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Abstract

To reduce the energy consumption and emission, an innovative powertrain and the energy management strategy are proposed
for hydraulic excavator in this paper. The novel powertrain consists of the engine, motor/generator, planetary gear, gearbox,
and variable hydraulic pump. The energy regeneration system is also applied on the system to regenerate the potential energy
and charge the battery. An improved equivalent consumption minimization strategy is proposed to control the engine, motor/
generator, hydraulic pump and gearbox. The engine working points can be located in high efficiency range, with the proposed
powertrain and the energy management strategy. To verify the energy saving efficiency of the proposed system, the test bench
is built in laboratory. Compared with the current hybrid system, the energy saving efficiency reaches 11% in condition of
a large velocity. Compared with the current hybrid system and conventional system, the energy saving efficiencies are 4%
and 48% respectively with different cylinder velocities. The fuel consumption and emission of hydraulic excavator can be

reduced effectively with the proposed powertrain and energy management strategy.
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1 Introduction

Currently, 60% of the carbon dioxide emissions is produced
by the off-road machinery in construction machines [1]. Fac-
ing the energy crisis and environmental pollution, energy
saving of hydraulic excavator is important and significa-
tive [2, 3]. To solve this problem, the hybrid technology is
research and used in the hydraulic excavator to reduce the
energy consumption [4, 5].

Energy regeneration of hybrid hydraulic excavator is an
effective way to save energy, because the large amount of
potential energy and kinetic energy is existed in actuators,
which can be regenerated and stored in energy storage unit
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(ESU) [6, 7]. Based on the types of ESU, the energy regen-
eration system can be categorized as electric energy regen-
eration system (EERS) and hydraulic energy regeneration
system (HERS) [8, 9]. The regenerated energy can be stored
in battery of supercapacitor through electric generator in
EERS [10, 11]. For the HERS, the regenerated energy can
be stored in the hydraulic accumulator through hydraulic
valves [12, 13]. To reduce the energy consumption of the
hydraulic excavator, the stored energy can be reused to drive
the actuator independently, or assist the engine to dive the
hydraulic system.

A EERS for boom system was proposed by Wang T. et al.
[14]. In the proposed system, a hydraulic motor was installed
in the return line of the boom cylinder. In boom down mode,
the fluid of boom cylinder flowed to the hydraulic motor.
The hydraulic motor drove the electric generator to generate
electric energy, which is stored in the battery. The energy
loose of the energy regeneration system was analyzed. The
energy regeneration efficiency was proved to range from
26 to 33% under no load and loaded conditions experimen-
tally. Furthermore, the author proposed a similar system, in
which the generator and the hydraulic valve were controlled
in boom down mode [15]. Not only energy regeneration effi-
ciency, but also stability of boom was improved.
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A hybrid hydraulic forklift system with EERS was
researched by Minav T. A. et al. [16]. In the system, a pump/
motor unit was used instead of the main pump. The pump/
motor unit worked as hydraulic pump and a hydraulic motor
in cylinder up mode and cylinder down mode respectively.
Hence, the energy regeneration can be achieved in cylinder
down mode.

To improve the energy regeneration efficiency, a EERS of
boom was researched by Yu Y.X. et al. [17]. In this system,
a variable hydraulic motor was installed in the return line of
boom cylinder. In boom down mode, both the displacement
of hydraulic motor and generator speed can be controlled to
optimize the working points of EERS. Compared with the
conventional EERS, the improvement of the energy regen-
eration efficiency was 3.2—4.1% with the novel structure and
control strategy.

HERS was also researched for energy saving of hybrid
hydraulic excavator. A HERS for boom was proposed by
Ranjan P. et al. [18], the potential energy of boom was regen-
erated and stored in the accumulator. Compared with the
conventional system, the energy saving efficiency researched
10%.

According to Yu Y.X. et al., an energy regeneration sys-
tem for swing system with two independent accumulators
was proposed [19]. Based on the different working condi-
tions, the braking energy can be regenerated and stored in
different accumulators. The experimental results showed that
the energy regeneration efficiency ranged from 23 to 56%.

Based on the research of Hao Y. et al., a boom system
with three-chamber cylinder and hydraulic accumulator was
proposed [20]. One chamber was connected to the hydraulic
accumulator to regenerate the potential energy of boom. The
energy regeneration efficiency ranged from 26.2 to 44.4%.

A dual source hydraulic excavator was proposed by
Huang W. et al. [21]. A new dual source hydraulic motor
was proposed with two groups of oil inlet and outlet. The
hydraulic accumulator, hydraulic pump, and tank can be
connected through the novel hydraulic motor. The energy
regeneration and reuse can be realized, and the energy con-
sumption was reduced by 48.6% and 46.6% in full load and
no-load operation.

