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Abstract

Energy regeneration is an efficient technology to reduce the energy consumption of
construction machinery. By combining the advantages of the battery and the hydraulic
accumulator, a novel hybrid regeneration system for electric forklift is proposed. The
hydraulic accumulator and the battery, respectively, can regenerate potential energy
and braking energy, thereby increasing the efficiency of energy regeneration. The
control strategy and parameter matching problem for this system are studied. Based on
the actual working condition of a forklift, the simulation analysis is conducted through
the AMEsim/Matlab software. As a result, the energy regeneration efficiency of the
electric forklift is 54% wunder typical unloading conditions, and the proposed
accumulator motor/generator system exhibits excellent control performance. The
research for a long-term running demonstrates that the energy saving efficiency
researches 52.5 %. The proposed hybrid energy regeneration system is verified to
reduce the energy consumption of a forklift effectively.
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1. Introduction

The energy crisis and environmental pollution have become increasingly serious issues in recent years
[1-3]. Due to the wide application and low efficiency of construction machinery, energy saving of
construction machinery, particularly forklifts, is critical [4-7].

Under normal unloading conditions, the forklift fork rises with no load and descends with the load.
When a forklift's load is lowered, the gravitational potential energy of the load is dissipated as heat
in the hydraulic system's throttle valves. Energy regeneration is a powerful tool for reducing energy
losses [8]. The energy regeneration system for the forklift can be realized in load-down mode to
further reduce energy consumption [9]. The energy regeneration system for the forklift can be realized
in load-down mode to further reduce energy consumption [10].

In hydraulic systems, there are two types of energy recovery systems: hydraulic energy regeneration
systems (HERS), which recover hydraulic power, and electric energy regeneration systems (EERS),
which recover electricity. Batteries or super capacitors are usually used to recover some of the energy
that hydraulic forklifts lose when they lower their loads. While the hydraulic accumulator is
frequently used as an energy recovery device in HERS, HERS has a simple structure and a high
efficiency of energy recovery [11-14].
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Prabhat Ranjan et al. [15] and Lei Ge et al. [16] studied an energy regeneration system with a
hydraulic accumulator capable of conserving and restoring hydraulic energy in an excavator hydraulic
system in HERS. The hydraulic method converts the energy that can be recovered into hydraulic form
and stores it in a hydraulic accumulator. Tao Wang et al. [17] proposed using an accumulator to
recover the gravitational potential energy of the hydraulic excavator boom cylinder when in load
down mode, and then converting the recovered gravitational potential energy to electrical energy via
a hydraulic accumulator-hydraulic motor-generator and storing the energy in a battery. The results
show that the method has a high energy recovery efficiency and, in particular, a good control
performance, but the recovered potential energy is converted several times, resulting in a low overall
efficiency.

Among EERS, Ying-xiao Yu et al. [18] proposed a boom potential energy recovery system for
hydraulic excavators in which the boom cylinder rodless chamber is connected to a variable
displacement motor, which drives a motor that stores the potential energy recovered during the
moving arm's lowering in the battery. The experimental results indicated that the system's energy
recovery efficiency was 33.8 % -57.4 %, and that it was improved by 3.2 % -4.1 % when operated at
low and medium speeds. Gong Jun et al [19] proposed an electro-hydraulic energy saving system for
a 23-ton excavator by developing a real-time control strategy based on parameter rules. The
experimental results indicated a 17.6% reduction in energy consumption when compared to the
conventional system, but the excavator boom's braking time was increased by 1.87 times, and the
control performance was inadequate and required improvement. Sheng-jie Fu et al. [20] proposed to
recover energy from forklift fork drop overload using dual hydraulic motor generators, based on the
structure and operation of an electric heavy-duty forklift, and compared the energy recovery
efficiency under various strategies and operating modes using an experimental bench. The
experimental result shows that the proposed method for discriminating the operating mode of the
double hydraulic motor-generators with a potential energy regeneration system is feasible.

