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Abstract: This study focuses on the energy saving of construction machinery, especially excavators and wheel

loaders coming on a backdrop of energy shortage and environment pollution. Due to the problem of the low

energy efficiency and the pollution of conventional hydraulic excavators, hybrid hydraulic excavators were

developed to solve this challenge. Firstly, this paper discusses the different configurations of the hybrid

hydraulic excavator and recent research trend of hybrid hydraulic excavator is reviewed. Secondly, the

productions and research of the construction machine companies were analyzed and finally, the future

challenges of hybrid technology to the hydraulic excavator were discussed.

1. Introduction

As the problem of energy crisis and air pollution
becomes serious, the demand for energy saving and
reduction of pollution are crucial problem'™. Nowadays
hydraulic excavators are widely used in construction
site. Due to the low energy efficiency and air pollution
of conventional hydraulic excavator, hybrid excavator is
problem’™. The hybrid

already wused widely on

developed to solve this

technology has been
automobiles such as Toyota Prius where the electric
motor/generator and battery is used in the power
transmission'”

The hybrid powertrain can make the engine operate
in highest efficiency region and regenerate braking

16)

energy . The hybrid electric excavator also uses the

motor/generator and battery or super capacitor to store
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energy. The potential energy can be regenerated and
store into the battery or super capacitor. Then the stored
energy can be reused to provide energy to the
119 Different

strategies have been proposed and a high energy saving

system configurations and  control

efficiency and system performance have been
achieved'*®. Another hybrid technology named hybrid
hydraulic technology has also been applied to the
hybrid excavator”>”. Here the accumulator is used to
store or discharge energy. Due to the characteristics of
the hybrid hydraulic excavator, some new components
are used, such as the hydraulic transformer’'™”. The
system performance has also been investigated to make
the operator drive the machine easily*™*".

This paper reviews the hybrid hydraulic technology
which is used in construction machines, especially a
hydraulic excavator and loader in recent years. We
difference of the hybrid
configuration and control strategies and we discuss the
different
configurations. Then the achievements of recent research

from the

introduce  the system

advantages and disadvantages of the

published papers and companies were
explained. Finally, the challenge of using the hybrid
technology in construction machine will be explained.

This paper is organized as follows: Section 2 introduces
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the two kinds of hybrid hydraulic excavator. Section 3
and section 4 provide the recent research trend of
hybrid hydraulic
introduces the challenges of construction machine.

construction machine. Section 5

2. Configurations of hybrid excavator

In hybrid excavator, there are mainly two kinds of
configurations: hybrid electric and hybrid hydraulic. In
hybrid electric excavator, there are two configurations:
series and parallel of them®™. The main characteristics
of series configuration is that the engine (ICE) drives
the generator to generate electric energy. The electric
energy will be provided to the electric motor (EM) and
the EM will drive the pump to provide hydraulic
energy to run the actuators. The ICE can work in a
constant point or several optimal points which ensure
the engine working with highest efficiency. If the
system energy requirement is less than the ICE output
energy, the energy store unit (ESU), which is battery or
super capacitor, will store the redundant energy.
Especially the super capacitor has higher power density
than battery and can be charged faster”. When the
system need peak power, the ESU will provide energy
to assist the ICE to fulfill the high-power requirement

of the actuator. The configuration is shown in Fig 1.

ICE m Generator—l r EM HPump

Converter/

ESUM Inverter

Fig. 1 Configuration of series hybrid excavator

The parallel hydraulic hybrid excavator also consists
of ICE, EM and ESU. The characteristic of the
configuration is that the ICE and EM are connected to
drive the pump. The EM also can work as a generator
to generate energy and store in ESU. When the system
need high power, the ICE and EM will run together to
fulfill the high-power requirement of the actuator. The
parallel hydraulic hybrid excavator also can optimize the
engine efficiency and doesn’t need an individual
generator. Due to the ICE can driver the pump directly,
energy loose is lower than the series configuration. But

the ICE and EM have to run at same speed. It is very
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difficult to get high efficiency of both ICE and EM at
same time and control strategy is complicated. The

configuration is shown in Fig. 2.