To combine the advantages of EERS and HERS and
improve the energy regeneration efficiency, an accumulator-
motor-generator regeneration system with both battery and
hydraulic accumulator was proposed by Lin T. et al. [22].
The potential energy can be stored in battery or hydraulic
accumulator to improve the energy regeneration efficiency.
Based on the simulation results, the energy regeneration effi-
ciency researched 41% [23]. The experiment was conducted
by the author, in which the energy regeneration efficiency
researched approximately 39%.

According to Chen Q. et al., a valve-motor-generator and
hydraulic accumulator was researched [24]. All the actuators

of hydraulic excavator were studied to regenerate energy.
Based on the simulation results, the energy regeneration
efficiency researched 58%.

The energy regeneration system could save energy of
hydraulic excavator effectively. Another important research
of energy saving is electric drive system (EDS) for hydraulic
excavator. According to the research of Ge L. et al. [25], an
EDS with an asymmetric pump was proposed. The electric
motor drove the asymmetric pump to provide energy for the
hydraulic system. The potential energy can be regenerated
through the asymmetric pump. The energy consumption can
be reduced by 76.1% with the proposed system.

To further improve the energy saving efficiency, an EDS
with a displacement variable pump and a speed variable
electric motor was researched [26]. The energy saving effi-
ciency ranged from 28.5% to 33% by controlling both the
displacement of pump and the speed of electric motor.

The energy management strategy (EMS) is also an impor-
tant factor that affects the energy saving efficiency. The
equivalent consumption minimization strategy (ECMS) is
a typical energy management strategy to control the hybrid
system. In ECMS, the electrical energy of the battery is con-
verted into an equivalent amount of fuel consumption by the
equivalent factor (EF) [27]. However, conventional ECMS
obtained a fixed EF through off-line optimization under spe-
cific driving conditions, which cannot maintain the stable
SOC under different driving conditions.

Therefore, the adaptive ECMS (A-ECMS) was proposed
to make the EF update dynamically [28]. A proportional
coefficient was used to update the EF at the previous moment
through the deviation of the SOC from the reference value.
But this EF update strategy required many experiments to
obtain the initial EF and the proportional coefficient.

According to Sun C. et al., an EF update method based
on velocity prediction was proposed [29]. A neural network-
based velocity predictor was constructed to predict the short-
term driving behaviors by learning from the history data.
The speed predictor provided temporary driving informa-
tion for a real-time EF. Compared with the conventional
A-ECMS, this method achieved stable SOC trajectory, and
the reduction of fuel consumption was 3%.

According to Tian X. et al. [30], a driving style based
A-ECMS was proposed, in which the EF was updated by the
driving style of driver. Through HIL tests, the fuel economy
was improved and the SOC was stable by using this control
strategy. Hence, the ECMS was widely used in the hybrid
vehicle to reduce the fuel consumption and keep the SOC of
battery stable. In the application of the ECMS on a hybrid
hydraulic excavator, the ECMS should be modified based on
the specific conditions.

Based on the above analysis, the energy regeneration
system, EDS and EMS are important factors that affect the
energy saving efficiency. Compared with the HERS, the
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EERS can be applied in the electric hybrid hydraulic exca-
vator, in which the regenerated energy is stored in the bat-
tery. Then the stored energy can be reused by the electric
motor easily.

However, the energy reuse in drive mode affects the
energy saving efficiency of hydraulic excavator. Currently,
the research of drive mode is only about the EDS, which is
used in the electric excavator. Hence, both energy regenera-
tion and reuse should be researched to improve the energy
saving efficiency for a hydraulic hybrid excavator. To solve
this problem, an electro- hydraulic continually variable pow-
ertrain (EHCVP) was proposed by Yu Y.X. et al. in 2021
[31]. The engine and the electric motor were installed in the
powertrain through a planetary gear. The EERS was also
setup in the system. In this system, both energy regenera-
tion in boom down mode and energy reused in drive mode
were researched. Especially, the engine working points can
be controlled in high efficiency range to reduce the fuel con-
sumption. However, due to the limitation of the structure, the
engine cannot work in highest efficiency in condition of large
velocity. In real engineering, the actuator of the hydraulic
excavator, such as boom, works with different velocities in
different cycles. Hence, energy saving of hydraulic excavator
with a wide range of velocities is important and significative.

Therefore, to further decrease the fuel consumption of
hybrid hydraulic excavator, an innovative powertrain for
hybrid hydraulic excavator is proposed in this paper. The
proposed powertrain consists of an engine, a motor/genera-
tor, a hydraulic pump, a two-grade gearbox, and a planetary
gear. Optimization of the engine working points and energy
regeneration can be achieved to reduce the fuel consumption
of this hybrid hydraulic excavator. Compared with EERS,
HERS and EDS, not only energy regeneration, but also opti-
mization of energy reuse is researched to improve the energy
saving efficiency by using the ECMS. Compared with the
EHCVP and the conventional system without EHCVP, the
proposed hybrid hydraulic excavator can save 11% and 54%
of the energy respectively in condition of the large velocity,
and save 4% and 48% of the energy respectively with dif-
ferent velocities.