Additionally, due to the forklift's operating characteristics, frequent braking is required, and
considerable energy is lost during braking. As a result, energy-saving measures such as braking
energy regeneration (BER) should be considered. While BER is widely used in the automotive
industry [21-24], few BER systems for hydraulic forklifts have been developed.

Currently, pure electric vehicle brake energy recovery systems have been successfully and widely
used and have gained considerable attention in the field of construction machinery [25-27]. For the
electric forklift, the power source is the battery. The braking energy can be regenerated by the motor
and stored in the battery easily. In terms of recovering gravitational potential energy from hydraulic
forklift loads, the HERS approach is a cost-effective solution. When the fork load descends, the
hydraulic accumulator is used to recover gravitational potential energy; when the fork ascends
without a load, the energy stored in the hydraulic accumulator is released; the speed at which the fork
ascends and descends is controlled by proportional valve control, and the recovered energy can be
used efficiently [28-30].

The paper proposes a hybrid energy regeneration system for an electric forklift that combines the
benefits of a battery and an accumulator. The hybrid energy regeneration system recovers braking
energy via the battery and gravitational potential energy when the forklift is in load down mode. The
energy stored in the hydraulic accumulator can be used to provide auxiliary power and reduce energy
consumption while the forklift is in up mode; the energy stored in the battery can be used by the
forklift while it is in operation.

The paper is structured as follows: Section II analyzes the structure and operation of forklifts. The
control strategy and parameter matching are analyzed in Section III. Section IV of this paper contains
the simulation analysis and experimental results. Finally, section IV contains concluding remarks.

97



International Core Journal of Engineering Volume 9 Issue 6, 2023
ISSN: 2414-1895 DOI: 10.6919/ICJE.202306_9(6).0013

2. Structural Design

2.1 The Typical Working Mode for the Forklift

Figure 1 depicts a typical forklift's operation route. The forklift's purpose is to safely and smoothly
transport the cargo from position A to position B and stack it neatly in a predetermined order. A
complete work cycle consists of the following steps.

L

Figure 1. Operational route of electric forklifts.

Firstly, the forklift travels a distance from position C to the position where the cargo is handled,
following route 1. When the forklift truck arrives, it raises and approaches the cargo by adjusting the
lifting hydraulic cylinders and then gradually lowers the forks to a position directly beneath the cargo.
The forks are used to lift the goods from the racks and to ensure that they are dropped on the forks
safely and efficiently.

Secondly, the forklift loads the goods and then adjusts its position along route 2 to back slowly to the
open space; the forklift then transports the cargo along route 3 to the destination, and after stacking
the load at the destination, the forklift truck slowly adjusts its position along route 4 to reach position
D.

Thirdly, the forklift follows the route 5 to the initial position of the goods for the subsequent loading.

This is the forklift's entire operating cycle. In Figure 2, the distance L is based on the actual situation.
The forks must maintain a specific angle and distance from the ground throughout the transport
process.
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Figure 2. Flowchart for a forklift operation cycle.
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Figure 2 shows a typical forklift work cycle, which includes the following five components: the
forklift travels from its initial position to the cargo position, the forks rise to the cargo position and
transport the cargo from high to low, the cargo is delivered, stacked, and unloaded. This cycle contains
six distinct operating conditions: travel, steering, no-load lift, no-load lowering, loaded lift, and load
lowering. Among them, the lowering load condition has a greater amount of recoverable potential
energy. This is the primary focus of the discussion that follows. Typically, the time required to reduce
the load is between 8 and 15 seconds, depending on the control strategy.