ICE ® EM/Generatorm Pump
|

Converter/
Inverter

— ESU

Fig. 2 Configuration of parallel hybrid excavator

The ESU can also be used to regenerate the potential
energy of actuator through the hydraulic motor and
generator. The regenerate energy can be used to run the
actuator through the EM. So, the fuel consumption of
decreased further.

components will be used in the system. The tradeoff

the system will be But more
must be made between cost and system performance.
The hydraulic hybrid excavator is different from the
electric hybrid excavator. Accumulator is used to store
energy. The function of accumulator is same as the
ESU. It will provide energy when the system need high
power and store the redundant energy of main pump. In
some systems,

the potential energy also can be

regenerated and store into the accumulator. The
accumulator is easy to arrange to the hydraulic line.
But when charge or discharge the accumulator, the
pressure of accumulator will change in a big range. It
will affect the system working and efficiency. It is a
big challenge

of hydraulic hybrid excavator. To

overcome these problem, some technologies are

developed such as the hydraulic transformer. An
example of CPR system is shown in Fig. 7. The lower
pressure source can run the actuator which need high
pressure through the hydraulic transformer. It also can

be used into energy regeneration.

3. Research on the energy saving
system of excavator

3.1 Electric hybrid hydraulic excavator

Qing Xiao presented a new hydraulic power

system®, it uses hydraulic motor and generator

regenerate energy and saved into the super capacitor.
The configuration is shown in Fig. 3. The author focus

on the control of the engine working condition.
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Constant work point control strategy is analyzed. It can
keep the engine working at a constant power by
adjusting the electric motor to meet the system
requirement of energy, but cannot ensure the capacitor’s
SOC to work in the desired range after a long time of
work. Then the double work point control strategy is
developed to overcome the deficiency of the constant
work point control strategy. The engine can work in the
desired range, but it cannot make the system stable and
the super capacitor in high efficiency. Finally, the
control strategy that adjusts the engine’s working point
dynamically is presented. The engine can work in high
efficiency area, and the capacitor’s SOC is restrained in
a small region. This new hybrid power system and its
feasible  control have the

strategies potential of

improving the efficiency of current hydraulic excavators.

Hydraulic

system Super

Capacitor

Electric

mtor

Fig. 3 The parallel hybrid hydraulic excavator
research by Qing Xiao.

Dongyun Wang researched the performance of the
powertrain  hybridization of hydraulic excavator and
compared the main performance among the parallel, the
series and the conventional configurations based on a
5-tone excavator'”. The presented results indicate that
better fuel

economy than the other two configurations in heavy

the parallel hybrid powertrain features

load and light load, whereas both the series and parallel
hybrid powertrains feature better fuel economy in
medium load. Consider the performance and cost
synthetically, the parallel powertrain is the best
configuration for hybrid excavators at present.

Tao Wang present an energy-saving pressure-
compensated scheme for hybrid hydraulic excavators™.
The hydraulic motor and generator are used in the test
bench to regenerate energy, which is stored in the super
capacitor. Different velocity of cylinder and load are

selected to do experiment. The experiment results show

that, the energy conversion efficiencies in hydraulic
are between 0.77 and 0.85. The

conversion efficiencies in the generator and converter

motor energy
are mainly between 0.78 and 0.88. The charging
efficiencies of the super capacitor are mainly between
0.86 and 0.95. The total energy recovery efficiencies are
between 0.26 and 0.33 can be achieved under most
conditions, and then the energy consumption of the
prime mover can be saved approximately by the
corresponding ratio with the reuse of the recovered

energy.

Boom

RS

Electric Generator
motor
Converter Converter
/inverter /inverter
Super
Capacitor

Fig. 4 Energy—-saving pressure-compensated scheme
for hybrid hydraulic excavators

Due to the oscillation of actuators in comparison to
the conventional valve control systems, Tao Wang
proposed the control strategy to solve this problem and
improve the energy saving efficiency of boom system™.
The configuration of the system is shown in Fig. 5.
The author control both the generator speed and the
proportional directional valve. When slight operation is
required, the boom movements are controlled smoothly
by the valve. When the boom is being operated fast,
the generator is used to govern the cylinder velocity
and realize energy recovery. Finally, the performance of
the boom cylinder is improved and the energy
conversion efficiency from head chamber to super

capacitor is between 0.419 to 0.608.
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Val Boom
alves
Engine Generator
/ motor
Converter
/inverter
|
Super Converter
Capacitor | /inverter
Converter
/inverter . .
Swing electric

motor
Fig. 5 The hydraulic excavator
energy regeneration system

with  potential

Yu Ying-xiao proposed an electric hybrid boom

system for excavator’”