The remaining paper is organized as follows. The pro-
posed system and energy management strategy are discussed
in Sects. 2 and 3, respectively. The experimental results and
analysis are presented in Sect. 4. The conclusion is presented
in Sect. 5.

2 Structure of the System
2.1 Discussion of the Conventional System

A conventional hydraulic excavator is shown in Fig. 1, in
which the engine drives the main pump to provide energy
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Fig. 1 Structure of the conventional system
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Fig.2 Structure of the EHCVP

to the hydraulic system. To save energy, the EHCVP was
proposed as a powertrain of hydraulic excavator in previous
research as shown in Fig. 2. The engine and electric motor/
generator not only can drive the main pump separately, but
also can drive the main pump together.

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 engine and motor/
generator decide the speed of 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 system to govern the torque of the
engine. Hence, the engine working points can be controlled
in the high efficiency range. However, the maximum dis-
placement of the hydraulic pump limits the controlled range
of engine torque in condition of a large velocity.

In the condition of a large velocity, the engine efficiency
will be decreased, because of the large speed. If a larger
hydraulic pump is selected in the system, the engine effi-
ciency can be improved in the condition of a large veloc-
ity. But the hydraulic pump will always work with a low
and middle displacement, which leads to a low efficiency
of hydraulic pump in other conditions. Hence, the current
structure of EHCVP limits the improvement of the energy
saving efficiency in condition of a large velocity. Finally, the
fuel consumption of the total system cannot be improved
with varying velocities in real engineering.
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2.2 Proposed Innovative EHCVP

To enhance the energy saving efficiency, especially in con-
dition of a large velocity, an innovative EHCVP is pro-
posed in this paper as shown in Fig. 3. A two-speed gear-
box is installed between the ring gear shaft and hydraulic
pump. The engine torque is governed by the hydraulic
pump and gearbox mainly. So, the working range of engine
torque can be controlled more flexible than that of the
current EHCVP. Meanwhile, the electric motor/generator
govern the speed of engine. The proposed EHCVP of this
paper is named EHCVP II.

In the condition of a large velocity, the gearbox works
with a large gear ratio to decrease the speed and increase
the torque of the engine with EHCVP II. So, the engine
can work with a high efficiency in condition of a large
velocity. In the condition of the middle and low veloci-
ties, the efficiency of the proposed EHCVP II may keep
the same level with conventional EHCVP. In summary,
the fuel consumption of the EHCVP is improved with the
varying velocity in real engineering.

Compared with the EHCVP II, a planetary gear is also
used in the power-split system of Toyota [32], in which the
engine and two motor/generators are connected to the car-
rier, sun gear, and ring gear respectively. In the EHCVP 11,
a variable hydraulic pump connects to the ring gear instead
of one motor/generator to adjust the output torque of the
engine and provide fluid to the hydraulic system. Further-
more, a gearbox is also setup in the system to improve the
energy saving efficiency.

In EHCVP II, the engine, electric motor/generator and
gearbox are connected to the carrier, sun gear and ring
gear respectively. The rotational speed of each gear follows
the Equation (1) [33].
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where, N, and o, denote the number of teeth and speed of the
sun gear, respectively, N, and @, are the number of teeth and
speed of the ring gear, respectively, and w, denotes the speed
of the carrier. The speed of ring gear follows the Eq. (2).

o, = iy @

where wyp is speed of hydraulic pump. The targe flow rate is
given by the joystick signal, and follows the Eq. (3).
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where, yp, and g, denote the volumetric efficiency and flow
rate of hydraulic pump, respectively. Once the displace-
ment of hydraulic pump, and the gear ratio of gearbox are
selected, the speed of ring gear can be calculated based on
the required flow rate by Egs. (2 and 3). Then there will be
infinity combinations of the engine speed and motor/gen-
erator speed can be selected, based on Eq. 1. Then the final
control command of engine speed and motor/generator speed
will be decided by the control strategy.
The torque of each gear follows the Eq. (4) [34].

Nr Nr
L=T§ =Ly TN “)

where, T,, T,, and T, denote the torque of the ring gear, sun
gear, and carrier, respectively. The torque of hydraulic pump
is based on pressure of the output side of the hydraulic pump
as shown in Eq. (5).
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where, Typ represents the torque of the hydraulic pump, p,
represents the pressure of the output side of the hydraulic
pump, Dyp denotes the displacement of the hydraulic pump,
and 5yp,, denotes the hydro-mechanical efficiency of the
hydraulic pump. The torque of ring gear is decided by the
torque hydraulic pump Typ as shown in Eq. (6).

T, =Typ/i ©6)

If the required torque of pump and gear ratio are decided,
the torque of the engine and motor will be fixed and can-
not be controlled. Hence, a variable pump and gearbox are
installed in the EHCVP II to extend the controllable range
of the engine torque, based on Eqgs. (4 and 5).

