devices (ESD) depending on the working condition of the construction machines. To stabilize 

the electric voltage generated from the generator, a converter is used to convert this AC voltage to DC-

controlled output voltage which is changed into AC voltage to power electric motors in the next step. 

Fig. 2-4 The typical series powertrain configuration on engine hybrid construction machinery

The series powertrain configuration was successfully utilized in wheel loader ZW220HYB-5B 

[38] by HITACHI CONSTRUCTION MACHINERY CO., LTD in 2003 as shown in Fig. 2-5. In this 

configuration, the engine drives the generator and the electric power from the generator drives the 

traction motors. Based on that there is no mechanical power transmission coupling between the engine

and axles. The electrical storage devices are connected to DC bus via a DC/DC converter, which is

charged during deceleration and discharged during acceleration to return this energy to the traction 

motor. It allows to reduce the fuel consumption and the emissions are improved.

Fig. 2-5 Series powertrain configuration of ZW220HYB-5B wheel loader introduced by Hitachi

The typical series powertrain of a 6-ton class hybrid excavator which is introduced by Kobelco 

[18] in 2007 is depicted in Fig. 2-6. The swing motion is driven by an EM, whereas the motion of the 
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bucket, arm, and the boom is driven by hydraulic cylinders and the traveling of the excavator is provided 

by left and right hydraulic motors. The potential/kinetic energy when the boom lowering and during the 

deceleration of the swing motor is stored in ESS which comprises of battery and supercapacitor. By 

employing this powertrain configuration, the experiment results showed that the fuel consumption was 

reduced by more than 60%. 

Fig. 2-6 The series powertrain configuration on KOBELCO 6-ton class machines

2.2.2. Parallel powertrain configuration

The typical parallel powertrain configuration in engine hybrid construction machines is illustrated 

in Fig. 2-7. In this configuration, the hydraulic pump and generator are driven to work by the ICE. The 

output energy of the ICE is directly supplied to the pump without energy conversion. In the low-load 

and medium-load working conditions, the total energy is supplied by the ICE, and M/G works in 

generator mode to charge ESD via DC/DC converter. In the heavy-load condition, the major energy 

supplied to the hydraulic pump comes from the ICE and the remaining energy is supplied by the EM 

which consumes the energy stored in the ESD. The most interesting feature of this configuration is that 

a little change in the powertrain structure of the conventional configuration is required to adopt this 

configuration. This helps to reduce the initial investment for powertrain development and also takes the 

advantage of hybrid configuration in fuel cost savings and efficiency improvement.   

Fig. 2-7 The typical parallel powertrain configuration in construction machines

The parallel power configuration was initially developed on a wheel loader [42] by Hitachi 

Construction Machinery Co. Ltd in 2003 as illustrated in Fig. 2-8. In this architecture, the engine drives 
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the hydraulic pump and generator in parallel, the pump drives the hydraulic system for working, and the 

EM drives the wheel movement based on the energy supplied by the generator and/or from the battery. 

Fig. 2-8 System outline of the HITACHI hybrid wheel loader

2.2.3. Series-parallel powertrain configuration

Taking advantage of both series and parallel types, the compound powertrain configuration is 

developed. The general series-parallel powertrain configuration is depicted in Fig. 2-9. In this 

configuration, the generator is directly driven by the ICE engine through a mechanical transmission 

system. For an engine hybrid excavator, the swing motion is controlled by an EM whose input energy 

is supplied by a generator and/or ESD depending on the various working conditions such as acceleration 

or deceleration. 

Fig. 2-9 The typical compound powertrain configuration

It can be seen that the compound configuration transformation does not need many changes from 

the conventional type. Moreover, by employing this configuration, the required rated power of the ICE 

engine and EM can be relatively small. In addition, the control strategy for this configuration is not too 

complicated compared with the serial type. Hence, this architecture is the most potential solution for 

engine hybrid construction machines. 

The utilization of compound configuration was developed on 8-ton class hybrid excavator SK80H 

[40] from Kobelco Construction machinery Co., Ltd in 2013 whose block diagram is shown in Fig. 2-
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10. As presented in this architecture, the hydraulic circuits for the boom, arm, bucket, and traveling 

motors are driven in parallel, whereas the swing motion is driven in series. By using a series-parallel 

configuration, the required rated power of the engine is reduced significantly from 40kW to 27kW [37]. 

The ESD adopted to store regenerative energy is a nickel-hydrogen battery whose charging capacity is 

determined based on the maximum regenerative power of the swing motor.  The comparison of the 3 

above configurations in presented in Table 2-1.

Fig. 2-10 Block diagram of Kobelco 8-ton class series-parallel excavator SK80H

Table 2-1 comparison of 3 above configurations

No. Powertrain configuration Advantages Disadvantages

1
Series configuration - The size of the ICE engine is 

reduced
- High efficiency

- Multiple EMs are used
- High cost
- Low reliability

2
Parallel configuration - A small change in the powertrain 

is required
- High transmission efficiency

- Low ICE efficiency
- Limited fuel savings

3
Series-parallel configuration - High ICE efficiency - Energy management is complex

2.3. Types of Boom, Arm, and Bucket energy regeneration technologies

The structure of the 3 parts (boom, arm, bucket) has the same characteristics. They all work based 

on the extension and retraction of the cylinder. Besides, the potential energy in these components could 

be recovered by the effects of gravitational force. However, with the boom cylinder, the bore chamber 

is always a place to store recoverable energy. The ERSs are therefore located at the output port of this 

chamber. For the arm and bucket cylinders, it is difficult to determine which chamber has recoverable 

energy during operation. Along with that, the size and the potential energy of the boom cylinder are the 

largest. Therefore, the researchers only focused on developing ERS for the boom system. In case of 

necessity, the ERSs for the boom system are completely applicable to the remaining arm and bucket 

parts with requiring some necessary changes.
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2.3.1. ERS using electrical energy storages

Currently, the power source is one of the deep and extensive research directions on vehicles. In 

the field of construction machines, manufacturers such as Hyundai, Volvo and CAT tend to replace the 

internal combustion engine (ICE) with electric motors and storage devices. This has been successfully 

applied and commercialized in small construction vehicles. However, with large machines working in 

harsh environments especially big HEs, the current electrical technology has not met the requirements 

such as durability, large power supply, and sudden changes [43-45]. Therefore, instead of being 

completely replaced, the ICE is combined with an electric motor to form a hybrid electric power source 

[5]. In particular, the ICE still plays as the primary energy source for the entire system while the electric 

motor plays as the secondary source. The use of hybrid power source (ICE and electric motor) offers a 

high potential in improving ICE efficiency through optimization but also an ability in energy 

regeneration through the machine operation. Generally, hybrid HE (HHE) can be classified into three 

main categories based on their architectures, known as series, parallel, and compound. The first 

configuration of the HHE shown by Kanezawa using the compound configuration [46]. In 2008, 

Komatsu [21] released a full-scale HHE PC200-8 using the combination of an electric motor and the 

ICE in the compound category. Kwon et al. [22] made a comparison between various configurations of 

HE combined with a supercapacitor based on the fuel consumption, the installation cost, and the 

expected payback time as shown in Fig. 2-11. According to the comparison result, “a compound-type 

hybrid structure is a better solution than others because of its short-expected payback time and higher 

reliability” [22]. This study also presented a rule-based power control strategy to manage effectively the 

power distribution between the engine and supercapacitor according to the load required. The results 

showed that the proposed control algorithm can obtain the balance of the power requirement and energy 

consumption. By using the hybrid system and proposed control algorithm, it can be reduced about 24% 

in fuel consumption compared to conventional HE.
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Fig. 2-11 Different structures of HE. (a) Series type. (b) Parallel type. (c) Compound type. [23]

Among three different structures of hybrid power sources, Xiao et al. [47] focused on studying 

the parallel hybrid type which had the lowest additional cost [22]. The authors developed a control 

algorithm named dynamic-work-point strategy with two goals. The first one was to ensure the engine 

operating points within its optimal working region (denoted as the dash area in Fig. 2-12). The second 

one was to limit the variation of the capacitor SOC. To achieve these goals, the authors utilized a 

sensitivity value representing the changing threshold of the capacitor SOC. The engine speed was 

controlled to maintain the capacitor SOC variation between cycles lower than the sensitivity value. 

However, a valve-controlled system was required in order to compensate any excess power created by 

the machine when forcing the engine into its optimal operating points whilst limiting the capacitor SOC 

variation. Consequently, this could cause a waste of power and generated the heat at the main control 

valve. 

Upper limit power

High efficiency area

Low limit power

Working points

Fig. 2-12 Distribution of engine working points with the hybrid system. [47]

Based on the characteristics of the HHE, the ERS using electric storage devices for boom system 

also becomes more suitable and has many advantages over other methods. Due to the difference between 

the potential energy in the boom cylinder and the energy in electric storage devices, electric ERS is 

forced to use equipment to convert energy from hydraulic energy to electrical energy. Therefore, 

hydraulic motor and generator are two indispensable devices and are used in all electrical ERSs as 

presented in Fig. 2-13. During the boom cylinder moves down, flow in the bore chamber will rotate the 
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hydraulic motor and drive the generator. The generated electricity will be stored in the electrical storage 

device which can be a battery or capacitor and can supply to all actuators at the next cycles.

GeneratorInverter

Energy Regeneration System

Control 
Valves

Battery/ Super 
capacitor

Engine

Fig. 2-13 A classical ERS using electrical storage.

According to the classical ERS using the electrical storages, a number of studies have been carried 

out to improve the system control performance as well as its energy saving ability. Wang et al. [48]

proposed a control strategy to enhance the boom performance whilst underpinning the high energy 

recoverability as shown in Fig. 2-14. Here, characteristics of the classical ERS were modelled by using 

mathematical equations. Then, a load torque observation was applied to estimate the generator torque 

and a flow compensation was used to compensate the hydraulic motor leakage. In another study, Wang 

et al. [49] considered the low dynamic performance of actuators and large capacity of the generator to 

avoid the overload in conventional ERS. The authors proposed a new ERS that combined regeneration 

devices (hydraulic motor and generator) and a throttle valve. During the recovery process, the potential 

energy in boom cylinder was transferred to the hydraulic motor through controlling of the throttle valve. 

Hence, the regenerative torque was regulated according to the load to avoid the rapid pressure drop 

through the regeneration system. However, using this valve could lead to increase in the energy loss as 

well as heat generation.  

Fig. 2-14 Structure of the energy recovery controller. [25].
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To improve the energy efficiency, studies have been focused on how to reduce or eliminate energy 

losses at main control valves of the conventional hydraulic servo systems. Electro-hydraulic actuator 

(EHA) system is known as a typical hydraulic system and employed to overcome the problems of the 

conventional hydraulic systems. In an EHA, states of the cylinder are directly controlled by the rotation 

of the electric motor without control valves. Therefore, the energy loss in the working process is 

minimized. Based on this advantage, Yoon et al. [50, 51] proposed a hydraulic boom system using EHA 

as shown in Fig. 2-15. The EHA system not only worked as the main energy source but also had the 

ability to recover the energy in boom cylinder. During the moving down process, the main hydraulic 

pump/motor worked as a motor that drives a generator. The hydraulic energy in the boom cylinder was 

converted to electric energy and stored in the battery. The effectiveness of the proposed system was 

verified using a 5-ton class excavator. The results proved that energy saving efficiency could reach up 

to 54.9%. Bui et al. [52] proposed a new configuration of boom system in which EHA was used as the 

primary power supply. Knussman et al. [53] utilized a hydraulic pump and an accumulator to act as a 

source of pressurized oil to integrate into an EHA-based boom system. Other studies on swing systems 

using EHAs have been also performed. Chowdhury et al. [54] proposed a new swing system using an 

EHA, and two pairs of hydraulic pump-motor. The maximum energy saving capacity in these cases 

could be achieved up to 23%. However, the ERSs using EHAs were more expensive than the 

conventional servo systems due to the sizes and costs of bi-directional pumps and electric servo motors 

used. Furthermore, except Yoon’s system, the other systems required ancillary components to recover 

and reuse energy. EHAs were also difficult for precise control because of their complex dynamics, high 

non-linearities and high uncertainties. Another drawback of using EHA is that pressure differences at 

two ports of the pump when reversing the actuator motion and the low system working frequency 

(normally up to 5 Hz,  compared to 20 Hz of hydraulic servo valves) result in the low dynamic response 

of the whole system [55, 56]. Therefore, EHAs are generally unsuitable for large size HEs.

MG

Weight

Main 
Power 

InverterBattery

Converter

Fig. 2-15 The electric HE using EHA.

Ge et al. [57] replaced the conventional ICE of HE by using a servo-electric motor driving a 

variable displacement pump as the main power source as shown in Fig. 2-16. Therefore, this HE could 
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guarantee the low emission under variant working operations. In addition, the independent metering 

valve (IMV) was placed in both two ports of the boom cylinder as depicted in Fig. 2-17 and Fig. 2-18. 

These valves reduced energy loss and generated heat problems. Moreover, the energy efficiency maps 

of the main pump and electric motor were estimated following mathematical equations. Based on these 

maps, a power source efficiency control strategy was proposed. The components in the power source 

worked in high working efficiency. Then, the system can achieve the demand for high performance, low 

energy consumption (reduced 65%) and high regeneration efficiency (33% in normal working process 

and 28.5% in the digging process).

Fig. 2-16 Structure of electric HE using the variable pump and the servo motor. [34].

Fig. 2-17 Energy efficiency controller. [34].

Fig. 2-18 Power source control strategy and efficiency map of the pump. [34]
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Considering the conventional ERS, the velocity of the boom cylinder when it moves down is 

controlled by the rotation speed of the hydraulic motor and the generator. Hence, the working efficiency 

of regeneration components is changed according to the weight of the load. In the case of a high load 

and a high speed of the cylinder, the conventional ERS could not keep up due to the limited rotation of 

the generator. This led to a decrease in the lifetime of the devices as well as the energy that was lost 

during operation. In addition, the sizes of hydraulic motor and generator should be chosen sufficiently 

to make sure that the velocity of the boom is not affected. To overcome these problems, Yu et al. [28]

used a flow control valve to regulate the flow rate through the variable displacement hydraulic motor. 

Hence, the torque and speed of the hydraulic motor could be kept in the high working efficiency area 

with variant operations. Moreover, the regeneration unit was directly placed at the output port of the 

boom cylinder as shown in Fig. 2-19. Therefore, the proposed system could reduce energy loss at the 

main control valve. The energy regeneration efficiency could be achieved by up to 57.4%.

1. Engine 
2. Pump
3. Check valve
4. Proportional control valve
5. Inverter and battery
6. Generator 
7. Hydraulic motor
8. Flow control valve
9. Check valve
10. Boom cylinder

Fig. 2-19 ERS of boom system using an additional flow control valve. [35]

To solve the low-efficiency problem and reduce the size of energy recovery devices in 

conventional ERS, some authors [29, 30, 58] proposed a novel electric ERS structure that integrated an 

additional hydraulic accumulator as shown in Fig. 2-20. When the cylinder moves down, the energy is 

stored directly in the hydraulic accumulator. After the pressure of the hydraulic accumulator reaches the 

set threshold, the control valve opens. The flow rate from the accumulator and the boom cylinder is 

supplied to the hydraulic motor driving the generator. This proposed ERS can take advantage of the 

hydraulic accumulator that it can quickly charge and reduce the flow through the hydraulic motor as 

well as the speed and torque of the generator. The rated power of the electric generator could be 

decreased by more than 65% as presented in Fig. 2-21. “The experiment results showed that an estimated 

39% of the total potential energy could be regenerated under the standard operating conditions, while 
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the recovery efficiency of the conventional ERS is approximately 36%. In addition, recovery efficiency 

can be improved under extreme operating conditions” [30]. 