. Hydraulic motor and generator
also used for energy saving. The configuration is shown
in Fig. 6. Due to the hydraulic motor and generator are
used in the system, it will generate big resistant when
boom move down. The author considers this point and
add two on/off valves to the energy regeneration part. If
the potential energy of boom is not enough to run the
generator, the on/off valve will be opened. Part of the
flow or all the flow will go to the tank. So, the main
pump doesn’t need to output more energy to move the
boom down. In the simulation results, the system can

regenerate energy without much energy loss of main

pump.

Motor|

Generator

Fig. 6 One example of a hybrid hydraulic excavator
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3.2 Hybrid hydraulic excavator

Wei shen has studied on a CPR system™. It has a
high-pressure  rail and low-pressure rail. The
accumulator is connected to the high-pressure rail. The
configuration is shown in Fig. 7. An adjustable single
point under constant pressure strategy was proposed.
This control strategy makes the engine operate under a
certain given rotating speed and torque as far as
possible by controlling the throttle of engine and
displacement of main pump. The selection of single
point is based on the average power of the working
process. When the pressure of high-pressure rail is low,
the system will follow the control strategy. If the
pressure exceeds the threshold value, the engine will
work into idle state. Due to the structure and control
strategy, a smaller rated power engine can be used in
the system. In the simulation results, the engine can
work in a high efficiency range and fuel consumption
can be reduced up to 13%.

Sun Hui present an energy saving scheme with
parallel hydraulic hybrid system®™. The configuration is
shown in Fig.8. An accumulator and pomp/motor are
used to regenerate and store energy. During deceleration,
the hydraulic pump/motor decelerates the loader while
operating as a pump to capture the energy normally lost
to friction brakes While
running, shoveling and digging, the hydraulic pump/

in a conventional loader.

motor works in motor mode to provide auxiliary
traction power for the loader which ensures the engine
working in better fuel economy region and reducing the

overflow losses of hydraulic system.

Boom

5+

Other
actuators

y y
% : Engine
L

Fig. 7 Configuration of CPR system
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In experiment and simulation, the braking energy
recovery rate is between 41.97% to 75.70%. The reuse

ratio of regenerated energy is 54.01%.

- Hydraulic ..
system
conventor| 1
-
Valves
Hydraulic
actuators

Fig. 8 Hydraulic hybrid system research by Sun Hui.

The STEAM system is proposed by the Institute for
Fluid Power and Controls Aachen, Roland Leifeld,
Milos Vukovic, Hubertus Murrenhoff RWTH Aachen
University"”. The configuration is shown in Fig. 9. This
system has three pressure rail. Two set of accumulators
are install in the high-pressure rail and middle pressure
rail. The main pump only charge the high-pressure rail
to keep the engine working in a high efficiency area.
The high-pressure rail can charge the middle-pressure
rail using hydraulic component. The hydraulic cylinder
and motor can connect to the three pressure rails to
realize different function. In the experiment result, the
engine can work in high efficiency range and 18.3% of
fuel consumption can be saved.

Yu Ying-xiao et al proposed a system using hydraulic
transformer and accumulator for boom system®”. The
configuration is shown in Fig.10. When the boom
moves down, the hydraulic transformer will run to store
energy to the accumulator. The hydraulic transformer
can keep the pressure of head chamber constant without
influencing the pressure of the accumulator. The
hydraulic transformer can eliminate the throttling loss.
The author not only considers the energy regeneration,
but also the input energy of the main pump. In the
simulation result, the system can regenerate 52.8%
energy. And input energy will not increase, which

compare with the conventional system.