The energy regeneration system is also installed in the
return line of boom cylinder, because the boom has the
largest gravitational potential energy among all the actua-
tors. When the boom moves down, the hydraulic motor
will drive the generator to generate electric energy. The
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regenerated energy is saved in battery and will be used
by the motor/generator to drive the hydraulic pump in the
next working cycle.

Based on the above analysis, the engine speed and toque
are decoupled from the pump speed and torque, and the
energy regeneration can also be achieved to reduce the fuel
consumption of a hydraulic excavator with EHCVP II. To
verify the energy saving of the proposed system, the test
bench is built in the laboratory, as shown in Fig. 4. The
connection of the real planetary gear is shown in Fig. 5.
The hydraulic circuit of the test bench is shown in Fig. 6.

A cylinder is set up in the test bench to emulate the
boom cylinder of an excavator, and the load is connected
to the rod of cylinder. The electric motor 1 and electric
motor 2 emulate the engine and motor/generator, respec-
tively. 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 the dual clutch 2 connects the output
shaft of dual clutch 1 to the main pump, the system will
work as boom up mode. In boom up mode, the main valve
works at left position, and the EHCVP II drives the main
pump to move the load up. If the dual clutch 2 connects
the output shaft of dual clutch 1 to the hydraulic motor,
the system will work as boom down mode. In boom down
mode, the energy regeneration valve V, is open, and the
fluid from cylinder will flow to the hydraulic motor, which
is connected to the EHCVP II. In this condition, the elec-
tric motor/generator 2 works as a generator to balance the
torque of the hydraulic motor and to regenerate the energy.
The hydraulic motor drives the motor/generator 2 through
the dual clutch 2 (lift side), double clutch 1, and planetary
gear. The speed sensors and torque sensors are installed in
each shaft of planetary gear. A pressure sensor is installed
in output port of rod chamber of cylinder.

Fig.4 Test bench of the EHCVP II

Fig.5 Connection of planetary gear for EHCVP II

3 Energy Management Strategy
3.1 Discussion on the Control of the System

In boom up mode, the required cylinder velocity is linear to
the joystick signal, as shown in Eq. (7)

Vieq = ®Vmax 7

where, a is the joystick signal, and v, and v,,,, are the
required velocity and maximum velocity of the boom cyl-
inder, respectively. a ranges from O to 100%. Next, the

required flow rate g, can be calculated using Eq. (8).
de = ViegAe 8)

where, A, is the area of the rod chamber. The pressure of
the rod chamber p_ is measured using a pressure sensor. The
speed of hydraulic pump can be calculated based on Eq.
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Fig.6 Hydraulic circuit of EHCVP II test bench
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(3). To meet the requited flow rate and enhance the energy
saving efficiency, the engine speed, electric motor/genera-
tor speed, grade of gearbox, and displacement of hydraulic
pump should be controlled. Hence, an energy management
strategy is necessary to be applied on the EHCVP II.

3.2 Energy Management Strategy

As mentioned above, the energy management strategy
is important to affect the energy saving efficiency of the
EHCVP II. To enhance the energy saving efficiency, an
equivalent consumption minimization strategy (ECMS) is
used as the energy management method. The ECMS was
proposed for hybrid vehicle to find the condition of mini-
mum fuel consumption. Based on the characteristics of the
EHCVP 1I, a novel ECMS is proposed as the energy man-
agement strategy. The cost function of proposed ECMS is
defined as in Eq. (9) [27, 35].

mlatal = meng +f(SOC)mmotor (9)

where, i1, is the total equivalent fuel consumption, 7it,,,
and ., are the equivalent energy consumptions of
the engine and electric motor, respectively, and f{SOC)
is the penalty factor, which is used to limit the state of
charge(SOC) for battery, as shown in Fig. 7.

Considering the working conditions, energy regeneration,
and life of the battery, the range of SOC for battery should
be controlled. Based on the discussion in the introduction,
the ECMS is widely used in the hybrid vehicle. But the
working conditions of vehicle and hydraulic excavator are
different. For the hydraulic excavator, the range of veloc-
ity is narrower than that of the vehicle. Hence, an adaptive
penalty factor can satisfy the requirement of the EHCVP II.
However, the curve of penalty factor should be made for the
specific system. The principles of the penalty factor design
are shown as follow:

1. Atthe end of each working cycle, the remaining energy

of the battery should be enough to drive the system for
the next cycle.

2.5
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Fig.7 Penalty factor
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2. For the potential energy regeneration in the next working
cycle, the SOC of battery cannot reach to 100% at the
end of each cycle.

3. The SOC of battery must be always higher than 20% to
avoid deep charging and ensure the life of the battery.

Furthermore, the setting of the penalty factor should
satisfy the working conditions of the hydraulic excava-
tor with EHCVP II. Hence, the final penalty factor was
designed by many experiments, based on the above prin-
ciples and conditions. Finally, the penalty factor was got
in Fig. 7. The largest value of penalty factor is 2.0 in con-
dition of a low SOC to decrease the energy output of the
battery. The lowest value of penalty factor is 0.3 to avoid
the full charging of the battery.