From the above analysis and a study on ERS using electrical storage, a summary table of 

development technology is then carried out as shown in Table 2-2. The energy efficiency of electrical 

ERSs is from 33% to 57%. The power consumption can be reduced by approximately 25%. Besides, the 

summary table indicated that the merits of these ERSs using electrical storage are that energy recovery 

processes do not affect cylinder movement [28, 29, 49, 57]. Stored energy in electrical storage can be 

easily used directly to other devices in the system. However, the demerits of the electrical ERSs are their 

high energy loss due to converting energy, require complex control strategies and only suitable for small 

and medium sized HEs [22, 46, 47, 50, 58].

Flow of Cylinder

Flow of Accumulator

Fig. 2-20 ERS of boom system with additional hydraulic accumulator. [36]

Fig. 2-21 Distribution of the working points of the generator with the hydraulic accumulator 
(AMGERS) and without hydraulic accumulator (JMGERS). [37]
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Table 2-2 Technology summary table of ERS using electrical storage.

Ref.
Novelty

Energy 
Regeneration 

Efficiency

Power 
Consumption 

Reduction

Merits Demerits

[46]

First ERS using 
hydraulic 

pump/motor.
- 35%

- Stored energy was 
utilized via an electric 
motor to assist the 
engine

- Engine worked in 
low-speed area with 

high efficiency 
combustion. 

- High energy losses 
due to the energy had 
to be converted to 
different types

[47] A dynamic-
work-point 
strategy to 
maintain 

constantly 
engine power

-  -

- The engine worked in 
high efficiency area. 

- Increased the service 
life of capacitor. 

- Complicated system 
structure. 

- Required more 
control variables. 

[50] A new electric 
HE using an 
EHA system 
included a 
hydraulic 

motor/pump and 
electrical 

motor/generator

- $ 50.15%

- Reduced energy loss 
by using the EHA 

system.

- Low dynamic 
response
- Suitable for the small 
size HE. 

[22] Power controller 
based on 

changing SOC 
threshold to 

ensure balance 
energy of engine 

and 
supercapacitor

- $ 24%

- Analyzed and 
selected the best 
structure with shortest 
expected payback 
period.

- Reduced fuel 
consumption.

- Results need to be 
verified on bigger size 
HE to show the 
effectiveness of 
proposed controllers. 

[58] A new ERS 
structure with an 

additional 
hydraulic 

accumulator.

41% -

- Increased the 
efficiency and 
downsize of generator. 
- Take advantage of 
energy storage sources

- Complicated control 
strategy. 
- Required new 
generators with high 
efficiency and small 
volume. 

[49] A new structure 
of ERS by using 
a throttle valve.

48.7% -

-  Improved cylinder 
control performance.
- Reduced the 
generator capacity.  

- Required big size of 
components

[51] A control 
strategy for 
motor speed 

based on the real 
system [50]

- 47.8%

- Significantly reduces 
energy consumption.

- Low regenerated 
energy. 
- The system has not 
been verified with the 
load condition

[48] A control 
strategy with 
load torque 

observation and 
flow 

compensation to 
enhance the 

64.5% -

- Improved the 
dynamic performance. 
- High energy 
regeneration 
efficiency. 

- Required large sizes 
generator and hydraulic 
motor.
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performance of 
ERSs

[30] A control 
strategy based 
on pressure of 
accumulator to 
guarantee the 
minimum and 

maximum 
recovery times 

36% -

- Capacity of generator 
and hydraulic motor 
can be decreased 65%. 

- Complicated system 
structure. 
- Many factors must be 
considered during 
moving down process. 

[57] A new electric 
HE using 

combination of a 
servo motor and 

a variable 
displacement 

pump

- 28.5% - 33%

- The energy 
efficiency of power 
source could achieve 
up to 40%
- Reduced power 
consumption. 

- Energy recovery 
efficiency has not been
considered

[29]
ERS using a 

hydraulic 
accumulator and 
a valve–motor–

generator

58% -

- Generator could 
work continuously and 
efficiently.
- Reduced the cost. 

- Efficiency of system 
should be demonstrated 
experimentally

[28]
ERS using flow 

control valve 
and hydraulic 

motor was 
placed directly 

to the output port 
of the boom 

cylinder.

33.8% -
57.4%

-

- The setup power of 
generator could be 
reduced and guarantee 
system safety by using 
flow control valve. 
- Reduced the energy 
loss at the main control 
valve.

- Requires complex 
control strategies.

2.3.2. ERS using hydraulic storage

In hydraulic ERS, accumulators serve as hydraulic energy storage devices as well as shock 

absorbers and standby power sources. Fig. 2-22 shows the working principle of ERS using hydraulic 

storage. The biggest advantage when using a hydraulic accumulator is that it can easily be integrated 

and operated in the existing hydraulic circuit of HHEs. The hydraulic accumulator is normally attached 

directly to the tank return port of the proportional directional valve. When the boom cylinder moves 

down, the flow rate in the bore chamber will go through the control valve and can be directly recovered 

in the accumulator. Therefore, hydraulic ERSs can reduce losses during the energy recovery process 

which often occurs in electrical ERS because of transferring from hydraulic energy to electric energy. 

Most of the used accumulators have been charged with pressured nitrogen from the beginning. The 

energy is stored by being compressed to high pressure inside the accumulator. So that recovered energy 

can be used immediately to actuators in emergencies. 
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The energy regeneration efficiency of hydraulic ERS is proportional to the volume of the 

hydraulic accumulator. The larger size can recover more energy and vice versa. Hence, the limited 

energy storage density of hydraulic accumulators is a major flaw when compared to ERSs using 

electrical storage. The hydraulic ERS is particularly suitable for medium and small-sized excavators 

where power requirement is within the installation space. In addition, the difference in required power 

during the boom cylinder moving up and down leads to a challenge for reusing the recovered energy. 

Based on the above analysis, several researchers have come up with solutions to still take advantage of 

the hydraulic system and solve outstanding problems.

Engine Motor

Energy Regeneration System

Control 
Valves

The other system 
for reusing the 

recovered energy

Fig. 2-22 Schematic of the ERS using hydraulic storage.

Bui et al. [52] suggested a new configuration for HE using EHA, an accumulator and two 

hydraulic transformers as shown in Fig. 2-23. During the moving down process, the potential energy in 

boom cylinder was converted to mechanical energy by using a variable hydraulic transformer (motor 

mode) to drive the fixed hydraulic transformer (pump mode) and then, stored the energy in accumulator. 

The recovered energy could be reused later through the reverse working function of two hydraulic 

transformer. Based on the load characteristics observer, a flow chart was also proposed for the boom 

system to achieve more energy-saving. The simulation results indicated that this system could reduce 

the power consumption. However, this system had high energy loss due to energy conversions (hydraulic 

– mechanical – hydraulic) and high investigation cost due to the hydraulic transformers. Therefore, it 

could not apply in commercial products. Knussman et al. [53] from Caterpillar Inc. also used an EHA 

system which included a variable displacement pump/motor and driven by an engine to control the state 

of the boom cylinder. A hydraulic pump and an accumulator were integrated into the system to act as a 

source of pressure oil for the closed-circuit EHA system. Besides, two port of boom cylinder were 

connected and transferred the flow rate from high pressure chamber to low pressure chamber through a 

proportional valve (denoted as a regeneration valve). The disclosed hydraulic system may be applicable 

to any HEs to improve the hydraulic efficiency and performance. Zhang et al. [59] presented an electro-
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hydraulic system for regenerated the potential energy in two hydraulic accumulators and reused this 

energy via a pair of pump and motor. In addition, the flow rate in the rod chamber of the cylinder which 

was normally discharged directly to the tank will be recovered in a low-pressure accumulator. Almost 

identical to the configuration in  [52], Zimmerman et al. [60] suggested an ERSs for boom energy 

regeneration using three variable hydraulic transformers. However, this system is also too expensive, 

and it has just been proposed as an idea in the patent. Therefore, its efficiency should be validated by 

simulation or experiment.

Weight

M

Fig. 2-23 Schematic of the potential energy recovery system of the HHE using the electro-hydraulic 
actuator (EHA). [52].

Shen et al. [61] used a Common Pressure Rail (CPR) which is one kind of the most typical off-

road vehicles to analyze the influences of different control methods to the HE as shown in Fig 2-24. The 

fuel consumption can be reduced using dynamic programming (DP) and DP also provides a standard to 

compare different control methods. Nonetheless, with the unknown working cycle, this method cannot 

achieve good performance. Therefore, for practical applications, three rule-based control strategies were 

proposed. A strategy called adjustable single point under quasi constant pressure combined the 

decoupling relationship between the system dynamic with the structure characteristic analysis and the 

engine. Hence, by using this method, during 5 cycles, the fuel consumption was lowest, which was 44.9 

g. Besides, the actuator performance was acceptable. Notably, the fuel consumption can be reduced to 

30.1 g since a smaller power can be applied as presented in Fig. 2-25. 
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Fig. 2-24 Structure of the Common Pressure Rail system. [41]
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Fig. 2-25 Working points occurrence frequency map under adjustable single point strategy. [61]

Ge et al. [26, 62] proposed a ERS scheme with a hydraulic accumulator and an energy conversion 

cylinder as presented in Fig. 2-26. In this configuration, the ERS of the excavator’s actuator can be saved 

and reutilized while the cost and installed power are not increased significantly. Based on the 

multidisciplinary dynamic model of the HE, the influence of the accumulator parameters on the ratio of 

the energy recovery was investigated. Their results demonstrated that under the lowering process, more 

than 75.9% of the potential energy in boom system can be recovered into the accumulator with the new 

ERS. Furthermore, the pump’s required power can be decreased by 52% under a certain lifting process 

as shown in Fig. 2-27. Then, a 76t HE system was built and tested using this fundamental. The energy 

consumption and the carbon dioxide emissions can be reduced significantly, i.e. 238 kJ under a cycle 

and 28088.4 kg (emissions) per year, respectively. This study obtained remarkable achievements in 

energy-saving as well as emission-reduction. Moreover, this scheme can be used in different types of 

construction machines.
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Fig. 2-26 Working principle of the balance boom cylinder system. [26]

Fig. 2-27 Operating points over five excavation cycles. [26]

Chen et al. [27] proposed a new ERS based on a closed-circuit hydrostatic transmission and 

implemented a hydraulic accumulator as main energy storage element to store the potential energy of 

the boom system as presented in Fig. 2-28. During the lifting process, the flow rate in the rodless 

chamber was supplied from the accumulator through the Pump-Motor 1(PM 1) and the rod chamber 

through the Pump-Motor 2(PM 2). The power from the accumulator could be compensated or 

regenerated by using the permanent magnet brushless DC motor (PMBLDC) depend on the load 

condition (compensate with high load and regenerate with low load). In the process of descending, the 

flow in rodless chamber was divided into 2 parts, one was supplied to the rod chamber and the rest was 

recovered to the accumulator through PM 2 and PM 1, respectively. The results indicated the 

effectiveness of the proposed system, and the experiment platform can achieve efficiency varied from 

60% to 68.2% depends on working conditions. However, the disadvantage of this system is that it is 

expensive because of using two PM and PMBLDC. Besides, the system performance is highly 

dependent on the initial pressure of the accumulator. If the pressure of accumulator is high, the system 

cannot regenerate the energy. 
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Fig. 2-28 Schematic diagram of the closed-circuit gravitational potential energy regeneration system 
(GPERS) of the boom. [44]

Xia et al. [63] proposed a new configuration of ERS using three-chamber hydraulic cylinder as 

shown in Fig. 2-29. A hydraulic accumulator is directly connected to one chamber (port C). The main 

driving circuit was connected to the other two chambers (Ports A and B). During the moving down 

process, the potential energy in chamber C was charged into the hydraulic accumulator. In the next cycle, 

the stored energy in the accumulator is released to support the main pump in the lifting process as shown 

in Fig. 2-30. To verify the effectiveness of this system, a real test bench based on a 6-ton hydraulic 

excavator was performed. The experimental results showed that 50.1% energy consumption of the boom 

and 64.9% peak power of the power source can be reduced in the proposed system compared with the 

double-chamber system. This design can be widely used in all kinds of devices using hydraulic cylinders. 

However, the initial pressure of the hydraulic accumulator affected the energy saving efficiency. In 

addition, it could be the causes of additional throttling losses in the main circuit and reducing the energy 

regeneration efficiency.

Fig. 2-29 Test schematic of the double and three-chamber cylinder systems. [45]
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Fig. 2-30 Pressures and displacement of three chambers cylinder. [63]

Ge et al. [55] proposed a novel-designed asymmetric pump to decrease the energy consumption 

of a HE boom system as shown in Fig. 2-31. The pump had three ports, one was connected to an 

accumulator and the other two of them were connected to the hydraulic cylinder. Hence, this system 

could recover the potential energy directly and the unequal flow rates of the single rod cylinder could 

basically be matched. The working principle and structure of the pump were presented in Fig. 2-32. 

Furthermore, an experiment test bench of the two systems had been fabricated. The results showed that 

the proposed system could recover and reuse about 82.7% of the potential energy. Compared with an 

IMV system, the power consumption during the lifting process could be decreased by 76.1%. Moreover, 

during the entire working cycle, reduced energy consumption could be reached by 75.0%. Not only 

hydraulic excavators but also all types of heavy-duty construction machinery could use this 

configuration to improve the economical fuel.

Finally, a comparison of ERSs using hydraulic storage is then carried out and analyzed in Table 

2-3. Recent researches are focusing on developing new energy recovery elements that help solve the 

problems such limited capacity of the hydraulic accumulator and the pressured flow rate which prevents 

the cylinder from moving. Hence, the hydraulic ERSs have high recovery efficiency and are being 

improved over time. 
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Fig. 2-31 Principle and structure of the novel-designed asymmetric pump system. [55]

Fig. 2-32 Working principle and the image of the valve plate and cylinder block. [55]
Table 2-3 Technology summary table of ERS using hydraulic storage.

Ref.
Novelty

Energy 
Regeneration 

Efficiency

Power 
Consumption 

Reduction

Merits Demerits

[64]

ERS using load 
sensing system 
and an assist 
accumulator.

18% -

- The system can 
recover and reutilize 
energy

- Reduce the pump 
supply energy and 

work losses

- It is impossible to 
control the energy 
recovered in the 
accumulator during 
discharge

[65]

ERS using
accumulator and 

a hydraulic 
pump/motor. 

37% -

- Throttle losses were 
low.

- During the energy 
recovery, the engine 
was still needed to 
drive the hydraulic 
motor.

[66]

A digital flow 
control unit 

consists of two 
individually 
adjustable 

control edges 
containing five 

45% -

- Directly recovery and 
store the energy in 

accumulators. 

- Not suitable with 
variable load 
conditions. 
- Occupied a lot of 
installation area
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poppet-type 
on/off valves for 
flows division.

[52]

New ERS using
hydraulic 

transformer and 
EHA system 

- $1.76%

- Reduced pump’s 
displacement.

- Stored energy in 
accumulator could be 

reused through 
hydraulic transformer.

- Low saving energy.
- Not feasible with 
commercial products.

[61]

Secondary 
components 
(pump/motor
and Hydraulic 
Transformer)

- $38.2%

- Reduced power 
consumption

- Not consider the 
energy regeneration 
efficiency. 
- Too expensive. 

[67]

ERS using a 
three-chamber 
cylinder and 
EHA system 

- $26%

- Directly recovery and 
store the energy in 
accumulators.
- Low energy losses

- Low dynamic 
response
- Required big engine 
with high working 
torque

[68]

ERS using the 
STEAM system 

(connected 
actuators with 

three level 
pressures 

through valves) 
and IMV 
system.

