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ABSTRACT

Forklifts are indispensable vehicles in warehouse logistics work. Large forklifts have a common configuration that
uses a combustion engine to create energy to drive the machine’s hydraulic system. Due to the characteristics of
diesel engines, a large amount of energy is wasted and harmful gases are emitted every day. Especially with mil-
lions of older-generation forklifts and construction machines being used in developing countries, the above prob-
lem is even more serious while immediately replacing them with new generation machines is impossible. To solve
this, the solution is to design and manufacture an additional device cluster to save fuel and reduce emissions. It is
both economically and environmentally viable with the right technology. This article proposes the structure and
working principle of an additional hydraulic device cluster to increase the working efficiency of the above types
of forklifts. Based on building a mathematical model of the mechanical-hydraulic system during the lowering and
lifting processes when applying the solution, the main parameters of the process were surveyed. The solution ap-
plied on a 3.5 tons forklift shows that the renewable energy percentage in one lowering and lifting cycle is 65.5%.
The amount of diesel saved in a year is 2057 liters, corresponding to the one of CO,, CH, and N,O emissions re-
moved by 5.55 tons, 223 grams and 326 grams, respectively. The proposed device cluster installation is easy with
older-generation forklifts and can also be applied in the production of new forklifts.

Keywords: energy storage, forklift, fuel-saving, hydraulic system, renewable energy, sustainable development goals.

INTRODUCTION

Research on energy efficiency use, advanced
fossil fuel technology, and emergency measures
to respond to climate change are two of the ur-
gent contents in the world’s sustainable develop-
ment goals. Machines and equipment serving the
industrial and construction industries are actively
researched and applied solutions to save energy,
reduce fuel consumption, and reduce harmful gas
emissions by researchers and machine manufac-
turers around the world. In 2007, [1] introduced
Komatsu’s 4 — wheel hybrid electric forklift
model, with a lifting capacity of 1.5 tons and us-
ing batteries to store excess energy. Energy sav-
ings up to 20% while reducing CO, emissions by
20%. Similarly, Mitsubishi also developed a hy-
brid forklift line driven by an internal combustion

engine and using batteries to store energy. Fuel ef-
ficiency increases by up to 39% [2]. In 2015, Lon-
nie R. Oxley’s invention also presented a hybrid
electric forklift model [3]. For big machines and
equipment, research directions focus on develop-
ing hybrid technologies to achieve the required
capacity, maximum fuel efficiency, and reduced
emissions. The first is the development of energy
regeneration systems through a generator — elec-
tric battery/accumulator — electric motor as in
[4-7]. In [4], the energy recovery effectiveness
from the lifting and lowering process of the heavy
excavator is analyzed. In [5], the hybrid excava-
tor structure and its working characteristics are
analyzed. Based on that, the control strategies are
proposed, including the constant working point,
dual working point, and dynamic working point
of the engine. The authors in [6] systematically
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analyze the power transmission system perfor-
mance of the hydraulic excavator and compare
the performance between the parallel configura-
tion and conventional ones based on excavators 5
tons. In terms of both performance and cost, the
parallel drivetrain is the best configuration for hy-
brid excavators. Regarding evaluation and com-
parison with using batteries and combining with
pressure tanks to store energy, the potential ener-
gy recovery efficiency of the excavator boom lift-
ing process is 41% and 17%, respectively [7]. The
second is to develop batteries/accumulators and
energy storage systems to meet machine capacity,
such as battery systems with sufficient capacity
to serve effective work for forklifts [§—11]. The
third is to develop an energy regeneration sys-
tem through hydraulic accumulators and motors.
Research [12] uses a parallel hydraulic system to
regenerate and reuse energy while operating the
wheel loader. The power controller according to
the logic threshold approach method is built to
control dynamic switching between different op-
erating modes. Finally, there is a combination of
electric batteries/accumulators with a hydraulic
accumulator and renewable energy source control
strategies. This direction is currently very devel-
oped. Some typical publications can be mentioned
as [13—16]. In [13] both hydraulic and electric ac-
cumulators are used to store energy from the ener-
gy recovery system on the excavator and combine
with a strategy controlling the limited recovery
time of the renewable energy. The result is that
39% of the total potential energy is regenerated.
The authors in [14] design a controller accord-
ing to an improved logic threshold approach in
energy management for a power-splitting electric
vehicle system. By combining the internal com-
bustion engine’s performance map and optimal
torque curve with the battery’s state of charge, the
controller helps manage the internal combustion
engine in its peak performance zone. Fuel con-
sumption and engine system performance are im-
proved. The work [15] studies the control strategy
and parameters comparison of the power trans-
mission system for hybrid hydraulic excavators.
The working loads of the excavator 20 tons are
measured and analyzed. Dynamic programming
algorithms are used to control various system pa-
rameters. Genetic algorithms are used to obtain
optimal energy consumption parameters. Simula-
tion results show that the machine’s performance
is improved by 8.80% compared to traditional ex-
cavators. Research [16] proposes a new potential
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energy recovery system using a hydraulic accu-
mulator and valve-motor-generator for hybrid hy-
draulic excavators. The results demonstrate that
the dynamic performance of the system is close
to that of the throttle control system.

The general configuration of big construction
machines in general and big forklifts in particu-
lar is to use a combustion engine and hydraulic
transmission. Although there are many studies
aimed at developing new fuels to replace fossil
fuels [17, 18] and improving the performance
of compression ignition engines [19, 20], today
a large number of these machines are still using
traditional fossil fuels (especially diesel) with a
quite low engine’s efficiency. The amount of en-
ergy generated by burning fuel that is converted
into useful energy to serve the actuator is very
small. In research [21], it was shown that the per-
centage of useful energy only accounts for 6.7%
of the overall one. Thus, the most effective way
to regenerate and use the energy obtained is to
regenerate hydraulic energy from the actuator
and use that energy directly without converting
or storing it to convert it to other forms of energy
(hydraulic-electric-hydraulic).