In ECMS ring,,, and ritg, o, can be calculated using Eqs.
(10 and 11) [36].
. o.T.
Meng = Hong (10)
Mipotor = { ’1'"“(:"7;;*’“‘ > @f> 0 (11)
wsTsnmotornbat’ a)sTs <0

where, 7¢no, Mmotor a0 14, denote the efficiency of the
engine, electric motor, and battery, respectively. 71, rep-
resents the equivalent output energy of the battery. In Eq.
(11), if the electric motor/generator works as a motor, the
directions of speed and torque are the same (@ T;>0). On
the contrary, o T, <0 means the electric motor/generator
works as a generator. Based on Egs. (4, 5 and 6), the 7, and
T, are calculated and shown in Egs. (12, and 13).

_ l(Nr + Ns)pcDHP

¢ 2’ﬁjvrrIHPm (12)
T = iNspcDHP (13)
’ 2ﬂ'-[Vr’//HPm

In Eqgs. (12 and 13), the cylinder pressure p, is meas-
ured by the pressure sensor. Due to the specific structure
of the EHCVP II, the ECMS is different from that of the
vehicle. The efficiency of hydraulic part and gearbox are
also involved in the calculation of the proposed ECMS.
According to Egs. (9, 10, 11, 12, 3), the proposed ECMS
considers the efficiency of engine, battery, and hydraulic
pump, SOC of battery, and gear ratio of gearbox. Hence,
the proposed ECMS combines the conventional ECMS and
the characteristic of the EHCVP II to reduce the fuel con-
sumption. To realize the calculation of proposed ECMS,
the progress is shown in Fig. 8.
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Fig.8 Calculation progress of proposed ECMS

Firstly, the flow rate and torque of hydraulic pump is
calculated by the joystick signal through the Eqs. (3 and
5). Secondly, the speed and torque of ring gear for differ-
ent gear ratio are calculated respectively. Thirdly, the total
equivalent fuel consumptions of different gear ratio are cal-
culated by ECMS respectively. The minimum equivalent
consumptions (Mg ming a0d Aty miny) for each gear ratio
are got. Finally, the minimum equivalent fuel consumption
(mlotalfmin) between mlotaLminl and mtolal—minZ is got, in which
the corresponding speed of engine, speed of electric/motor,
displacement of hydraulic pump and gear ratio of the gear-
box are selected as the control commands.

In boom down mode, the electric motor/generator works
as a generator. The command of the generator speed is calcu-
lated based on the target cylinder velocity. Then the genera-
tor speed is controlled, and energy regeneration is realized.

3.3 Flow Chart of the Energy Management Strategy

The flow chart of the proposed energy management strategy
is shown in Fig. 9.

4 Experiment and Analysis
4.1 Parameters of the Test Bench

To verify the energy saving of EHCVP II, a mini-test bench
is built in laboratory. The size of hydraulic system and load
are smaller than those of the real excavator. The efficiency
maps of the engine and motor/generator are based on those
described in [36]. In real engineering, the speed range of a
real engine is about 800—4000 rpm. In the experiment, the
engine range is reduced to 100-500 rpm. In real engineering,
the engine cannot work below 500 rpm. Duo to the mini-test
bench, the engine speed and efficiency map is scaled-down
to be used in the calculation of energy management strat-
egy and to verify the trend of the energy saving efficiency.
The efficiency map of the engine and the electric motor are
shown in Figs. 10 and 11.

The speed range for the engine is selected based on the
range of the velocity. For the real excavator, the veloc-
ity range of the boom cylinder is from 0.05 to 0.2 m/s. In
this experiment, the above velocity range of a real exca-
vator is selected to test the system. The torque range for

START

Set initial parameters and operate the
boom system.

Obtain the joystick signal a.
Measure the pressure p..

Boom up mode Boom down mode |

Y v

ECMS calculate engine speed,
motor/generator speed, pump
displacement, and gear ratio.

Calculate the command of
generator speed.

v

Control the engine, motor/ Control the generator
generator, pump, and gearbox. speed.

! v

Boom moves up. Boom moves down. |

Fig.9 Flow chart of the energy management strategy

the engine is selected based on the load of the test bench.
For the test bench, the load is 160 times smaller than that
of a 48-t hydraulic excavator. Furthermore, to ensure the
working efficiency of the engine, the range of the speed and
torque cannot be large excessively. Hence, the ranges of the
speed and torque for the engine are selected to balance the
requirements of the velocity and the load, and the working
efficiency. Based on the mini-test bench, the engine speed
and torque are scaled-down, and the efficiency map is shown
in Fig. 10. If the proposed system uses in engineering, the

100

Torque (Nm)

100 150 200 250 300 350 400 450 500
Speed (rpm)

Fig. 10 Engine efficiency
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Fig. 11 Motor/generator efficiency

engine should be selected based on the specific conditions
of the real excavator.