54% -

- Combines the 
advantages of STEAM 
system, IMV system 
and hydraulic 
transformer

- Complicated system. 
- Many control 
variables during 
operation

[27]

ERS using a 
closed-circuit 

hydrostatic 
transmission

60% - 68.2% -

- High energy 
regeneration 
efficiency. 
- Good control 
performance. 

- High cost. 
- Complicated system 
structure.

[69]
ERS using two 

pump/motor and 
an accumulator 

67.5 % -

- High energy 
regeneration 
efficiency. 
- Regenerated the 
energy in three 
actuators (boom, arm, 
bucket)

- High cost. 
- Take up a lot of 
installation space.

[63]

ERS using three 
chambers 

cylinder and 
accumulator.

- $64.9%

- High energy saving 
efficiency. 
- Simple structure and 
low cost.

- Initial pressure of 
accumulator affected 
energy saving 
performance

[55]

ERS using a 
novel 

asymmetric 
pump

82.7% $75%

- High energy 
regeneration and 
energy saving 
efficiencies.
- Direct energy 
conversion
- Reduced pressure 
shock and oscillation.

- Low dynamic 
response. 
- Each actuator had to 
use an independent 
pump.

[70]

ERS using a 
hydro-

pneumatic 
accumulator, a 

- $10%

- Considered the energy 
regeneration in both 
boom and swing 
system. 

- The main pump had to 
supply flow rate to the 
cylinders during the 
energy recovery
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hydro-motor, 
and a loading 

pump.

[26]

ERS using 
balanced 
hydraulic 
cylinder.

75.9% -

- High energy 
regeneration 
efficiency.
- Directly regenerate 
the energy without 
auxiliary links

- Initial pressure of 
accumulator affected 
energy saving 
performance

[62]

ERS using third 
cylinder to 
recover the 

energy.

41.6% -

- Directly regenerate 
and reuse the potential 
energy. 

- Initial pressure of 
accumulator affected 
energy saving 
performance

2.3.3. ERS using mechanical storage

A flywheel is a rotating mechanical device used to store rotating energy. The flywheel has a large 

inertia torque and resists changes in rotation speed. The amount of energy stored in a flywheel is 

proportional to the square of its rotation speed. Energy is transferred to a flywheel by applying torque 

to it and then increases the rotation speed and stored energy. In contrast, the flywheel releases stored 

energy by applying torque to the mechanical load, resulting in reducing rotation speed. Based on the 

typical characteristics of the mechanical flywheel, Jiansong Li et al. [71] proposed a new mechanical 

ERS integrating a flywheel, a variable hydraulic pump/motor and a regeneration flow control valve as 

shown in Fig. 2-33. When the boom cylinder moved down, the regeneration flow control valve is opened 

and the flow in the bore chamber flows to the rod chamber. The remained flow rate rotates the hydraulic 

motor and converts to mechanical energy stored in the flywheel. When the boom cylinder moves up, the 

stored energy rotates the hydraulic pump and supplies the flow rate to the system. With this proposed 

system, the author not only studied the issue of energy recovery but also the issue of reusing the 

recovered energy. The simulation results showed that the overall efficiency could be reached up to 62%. 

However, this system has only been verified by the simulation model. The actual efficiency of the system 

needs to be validated through a real experiment system. 

The main disadvantage of flywheels that competes with other storage components such as a 

battery or hydraulic accumulator is the relatively high standing losses and high cost. The self-discharge 

rates are high in many flywheels i.e. about 20% of the stored capacity per hour. Besides, the 

characteristics of the actuators in the HE were a high-frequency operation, variant displacement, and 

unstable velocity. But to store energy in the flywheel, the rotation speed of the hydraulic motor must be 

bigger than the current speed of the flywheel. Therefore, the imposition of flywheels in renewable 

energy recovery systems is a major challenge for researchers.
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1. Engine
2. Pump 
3.Directional control valve
4. Boom cylinder
5. Reservoir
6. Hydraulic pump motor
7. 2/2 directional control valve
8. Flywheel
9. Clutch
10. Safety valve 
11. Check valve 
12. Controller 
13. Joystick 
14. Flow regeneration valve 
15. Gearbox

Fig. 2-33 Structure of a flywheel mechanical ERS. [53]

2.3.4. Types of Swing energy regeneration technologies

While there are many studies on the ERSs for the boom system, the number of studies for the 

ERSs in the swing system has been very limited. The reason was that the design of the ERSs for the 

swing system is more complicated than the boom system, the ERSs must be able to operate on both 

sides of the hydraulic motor during the operation. Besides, the recoverable energy during is not constant. 

It depends on the angle of rotation and the speed of swing motor usually takes place over a short time. 

However, the energy of the swing system accounts for 25% of the total potential energy of the HE. 

Therefore, the study of the ERSs for the swing systems has been extremely necessary. In the swing 

system, there are two possible energy harvesting times: acceleration or deceleration. These processes 

are normally operated for a short period of time and with a high working frequency. 

Lee et al. [72] suggested a hydraulic circuit for the swing system using an accumulator and a 

directional valve. During the deceleration process, the flow rate in high pressure port of the swing motor 

was stored in an accumulator through the relief valve. The regenerated energy was reused into the system 

during the acceleration process via the directional control valve as shown in Fig. 2-34. The results 

showed that the proposed system can increase working efficiency more than that of the conventional 

system. The energy efficiency can reach to 18.5%. However, this structure is highly dependent on setting 

pressure of the relief valves. High setting pressure value reduces the recovery performance of the system. 

In the case of small setting value, it increases energy consumption because the pump has to supply the 

system while charging the accumulator. Therefore, this approach has proved unsuitable for commercial 

products.
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M

Swing motor

Fig. 2-34 Schematic of hydraulic ERS swing system. [72]

Chowdhury et al. [54] replaced the conventional hydraulic circuit by using an EHA system as 

shown in Fig. 2-35. Then, the rotation speed and angle of the rotating motor can be directly controlled 

via the bi-directional pump and motor. In addition, two pairs of the pump and hydraulic motor were 

integrated to regenerate and reuse the energy during the deceleration. The authors conducted a series of 

simulations to analyze the relationship between moment of inertia and the capacity of the hydraulic 

accumulator. Finally, the maximum saving energy could achieve up to 23%. However, this system was 

expensive and high loss energy due to using multiple hydraulic motors and pumps. In addition, low 

energy saving efficiency leads to long payback times and low commercialization.

M
Reuse energy Save energy

Swing motor

Fig. 2-35 The ERSs of the swing system using two pair of hydraulic pump and motor. [54]

Xiao et al. [24] proposed a new hydraulic system for the swing system with a hydraulic 

accumulator and two flow control valve as shown in Fig. 2-36. This system had some similarities with 

the presented system in a previous patent [73]. The kinetic energy is recovered directly into the 

accumulator and reused through some directional valves. When the swing system decelerates, the flow 

rate from the variable displacement hydraulic motor is controlled by the flow control valve V1 and 
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charged to the hydraulic accumulator. In subsequent cycles, the stored flow in the hydraulic accumulator 

is supplied to the system via the flow control valve 11 ( 4 ports and 3 positions). Besides, the author was 

also concerned about the oscillation and energy regeneration efficiency of the proposed system. They 

designed a control strategy based on a PID controller. Therefore, the proposed system had a much lower 

cost than the electric ERS system and the energy regeneration efficiency could reach up to 33.4%. 

Fig. 2-36 Hydraulic circuit of the ERS system using an accumulator and a flow control valve. [24]

Based on the above research [24], Xiao et al. [25] continued to develop ERS to improve energy 

regeneration efficiency. Two independent accumulators with different initial pressures were used for the 

hydraulic ERSs of the swing system as shown in Fig. 2-37. The flow rate from the hydraulic motor could 

be charged into one of the two hydraulic accumulators depending on the system pressure. This helped 

the system to overcome the problem of the previous one accumulator system as the pressure of the tank 

is too high which can hinder the movement of the rotating system during operation. Experimental results 

demonstrated the effectiveness of the proposed system. The energy regeneration efficiency was 

improved by up to 56%. Zhang et al. [74] also presented a configuration of hydraulic ERSs for the swing 

system using two accumulators. Depended on the pressure of the swing hydraulic motor, the flow rate 

will be selected to charge into the specific accumulator. Besides, one accumulator can be charged, and 

another one can be discharged at the same time during the operation. 
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Fig. 2-37 Hydraulic circuit of the ERS system using two independence accumulators. [25]

During the acceleration process, Zheng et al. [75] proposed a new ERS hydraulic circuit for swing 

system using an accumulator and two independent directional control valves. The potential energy of 

swing motor was stored in the accumulator and released to support the pump in next cycles. The 

proposed system could achieve 28.5% energy regeneration efficiency and reduce the energy loss. Zhang 

et al. [76] added two pressure reducing valves to hydraulic system which could control the displacement 

of main pump due to the working condition. During swing motor acceleration, the flow rate of main 

pump was controlled to match with required flow from the swing motor, thereby the motor overflow 

and system response time were reduced. However, this system required a new directional control valve 

which could guarantee that the motor outlet connected to the tank in the closed position. This was 

difficult to do in real conditions due to the instability and noise of swing system. Kim et al. [77]

registered a patent named swing relief ERS which included a hydraulic motor and pump connected with 

the engine through a planetary gear. Potential energy was stored into the accumulator through a relief 

valve, then reused through the hydraulic motor to support the engine. However, the use of a relief valve 

caused large energy losses during the operation. H. Ren et al. [78] integrated four directional control 

valves, two shuttle valves and an accumulator to the swing system. During the acceleration, the 

accumulator was connected to the high-pressure port side of swing motor to save the acceleration energy 

via the controlled valves. Then, in next cycle, the stored energy was automatically released to drive the 

hydraulic motor as shown in Fig. 2-38. A real test bench was built to validate the effectiveness of 

proposed system. The results showed that the energy regeneration efficiency was up to 80%. In addition, 
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the pressure sock and motor speed could be reduced to improve the control performance. Lin T. [79]

presented a new ERS for swing system using hydraulic motor and generator. During the operation, the 

check valves was opened to connect the hydraulic motor with high pressure port of swing motor. Then, 

this system could recover both the orifice loss of the relief valve and the kinetic energy at the acceleration 

and deceleration processes. The simulation results indicated that this system could overcome the anti-

reverse and achieve 38% energy saving efficiency. 

Table 2-4 then summarizes the current energy regeneration technologies of swing system during 

the acceleration and deceleration processes. It indicated that most ERSs use accumulators as energy 

storage devices due to the advantages of hydraulic ERSs (such as low energy loss, and the rapid energy 

storage). The factors are very consistent with the properties of the swing system as described above.

Fig. 2-38 Proposed ERS system using accumulator for swing acceleration process. [62]
Table 2-4 Technology summary table of swing ERS.

Ref. Novelty
Energy 

Regeneration 
Efficiency

Power 
Consumption 

Reduction

Merits Demerits

[72]

ERS using 
hydraulic 

accumulator and 
a directional 

valve.

18.5% -

- Directly stored the 
swing energy in 
accumulator. 

- The stored energy 
could be reused.

- Initial pressure of 
accumulator affected to 
energy saving 
efficiency.

[54]

ERS using two 
pairs of the 

hydraulic pump 
and motor 

22.75% -

- The structure was 
cumbersome and 
ineffective
- Long expected 
payback periods
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[24]

ERS using a 
hydraulic 

accumulator and 
flow control 

valves 

33.4% 9.2%

- Reduced the 
fluctuation and 

improved energy 
regeneration 
efficiency.

- Initial pressure of 
accumulator affected to 
energy saving 
efficiency.

[25]
ERS using two 

independent 
accumulators

23% to 56% -

- Easy to integrate in a 
real excavator.

- Complicated control 
strategy. 
- Many factors must be 
considered in the 
energy recovery 
process.

[75]

ERS using an 
accumulator and 
two independent 

control valves

28.5% -

- Simple structure - The system only could 
work in the case of the 
pressure in accumulator 
greater than system 
pressure.

[78]

ERS using four 
directional 

control valve 
two shuttle 

valves and an 
accumulator

80% 16.5%

- High energy 
regeneration efficiency 
- Reduced pressure 
sock and motor speed.

- Not yet consider the 
energy regeneration 
efficiency during the 
brake

[79]
ERS using 

hydraulic motor 
and generator

38%

- Can regenerate the 
energy in both 
acceleration and 
deceleration processes. 

- High energy loss. 

2.4. Challenges

Based on the above analysis, it can be seen that the HHE still emits harmful CO2 emissions into 

the atmosphere, which is usually the main thing people want to avoid when buying an electric excavator. 

Having both an electric motor and an ICE means that two drivetrains are needed with their own specific 

maintenance requirements, which has the potential to complicate matters when it comes to repairs. The 

price gap between ICE excavators and HHEs isn’t as big as the gap between ICE excavators and electric 

excavators, they are still more expensive, making cost one of the main disadvantages of HHE. The 

batteries used in electrified excavators don’t take too kindly to extreme temperatures: too much heat will 

speed up battery degradation, and extreme cold will negatively affect the battery’s range. Cold 

temperatures can also cause hybrid batteries to require more time to reach operating temperature, which 

also causes the excavator’s ICE to expend more energy, leading to poorer fuel consumption. Extracting 

the reusable elements from batteries is a difficult and expensive process, meaning there’s a long way to 

go before it’s done on a wide, cost-effective and environmentally friendly scale.

Meanwhile, energy recovery systems tend to become more complex and use more auxiliary 

equipment. For example, in an electrical ERS, in addition to the main energy recovery components (such 

as the hydraulic motor and generator), the system requires other devices (such as control valve(s) and 

accumulator(s)) to help avoid pressure socks and improve the actuators’ performance. Similarly, in a 
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hydraulic ERS, direct recovery of potential or kinetic energy in the boom or swing system, respectively, 

into the accumulator is ineffective because increased pressure in the accumulator could interfere with 

the actuators’ movement. Hydraulic ERSs therefore need to use throttle valves or hydraulic transformers 

to ensure the safe and stable operation. The same level of requirements goes for the mechanical system. 

Hence, complex ERSs could lead to an increased energy loss and/or a decreased regeneration efficiency. 

Besides, ERSs requires space to install new devices on excavators, resulting in weight gain and 

subsequently, higher power consumption at the swing and traveling systems. 

Selection of energy storage devices in ERSs is also a challenging task. Main options available in 

the market are known as batteries, capacitors, accumulators and flywheel. Batteries offer long lifetime 

and high energy density. However, power conversion from batteries to electric motor/generator, and 

vice versa, normally take 2-3 seconds to match the system requirements [15] whilst the actuators in HEs 

work continuously. Although capacitors or supercapacitors can be charged and discharged quickly, they 

have shorter working life and higher cost. Accumulators are capable of quickly recovering energy. 

Nevertheless, any increase in storing capacity leads to an increase in the accumulator volume, preventing 

its applicability. Alternative solution is known as mechanical flywheels. Nonetheless, flywheels with 

higher energy loss due to friction could not hold the recovered energy for long periods of time.

Control strategies plays a very important role in the development of ERSs for HEs. The system 

configuration no matter how good it is, needs to be operated accurately and flexibly to achieve high 

efficiency. Load conditions, SOC of batteries/supercapacitors, speed, flow rate and/or pressure of active 

components (such as pumps, motors, generators, accumulators and flywheels) in ERSs should be 

considered and properly controlled to enable an optimal performance. In addition, performance and/or 

efficiency maps and operation constraints of the key components in combination with real-time updates 

of their states are utilized in optimization and decision making of EMSs to ensure the optimal operation 

of these components. This therefore requires a lot more data from HEs through sensors and 

communications which might do not work well in harsh environments, leading to a reduction in the 

system efficiency. 