2.2 Structure of the Proposed System
2.2.1 Working Mode of Electric Forklift with Hybrid Energy Regeneration System

Figure 3 illustrates a conventional forklift structure with moto 1 as the power source. The primary
control valves 2 are in charge of the lifting and traveling systems. The forklift is propelled by
hydraulic motors 4. The lifting system's gravitational potential energy is dissipated as heat in the
control valves. As a result, regenerating this potential energy is an efficient way to conserve energy.
Figure 3 show a classic electric hybrid system for gravitational energy regeneration. When the lifting
system is raised, the moto 1 drives the hydraulic pump 2, which supplies hydraulic fluid to the lifting
cylinder 4. When the forklift's forks reach their lowest point, hydraulic valve 3 closes and valve 6
opens, allowing the energy stored in the hydraulic accumulator 5 to be released. The gravitational
potential energy is first stored in the hydraulic accumulator 5, and then released through the lifting
system's hydraulic valve 6. The electrical generator 8 is driven by the hydraulic motor 7 via the lifting
cylinder's return oil line. In braking mode, the generator 8 stores the regenerated energy in the battery
or supercapacitor 10. In, the generator and hydraulic motor are accelerated in response to the required
cylinder velocity, which is proportional to the joystick signal. The recovered gravity energy is first
converted to mechanical energy, then to electrical energy stored in a battery or supercapacitor during

this process.
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Figure 3. Electrical forklift structure.
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Figure 4. A classical energy regeneration system used in an electric forklift.
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Figure 5 illustrates a conventional electric vehicle's braking energy regeneration system, with battery
4 serving as the energy storage device. When an electric vehicle brakes, the brake controller calculates
the total braking force required by the brake pedal signal collected by the sensor, combines the vehicle
speed, motor speed, battery state of charge, and other signals, as well as the vehicle driving status, to
determine whether energy recovery should be performed. The brake controller 3 regulates the electric
vehicle's braking system, while the main reducer 1 powers the motor 2 in order to charge the battery
4 and recover braking energy. The forklift's operation is accompanied by frequent braking, and the
braking energy is converted to heat and consumed during forklift braking. As a result, regeneration
of this braking energy is an efficient method of reducing energy consumption.
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Figure 5. Structure of electric vehicle brake energy regeneration system.
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Figure 6. Structure of energy recovery system of electric forklift

The conventional engine-driven forklift is incapable of recovering the potential energy of the load
during the down mode process, nor of recovering braking energy during the braking of walking when
handling the load. As a result of the forklift's operating conditions and the benefits of the
battery/hydraulic accumulator, this paper proposes a HERS to conserve energy during load down
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mode and a braking energy regeneration system to recover braking energy during the braking process.
As showed in Figure 6, both the hydraulic system and the forklift's travel mechanism are powered by
motors connected via transmissions. While the forklift is unloading, the lifting system can operate in
one of the two modes: up or down. When the directional valve is set to the left, the pump delivers oil
to the cylinder's head chamber. When the directional valve is in the down position, the pump comes
to a complete stop. The hydraulic accumulator stores the load's gravitational potential energy while
the lifting system is down and releases it when the lifting system is up without a load. The hydraulic
accumulator stores the load's gravitational potential energy while the lifting system is down and
releases it when the lifting system is up without a load. While the forklift is carrying its load, the
motor charges the battery and recovers braking energy. To ensure the stability of the braking process,
the forklift's braking demand is typically met by both the braking force and the friction force produced
by the motor. Due to its high energy recovery efficiency and effective braking effect, a coordinated
brake energy recovery system is preferred.

2.2.2 Hydraulic System Parameter Matching

The simulation experiment in this paper is based on the HANGCHA Group Co.'s 5-ton electric forklift
model, the primary parameters of which are listed in Table 1.

Table 1. Primary parameters of the forklift system.

Component Items Unit Value
Battery Rated capacity Ah 400
Rated voltage \Y 540
Rated power kW 45
Moto Rated speed r/min 1600
Peak power kW 120
Maximum speed r/min 2600
Hydraulic moto Displacement mL/r 80
Weight Rated load Kg 5000
Dead weigh Kg 8000
Lifting height Maximum lifting height mm 312
Hydraulic cylinder Piston diameter mm 63
Length of stroke mm 1495
Rod diameter mm 45

The hydraulic cylinders, motors, and hydraulic motors that correspond to the operating actuators are
pre-designed in electric forklifts, whereas the hydraulic accumulators' parameters must typically be
determined based on the electric forklift system's actual operating requirements. As a result, the
primary objective of this paper's parameter analysis and design is to investigate the hydraulic
accumulator's parameters, which include the initial pressure, maximum pressure, volume, and various
other parameters.