In the experiment, the motor/generator 1 emulates the
engine. The speed and torque of motor 1 are measured by
the speed sensor and the torque sensor. Then the engine
working points can be got. Based on the efficiency map and
measured engine working points, the efficiency can be got in
Fig. 10. Finally, the energy consumption of the engine can
be calculated. Although the electric motor in the test bench
is different form the real engine, the working points are the
same, and the real engine efficiency map is used to calculate
the energy consumption.

In the test bench, a variable hydraulic pump is installed,
in which the displacement is form 15 to 30 mL/r. As men-
tioned in Chapter 3, the efficiency of hydraulic pump is also
considered in the proposed energy management strategy.
Hence, the volumetric efficiency and the hydro-mechanical
efficiency of the hydraulic pump in the test bench are tested,
and used for calculation in the proposed EMS. One map
of the volumetric efficiency and the hydro-mechanical effi-
ciency is shown in Fig. 12, in condition of 45 bar.

The capacity of the battery is important in hybrid hydrau-
lic excavator. To avoid deep charge and discharge, and ensure
the battery life, the working range of battery is set to 30-80%
normally [32, 37]. The enough energy is also needed to drive
the hydraulic excavator by electric motor. Based on the
above analysis, a battery of 0.02 kWh is selected for the test
bench. This selected capacity of battery can ensure that the
battery provides energy for three cycles of running within
the working range of battery.

In the real engineering, the excavator is much larger than
the test bench. So, the capacity of battery should be deigned
based on the real condition by using EHCVP Il in real exca-
vator. The parameters of the key components are listed in
Table 1.

4.2 Experiment Results and Analysis

As discussion in chapter 1, the proposed system with
the EHCVP II can improve the energy saving efficiency,

@ Springer KE;E

100 Volumetric efficiency

~
(=]

(o))
(=]
T

Displacement (%)
9 ®© O own
(=} (=] oS SO
T ~

(o))
(=]

200 300 400 500 600 700 800
Speed (rpm)

Fig. 12 Efficiency of hydraulic pump at 45 bar

especially in condition of a large velocity. Hence, one exper-
iment was conducted to verify the energy saving efficiency,
in which the velocity of cylinder is 0. 2 m/s. The load is
400 kg, and the battery is emulated in the Simulink software.

In the experiment, the speed and torque of the engine can
be measured by the speed sensor and torque sensor. Based
on the efficiency map of the engine in Fig. 10 and the tested
speed and torque, the efficiency of each working point can
be found out. Similarly, the working points of the motor/
generator can be got, and the efficiency can be checked by
efficiency map in Fig. 11. Then the energy consumption of
engine and motor/generator can be calculated. Finally, the
charge energy and discharge energy of the battery are cal-
culated in the experiment.

The test bench is controlled through the Simulink Desk-
top 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 industrial computer. One typical work-
ing cycle of boom cylinder is tested, and the experimental
results are shown in Fig. 13.

Table 1 Parameters of the key components

Component Value Remark and unit
Hydraulic cylinder 0.05*%0.028*0.75  Piston dia.*Rod dia.*
Stroke length (m)
Hydraulic pump 15~30 Displacement range
(mL/r)
Hydraulic motor 20 Displacement (mL/r)
Battery 0.02 Capacity (kWh)
Motor/generator 1 7.5 Rate power (kW)
Motor/generator 2 5.5 Rate power (kW)
Gear box (Dual Clutch 1) 1:1 Gear ratio 1
1:1.3 Gear ratio 2
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motor/generator, and SOC of battery for EHCVP II

The displacement of cylinder is shown in Fig. 13a. The
system worked in boom up mode from 2.2 to 5.1 s. Both the
engine and the motor/generator provided the energy to drive
the system. The speed and torque of the engine and motor/
generator are shown in Fig. 13b and c. In boom down mode,
the cylinder moved down, and the motor/generator worked
as a generator to regenerate the potential energy from 11
to 14.5 s with gear ratio 1:1.3. The battery provided the
energy in boom up mode and stored the energy in boom
down mode. Hence, the SOC of battery decreased in boom
up mode, and increased in boom down mode in Fig. 13d.

As a comparison, the experiments of current EHCVP was
conducted. Only one gear ratio 1:1 is used in experiment to
emulate direct connection without gearbox. The experimen-
tal results are shown in Fig. 14.

The same working cycle was tested, and shown in
Fig. 14a. As shown in Fig. 14b and c, both the engine and
the motor/generator drove the hydraulic pump. The torques
of engine were 71 Nm and 60 Nm in experimental results
of Figs. 13c and 14c¢ respectively. Hence, the engine work-
ing points of EHCVP II is different from those of current
EHCVP, which are summarized in Figs. 16 and 17. In boom
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Fig. 14 Displacement of cylinder, speed and torque of engine and
motor/generator, and SOC of battery for current EHCVP

down mode, the motor/generator worked as a generator to
regenerate the potential energy with gear ratio 1:1.