Another challenge in the deployment of ERSs is associated with costs. Manufacturing cost of new 

HEs integrated ERSs could be much higher than that of conventional HEs and potentially, leading to a 

long payback time. Therefore, the requirement is to research and propose affordable cost and suitable 

ERSs for each size of the excavator to trade-off between the investment cost, energy recuperation 

capability and system efficiency. Moreover, due to the harsh and dusty working environment of HEs, 

the key ERS components such as motors, generators, batteries and sensors are susceptible to damage 

and thus, requiring more attention with extra costs for regular maintenances and services. Addressing 

this problem is also one of the important tasks in developing ERSs.
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Chapter 3

ELECTRICAL HYDRAULIC CONTINUALLY 

VARIABLE POWERTRAIN

3.1. Introduction

Hybrid hydraulic excavators can be categorized as electric hybrid excavators and hydraulic hybrid 

excavators [24, 25, 80]. An electric hybrid hydraulic excavator uses a battery or supercapacitor as the 

energy storage unit to store energy. The potential energy or kinetic energy of an actuator can be 

converted to electric energy by using a generator and saved in the energy storage unit. A hydraulic 

hybrid excavator uses a hydraulic accumulator as the energy storage unit, in which regenerated energy 

can also be stored [10]. The stored energy can be reused to assist the engine in running the actuator or 

to run the actuator directly. In this manner, energy consumption can be reduced.

In this regard, energy regeneration is a key research aspect of hybrid hydraulic excavators. Energy 

regeneration systems of hybrid hydraulic excavators include electric energy regeneration systems and 

hydraulic energy regeneration systems [81]. According to Wang T. et al. [8], an EERS for a boom was 

proposed. In this framework, the hydraulic motor and generator were installed in the return line of the 

boom system. The performance under no load and loaded conditions were evaluated experimentally, 

and the efficiency of the hydraulic motor, generator, converter, and super-capacitor was analyzed. The 

energy recovery efficiency was noted to range from 26% to 33%. A similar energy regeneration system 

was researched by Wang T. et al. [48]. Both the generator and hydraulic valve were controlled to 

regenerate energy and reduce the fluctuations of the boom. The energy regeneration system with two 

independent valves was researched by Yu Y.X. et al. [82]. The energy regeneration efficiency and 

stability of the boom cylinder can be improved by controlling the two independent valves.

The EERS of an electric forklift system was researched by Minav T. A. et al. [83]. In this system, 

the pump/motor and generator were the key components for energy regeneration. When the cylinder 

moved down, the pump/motor functioned as a motor to drive the generator to regenerate energy. When 

the cylinder moved up, the pump/motor served as a pump to provide flow to the cylinder. 

The electric ERS system with a variable hydraulic motor was described in a study by Yu Y.X. et 

al. [28]. The efficiency of the hydraulic motor and generator was examined to optimize the working 

points of the hydraulic motor and generator. The energy regeneration prat can operate at the highest 

efficiency under all conditions. Compared with the conventional energy regeneration system, the 

improvement of energy regeneration efficiency was 3.2% to 4.1% with the optimal method of energy 

management strategy.
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Several researchers also investigated HERS of hydraulic hybrid systems. According to Ranjan P. 

et al. [70], a hydraulic accumulator was used to store the regenerated energy. The experiment results 

showed that the proposed system was 10% more efficient compared to the conventional system. A three-

chamber cylinder and hydraulic accumulator boom system were proposed in the study of Hao Y. et al. 

[84]. In this system, one independent chamber of the cylinder is used to regenerate the potential energy. 

The experiment results demonstrated that 26.2% to 44.4% of the energy could be regenerated.

Notably, both batteries and hydraulic accumulators can be used as energy regeneration systems, 

and the EERS and HERS can be combined. According to a study by Lin T. et al. [58], the accumulator-

motor-generator regeneration system was discussed and simulated. The gravitational potential energy 

could be converted to electrical or hydraulic energy, based on the energy management strategy. The 

accumulator could charge the battery through the hydraulic motor and generator. Simulation results 

showed that the efficiency of the generator could be increased, and the generator size could be reduced 

by using the accumulator in the hybrid boom system. An estimated 41% of the potential energy could 

be regenerated. Subsequently, the authors researched a similar system [30]. The experiment results 

indicated that the recovery efficiency was approximately 39%, and the hydraulic motor size could be 

decreased by >65%. An energy regeneration system with a valve, motor/generator, and hydraulic 

accumulator was researched by Chen Q. et al. [29]. The energy regeneration system could regenerate 

energy from all the actuators of the excavator. The simulation results indicated that the proposed system 

could regenerate 58% of the potential energy. The abovementioned studies demonstrated that energy 

regeneration systems could help save energy in electric hydraulic excavators and hydraulic hybrid 

excavators. Another key aspect in the context of research on hybrid hydraulic excavators is the electric 

drive system. An innovative driving system with an electric motor and novel asymmetric pump was 

researched by Ge L. et al. [55]. The proposed asymmetric pump could serve as a displacement variable 

pump and realize energy regeneration. Compared with an independent metering circuit, the electric 

power of the boom system during the moving-up operation could be reduced by 76.1%. Moreover, an 

electric hydraulic excavator configuration was proposed by Ge L. et al. [57]. In this research, a 

displacement variable pump driven by a speed-variable electric motor was used as the power source. A

control strategy was developed to control the electric motor and pump displacement to decrease energy 

consumption. The experiment results indicated that the energy-saving ratio ranged from 28.5 to 33%.

Although this system could be used in electric hydraulic excavators, long-term continuous operation 

could not be realized. A multi motor-pumps system was developed by Huang H. et al. [85]. In the 

proposed system, multi motor-pumps were installed in the system to provide flow, and each pump was 

driven by the electric motor. With the proposed energy management strategy, 26.97% of energy can be 

saved in a working cycle. These studies demonstrated that, electric ERS and hydraulic ERS could be
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used to save energy. However, the energy reuse in the drive mode when using the electric ERS and 

hydraulic ERS was not investigated, although this aspect influences the energy-saving efficiency of the 

total system. 

Based on the current research, energy regeneration is researched widely. However, the energy 

reuse of the drive mode is important to decide the energy-saving efficiency of the hydraulic excavator. 

Therefore, to decrease the energy consumption of engine- driven excavators, an innovative electric 

hybrid hydraulic excavator is proposed. A displacement variable pump is driven by an electric hybrid

system as the powertrain. The electric hybrid system consists of an engine and an electric motor. Both 

the engine efficiency and hydraulic pump efficiency are considered to enhance the energy-saving 

efficiency. An electric ERS is implemented in the boom system. In contrast to the previous research, not 

only energy regeneration but also energy reuse in the drive mode is examined in the present study. In 

the structure design, both the speed and torque of the engine can be adjusted through the electric motor, 

hydraulic pump displacement, and planetary gear to improve the efficiency of the engine. The innovative 

system in this chapter is proposed for the first time.

3.2. System structure
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Fig. 3-1 Structure of the proposed boom system with EHCVP.
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The overall structure of the proposed EHCVP consists of three main parts: EHCVP, energy 

regeneration system, and actuator as presented in Fig. 3-1. In the EHCVP part, the engine (1) and the 

electric motor/generator (5) are the main power sources supplying power for the system through a 

planetary gear (3) in which the engine, the electric motor/generator, and the hydraulic devices are 

connected with carrier gear, sun gear, and ring gear, respectively. The speed of power sources is 

transferred to the hydraulic system by using single clutches (2, 4, 8) depending on the working operation. 

In addition, a double clutch is integrated at the output shaft of the ring gear to change the connection 

between the EHCVP and with hydraulic pump (10) or motor (14). In the actuator part, driven by this 

EHCVP, a variable displacement pump (10) supplies hydraulic flow toward the proportional directional 

valve (11), whose function is to purposely control the oil direction as desired. Thus, the state of the 

boom cylinder (12) can be decided by the working position of the proportional directional valve (11). 

In the regeneration part, a hydraulic motor (14) is installed at the bore chamber line. The combination 

of a hydraulic motor (14), electric motor/generator (5), and battery inverter (6) helps convert hydraulic 

energy into electrical energy. With the above structure, the proposed system can operate in four modes: 

normal mode, hybrid mode, reuse mode, and regeneration mode. 

Double
Clutch

Engine

Load

Single 
Clutch

Electric Motor/
Generator

Inverter/
Converter

Battery

Single 
Clutch

Single 
Clutch

Fig. 3-2 Working principle of EHCVP in normal mode.

Normal mode: the main pump is driven by the ICE without support from the electric 

motor/generator (Fig. 3-2). The flow rate from the main pump is supplied to the cylinder and its state is 
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controlled by the main control valve. The output flow rate is discharged to the tank. This mode is similar 

to the conventional HE. Therefore, it cannot reduce energy consumption. 
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Fig. 3-3 Working principle of EHCVP in hybrid mode.

Hybrid mode: the ICE and electric motor/generator drive the main pump together (Fig. 3-3). The 

motor/generator can work as a motor or generator, depending on the energy management strategy. The 

ICE, therefore, can be maintained in a high-efficiency area by changing the speed of the electric 

motor/generator.
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Fig. 3-4 Working principle of EHCVP in reuse mode.



46

Reuse mode: the stored energy in the battery is supplied to the electric motor/generator working 

in the motor function (Fig. 3-4). The electric energy is converted to mechanical energy and provided to 

the main pump. 
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Fig. 3-5 Working principle of EHCVP in regeneration mode.

Regeneration mode: this mode is used for the boom-lowering process (Fig. 3-5). The potential 

hydraulic energy in the bore chamber is captured and stored in the battery through the hydraulic motor 

and electric motor/generator.

3.3. Experiment test bench

In the test bench, one cylinder is installed to emulate the boom cylinder to evaluate the 

performance of the EHCVP (Figs. 3-6, 3-7). The electric motors 1 and 2 emulate the engine and 

motor/generator, respectively. A double clutch is installed to control the ring gear shaft to be connected 

to the main pump through belt 2, or the hydraulic motor through belt 1. The energy regeneration part is 

also set up on the test bench. The system operates in two modes: boom-up and boom-down modes. In 

the boom-up mode, the main valve operates in the left position, and the double clutch connects the 

EHCVP to the main pump through belt 2. The EHCVP drives the pump to provide fluid to the rod 

chamber of the cylinder to move the load up. In boom-down mode, the main valve operates in the middle 

position, and the energy regeneration valve Vr is open. The double clutch connects the hydraulic motor 

to the EHCVP through belt 1. The energy regeneration valve is open. In this case, electric motor 1 and 

the ring gear shaft are braked, and electric motor 2 works to emulate the generator, which generates
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torque to balance the load and control the speed of the hydraulic motor. A speed sensor and torque sensor 

are installed in each gear shaft. A pressure sensor is installed in the output port of the rod chamber. 

Fig. 3-6 Boom cylinder and powertrain in experiment test bench.

Fig. 3-7 Hydraulic system and control box in experiment test bench.



48

Table 3-1 comparison of 3 above configurations

Components Parameters Capacity Unit

Cylinder

Piston diameter

Rod diameter

Length

Max pressure

50

28

0.75

150

[mm]

[mm]

[m]

[bar]

Variable hydraulic pump
Maximum displacement

Maximum pressure

Maximum speed

30

250

1500

[cm3/rev]

[bar]

[rpm]

Fixed hydraulic motor
Maximum displacement

Maximum pressure

Maximum speed

10

120

1300

[cm3/rev]

[bar]

[rpm]

Electric motor/generator Maximum power 5.5 [kW]

Electric motor Maximum power 7.5 [kW]

Pulley Diameter 1

Diameter 2

130

170

[cm]

[cm]

Battery
Number of cells in series

Number of cells in parallel

Cell Voltage Limit

6

1

2.5 - 4.2

[cell]

[cell]

[V]

The detail parameters of the EHCVP system are presented in Table 3-1. In actual ICE, the speed 

ranges from approximately 800 rpm to 4000 rpm. When the speed of the engine is lower than 800 rpm, 

the engine cannot operate. Considering the small size of the test bench, the speed range of the ICE is 

reduced from 100 rpm to 500 rpm to demonstrate the trend of energy-saving efficiency. The real ICE in 

the excavator is controlled through the engine control unit (ECU), in which the control program is 

established. Based on the joystick signal, the ECU controls the ICE to drive the hydraulic pump. In the 

experiment, an industrial personal computer (IPC) is adopted, and the control program is implemented 

in Simulink to control the electric motor to drive the hydraulic pump. In terms of the hardware, the 

electric motor is used instead of the engine. In terms of the software, the IPC is used instead of the ECU. 

The comparison of the engine control in the real excavator and the experiment is shown in Fig. 3-8.

Fig. 3-8 Comparison of engine control in the real excavator and the experiment.
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3.4. EHCVP model

3.4.1. Boom up process

During operation, the desired velocity of the boom cylinder can be decided by the joystick signal 

as.

req m axv va= (3.1)

where, α is the joystick signal with the positive and negative values are the boom up and down modes, 

respectively. vreq is the required velocity and vmax is the maximum velocity of the boom cylinder. From 

the required velocity, the flow rate of pump qp can be calculated as.

reqpq v A=
(3.2)

where A denotes the area of the rod chamber. The power requirement of the main pump Preq can be 

estimated based on the required flow rate as 

req p pP p q= (3.3)

where pp denotes the pressure at the output port of the main pump. Then, the torque of the main pump 

can be expressed as 

P

Pm2

p

p

p D
T

ph
=

(3.4)

where, DP is the displacement of the hydraulic pump, and ηHPm is the hydro-mechanical efficiency of the 

hydraulic pump which is a variable value depending on the pump’s displacement and speed. The speed 

of the main pump can be calculated based on the pump displacement as 

P Pv

p

p

q

D
w

h
=

(3.5)

where ηPv denotes the volumetric efficiency of the hydraulic pump. The friction in the hydraulic pump 

is the reason for the loss in mechanical efficiency, and the leakage leads to a decrease in volumetric 

efficiency. The power sources are connected to the hydraulic system through the planetary gear. The 

speeds of carrier gear (ICE speed) and sun gear (electric motor/generator speed) can be calculated from 

the ring speed as

s s r r s r c( )N N N Nw w w+ = +
(3.6)

where, ωc and ωs denote the speed of carrier gear and sun gear, respectively. Ns and Nr express the 

number of teeth of the sun gear and ring gear. The torque of each gear can be expressed as
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+ (3.7)

where, Tc and Ts are the torque of the carrier gear and sun gear, respectively. The power of the engine 

Peng and the electric motor Pmotor can be calculated as  
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(3.8)

where 
e n gh and 

m o to rh denote the engine and the electric motor/generator efficiencies. From the Eqs. 

(3.3)(3.6), the relationship between the power requirement and the power sources can be calculated as

re q e ng m o torP P P= +
(3.9)

During the operation, the electric motor/generator can operate in two different functions with 

Pmotor>0 means that it is working as a motor, and Pmotor<0 means that it is in the generator mode. 

Therefore, a good selection in the working function of the electric motor/generator can not only meet 

power requirements but also improve the efficiency of the ICE. The energy consumption of the ICE and 

the electric motor/generator can be calculated as.

e

motor

E

E

ng eng

motor

P dt

P dt

=

=

ò

ò (3.10)

The above analysis proved that the efficiencies of the ICE, electric motor/generator and hydraulic 

pump are the key factors to save energy during the moving up process. Optimizing these parameters can 

help the system achieve the highest effectiveness. Finally, the total energy consumption of the proposed 

EHCVP can be as

to ta l e n g m otorE E E= - (3.11)

3.4.2. Boom down process

During the boom-lowering process, the boom cylinder can move without supplying power from 

the power sources. The potential hydraulic energy is converted to mechanical energy by the hydraulic 

motor. Then, the hydraulic energy at the inlet port can be estimated as.

600
hm hm

h

P Q
E dt= ò (3.12)

where Phm and Qhm denote the pressure and flow rate at the inlet port of the hydraulic motor, respectively. 