Figure 6 shows the proposed HERS structure, which includes braking energy and gravitational
potential energy recovery. The hydraulic accumulator's parameters must be carefully chosen because
they are the primary component that recovers gravitational potential energy during the forklift load
descent. Firstly, the flow rate and pressure at the hydraulic cylinder's outlet can be determined using
the test data from the simulation. Second, the gravitational potential energy released by the load drop

101



International Core Journal of Engineering Volume 9 Issue 6, 2023
ISSN: 2414-1895 DOI: 10.6919/ICJE.202306_9(6).0013

must be fully recovered during normal forklift operation. The third step is to ensure that the energy
stored in the hydraulic accumulator can be used effectively again when the forklift's forklift or load
rises, which requires re-designing the hydraulic accumulator's parameters.

In addition, the working pressure of the fork arm cylinder and the initial pressure of the accumulator
are important factors affecting the potential energy recovery of forklift forks. When the initial
pressure of the accumulator is too large, the fork cannot reach the maximum speed during the descent,
and when the pressure of the accumulator is too small, it cannot make the fork load fully recover the
potential energy in the descent stage, considering the working efficiency of the forklift, the fork
descent time of this energy recovery system cannot exceed the traditional energy recovery system,
according to the pressure of the fork load cylinder in the actual working, as follows:

Pi<Pim (1)
P>P>., ()
Where P; and P: are the accumulator's minimum and maximum pressures, respectively; Pi-m is the

maximum pressure of the forklift hydraulic cylinder, and P2-» is the minimum pressure of the forklift
hydraulic cylinder.

The primary disadvantage of the accumulator is its low energy density, while the primary issue with
electric forklifts is limited installation space, making it necessary to optimize the accumulator's
energy density per unit volume. The laws of thermodynamics and Boyle's law establish the following:

A Vo—1Vy

=P )

1-n 1-n

PV} = PV} “)

E

where V7 and V2 are volumes at pressures P;and P2, and n is the multivariate index. Due to the short
time required for fork descent in this paper, n can be set to 1.4, and the accumulator's energy density

per unit volume can be expressed as a pressure ratio.
1
rn—r
E, =p,; 1-n ()
The best energy recovery efficiency can be obtained at a particular pressure ratio, and the best
pressure ratio can be obtained by deriving the above equation, as follows:

dEy) _ (6)

ar
Thus, the maximum energy density based on the optimal pressure ratio can be expressed as

_n
r =ni-n (7)
The volume of the accumulator can be calculated from the initial pressure of the accumulator and the

amount of oil discharged from the load cylinder when the forks of the forklift are lowered.

Vo = AV, (ﬁ—;)“

o =A4r T (8)
1-(E)"

Where Vo is the volume of the accumulator and 4V7 is the volume of hydraulic oil discharged from

the fork arm cylinder.

2.2.3 Establishment of Braking Energy Objective Function

In the process of studying brake energy recovery, the characteristics of friction braking and feed-back
braking should be given full play, and the driver's demand for braking torque should be met by
coordinating the two, so as to satisfy driving safety and comfort while maximizing the recovery of
braking energy to achieve the effect of energy saving.
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Assuming that the driver's demanded braking torque 7w is the torque at the input of the main reducer,
the expression is

Tw=T )

Where T71s the torque at the input of the main reducer.

In addition, combining the car drive braking force Fpr«i, driven wheel braking force Fsr2 and vehicle
speed v has the following equation:

F R
de — ib‘l"kl
oflfd

_ 2517':0 10

Wrd = 3R (19)

Fprir + Fpriz = Mg @qc

where oy is the speed at the input of the main reducer; io is the ratio of the main reducer; R is the
wheel radius; 7 is the efficiency of the transmission system; M is the weight of the forklift; g is the
acceleration of gravity; and ¢qc is the road adhesion coefficient.