A conventional system without EHCVP and EHCVP
IT were also tested. The experimental results are shown in
Fig. 15. In boom up mode, only the engine drove the hydrau-
lic pump, and the speed and torque of engine were shown in
Fig. 15b and c. The working points of the engine are differ-
ent from those of the EHCVP and EHCVP II, because there
was no electric motor/generator to provide the additional
energy. In boom down mode, the cylinder moved down with-
out energy regeneration.

The comparison of the speed and torque of the engine for
the three systems are summarized in Fig. 16. In Fig. 16b,
the engine speed of conventional system is much larger than
those of the EHCVP and EHCVP II. Compared with the
EHCVP, the speed of the engine is low and the torque of
engine is large for the EHCVP II in Fig. 16b and c. Hence,
the engine working points are located in the high efficiency
range of the EHCVP II in Fig. 17. The battery provides
lower power of EHCVP II than that of EHCVP. So, in
Fig. 164, the final SOC of battery for EHCVP II is higher
than that of EHCVP.
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Fig. 16 SOC of battery, speed and torque of engine for conventional
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In boom up mode, the gear ratio and displacement of
EHCVP II and EHCVP were controlled by the proposed
energy management strategy, and the results are summarized
in Table 2. The gear ratio and displacement of conventional
system were fixed to 1:1 and 30 cc with only the engine in
the powertrain.
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Table 2 Parameters of the key components

System Pump displacement (cc/ Gear ratio
rev)

EHCVP II 28 1:1.3

EHCVP 30 1:1

Conventional System 30 1:1

Table 3 Comparison of energy consumption

System Ege KI)  AE, (K)  Ey(K) 1y

EHCVP II 12.72 +1.44 11.28 0.54

EHCVP 12.76 +0.05 12.71 0.48

Conventional System  24.35 +0.00 24.35 0

The engine working points of conventional system,
EHCVP and EHCVP II are shown in Fig. 17 with red color,
blue color and green color. The engine working points of
conventional system are located in large speed area, because
the large velocity of cylinder is required. But the efficiency
of engine is low. The engine efficiency of the EHCVP is
higher than that of the conventional system as shown in
Fig. 17. But the engine cannot work in the highest efficiency
range. Even if the displacement of the hydraulic pump got
the maximum value 30 mL/r, the engine torque cannot be
increased to improve the engine efficiency further. The
engine working points of EHCVP II are located in highest
efficiency range, because the gearbox is used in system, and
a smaller gear ratio 1:1.3 is selected to increase the engine
torque as shown in Table 2. Finally, the engine efficiency of
EHCVP Il is the largest value.

Engine efficiency is the key points to decide the energy
consumption of the system. But the other components also
affect the energy consumption. Hence, the experimen-
tal energy consumption of total system is summarized in
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Table 3 to verify the energy saving efficiency of the pro-
posed EHCVP II in a hydraulic excavator boom system.

In Table 3, E,, denotes the energy consumption of
engine. AEbat is the charge of battery form beginning to
the end of the experiment, in which positive value means
the energy in the battery is increased, and vice versa. E,, is
the estimated the energy consumption of the total system,
which is calculated by Eq. 14.

Etotal = Eeng - AEbal (14)

The energy saving efficiency is calculated by Eq. 15.

Eo = Econ
Nav = —% (15)
“w E[f()l‘l
where, 77, is the energy saving efficiency, and E_,,, is the

energy consumption of the conventional system. The results
are summarized in Table 3. The energy saving efficiency of
the EHCVP II is 54%, which is larger than that of the cur-
rent EHCVP. Compared with current EHCVP, the energy
saving efficiency of EHCVP II researches to 11% based on
Eq. (15). Hence, compared with the conventional system
and EHCVP, the proposed EHCVP II improves the energy
saving efficiency effectively.

4.3 Discussion of Economic in Real Engineering

As shown in chapter 4.2, the energy saving of the proposed
system is verified to save energy in a large velocity. How-
ever, the velocity range of the boom cylinder is varied in the
real engineering. To show the advantage of the proposed
system in real engineering, 3 cycles of experiments were
conducted with different cylinder velocities. As a compari-
son, the conventional system with EHCVP, and the system
without EHCVP were also tested. The experimental results
are shown in Fig. 18.

The displacements of cylinder for each system are
shown in Fig. 18a. The velocities are 0.2 m/s, 0.15 m/s, and
0.05 m/s in each cycle respectively. The energy consump-
tions of engine for each system are shown in Fig. 18b. The
comparison of SOC for battery is shown in Fig. 18c.