The speed of the hydraulic motor 
h mw is calculated as.
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hmv hm
hm

Q

D

h
w =

(3.13)

where D is the displacement of the fixed hydraulic motor 
hm vh and is the hydraulic motor’s volumetric 

efficiency. The output mechanical energy Em at the hydraulic motor can be calculated by 

m hm hmE T dtw= ò (3.14)

where the actual torque at the output shaft of the fixed hydraulic motor Thm is estimated as.

2
hmm

hm

pD
T

h

p

D
=

(3.15)

where 
hmmh denotes the hydraulic motor’s mechanical efficiency, pD is the changed pressure between 

two ports of the fixed hydraulic motor. Subsequently, the mechanical energy is converted to electric 

energy through the generator and stored in the battery. From the torque and speed of the electric 

motor/generator, the generated energy Egen can be expressed as 

gen motor r rE T dth w= ò (3.16)

The overall regeneration efficiency of the EHCVP including mechanical and volumetric 

efficiency of the hydraulic motor and electric motor/generator efficiency can be estimated by

tot hmm hmv motorh h h h=
(3.17)

Eq. (3.17) indicates that the regeneration efficiency is dependent on the hydraulic motor and 

electric motor/generator efficiencies. Due to the fixed displacement hydraulic motor, controlling the 

speed of the electric motor/generator in the suitable range can enhance the amount of recovered energy. 

Fig. 3-9 Engine efficiency map.
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Fig. 3-10 Mechanical efficiency map of the pump at 20 bar.

Fig. 3-11 Volume efficiency map of pump at 20 bar.

Fig. 3-12 Electric motor/generator efficiency map.
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Fig. 3-13 Hydraulic motor efficiency map.

As the above analysis, the fuel economy and recovered energy can be enhanced by maintaining 

the devices in a high-efficiency area during operation. Considering the efficiency map of the ICE, the 

efficiency value is decided by the torque and speed as shown in Fig. 3-9. It can be seen that this value 

when increasing the torque of ICE can reach up to 43 %. Meanwhile, the efficiency value at the highest 

speed of the ICE is only 25.1%. Therefore, increasing the torque instead of increasing the speed of the 

ICE can help improve the efficiency with the same power requirement as calculated in Eq. (3.9). The 

high-performance area concentrating on the middle area of the map corresponds to the ICE working at 

50% of the rated speed and torque between 60 and 80 Nm. Besides the efficiency of the ICE, the 

hydraulic pump efficiency is also a key factor to determine the overall efficiency of the proposed 

EHCVP. Eqs. (3.2)-(3.5) indicated that mechanical friction and oil leakage are the reasons that cause 

the variation of the mechanical efficiency and volumetric efficiency, respectively. These parameters are 

changed according to the displacement and speed of the hydraulic pump during the working process. 

The combination of these values forms the complete mechanical and volumetric efficiency maps as 

shown in Figs. 3-10, 3-11. The final factor affecting the performance of the proposed EHCVP during 

cylinder extraction is the electric motor/generator. The generator performance is shown in Fig. 3-12. 

Normally, the electric motor/generator can easily work with high performance. Therefore, the main 

function of the electric motor/generator in the system is to support the ICE during operation. 

In the regeneration part, the recovery efficiency highly depends on the efficiency of the hydraulic 

motor due to the high performance of the electric motor/generator. Considering the hydraulic motor 

efficiency map in Fig. 3-13, it indicates that the high-efficiency area is concentrated in the central region 

of the map corresponding to the motor working at half-rated pressure and speed working condition. 

Hence, increasing the speed or pressure of the hydraulic motor can improve working efficiency. 

However, it is impossible to change the hydraulic motor’s pressure since it is depended on the cylinder 

load. Meanwhile, the speed of the hydraulic motor can be increased through the gear ratio at the double-
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clutch (9). Therefore, choosing the suitable gear ratio can improve the efficiency of the hydraulic motor 

as well as the efficiency of energy regeneration. From the above analysis, an energy management 

strategy will be designed to maintain the EHCVP at peak performance under different working 

conditions.

3.4.3. Lithium-Ion battery model

Besides the efficiencies of the system’s devices, the SOC of the battery is also an important factor 

in the design of the control strategy. During the operation process, the SOC of the battery should be 

limited to a defined range to supply the existing power to support the ICE or regenerate the energy from 

the boom cylinder. The SOC is obtained using the widely used coulomb counting method 

( ) ( ) ( )s1
n

T
SOC k SOC k I k

C
+ = +

(3.18)

where Cn denotes the battery nominal capacity, Ts denotes the sampling interval in seconds, and I is the 

current of the battery.

3.5. Experiment and analysis 

3.5.1. Working performance of EHCVP

One experiment involving three cycles is conducted, in which the velocities of boom-up mode 

and boom-down mode are 0.13 m/s, 0.1 m/s, and 0.05 m/s respectively, and the load is 600 kg. A 0.02 

kWh battery is emulated in the Simulink software. Based on the measured speed and torque of the 

motor/generator, the energy consumption of the battery is calculated in the experiment. The control 

program is implemented in the Simulink software to control the test bench. 

Fig. 3-14 Displacement of cylinder under three driving cycles (NM: normal mode, RM: regeneration 
mode, HM: hybrid mode, RUM, reuse mode).
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Fig. 3-15 Velocity of cylinder under three driving cycles

Fig. 3-16 Pressure of cylinder under three driving cycles

Fig. 3-17 Flow rate of the cylinder under three driving cycles
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The displacement of load, pressure of the rod chamber, and hydraulic motor displacement are 

shown in Figs. 3-14 to 3-17, respectively. The speed of the carrier shaft (engine) and sun gear shaft 

(motor/generator) are shown in Fig. 3-18. The torque of the carrier shaft and sun gear shaft are shown 

in Fig. 3-19. 

From 1 to 7 s, the system operates in the boom-up mode in cycle 1, in which only the engine 

drives the pump because the engine can operate in the high-efficiency range under this condition. 

Therefore, the motor/generator speed is zero. From 13 to 18s, the system operates in the boom-down 

mode in cycle 1, in which the hydraulic motor operates to regenerate the energy. Hence, the speed of 

the motor is a positive value, and the engine speed is zero. 

From 21 to 28s, the system operates in the boom-up mode in cycle 2, in which the EHCVP system 

operates in the hybrid mode. The motor/generator serves as a generator to charge the battery. Hence, the 

engine speed can be increased to ensure that the engine can operate in the high-efficiency range. The 

engine working points in cycles 1 and 2 are indicated in Fig. 16 by using red star points. The engine 

working points are located in the high-efficiency range. Subsequently, the system operates in the boom-

down mode of cycle 2 from 33 to 40 s. The energy consumption of the EHCVP system is presented in 

Fig. 3-20.

Fig. 3-18 Speed of ICE and electric motor/generator
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Fig. 3-19 Torque of ICE and electric motor/generator

Fig. 3-20 Energy consumption of EHCVP system

From 44.2 to 57 s, the system operates in the boom-up mode in cycle 3, in which the system 

operates in the motor drive mode. Only the electric motor operates. In this condition, the required speed 

and torque of the hydraulic pump are low, and the SOC of the battery is relatively high. If the engine 

drives the pump, the engine working points do not lie in the high-efficiency range. Hence, the motor 

drive mode is selected.

Furthermore, an evaluation of the conventional system that does not include the EHCVP and 

energy regeneration system for 3 cycles is conducted. The experiment results are shown in Figs. 3-21 to 

3-25. In the conventional mode, the displacement of the pump is fixed as 25 mL/r, and only the engine 

drives the system. The speed and torque of the engine are shown in Figs. 3-23 and 3-24, respectively. 

The energy consumption is shown in Fig. 3-25. Then, the comparison of energy consumption of both 

EHCVP and the conventional systems is listed in Table 3-2.
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Fig. 3-21 Displacement of cylinder in conventional system

Fig. 3-22 Velocity of cylinder in conventional system

Fig. 3-23 Speed of ICE and electric motor/generator in conventional system
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Fig. 3-24 Torque of ICE and electric motor/generator in conventional system

Fig. 3-25 Energy consumption of conventional system

Table 3-2 Energy consumption

System Eeng Ebattery Etotal

Proposed system 48669 J 3450 J 52119 J

Conventional system 94168 J 0 J 94168 J

3.5.2. Energy saving efficiency in different conditions

The energy-saving efficiency under different loads is assessed. The average energy-saving 

efficiency and standard deviation pertaining to three experimental runs in different conditions are 

presented in Table 3-3.

Compared with the conventional system, the proposed system can save 36.69% to 45.16% of the 

energy under different conditions. Hence, the proposed system can save a significant amount of energy 

using the EHCVP and energy regeneration system.
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Table 3-3 Results of energy saving efficiency

Load Average energy saving efficiency Standard deviation

200 kg 41.15% 0.48%

400 kg 36.69% 0.10%

600 kg 45.16% 0.20%

3.5.3. Economic analysis of proposed system 

Fig. 3-26 Typical working cycle of boom in hydraulic excavator

The EHCVP is proposed for the hydraulic excavator, especially the boom system. In the real 

working condition of the excavator, the boom moves up and down repeatedly, which is shown in Fig.

3-26. To test the economic results of the hydraulic excavator boom system, a typical working condition 

of the boom is selected, in which the boom moves up and down for 6 cycles with 180 s. The load is set 

to 600 kg, and the velocity of the cylinder is 0.1m/s, which is a typical velocity of a boom cylinder for 

a real excavator. The energy consumption is measured and converted to the fuel consumption of diesel. 

To verify the energy saving of the proposed system, the conventional system is also tested without 

EHCVP and an energy regeneration system. 

Fig. 3-27 Cylinder displacement of both EHCVP and conventional systems
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Fig. 3-28 Fuel consumption of EHCVP system

Fig. 3-29 Fuel consumption of conventional system

The cylinder displacements of the proposed system and conventional system are shown in Fig. 3-

27. In our research, one liter of diesel fuel has an energy content of appropriately 38 MJ which 

appropriates to 10 kWh. Besides, diesel produces 2.63 kg of CO2 per liter of the diesel vehicle. Therefore, 

the fuel consumption of the proposed system and conventional system are 0.0030 L and 0.0043 L in Fig. 

3-28 and 3-29. Taking a 48-t excavator as an example, the 48-t excavator is 160 times larger than the 

testbench. Then, according to the 6 cycles of 180 s, working hours of 10 h per day, the total fuel saving 

is 41.6 L per day of a 48-t excavator. According to the calculation of 250 days per year [6], the annual 

fuel consumption can be reduced by 10400 L. Based on the carbon dioxide production of diesel, the 

carbon dioxide emission can be reduced by 27352 kg per year. Hence, the proposed system can reduce 

fuel consumption and carbon dioxide emission effectively.

According to a report by Off-Highway Research, hydraulic excavators reached 3.8 million units 

globally in 2017. In 2020, Chinese sales volume of hydraulic excavators was 320 thousand, which 

increased by 39% compared to 2019. Furthermore, the proposed EHCVP can be used in other 

construction machines, such as a forklift. Hence, the application of the proposed system in real 
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excavators and other construction machines has a large potential to reduce fuel consumption and 

emission globally.

3.6. Chapter summary

An innovative hydraulic hybrid excavator with an EHCVP was developed in this chapter. In 

conventional systems, the speed and torque of the ICE are decided by the flow requirement and load. 

However, in the proposed EHCVP, both the speed and torque of the ICE were controlled to be in the 

high-efficiency range. Hence, the energy consumption of the ICE can be reduced. The experiment results 

demonstrated that when the EHCVP was adopted, the ICE working points were located in the high-

efficiency range, and the energy-saving efficiency ranged from 36.69% to 45.16%. With the increasing 

sales volume of hydraulic excavators globally, the application of the proposed system in excavators can 

reduce fuel consumption and emission effectively.

The proposed hybrid hydraulic excavator with EHCVP can reduce energy consumption. However, 

this research still involves certain limitations. If the hydraulic excavator operates under an extremely 

large load and medium velocity, the engine working points may be located in the high-efficiency range 

even without using the EHCVP. In this specific condition, the EHCVP cannot control the engine to work 

with higher efficiency, and only the energy regeneration part can help reduce energy consumption. 

Hence, the next chapter will present a modification for enhancing energy-saving efficiency under all 

conditions.
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Chapter 4

IMPROVEMENT OF ENERGY SAVING

4.1. Introduction 

To save energy, the EHCVP was proposed as a powertrain for a hydraulic excavator in the 

previous chapter. The ICE and electric motor/generator not only can drive the main pump separately but 

also can drive the main pump together as shown in Fig. 4-1. In EHCVP, the electric motor/generator 

can work as a motor or a generator to provide mechanical energy or generate electric energy. The speed 

of the ICE and motor/generator decide the speed of the main pump through planetary gear. Then the 

ICE speed can be controlled to its high-efficiency range with EHCVP. A variable displacement pump 

was installed in the system to govern the torque of the ICE. Hence, the ICE working points can be 

controlled in its high-efficiency range. However, the maximum displacement of the hydraulic pump 

limits the controlled range of ICE torque. If a larger hydraulic pump is selected in the system, the 

efficiency can be improved in the condition of large velocity. But the hydraulic pump will always work 

with a low and middle displacement, which leads to low efficiency of the hydraulic pump in other 

conditions. Finally, the fuel consumption of the total system cannot be improved with varying velocities 

in real engineering. Hence, the current structure of EHCVP limits the improvement of energy-saving 

efficiency.

Carrier

Sun 
Gear

Ring gear

Motor /
GeneratorEngine

Brake 3

Brake1 Brake 2

EHCVP

Fig. 4-1 Structure of the EHCVP I

To enhance the energy-saving efficiency, an innovative EHCVP is proposed as shown in Fig. 4-

2. A two-speed gearbox is installed between the ring gear shaft and the hydraulic pump. The ICE torque 

is governed by the hydraulic pump and gearbox mainly. So, the working range of engine torque can be 

controlled more flexibly than that of the current EHCVP. Meanwhile, the electric motor/generator 

governs the speed of ICE. Hence, the engine working points can be controlled in the high-efficiency 

range. The proposed EHCVP of this chapter is named EHCVP II.



64

Double
Clutch

Engine

Double
Clutch

Load

Single 
Clutch

Electric Motor/
Generator

Inverter/
Converter

Battery

Single 
Clutch

Single 
Clutch

Energy regeneration part

EHCVP

Actuator part

14

1 2

3

7654

8

9 10

15 11

12

13

Fig. 4-2 Structure of the proposed boom system with EHCVP II

4.2. Working principle

The overall structure of the proposed EHCVP is presented in Fig. 1. The ICE and the electric 

motor/generator are the main power sources supplying power for the system through a planetary gear in 

which the engine, the electric motor/generator, and the hydraulic devices are connected with carrier gear, 

sun gear, and ring gear, respectively. The speeds of carrier gear (ICE speed) and sun gear (electric 

motor/generator speed) can be calculated from the ring speed as 

s s r r s r c( )N N N Nw w w+ = + (4.1)

where, ωc, ωr, and ωs denote the speeds of the carrier, ring, and sun gears, respectively. Ns and Nr 

express the number of teeth of the sun gear and ring gear. The torque of each gear can be expressed as 

r r
r s c

s r s

N N
T T T

N N N
= =

+ (4.2)

where, Tc, Tr, and Ts are torques of the carrier, ring, and sun gears, respectively. Two double clutches 

with different functions are integrated at the output shaft of the ring gear where the double-clutch 1 is 

used to adjust the gear ratio R and the other one is used to switch the connection between the EHCVP 

with the hydraulic pump or hydraulic motor. 

ri

di

D
R

D
=

(4.3)

where Dri and Ddi are the diameters of the pulley at the double clutch 1 with the values of gear ratios 1 

and 2 are 1.3 and 1, respectively. The speed of the hydraulic pump rw is expressed as 



65

p r Rw w=
(4.4)

The torque of the hydraulic pump Tp is expressed as 

r
p

T
T

R
=

(4.5)

In the actuator part, driven by this EHCVP, the variable displacement pump supplies hydraulic 

flow to the boom cylinder with the flow’s direction can be decided by the spool position of the 

proportional directional valve. In the regeneration part, a hydraulic motor is installed at the bore chamber 

line. The combination of a hydraulic motor, electric motor/generator, and battery inverter helps convert 

hydraulic energy into electrical energy. The generated energy Egen can be expressed as 

gen tot r rE T dth w= ò (4.6)

The overall regeneration efficiency toth of the EHCVP including mechanical hmvh and volumetric 

efficiency hmmh of the hydraulic motor and electric motor/generator efficiency motorh can be estimated as

tot hmm hmv motorh h h h=
(4.7)

It indicates that the regeneration efficiency is dependent on the hydraulic motor and electric 

motor/generator efficiencies. Due to the fixed displacement hydraulic motor, controlling the speed of 

the electric motor/generator in the suitable range can enhance the amount of recovered energy. Based 

on the above structure, the proposed system can operate with four modes: normal mode, hybrid mode, 

reuse mode, and regeneration mode. 