Hydraulic
actuators

Boom

Hydraulic
Transformer

Fig. 10 The hydraulic hybrid system of using
hydraulic transformer

4. Productions of hybrid hydraulic
excavator

In 2008, Komatsu launched the world’s first hybrid
Compared to the standard PC200-8, the
average reduction of fuel consumption is 25% and the
42%.  The
configuration is shown in Fig.11. It is a parallel hybrid

excavator.

maximum  reduction is system
hydraulic system. The electric motor is used to the
swing system. The efficiency of the electric motor
during acceleration is higher compared with the
hydraulic motor, and using electric motor can get
smooth turning performance. Then energy can be
regenerated when the upper structure slows down with
turning. The super capacitor is used as ESU to satisfy
the frequent engine speed variations in a short time. As
a result, the engine can work in lower speed,
standard PC200-8. The fuel

consumption can be reduced. The Kobe Steel Ltd

comparing with the

cajole-HE= 2018 12 95



Review of Energy Saving Technology of Hybrid Construction Machine

developed the hybrid hydraulic excavator to save energy
and proposed an 8-ton hybrid hydraulic excavator in
2013%. The configuration of the developed hybrid
excavator is shown in Fig. 12.

=

Boom

[

Arm

(=,

. Generator

[

Hydrauli
circuit

ucket

i B |
Super
Capacitor

Swing

Fig. 11 The hybrid hydraulic excavator of Komatsu

The system employs a small engine of 27 kW. The
battery is chosen as the ESU. The permanent magnet
motor has been adopted for the swing function. The
motor enables the regeneration of energy during the
deceleration of swing motion. The system is a parallel
Based on the different

conditions, the engine can drive the pump or charge the

electric hybrid excavator.

battery. The battery is used to assist the engine to drive
pump or drive the swing motor. In the experimental
results, the fuel efficiency was improved by 40%. The
system could reduce the engine power and achieve a

significant noise reduction.

R ey =
L Hydraulid Arm
circuit IE-Bucket
0oC [ Left and right
Battery b reavelling
Swing electric

motor

Fig. 12 The hybrid hydraulic excavator of Kobe Steel

The Hitachi developed a 20-ton hybrid excavator in
2008”9, The ZX200 hybrid excavator is shown in
Fig.13. ZX200 uses a parallel hybrid system, and
electric motor is used to drive the swing. The hydraulic
motor and generator are used to regenerate potential
energy of boom and arm. When the swing system
stopping and boom or arm moving down, the system
can regenerate the energy and save it in super capacitor.

The regenerated energy can be reused to assist the

96 Journal of Drive and Control 2018. 12

engine. Compare with conventional excavator, 20%-25%

of fuel consumption can be saved.

Pum
Electric E—Aml
mtor L
Llectrc
Bucket
motor Swin u Control
& valves
0 r
Hydraulic
Super Generator lm
Capacitor 1l

Fig. 13 ZX200 hybrid excavator of Hitachi

5. Challenges

5.1 Reliability

The construction machine always work in severe
environment. The reliability of component is very
important. The hybrid excavator uses more components
than the conventional hydraulic excavator, such as
These

components should have the same service life as the

electric motor, generator, battery, sensors.
conventional system. Due to the severe environment, the
sensors which are arranged on the boom, arm or bucket
are easy to be broken. The arrangement and protection
of the sensors should be considered. So, the reliability
of the hybrid construction machine, especially the
excavator and loader takes big challenges to the

designer.

5.2 Cost
Due to the of the
complicated structure, the manufacturing cost of hybrid

increase components and
excavator is much higher than that of the conventional
excavator. If the manufacturing cost increases so much,
the energy saving of the system is meaningless. The
cost needs to be not so much expensive than the
standard excavator while ensuring the performance. The

tradeoff the performance and cost is a big challenge.

5.3 Control strategy
The control strategy of hybrid hydraulic excavator is
very important. It determines the performance of the

system. For the electric hybrid excavator, the control of
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electric motor and engine combination, SOC of battery
and super capacitor, and generator should be considered.
For the hydraulic hybrid excavator, the pressure of
accumulator, flow rate from each energy source should
be considered. Some of systems use pump/motor,
hydraulic transformer and energy regeneration system
and so the total control strategy will become more
complicated. ~ The control strategy also include the
monitoring and fault tolerance supervisory control for
the safety of the system. So, making a good control

strategy is a big challenge together.

6. Conclusions

hybrid construction

machine, particularly excavator systems in recent years.

This paper reorganizes the
Electric hybrid and hydraulic hybrid excavators and
loaders are reviewed and the characteristics of each
configuration are analyzed. And then the productions
and research of hybrid hydraulic technology in
construction machinery company has been investigated.
Finally, the challenges of using the hybrid technology to

the construction machine was commented. .
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