The total power of the travel system during braking of the forklift can be expressed as
Py = Fyu = (11)

where: Pin 1s the forklift braking power input; F» is the ground braking force; 7»is the total braking

torque; u is the vehicle speed; ne is the wheel speed. The speed wwm(f) of the drive motor at moment ¢

is

25V ()i,
3mR

W (t) = wpa(t) = (12)

Where v(7) is the speed of the forklift at moment ¢.

The state variables that can be obtained for brake energy recovery management can be selected as
brake demand torque and battery SOC, with the expressions:

x(t) = [Tyem (), SOC(8)] (13)

Considering the influence of the battery on the braking energy recovery, the constraint term of the
battery SOC needs to be added to the objective function to ensure that the battery works in the safe
region at all times. According to the charging and discharging characteristics of the battery, the
constraint term of SOC(¥) can be expressed as follows:

SOC(t) € [SOC(ty),SOC(t,)] (14)
Where, SOC(#1) indicates the soc value when the battery is over-discharged; SOC(#2) indicates the
SOC value when the battery is over-charged.

In summary, the objective function for the optimization of brake energy recovery management in the
forklift braking process can be expressed as follows:

Jg = Jyf {Lelx(0), Ty, t]} + AISOC(®)] (15)
where A is the correction factor of SOC(z).

3. Control Strategy for the Hybrid Energy Recovery System

The flow chart of the lifting system based on the HERS is shown in Figure 6. The control mode of
the lifting cylinder descending is determined by the handle signal, the rodless chamber pressure of
the lifting cylinder, the battery's state of charge (SOC), and the accumulator's pressure. The control
unit determines the way to control the rise and fall of the forklift lift cylinders based on the joystick
signal Co, the rodless chamber pressure p2, the hydraulic accumulator pressure pi, and the battery
SOC. In Figure 6, vmin, pa, and sm are the minimum flow rate to meet the fork rise speed, the minimum
pressure of the hydraulic accumulator, and the maximum displacement of the hydraulic cylinder rod,
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respectively. In addition, pm is the maximum pressure of the accumulator and smin is the displacement
of the hydraulic cylinder rod at its lowest point.

3.1 Brake Energy Recovery Control Strategy

The current research on braking energy recovery control strategies for electric forklifts takes safety
into account first, and then considers the effect of braking energy recovery to ensure high efficiency.
Due to their working characteristics, forklifts frequently have a high dead weight and load, but their
normal driving speed is less than 20km/h. Additionally, when considering braking, the state of charge
of the battery must be considered to avoid overcharging the battery. Flow chart of braking system
control strategy is shown in Figure 7. When the SOC of the forklift battery falls below 90% and the
speed exceeds 4.5km/h, the braking energy recovery is utilized, and the forklift tows the motor
backwards to charge the battery while braking. Maximum energy recovery is prioritized when braking.
If the energy recovery requirement is not met, the forklift will engage mechanical braking to ensure
the forklift's safety during operation.

3.2 Judge the Method of Operation of the Forklift

The forklift is a speed control system, and the hydraulic valve is primarily responsible for controlling
the speed of the forklift load. When the forks are lowered, energy is lost in the energy regeneration
unit, which is comprised of a hydraulic accumulator. It primarily consists of hydraulic valve throttling
and accumulator filling losses. When the energy recovered by the external load is less than the
system's loss, the accumulator is unable to recover energy during the descent. As a result, in the
energy recovery control mode, a minimum external load is required to recover the potential energy.
The load is determined by detecting the pressure in the lifting cylinder's rodless chamber. To avoid
the hydraulic accumulator from overinflating, certain requirements on the hydraulic accumulator's

parameters apply.
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Figure 7. Flow chart of braking system control strategy