Normal mode: the main pump is driven by the ICE without support from the electric 

motor/generator. This mode is similar to the conventional HE. However, without switching the gear 

ratio, the working point of the ICE cannot adjust to improve its efficiency. Therefore, by integrating the 

double-clutch 1, the torque and speed of the ICE can be changed to achieve higher efficiency with the 

same power requirement.  

Hybrid mode: the ICE and electric motor/generator drive the main pump together. The speed of 

the ICE can be adjusted by changing the speed of the electric motor/generator. Meanwhile, the torque 

of the ICE is decided by the load condition. Considering the conventional system, the gear ratio between 

the output shaft of the ring gear and the main pump was fixed. Therefore, the torque and speed of the 

main pump are similar to the torque and speed at the ring gear. In the case of low load condition of the 

boom cylinder, the efficiency of the ICE cannot improve by simply changing the speed of the ICE as in 

the conventional EHCVP which the double-clutch 1 is not integrated [86]. Therefore, in the proposed 

EHCVP system, by switching the double-clutch 1 to the gear ratio 1, not only the speed but also the 
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torque of the ICE can be adjusted in the same working condition. Then, the efficiency of the ICE can 

easily achieve a higher value. 

Reuse mode: the stored energy in the battery is supplied to the electric motor/generator working 

in the motor function. The electric energy is converted to mechanical energy and drives the main pump. 

Regeneration mode: this mode is used for the boom-lowering process. The potential hydraulic 

energy in the bore chamber is captured and stored in the battery through the hydraulic motor and electric 

motor/generator working in the generator mode. In this case, the hydraulic motor can work with higher 

efficiency by increasing its pressure and speed. However, the pressure decided by the load condition 

cannot increase. So, to increase the speed of the hydraulic motor, gear ratio 1 is used.

4.3. Modification of experiment test bench

Engine
Single 
Clutch

Electric Motor/
Generator

Inverter/
Converter

Battery

Single 
Clutch

Single 
Clutch

8

Gear ratio 
1

Gear ratio 
2

Double 
Clutch 2

Boom 
cylinder

Load
Double 
Clutch 1

Fig. 4-3 Modification of the experiment test bench

Based on the above analysis, the ICE speed and toque are decoupled from the pump speed and 

torque, and energy regeneration can also be achieved to reduce the fuel consumption of the hydraulic 

excavator with EHCVP . To verify the energy saving of the proposed system, the test bench is built Ⅱ

in the laboratory, as shown in Fig. 4-3. A cylinder is set up in a test bench to emulate the boom cylinder 

of an excavator, and the load is connected to the rod of the cylinder. Electric motor 1 and electric motor 
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2 emulate the ICE and motor/generator, respectively. The dual-clutch 1 is used as the gearbox, which 

has two gear ratios. The dual-clutch 2 controls the output shaft of dual-clutch 1 to be connected to the 

main pump or the hydraulic motor. If dual clutch 2 connects the output shaft of dual clutch 1 to the main 

pump, the system will work in boom-up mode. In boom-up mode, the main valve works at the left 

position, and the EHCVP  drives the mⅡ ain pump to move the load up. If dual clutch 2 connects the 

output shaft of dual clutch 1 to the hydraulic motor, the system will work in boom-down mode. In boom-

down mode, the energy regeneration valve V1 is open, and the fluid from the cylinder will flow to the 

hydraulic motor, which is connected to the EHCVP . The electric motor/generator 2 works as a Ⅱ

generator to balance the torque of the hydraulic motor and to regenerate energy. The speed sensors and 

torque sensors are installed in each shaft of the planetary gear. A pressure sensor is installed in the output 

port of the rod chamber of the cylinder.

4.4. Energy management strategy

Set the system initial 
parameters 

Operate the boom system and 
measure the pressure

Joystick signal

Start

Boom up process Boom down process

α<0α>0

Boom cylinder movement

Connect EHCVP with hydraulic pump
Switch to gear ratio 1.3

Connect EHCVP with hydraulic motor
Switch to gear ratio 1.1

ESC distribute power of engine and 
electric motor/generator 

Calculate the generator speed

Control the speed of engine, electric 
motor/generator

Control the speed of generator

End

Fig. 4-4 Proposed energy management strategy
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Fig. 4-5 Proposed extremum seeking based energy management strategy for EHCVP system

To manage the energy usage inside the EHCVP system effectively, the required power must be 

distributed efficiently between the engine and the electric motor/generator. On the other hand, 

concerning the complexity of the target system, it might be impossible to capture its dynamics just by 

mathematical modeling, which is required by various energy management schemes. Hence, a model-

free, real-time energy management strategy would be a more suitable candidate for this system. Based 

on this observation, we employ the extremum seeking (ES) algorithm to optimize the energy flows of 

the system in this section. The structure of the proposed ES-based energy management strategy is 

presented in Fig. 4-4.

The ES is employed such that it could automatically alter the engine power  
e n gP , which accounts 

for a large proportion of the power demand motorP . Consequently, the electric motor/generator provides 

for the residual energy requirement motorP , which is obtained by subtracting the engine power from the 

power demand. Moreover, the proposed energy management strategy ensures that the engine would 

always operate in its high-efficiency region and that the battery state-of-charge (SOC) is maintained in 

the desired range. To meet this requirement on battery SOC, a penalty function is formulated below. 

2

maxmin
Constraint

min max

max ,0,
SOC SOCSOC SOC

J K
SOC SOC

é ùì ü--
= - ×ê úí ý

ê úî þë û (4.8)

where K denotes the penalty gain, minSOC and maxSOC represent the design SOC boundaries.

It is noted here that not the penalty function (15) but rather the engine efficiency is the objective 

that the proposed ES tries to maximize. Thus, ConstraintJ can be interpreted as a virtual disturbance that 

opposes the engine efficiency in value. As a result, the selection of the design parameter K

demonstrates a trade-off between engine efficiency and battery usage. A large value K would prevent 

the battery unit from overcharging or over-discharging, whereas a small value would result in higher 

engine efficiency.
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The mathematical equation set of the proposed energy management strategy is given, based on 

Fig. 4-5, as

( ) ( )

( )

1
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(4.9)

where 1L- represents the inverse Laplace transform, and the notation “ × ” denotes the convolution 

operation.

The working cycle of the ES for the EHCVP system can be expressed as follows. First, the 

engine efficiency 
E ng ineh and the penalty function ConstraintJ are calculated and added together before 

being injected into the demodulation process where they are multiplied by a sinusoid sharing the same 

frequency as the modulation signal. This stage might include an optional high-pass filter to remove bias 

from the input. In the following process, the demodulated signal is integrated to update the engine power 

value. This stage also might include a low-pass filter to remove high-frequency noise from the 

demodulated signal. The learning rate k can be tuned manually for fast response and higher accuracy. 

Next, the integrated signal is perturbed by a low-amplitude sinusoid in the modulation process before 

entering the EHCVP system as the new engine power demand.

4.5. Simulation results and discussions

4.5.1. Working performance of modified EHCVP

Energy Regeneration Part Actuator Part

EHCVP

Engine

Electric motor

Energy Management Strategy
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Fig. 4-6 Simulation model in AMESim software

Fig. 4-7 Cylinder displacement during the operation

Fig. 4-8 Pressure and flow rate of the boom cylinder

Fig. 4-9 Switching gear ratio
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Fig. 4-10 Power distribution in EHCVP II

Fig. 4-11 Speed of the ICE and electric motor/generator in EHCVP II

Fig. 4-12 Torque of the ICE and electric motor/generator in EHCVP II
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To fully investigate the system performance and evaluate the effectiveness of the proposed energy 

management strategy-based ESC, an EHCVP simulation model is constructed by using a co-simulation 

between the AMESim software version 2020.1 and Matlab/Simulink 2017a as shown in Fig. 4-6. The 

simulation results of the proposed EHCVP are presented in Figs. 4-7 to 4-12. By using the energy 

management strategy-based ESC, the power requirement is distributed to the ICE and the electric 

motor/generator. During the lifting process of the boom cylinder in the first 2 cycles, the powers of the 

ICE at the high-efficiency points are higher than the power requirements. Hence, the excess power from 

the ICE is charged to the electric motor/generator and stored in the battery. With the final cycle, the 

power requirement is higher than the power of ICE at the high-efficiency point. In order to keep the ICE 

operating continuously in the high-efficiency region, the electric motor/generator is switched to the 

motor mode to compensate for the lack of power which is supplied by the battery. The torque and speed 

of the power sources are shown in Figs 4-11 and 4-12. As can be seen, the torque and speed values have 

opposite signs when the electric motor/generator operates in generator mode and vice versa for motor 

mode. Meanwhile, the ICE obviously supplies power to the boom system, so the values of the torque 

and speed are always the same signs. The torque and speed of the ICE are 81 Nm and 252 rpm, 

respectively. 

Fig. 4-13 Power distribution in conventional EHCVP I

Fig. 4-14 Speed of the ICE and electric motor/generator in conventional EHCVP I
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Fig. 4-15 Torque of the ICE and electric motor/generator in conventional EHCVP I

Figs. 4-13 to 4-15 show the simulation results of the conventional EHCVP. Similar to the 

proposed system, the powers of the ICE and the electric motor/generator of the conventional system are 

also calculated and distributed by the ESC. The electric motor/generator is also operated as the proposed 

system with the first 2 cycles using generator mode and the last cycle using motor mode. However, the 

difference here is that the engine torque cannot be increased to a higher value because the gear ratio 

remains constant. This reason leads to the engine's working efficiency of the conventional system being

lower than the proposed system as shown in Fig. 4-16. From the torque and speed of the electric 

motor/generator and the pressure and flow rate of the boom cylinder, the energy regeneration efficiency 

can be calculated and reached up to 48.2 %. 

The SOC of the battery in the conventional and proposed EHCVP is presented in Fig. 4-17. It can 

be seen that, with the same amount of required energy, for the ICE to operate in the higher efficiency 

region means that the ICE consumes more energy, and that excess energy will be charged into the battery 

through the electric motor/generator. Hence, the SOC of the battery in the proposed EHCVP is higher 

than the conventional one. Besides, thanks to working at higher efficiency of the ICE and charging more 

energy into the battery, even though the power consumption of the ICE in the proposed EHCVP is higher, 

its total energy consumption is still lower than the conventional system. Table 4-1 indicated that the 

energy saving of the new EHCVP can reduce by about 7% compared with the previous system.
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Fig. 4-16 Efficiency comparation

Fig. 4-17 SOC of battery.

Table 4-1 Total energy consumption and energy saving

Powertrain Proposed 

EHCVP 

Conventional 

EHCVP 

Energy 

Comsumption

Engine 72.17 kJ 71.22 kJ

Electric 

motor/generator
8.41 kJ 3.5 kJ

Total 63.76 kJ 67.72 kJ

Energy Saving 5.86%

4.5.2. Extremum seeking control with constraint conditions 

Fig. 4-18 SOC of battery with constraints.
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Fig. 4-19 Power distribution with constraints.

Fig. 4-20 Power distribution without constraints.

The goal of this simulation is to show why there should be a penalty function in the ESC. The 

limitation range of the battery SOC is set at 0.3 and 0.835. Hence, the initial SOC of the battery is 

assumed to be at 0.829 which is close to the upper boundary. Fig. 4-18 shows that when the SOC of the 

battery is in the limitation range from 0 to 40.5s, the output signal of the penalty function is zero. Then, 

the ICE continues to operate at its high-efficiency power while the excess power is charged into the 

battery through the electric motor/generator. When the SOC of the battery exceeds the upper limitation 

of 0.835 from 40.5 to 60s, the penalty function gives the output signal to stop charging into the battery 

and reduce the power of the ICE. Thus, at this time, only the ICE supplies power to the hydraulic system 

and the electric motor/generator stops working as shown in Fig. 4.19. Besides, the SOC is kept within 

the allowable range to ensure the safety of the system and the lifetime of the equipment. Without the 

constraint, the ICE continues to be maintained at high efficiency, and excess energy is stored in the 

battery via the generator mode of the electric motor/generator (Fig. 4-20). Then, SOC is out of the 

allowed range. From these simulation results, it can be seen that the proposed energy management 

strategy-based ESC is an online optimization method that can be applied to the EHCVP in real-time 

with unknown working cycles. This can overcome the weakness of energy management strategies based 
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on offline optimization methods such as dynamic programming (DP) or Pontryagin's maximum 

principle (PMP).

4.6. Experimental results discussions

The proposed system with EHCVP  can improve energyⅡ -saving efficiency. The speed and 

torque of the motor/ generator can be measured by the speed sensor and torque sensor. Hence, the 

working points of the motor/generator can be got, and the efficiency can be checked by an efficiency 

map. Then the energy consumption of the motor/generator can be calculated. Finally, the charge energy 

and discharge energy of the battery are got in the experiment. The test bench is controlled through the 

Simulink Desktop Real-Time mode, in which the control pogrom is built. The signals of each sensor are 

measured by Ni PCI card, which is installed in the industrial computer. 

The effectiveness of the proposed system and the advantage of the energy management strategy-

based ESC are not only proven by simulation but also verified on a real test bench. Due to the designed 

energy management strategy above, the gear ratios of the proposed EHCVP are adjusted during the 

operation the gear ratio 2 is used for the moving up process to improve the efficiency of the engine, and 

gear ratio 1 is operated for cylinder moving down. In contrast, the double clutch 1 is not integrated into 

the conventional EHCVP, the gear ratio, therefore, cannot be changed. By using the proposed EMS, the 

power requirement is distributed to the ICE and the electric motor/generator as shown in Fig. 4-21. 

During the lifting process of the boom cylinder, the powers of the ICE at the high-efficiency points are 

higher than the power requirements. Hence, the excess power from the ICE is charged to the battery by 

using the generator mode of the electric motor/generator. 

Similar to the proposed system, the powers of the ICE and the electric motor/generator of the 

conventional EHCVP system are also distributed by the ESC as shown in Fig. 4-22. The electric 

motor/generator is used to compensate for the power of the ICE with the first 2 cycles using generator 

mode and the last cycle using motor mode. 

Fig. 4-21 Experimental results with EHCVP .Ⅱ
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Fig. 4-22 Experimental results with EHCVP I.

A conventional system without EHCVP and EHCVP  were also tested. The experimental Ⅱ

results are shown in Fig. 4-23. In boom-up mode only ICE the hydraulic pump. The working points of 

the engine are different from those of EHCVP and EHCVP , because there is no electric Ⅱ

motor/generator to provide additional energy. In boom-down mode, the cylinder moved down without 

energy regeneration. 