In the first cycle of boom up, the SOC of the EHCVP was
lower than that of the EHCVP II, because the motor/genera-
tor provided more energy of EHCVP than that of EHCVP
II. Hence, the engine provided more energy of the EHCVP
II than that of the EHCVP. But the energy consumptions
of the engine for the EHCVP II and EHCVP are similar in
Fig. 18b. In summary, with the similar energy consump-
tion of the engine, the output energy of the engine for the
EHCVP II was larger than that of the EHCVP, because the
working efficiency of the engine for EHCVP II was higher
than that for the EHCVP, which was also discussed in the
chapter 4.2. So, the energy of the battery is saved for the
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Fig. 18 Displacement, energy consumption and SOC of battery
for proposed system with EHCVP II, conventional system without
EHCVP, and conventional system with EHCVP

EHCVP II in this process. Based on the above discussion
and the experimental results in chapter 4.2, the energy con-
sumption was decreased with the proposed EHCVP II in a
large velocity (0.2 m/s). Compared with the conventional
system, the energy consumptions of the EHCVP II and the
EHCVP were decreased obviously.

In the second cycle from 22 to 27 s, the energy consump-
tion increased fast of EHCVP II and EHCVP, because the
motor/generator charged the battery. In this condition, part
of the energy from the engine is stored in the battery to keep
the engine working with high efficiency. The energy saving
efficiency of the EHCVP and EHCVP II were the same level
in the condition of a middle velocity.

In the third cycle, the energy consumptions of the engine
for EHCVP and EHCVP II were all zero, because the motor/
generator drove the hydraulic pump independently. In this
condition, the cylinder velocity was low so that the required
power of the hydraulic pump was low. To avoid the low
efficiency of the engine working points, the engine stopped
working, and only the battery provided energy. Hence, the
SOC of battery was decreased obviously from 44 to 56 s.

Finally, the energy consumptions of the engine for
EHCVP II, EHCVP and conventional system are 43.07 kJ,
43.55 kJ and 90.06 kJ respectively. The SOC of the EHCVP
II and the EHCVP are 0.55 and 0.53 respectively. The total
energy consumption is calculated based on the Eq. (14) to
convert the energy change of the battery to the total energy
consumption. Then the total energy consumption for
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EHCVP II and EHCVP are 46.67 kJ and 48.59 kJ. Compared
with the EHCVP, the EHCVP II saved 4% of the energy.
Compared with the conventional system without EHCVP,
the energy saving efficiency reached to 48%.

Taking a 48-t hydraulic excavator as an example, in which
the hydraulic excavator works 10 h per day, and 250 days
per year. The 48-t hydraulic excavator is 160 times larger
than the test bench. Based on the saved energy of 80 s test
in Fig. 16 and the energy of the diesel (38,410 kJ per liter),
the saved energy can be converted into the fuel consump-
tion of diesel. Compared with the EHCVP and conventional
system without EHCVP, the EHCVP II can save 902 L and
20,733 L fuel per year respectively. Currently, the market
of hydraulic excavator is large and increasing. For instance,
the Chinese salves volume of hydraulic excavator researched
320 thousand in 2020 [31]. The application of EHCVP II on
the hydraulic excavator can effectively reduce large amount
of the fuel consumption.

5 Conclusion

To reduce the energy consumption and emission of the
hydraulic excavator, a novel hybrid hydraulic excavator
is proposed in this paper with the innovative EHCVP II
and the energy regeneration system. An improved ECMS
is proposed as the energy management strategy, in which
the speed and torque of the engine are controlled in a high
efficiency range. Based on the experimental results, the
energy consumption can be reduced in boom up mode, and
potential energy of boom can be regenerated in boom down
mode. Compared with the conventional system and the cur-
rent EHCVP, the EHCVP II and the improved ECMS can
improve the working efficiency of the engine further.

The EHCVP II was proved to reduce the energy consump-
tion in a large velocity. Compared with current EHCVP and
conventional system without EHCVP, the energy saving
efficiencies of EHCVP II are 11% and 54% respectively in
condition of a large velocity, and one hydraulic excavator
with EHCVP II can save 902 L and 20,733 L fuel respec-
tively in 1 year. Hence, the EHCVP II can reduce the fuel
consumption of hydraulic excavator effectively.

However, this research still has limitations, which are
shown below:

1. The energy saving efficiency was effectively improved
with the EHCVP II in the condition of a large velocity.
However, the proposed system cannot reduce the energy
consumption obviously in the conditions of middle and
low velocities.

2. The energy saving efficiency of the proposed system
is calculated based on the mini-test bench. In the real
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engineering, the energy loose of each part may different
from the testbench, such as the gearbox and planetary
gear. The efficiency of each part also decreases in long-
time running. Hence, the energy saving efficiency may
decrease in the application of the real engineering.

3. For the ECMS, the design of the penalty factor con-
sumed much time by the experiment. If the optimized
penalty factor of ECMS can be used in the proposed sys-
tem, the time for penalty factor design will be decreased,
and the SOC of the battery may be controlled steadily.
Furthermore, the efficiency of the system may increase.
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