The control strategy diagram is shown in Figure 8. The fork regulates the rising and falling speed via
the proportional reversing valve, and the purpose of this strategy is to regulate the flow rate via the
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proportional relationship between the fork movement speed and the proportional reversing valve's
flow rate. The pressure pm_1, pm 2 1s measured, and the reversing valve's throttling area is calculated
using the relationship between the control signal cl and the reversing valve's throttling area. The PI
speed is adjusted by the difference between the target and actual flow rates, and the resulting voltage
signal is transmitted to the proportional reversing valve to adjust the forks' speed. And the actual flow
rate is calculated by the formula:

Qp = kC1J(Pm_1 - Pm_z) (16)

Where c1 is the control signal of the proportional reversing valve, pm 1 is the pressure at the 4 port of
the proportional reversing valve, pm 2 1s the pressure at the 7 port of the proportional reversing valve,

and £ is the flow coefficient.
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Figure 8. Flow chart of hydraulic system control strategy

When the forklift brakes, the forklift wheels and transmission system drag the motor backward,
causing the motor torque to change from positive to negative, charging the battery and recovering
braking energy. The purpose of the braking energy recovery control strategy is to prioritize energy
recovery during the braking process of forklifts while maintaining braking safety, in order to
maximize energy recovery.
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4. Simulation Experiments and Results Analysis

4.1 Simulation Model

To validate the system's control performance and energy recovery efficiency, a joint simulation using
AMEsim/Matlab was conducted. As show in Figure 9, a hybrid energy recovery system model of an
electric forklift was created using AMEsim/Matlab. Figure 10 shows a reference model of an electric
forklift with no energy recovery.

Figure 9. Simulation model of AMEsim/Matlab based electric forklift energy recovery system

The object of the simulation experiment is a 5-ton forklift, and the AMEsim/Matlab simulation system
is shown in Figure 9. The system consists of power battery, motor, an electric motor pump and
hydraulic accumulator, control unit and other components. The motor speed, hydraulic valve opening
and brake pedal signals during the simulation are provided by the control unit. The hydraulic motor
is driven by a motor coaxially with a speed range of 0 ~ 2800 r/min, which can be controlled by a
frequency converter. The operation mode and control performance of an electric forklift's energy
recovery system are simulated, analyzed, and compared to an electric forklift's system without energy
recovery mode. Additionally, the system's energy recovery effect was analyzed.

®o

=5
[ ( Jol‘l qm

Figure 10. Simulation model of AMEsim/Matlab-based electric forklift without energy recovery
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In this section, the results of an AMEsim/Matlab simulation and analysis of a hybrid energy recovery
system for an electric forklift are presented and compared to a conventional electric forklift system.
The following settings are provided for comparison and analysis.

® The upper and lower stops of the electric forklift's fork cylinder are identical, as is the
displacement of the hydraulic cylinder rod movement.

® [f the electric forklift hybrid energy recovery system handles similarly to a traditional electric
forklift, the system's control performance can be considered satisfactory.

4.2 Control Performance

Control performance is a critical factor to consider when comparing electric forklifts equipped with
energy recovery systems. We compare the control performance of electric forklifts equipped with an
energy recovery system to that of electric forklifts equipped without an energy recovery system. The
simulation study focuses on performance characteristics such as ability to maintain a constant speed
during mode switching and smoothness at low speeds.
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The curves of hydraulic cylinder pressure, load speed, and displacement with time during the forklift
working cycle are shown in Figure 11 and 12. Additionally, the actual descent velocity of the
proposed forklift HERS is very close to the theoretical descent velocity, which is consistent with the
trend of the conventional system. The deviation in descent speed is very small, and the ability to
follow is excellent. As illustrated in Figure 11 and Figure 12, the hydraulic cylinder pressure of
forklift forks increased in 6-10s with no load, 10-12s with a relatively obvious increase in hydraulic
cylinder pressure, and 12-16s with a decrease in hydraulic cylinder pressure.