Fig. 4-23 Experimental results with conventional system.

Fig. 4-24 Working points of engine.
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The engine working points of EHCVP , EHCVPⅡ , and the conventional system are shown in 

Fig. 4-24 with blue color, red color, and green color, respectively. The engine working points of the 

conventional system are located in large speed areas because the large velocity of the cylinder is required. 

But the efficiency of the engine is low. The engine efficiency of EHCVP is higher than that of a 

conventional system due to the integration of the electric motor/generator. But the engine cannot work 

in the highest efficiency range. Even if the displacement of the hydraulic pump got the maximum value 

of 30 mL/rev, the engine torque cannot be increased to improve the engine efficiency further. The engine 

working points of EHCVP  are located in Ⅱ the highest efficiency range, because the gearbox is used in 

the system, and a higher gear ratio of 1:1.3 is selected to increase the engine torque. 

Engine efficiency is the key point to decide the energy consumption of the system. But the other 

components also affect energy consumption. Hence, the experimental energy consumption of the total 

system is summarized in table 4-3 to verify the energy-saving efficiency of the proposed EHCVP  in Ⅱ

the hydraulic excavator boom system.

Table 4-2 Comparison of energy consumption

System Eeng(kJ) ΔEbat(kJ) Etot(kJ) ŋsav

EHCVP Ⅱ 73.22 8.45 64.77 0.45

EHCVP 72.31 3.48 68.83 0.37

Conventional System 75.8 0.00 75.8 0

4.7. Chapter summary 

To reduce the energy consumption and emission of hydraulic excavators, a novel hybrid hydraulic 

excavator is proposed in this chapter with the innovative EHCVP  and the energy regeneration system. Ⅱ

An ESC with constraint penalty is proposed as the energy management strategy, in which the speed and 

torque of the engine are controlled in its high-efficiency range. Based on the experimental results, the 

energy consumption can be reduced in boom-up mode, and the potential energy of the boom can be 

regenerated in boom-down mode. Compared with the conventional system and the current EHCVP, the 

EHCVP  and the improved ECMS can improve the workⅡ ing efficiency of the engine further. The 

experimental results show that the proposed system can save 14.55% of the energy. In our research, one 

liter of diesel fuel has an energy content of appropriately 38 MJ which is appropriate for 10 kWh. Besides, 

diesel produces 2.63 kg of CO2 per liter of the diesel vehicle. Therefore, the fuel consumption of the

EHCVP II, EHCVP I, and conventional system are 0.0017 L, 0.0018 L, and 0.0019 L, respectively. 

Taking a 48-t excavator as an example, the 48-t excavator is 160 times larger than the testbench. Then, 

according to the 3 cycles of 150 s, working hours of 10 h per day, the total fuel saving is 7.68 L per day 

of a 48-t excavator. According to the calculation of 250 days per year [6], the annual fuel consumption 

can be reduced by 1920 L. Based on the carbon dioxide production of diesel, the carbon dioxide emission 
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can be reduced by 5049 kg per year. Hence, the proposed system can reduce fuel consumption and 

carbon dioxide emission effectively.
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Chapter 5

ADVANCED ENERGY MANAGEMENT STRATEGY 

5.1. Introduction 

5.1.1.Overview

On the other hand, concerning the complexity of the HE, it might be impossible to capture its 

dynamics just by mathematical modeling, which is required by various energy management schemes. 

Hence, a model-free, real-time energy management strategy would be a more suitable candidate for the 

HE. Teodorescu et al. applied the ECMS for a parallel hybrid forklift to minimize fuel consumption and 

maintain the state of charge (SOC) of the supercapacitor in the optimal range by changing the engine 

speed corresponding to the load condition [33]. Anders et al. used the ECMS for a parallel powertrain 

HE with considering the power consumption of the ICE, and the inner and kinetic power of the electric 

motor in a Hamiltonian function [34]. By minimizing this function, the optimal fuel control of the ICE 

could be estimated, and the dynamics of the powertrain became smoother. Yu et al. developed a real-

time EMS based on a DP - extremum seeking (ES) [35]. In which, DP was used to ensure the 

approximate global energy optimality and SOC sustainability, while ES compensated the control signal 

from the DP to reduce fuel consumption in real-time operation.  However, these studies have just focused 

on maximizing the ICE efficiency and reducing energy consumption without considering battery aging.

5.1.2.Proposed energy management strategy based on fuzzy ESC
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Fig. 5-1 Proposed fuzzy extremum seeking based energy management strategy.

Thus, in addition to the proposition of the innovative EHCVP solution, an online energy 

management strategy based on the extremum seeking control (ESC) is also developed in this chapter to 

switch the gear ratio and efficiently distribute the power to the EHCVP (Fig. 5-1). Here, the conventional 

penalty function is caused by suddenly changing the powerful engine and making the unstable 

powertrain when the considered parameter such as SOC of battery beyond the allowable range is 



81

replaced by a fuzzy logic system. In detail, the fuzzy logic system is constructed based on considering 

the battery aging with its input parameters are the current, SOC, and temperature of the battery. During 

the operation, the fuzzy logic system estimates the output penalty value adjusting the power reference 

of each power source depending on the battery status. 

5.2. Lithium-Ion battery degradation model 

The capacity loss can be estimated as follow:

( ) ( )oss , , , Ah z
l cQ A h I SO Cs s q=

(5.1)

where Ah is the accumulated charge throughput, z is the power law exponent that represents Ah

throughput dependence, 0.52z = , Ic is the charging current,qis the test temperature, and s is a nonlinear 

function of severity factors, which can be expressed as:

( )
( )

aexp
273.15

c
bat bat

g

E I
A SOC B

R

h
s

q

æ ö- +
= + ç ÷ç ÷+è ø (5.2)

where Abat, Bbat, and h are determined by using the curve fitting method, 63.54h =- , 74.99batA = - , 

12895.92batB = , Rg is the universal gas constant, which equals to 8.314 J/mol/K, Ea is the activation 

energy, which equals to 31700 J/mol [87]. The accumulated charge throughput Ah which can be seen as 

the battery capability loss is estimated:

( )
0

t

cAh I t dts= ò (5.3)

Then, the State of Health (SoH) can be calculated as follow:
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5.3. Constraint problems in the ESC

5.3.1. Fix-Constraint ESC

In this ESC method, 
ConstraintJ can be interpreted as a virtual disturbance that opposes the engine 

efficiency in value and guarantees the safety of the battery by considering the SOC, temperature, and 

current as input parameters [88].
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where 
xk denote penalty gain, which is turned and fixed during the operation, xmin, and xmax represent the

design boundaries.
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5.3.2. Proposed Fuzzy-Constraint ESC

a) Input parameters of fuzzy loop 1

b) Output parameter of fuzzy loop 1

Fig. 5-2 MFs for input and output of battery’s current status.

Table 5-1 Fuzzy rule of current status

Current Status Current of Battery
NH NM S PM PH

Derivative of Current

NB NH NS NS PH PH
NM NH NS NS PH PH
NS NH NS Z PM PH
Z NH NS Z PS PH

PS NH NS Z PS PH
PM NH NM PS PS PH
PB NH NH PS PS PH

a) Input parameters of fuzzy loop 2
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b) Output parameter of fuzzy loop 2

Fig. 5-3 MFs for input and output of penalty function Jconstraint.

The selection of the design parameter 
xk demonstrates a trade-off between engine efficiency and 

battery usage. A large value 
xk would prevent the battery unit from overcharging or over-discharging, 

whereas a small value would result in higher engine efficiency. However, with a fixed value 
xk , the 

ICE can be suddenly turned on or off when the considered parameters in the penalty function reach their 

rated values. Besides, even if the SOC battery exceeds the minimum boundary, the battery must 

discharge the power to the system due to the property of the penalty equation (see (14)). This could 

result in the SOC not being maintained within its desired operating region.

To overcome this drawback, the conventional penalty function in ESC is replaced by a fuzzy logic 

system (FLS) which is designed with two fuzzy loops based on the consideration of battery aging. The 

fuzzy loop 1 is used to capture the current dynamic of the battery. Here, the fuzzy inputs are normalized 

values of the battery current and its derivative (Fig. 5-2a). The maximum current is decided by the 

battery management system. Both the input ranges are therefore within [-1,1] (negative and positive 

currents are discharging and charging, respectively). The fuzzy output of loop 1 (Fig. 5-2b), together 

with SOC and temperature of the battery are fed into fuzzy loop 2 as inputs (see Fig. 5-3). The output 

of the fuzzy loop 2 is 
ConstraintJ which is used in Eq. (5.5). The fuzzy subsets of the current, derivative of 

current, temperature, and SOC are divided into five, seven, four, and three triangle membership 

functions (MFs) whereas “Z”, “S”, “NS”, “PS”, “M”, “NM”, “PM”, “H”, “NH”, “PM” are “Zero”, 

“Small”, “Negative Small”, “Positive Small”, “Medium”, “Negative Medium”, “Positive Medium”, 

“High”, “Negative High”, “Positive High”, respectively. Depending on the characteristic of each 

parameter, the shape sizes are set to define the safe and risky working regions which can be used to 

decide the fuzzy rule. Meanwhile, the output value of the tuning FLS is divided into seven MFs with the 

same intervals and the same shape sizes. Then, the fuzzy rules are designed so that the output value 

corresponding to 
ConstraintJ value can be adjusted as listed in Tables 5-1 to 5-4.  As an example, when 

having low SOC and temperature, 
ConstraintJ the FLC can adjust the power of ICE to not only charge the 
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battery but also supply it to the system. Besides, the FLC can maintain the current within defined 

boundaries.

Table 5-2 Fuzzy rule of current status and temperature with Jconstraint

JConstraint Current Status 
NH NM NS Z PS PM PH

Temperature

Z NH NH NH NH NH PH PH
S NH NS NS Z PS PS PH
M NH NM NM NS PM PM PH
H NH NH NH NH NH PH PH

Table 5-3 Fuzzy rule of current status and SOC with Jconstraint

JConstraint Current Status 
NH NM NS Z PS PM PH

SOC
S NH NM NM NM NM NS PH
M NH NS NS Z PS PS PH
H NH PS PM PM PM PH PH

Table 5-4 Fuzzy rule of SOC and temperature with Jconstraint

JConstraint Temperature
Z S M H

SOC
S NH NM NM NH
M NH Z Z NH
H NH PM PM NH

5.4. Simulation results and discussions

5.4.1.Simulation description

Table 5-5 Initial values of SOC and temperature in different cases

Initial value Case 1: High 
current

Case 2: High 
SOC 

Case 3: High SOC 
and high 

temperature

Case 4: Low SOC, 
low temperature, 
and high current

SOC 60 83 83 15
Temperature 25 25 39.5 15

An EHCVP simulation model is constructed by using a co-simulation between AMESim software 

version 2020.1 and Matlab/Simulink 2017a. First, a comparison between the proposed EHCVP and the 

conventional EHCVP [86] using the ESC and working cycles is carried out to confirm the benefits of 

using this new EHCVP.  Second, four scenarios with different initial parameters of the battery are carried 

out on the proposed EHCVP to prove the effectiveness of the proposed fuzzy ESC compared with three 

EMSs as depicted in Table 5-5. The three comparative EMSs are non-constraint ESC, fixed constraint 

ESC, and ECMS. Based on the characteristics of the EHCVP, the cost function is defined as. 

tatal motorengm E Ew= +&
(5.6)

where, 
tatalm& is the total equivalent fuel consumption, 

e n gE and 
m o torE are the equivalent energy 

consumptions of the engine and electric motor, respectively. The reward and punishment coefficient w

can be obtained by:
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where, the m represents a balance coefficient, and its value in this study is 0.6.

Case 1: High current 

Fig. 5-4 Power distribution by using proposed Fuzzy ESC in case 1.

Fig. 5-5 Power distribution by using Fixed Constraint ESC in case 1.
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Fig. 5-6 Power distribution by using Non-Constraint ESC in case 1.

Fig. 5-7 Power distribution by using ECMS in case 1.

Fig. 5-8 Engine efficiencies with different control strategies in case 1.

Fig. 5-9 Current of battery with different control strategies in case 1.
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To fully investigate the system performance and evaluate the effectiveness of the proposed energy 

management strategy-based Fuzzy ESC, an EHCVP simulation model is constructed by using a co-

simulation between the AMESim software version 2020.1 and Matlab/Simulink 2017a. Due to the 

designed energy management strategy above, the gear ratios of the proposed EHCVP are adjusted during 

the operation where the ratio 1.3 is used for the moving-up process to improve the efficiency of the 

engine, and ratio 1 is operated for the cylinder moving down. 

The first simulation is performed in the case of the high current operation of the battery as shown 

in Figs 5-4 to 5-7. The working boundary of the current is decided in the range from -60A to 60A. 

Besides, the initial SOC and temperature of the battery were set at 60% and 25oC, respectively. The 

simulation results indicated that the ESC without constraint could achieve the highest engine efficiency

(Fig. 5-8). However, this EMS could not maintain the current in the desired range leading to an increase 

in battery losses and reduced SOH (Fig. 5-9). With other EMS, the current of the battery was limited in 

the boundary and thus, the battery durability was enhanced. In which, the proposed fuzzy ESC had the 

lowest capacity loss and highest SOH after 50000 working cycles (Table 5-6). Compared with the ESC 

without constraint, the capacity loss of the battery by using the proposed fuzzy ESC could reduce 

appropriately by 33% and the SOH of the battery could increase by 3.35%. Besides, the power tracking 

of the proposed EMS was also good performance. 

Case 2: High SOC

Fig. 5-10 Power distribution by using proposed Fuzzy ESC in case 2.

Fig. 5-11 Power distribution by using Fixed Constraint ESC in case 2.
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Fig. 5-12 Power distribution by using Non-Constraint ESC in case 2.

Fig. 5-13 Power distribution by using ECMS in case 2.

Fig. 5-14 SOC of battery with different control strategies in case 2.

The second simulation is conducted under high SOC of battery condition which was set at 83%

(Figs. 5-10 to 5-13). Without considering the battery status, the non-constraint ESC continues to 

maintain the engine working in the high-efficiency region. This results in the battery SOC exceeding 

the desired upper boundary (83.5%) and reducing the battery life (Fig. 5-14). This problem could be 

overcome by using the fixed constraint ESC with maintaining the SOC in the limitation. During the 

operation, when the SOC of the battery reached the upper limitation value, the engine was suddenly 
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turned off and the power requirement was supplied by the electric motor to reduce the SOC value. 

However, to supply power to the system without support from the engine, the battery had to work with 

a high current and rapidly increased the temperature. Therefore, compared with non-constraint ESC, the 

capacity loss was increased by 22.1% and the SOH was quickly reduced by 1.35%. The trade-off was 

that the engine's efficiency was reduced compared to other EMSs. With the ECMS and proposed fuzzy 

ESC, when the SOC was close to the maximum value, the engine reduced the charging power to the 

battery via an electric motor to maintain the SOC in the working range and increase the SOH of the 

battery (Table 5-6). In which, the proposed fuzzy ESC had the lowest capacity loss and highest SOH. 

Besides, the engine efficiency was higher than the ECMS. 

Case 3: High SOC and high temperature

Fig. 5-15 Power distribution by using proposed Fuzzy ESC in case 3.

Fig. 5-16 Power distribution by using Fixed Constraint ESC in case 3.
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Fig. 5-17 Power distribution by using Non-Constraint ESC in case 3.

Fig. 5-18 Power distribution by using ECMS in case 3.

Fig. 5-19 SOC of battery with different control strategies in case 3.
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Fig. 5-20 Temperature of battery with different control strategies in case 3.

The third simulation is used to verify the performance of the proposed EMS under high SOC and 

high temperature of battery which were set at 83% and 39.5oC, respectively (Figs. 5-15 to 5-18). In this 

case, the non-constraint ESC maintained the engine work in the high-efficiency region without 

considering the constraints. The SOC and temperature of the battery went beyond the upper boundary; 

therefore, the SOH was quickly reduced (Fig. 5-19, 5-20). With the fixed constraint ESC, the SOC and 

temperature were the considered factors in the penalty function. Thus, when these parameters reached 

the maximum values, the motor stopped working to protect the battery and the power requirement was 

supplied by the engine. Then, the capacity loss was reduced by 18.5% and the SOH could increase by 

2%. Different from the two EMSs above, the proposed fuzzy ESC and EMCS reduce the charging power 

to the battery during the operation of this condition. Therefore, the SOC and temperature of the battery 

did not reach the maximum values. Then, the battery durability could be enhanced where the proposed 

fuzzy ESC achieved the best performance with the capacity loss reduced by 31% and the SOH could be 

improved by 3.4% (Table 5-6).

Case 4: Low temperature and low SOC

Fig. 5-21 Power distribution by using proposed Fuzzy ESC in case 4.
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Fig. 5-22 Power distribution by using Fixed Constraint ESC in case 4.

Fig. 5-23 Power distribution by using Non-Constraint ESC in case 4.

Fig. 5-24 Power distribution by using ECMS in case 4.

Fig. 5-25 Current of battery with different control strategies in case 4.

 P
ow

er
 (

W
)

 P
ow

er
 (

W
)

0 50 100 150

Time (s)

-1000

0

1000

2000

3000

4000

5000
Power Requirement
ECMS. EHCVP Power
ECMS. Engine Power
ECMS. Motor Power

 C
u

rr
en

t 
(A

)



93

Fig. 5-26 SOC of battery with different control strategies in case 4.

Fig. 5-27 Temperature of battery with different control strategies in case 4.

The final simulation focused on proving the effectiveness of the proposed fuzzy ESC under low 

SOC, low temperature, and high current conditions where the initial SOC and temperature were set at 

15% and 15oC, respectively (Figs. 5-21 to 5-24). The characteristic of the penalty function is a square 

function, the engine was turned off and the required power was supplied by the motor and the battery 

when the considered factors in the penalty function went beyond the desired boundary. Even if the initial 

SOC and temperature of the battery were low values, the motor and battery had to discharge power to 

supply the system and the value of the SOC continuously decreased (Figs. 5.25 to 5.27). Therefore, the 

SOH of the battery by using the fixed constraint ESC was lowest in this working condition. Different 

from the fixed constraint ESC, other EMSs increased the power from the engine to not only supply the 

power to the system but also charge the battery, the SOC and temperature, therefore, were increased. 

However, without including the constraints in the penalty function, the non-constraint ESC could not 

guarantee the maximum current of the battery. Meanwhile, the proposed ESC and ECMS not only 

increased the SOC and temperature of the battery but also maintain the current in the desired working 
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range. In which, the durability of the battery by using the proposed ESC has been enhanced by 1.73% 

SOH compared with the non-constraint ESC (Table 5-6).

Table 5-6 Comparation table of simulation results of a 50000 cycles projection

Working 
Condition

Criteria Non-
Constraint 

ESC 

Fixed 
Constraint 

ESC 

Proposed 
Fuzzy ESC 

ECMS

High Current

Power following 
error

11.8% 9.8% 4.7% 4.5%

Energy 
Consumption

8681 MJ 8495 MJ (-
2.1%)

7611 MJ (-
12.3%)

8940 MJ 
(+3%)

Engine Efficiency 0.456 0.435 0.4264 0.452 
State of Health 89.85% 91.54 % 93.2% 91.57%

High SOC

Power following 6.2% 6.5% 5% 4.5%
Energy 

Consumption
7768 MJ 6290 MJ (-

19%)
6470 MJ (-

16.7%)
6522 MJ (-

16%)
Engine Efficiency 0.412 0.346 0.4 0.37

State of Health 93.87% 92.52% 95.37% 95.05 %

High SOC and 
high temperature

Power following 6.25% 6.7% 5.1% 4.5%
Energy 

Consumption
7158 MJ 7477 MJ 

(+4.5%)
6662 MJ (-

3.8%)
6515 MJ (-

9%)
Engine Efficiency 0.425 0.4 0.365 0.35

State of Health 89.2 % 91.2% 92.6% 91.1%

Low temperature, 
low SOC, and 
high current

Power following 7.5% 5.6% 5.3% 5.2%
Energy 

Consumption
7382 MJ 3945 MJ (-

46.6%)
6750 MJ (-

4.9%)
6935 MJ (-

6%)
Engine Efficiency 0.425 0.25 0.385 0.388

State of Health 93.5 % 92.8 % 95.23 % 95.1 %

5.4.2.Experiment description

Case 1: High current 

Fig. 5-28 Power allocation by using proposed Fuzzy ESC in case 1.
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Fig. 5-29 Power allocation by using Fixed Constraint ESC in case 1.

Fig. 5-30 Power allocation by using Non-Constraint ESC in case 1.

Fig. 5-31 Power allocation by using ECMS in case 1.
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Fig. 5-32 Efficiency of engine in case 1 based on experiment results.

Fig. 5-33 SOC of battery in case 1 based on experiment results.

Fig. 5-34 Current of battery in case 1 based on experiment results.

0 50 100 150

Time (s)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Fuzzy ESC. Efficiency
Fix ESC. Efficiency
Non-Constraint ESC. Efficiency
ECMS. Efficiency



97

Case 2: High SOC 

Fig. 5-35 Power allocation by using proposed Fuzzy ESC in case 2.

Fig. 5-36 Power allocation by using Fixed Constraint ESC in case 2.

Fig. 5-37 Power allocation by using Non-Constraint ESC in case 2.
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Fig. 5-38 Power allocation by using ECMS in case 2.

Fig. 5-39 SOC of battery in case 2 based on experiment results.

Case 3: High SOC and High Temperature

Fig. 5-40 Power allocation by using proposed Fuzzy ESC in case 3.
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Fig. 5-41 Power allocation by using Fixed Constraint ESC in case 3.

Fig. 5-42 Power allocation by using Non-Constraint ESC in case 3.

Fig. 5-43 Power allocation by using ECMS in case 3.
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Fig. 5-44 Temperature of battery in case 3 based on experiment results.

Fig. 5-45 SOC of battery in case 3 based on experiment results.

Case 4: Low SOC, Low Temperature, and High Current

Fig. 5-46 Power allocation by using proposed Fuzzy ESC in case 4.
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Fig. 5-47 Power allocation by using Fixed Constraint ESC in case 4.

Fig. 5-48 Power allocation by using Non-Constraint ESC in case 4.

Fig. 5-49 Power allocation by using ECMS in case 4.
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Fig. 5-50 Current of battery in case 4 based on experiment results.

Fig. 5-51 SOC of battery in case 4 based on experiment results.

Fig. 5-52 Temperature of battery in case 4 based on experiment results.
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Table 5-7 Summary table of constraint

Working 
Condition

ESC No 
Constraint

ESC Fix 
Constraint

Proposed ESC 
with Fuzzy 
Constraint

ECMS Note

High 
Current

Cannot limit the 
maximum 
current à

Dangerous with 
battery

Limit the current 
in the desired 

boundary 

Limit the current 
in the desired 

boundary

Limit the current 
in the desired 

boundary

Indicated that 
without 

constraint the 
current cannot 
be guaranteed 
in the desired 

boundary

High SOC

Cannot limit the 
maximum SOC 
à Dangerous 
with battery

When the SOC 
reaches the 

upper limit, the 
engine suddenly 
turns off, and the 
motor changes, 

making the 
system unstable.

Not reach to the 
upper boundary 

of SOC 

Not reach to the 
upper boundary 

of SOC

Indicated that 
the proposed 
control can 

guarantee the 
stability of the 

system

High SOC 
and high 

temperature

Cannot limit the 
maximum SOC, 
and temperature 
à Dangerous 
with battery

The required 
power is 

supplied by the 
motor à SOC 
can be reduced, 

and Temperature 
continuously 
increases à

Dangerous with 
battery

When the SOC 
and temperature 

are high, the 
required power 
is supplied by 

the engine à the 
motor is stopped 
à protect the 

battery

Limit the 
temperature and 

SOC in their 
boundaries

Indicated that 
the proposed 
control can 
protect the 

battery when 
the SOC and 
Temperature 

are high

Low 
temperature, 

low SOC,
and high 
current

Cannot limit the 
maximum 
current à

Dangerous with 
battery

The required 
power is 

supplied by the 
motor à SOC 
cannot increase 
à Dangerous 
with battery

Increase the 
SOC and 

Temperature of 
the Battery, limit 

the maximum 
current

Increase the 
SOC and 

Temperature of 
the Battery, 

limit the 
maximum 

current

Indicated that 
the proposed 
control can 
increase the 

SOC and 
Temperature. 
Besides, the 

current can be 
limited

Table 5-8 Comparation table of experimental results of a 50000 cycles projection

Working 
Condition

Criteria Non-
Constraint 

ESC 

Fixed 
Constraint 

ESC 

Proposed 
Fuzzy ESC 

ECMS

High Current

Power following 
error

6.8% 6.2% 5.4% 5.2%

Energy 
Consumption

8533 MJ 8273 MJ (-3%) 7913MJ (-
7.26%)

8060MJ 
(5.54%)

Engine Efficiency 0.435 0.43 0.418 0.42 
State of Health 90.48% 91.8% 92.7% 92.53%

High SOC

Power following 6.9% 6.2% 4.8% 4.9%
Energy 

Consumption
7356 MJ 6053 MJ 

(17.7%)
6315 MJ 
(14.15%)

6425 MJ 
(12.65%)

Engine Efficiency 0.42 0.35 0.378 0.35
State of Health 94.2% 92.9% 95.65% 95.5%

High SOC and 
high temperature

Power following 6.54% 6.83% 5.35% 5.25%
Energy 

Consumption
7025 MJ 7335 MJ 

(+4.4%)
6434 MJ (-

8.4%)
6502 MJ (-

7.44%)
Engine Efficiency 0.43 0.38 0.355 0.353

State of Health 89.6% 91.59% 92.7% 92%
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Low 
temperature, low 

SOC, and high 
current

Power following 6.5% 5.2% 5.4% 5.6%
Energy 

Consumption
7211 MJ 3538 MJ (-

50.9%)
6435 MJ (-

10.76%)
6657 MJ (-

7.68%)
Engine Efficiency 0.425 0.27 0.373 0.382

State of Health 93.6% 92.8% 95.3% 95.2%

Similar to the simulation model, four working conditions are also used to verify the performance 

of the experimental test bench (Figs 5-28 to 5-45). The results indicated that the power requirement is 

divided into the power source by using the proposed fuzzy. In which, the electric motor/generator 

compensates for the power of the ICE by changing the operating mode to keep the working point of the 

ICE in its high-efficiency region. Moreover, in the first case, the current of the battery can be limited in 

the defined working boundary to ensure the durability of the battery. In the second case with the high 

SOC condition, the proposed fuzzy ESC can reduce the charging power into the battery to avoid the 

SOC beyond the allowable threshold. Meanwhile, the fixed constraint can also limit the battery’s SOC. 

However, supplying power entirely by the battery via the electric motor/generator to the hydraulic 

system leads to a rapid increase in temperature and current, thus reducing the battery lifespan. In the 

third case, the non-constraint ESC cannot keep the SOC and temperature in the boundary by only 

considering the efficiency of the ICE. This problem can overcome by the proposed fuzzy ESC with the 

capacity loss can be reduced by about 29.8% based on 50000 cycles projections. In the final case, the 

fixed constraint ESC continues to use power from the battery to supply to the system even if its SOC is 

at a low level according to the characteristic of the penalty function. By using the proposed fuzzy ESC, 

most of the required power is provided by the ICE to protect the battery. Finally, the experimental results 

are listed in Tables 5-7, 5-8 to compare the effectiveness of the proposed fuzzy ESC with other EMSs. 

Although there are some differences between the experimental and simulation results due to 

nonlinear parameters such as mechanical frictions and hydraulic losses, the results express that the 

proposed EHCVP with fuzzy ESC can be operated with not only high performance but also ensures the 

battery lifespan. 

5.5. Chapter Summary

This chapter presents an advanced energy management strategy for the hybrid hydraulic excavator 

to optimize energy regeneration and energy-saving capability. The EMS based on a combination 

between the ESC and fuzzy method was suggested to adaptively change the power reference of the ICE 

to ensure the safety and lifespan of devices. A co-simulation between AMESim and Matlab and a real 

test bench were built to validate the performance of the proposed system and EMS. Compared with the 

conventional EHCVP, the proposed EHCVP can improve energy saving and energy regeneration by up 

to 7% and 48.2%, respectively. Besides, by using the proposed EMS up to 3.35% of the battery health 

could be saved, leading to 33% improvement in capacity loss based on 50000 working cycle projections. 
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Chapter 6

CONCLUSION AND FUTURE WORKS

6.1. Conclusions

In this thesis, the EHCVP was proposed as a powertrain of the hydraulic excavator. In the EHCVP, 

the electric motor/generator can work as a motor or a generator to provide mechanical energy or generate 

electric energy. The speed of the engine and motor/generator decide the speed of the main pump through 

planetary gear. Then the engine speed can be controlled to the high-efficiency range with the EHCVP. 

A variable displacement pump was installed in the system to govern the torque of the engine. Hence, 

the engine working points can be controlled in the high-efficiency range. However, the maximum 

displacement of the hydraulic pump limits the controlled range of engine torque in the condition of a 

large velocity.

To enhance energy-saving efficiency, a two-speed gearbox is installed between the ring gear shaft 

and the hydraulic pump. The main pump was driven by the ICE and the electric motor/generator via a 

planetary gear allowed the working point of the ICE could be adjusted to a higher efficiency region 

under the same conditions. Besides, two double clutches were used, in which, the first one switched the 

driven or regeneration modes based on the operation status of the boom cylinder.  The other one was 

integrated to adjust the gear ratio from the power sources to the hydraulic system to enhance the working 

efficiency of the ICE.

Furthermore, an advanced energy management strategy (EMS) based on an extremum-seeking 

method was proposed to switch the gear ratio and distribute the power requirement to each power source. 

A fuzzy logic system is designed based on consideration of the battery aging to adaptively change the 

power reference of the ICE to ensure the safety and lifespan of devices. A co-simulation between 

AMESim and Matlab and a real test bench were built to validate the performance of the proposed system 

and EMS. 

The results showed that during operation, the working point of the ICE was kept in its high-

efficiency region and the excess energy could be compensated by the electric motor/generator. In 

addition, the recoverable energy in the boom cylinder can be captured and stored in the battery with the 

energy regeneration efficiency could be reached to 48.2%. Compared with the conventional EHCVP, 

the proposed EHCVP can improve energy saving by about 7%. Besides, by using the proposed EMS up 

to 3.35% of the battery health could be saved, leading to 33% improvement in capacity loss based on 

50000 working cycle projections. 

6.2. Future works
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However, it can be seen that the torque of the ICE should be adjusted according to different 

working conditions to achieve optimal efficiency. Therefore, in future work, a continuously variable 

transmission (CVT) will be used to adaptively adjust the gear ratio to enhance the efficiency of ICE. In 

the case of low load conditions, the CVT will be adjusted to a higher gear ratio to increase the torque of 

the engine. In the case of high load conditions, the CVT will be adjusted to a smaller gear ratio to reduce 

the torque and avoid damage to the engine.

With integrating the CVT into the EHCVP system, a control algorithm should be used to 

adaptively adjust the gear ratio to achieve optimal engine’s efficiency and smoothly operate the system 

to avoid unstable situations. 
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