Consistency of load drop speed is a critical performance indicator of forklift control performance,
and the same holds true for electric forklift trucks. When the load is at its maximum and minimum,
there will be relatively large fluctuations in the pressure of the forklift hydraulic cylinder's rodless
chamber. On the one hand, this is caused by the solenoid reversing valve throttling. On the other hand,
this is the result of a change in the velocity of the load. Throughout the entire working cycle, the time
between pressure fluctuations in the hydraulic cylinder rodless chamber is extremely brief. As
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illustrated in Figs. 11(c) and 12(c), when the forklift fork is near 10s and 62s, it rises to its highest
point and secures the goods, causing a large fluctuation in the hydraulic cylinder rodless chamber
pressure; when the fork is near 16s and 68s, the forklift completes unloading and the rodless chamber
pressure returns to its initial minimum value with a small fluctuation.
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Figure 13. Hydraulic accumulator Figure 14. Battery current, motor
pressure, forklift speed and load of torque, braking signal of electric forklift
electric forklift energy recovery system energy recovery system.

Stability and safety of the hydraulic accumulator during operation are critical for electric forklift
energy recovery systems. Simultaneously, the braking system must provide adequate braking force
while recovering braking energy in order to ensure the safety of forklift operators while maximizing
energy recovery efficiency. On the one hand, as illustrated in Figure 13(a), the hydraulic accumulator
pressure can be restored to its initial state after two unloading work cycles, and the accumulator
maintains a stable state throughout the forklift work cycle. On the other hand, the forklift's speed is
depicted in Figure 13(b), and the braking signal is depicted in Figure 14(c), and the forklift's driving
speed is easily followed during the braking process, ensuring that the forklift can complete safe
braking and recover braking energy when necessary.

The results indicate that the proposed electric forklift model with HERS performs similarly to the
conventional electric forklift in terms of control performance, with a slight difference in the rate of
forklift fork descent caused by the change in accumulator pressure when the forklift load is low.

4.3 Potential Energy Regeneration Efficiency

Potential energy recovery efficiency is defined as the percentage of charge power of the battery versus
the potential energy of the load and forks during a drop, calculated as follows:

N5 = =2 x 100% (17)

where, 7s is the regeneration efficiency of the gravitational potential energy of the system. Ep is the
regenerated energy of the hydraulic accumulator, J. E. is the potential energy released by the
descending of the door rack system and the load, J.
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The charged electric quantity of the lithium battery can be described as:
E, = — [, Uplpdt (18)

where, E; is the regenerated energy of the lithium battery. Us is the busbar voltage of the lithium
battery, V. I» is the busbar current of the lithium battery, 4. If I» is negative, it is generating.

The total energy recovery efficiency can be expressed as:

Er+E
.= KEQ X 100% (19)
Where Eb is the total forklift braking energy. i is the regeneration efficiency of the total potential

energy of the system.

As show in Figure 15, in comparison to the conventional electric forklift system, the proposed forklift
HERS recovered braking energy during forklift braking and stored it in the lithium battery, as well as
gravitational potential energy during forklift forks descent via the hydraulic accumulator. The
proposed forklift energy recovery system is shown to have excellent handling characteristics while
recovering energy and optimizing energy utilization through simulation. The simulation results
indicate that when the forklift completes two complete working cycles, the energy savings efficiency
can reach 52.5 %.

85.0 Enegy Regeneration System
Coventional System

0 25 50 75 100
Time (s)

Figure 15. Complete battery SOC under two consecutive unloading conditions

5. Conclusion and Future Work

A hybrid regenerative system is proposed to regenerate the braking energy and potential energy for
an electric forklift. The parameter matching and control strategy are analyzed for the proposed system.
The simulation of both the braking energy and the potential energy is realized through
AMEsim/Matlab software, firstly. The results indicate that the proposed system can reduce the energy
consumption effectively.

This research also has limitation, in which the proposed HERS cannot save energy in up mode with
load and down mode without load. Only the braking energy can be regenerated to save energy in
above condition. Hence, the energy saving is limited with the proposed system. Based on the
discussion above, the next research will focus on the energy saving in above conditions to further
improve the energy saving efficiency.
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