Currently, the current situation in developing
countries is that many older-generation forklifts
are used for construction, loading and unloading
in warehouses, factories, and ports. Large fuel
consumption and gas emissions cause serious
environmental pollution. It is impossible to im-
mediately replace all of them with machines with
better technology. Meanwhile, to meet the devel-
opment of technical and logistics infrastructure,
the need to use them is increasing rapidly.

To solve the problem of large fossil fuel con-
sumption and emissions for these machines, this
work proposes a solution to install an additional
hydraulic device cluster into the hydraulic system
of older-generation machines to turn them into
new-generation machines. Regenerated energy
from the potential energy of the lifted object is
recovered into a hydraulic accumulator during
the lowering process and directly reused that hy-
draulic energy flow for the lifting process. The
article describes the proposed fuel-saving solu-
tion. To analyze the working process and evalu-
ate its effectiveness, the research establishes a
model of mechanical-hydraulic system dynamics
during the lifting and lowering processes when
applying this solution; implements the numeri-
cal simulation; analyzes system operating pa-
rameters; and determines the amount of energy
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saved corresponding to the amount of fuel saved e store renewable energy and use it for activities

and of harmful emission reduction. Finally, the that require large amounts of energy;
evaluations and conclusions are drawn based on e do not use large servo valves, maximize the
the results of the solution application to a specific use of existing equipment on the machine and
forklift model. minimize additional equipment;

e connection operations and installation of the
additional device cluster shall be simplified;

PROPOSING SOLUTIONS e although the system works to save energy, the
TO REGENERATE AND USE system shall ensure the safety functions;
ENERGY EFFECTIVELY e ensure the original functions of the machine;

e reasonable price so the solution can be widely
Requirements for the proposed solution applied.

The requirements for the proposed solution

. . . Structure of the proposed hydraulic system
include the following points:

e renewable energy is in the form of hydraulic The hydraulic and control circuit for the pro-
oil flow energy and is used directly for the sys- posed fuel-saving solution by regenerating and
tem. It should not convert renewable energy  using energy efficiently is shown in Figure 1. The
into electricity and vice versa; added equipment group includes the elements
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Figure 1. Hydraulic circuit to regenerate energy and use it for forklift: 1 — position sensor; 2 — central
controller; 3 — hydraulic accumulator; 4 — or valve; 5 — proportional control valve 3/3; 6 and 8 — check valve;
7 — pressure amplifier; 9 — safety valve, 10 — directional control valve 2/2, 11 — pressure sensor, 12 — lifting
cylinder, 13 — control valve block, 14 — oil filter, 15 — cooler, 16 — oil tank, 17 — fixed hydraulic pump
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numbered 1 to 11. The remaining elements be-
long to the original machine. The lifting valve
joystick has a minor modification compared to it
on the original machine. When controlling it in
the lifting direction, it moves through two zones.
The joystick moves in the first zone, the lifting
valve is not been affected to change to the lifting
state. Otherwise, when it moves in the remaining
zone, the lifting valve works. The position sensor
is installed in the first and the lowering zones.

Work principle of the system
during the lowering process

Pressure sensor 11 provides information
about oil pressure in the lifting cylinder to the
central controller. When the pressure is large
enough combined with the position sensor signal
created by controlling the lifting valve to lower
the piston, valve 5 is controlled to switch to the
charging state. The oil flows from lifting cylinder
12 through check valve 6, then through valve 5,
and into hydraulic accumulator 3. The opening
of valve 5 is proportional to the displacement of
the lifting valve joystick. This lowering process is
one of regenerating energy from the potential en-
ergy of the forks, the lifting frame, and the lifting
object to become hydraulic energy and store it in
the accumulator. In case it is necessary to quickly
lower the piston, valve 10 is controlled to cause
the oil to pass through the lifting valve and return
to the oil tank as in the normal working mode of
the machine. When the oil pressure in the cylin-
der is not high enough (such as lowering the fork
without a lifting object), it is impossible to charge
the oil to the accumulator, the central controller
controls valve 10 to let the oil flow to the oil tank.

Work principle of the system
during the lifting process

The position sensor provides the signal that is
generated by the displacement of the lifting valve
joystick in the lifting direction (in the first zone)
to the central controller. Valve 5 is controlled
to switch to the oil discharge state. The valve’s
opening is proportional to the joystick displace-
ment. The boundary between two zones in the lift
direction corresponds to the maximum opening
of valve 5. The oil from hydraulic accumulator 3
discharges through valve 5, through pressure am-
plifier 7 (pressure increases according to the am-
plification factor), through valve 4, then through
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valve 8, and into the lifting cylinder 12. The ob-
ject is lifted and the oil pressure in the cylinder
gradually decreases. When the lifting object tends
to stop, the operator continues to control the joy-
stick in the second zone to pump oil into the cyl-
inder as in the machine’s original mode (the oil is
no longer discharged from the accumulator).

ESTABLISHMENT OF MECHANICAL-
HYDRAULIC SYSTEM MODEL

Dynamics of lifting and lowering process

Applied assumptions

The following assumptions are used in the
computational model and simulation:

e the value of the elastic modulus of oil and
pipes is independent of system pressure and is
an extremely large constant;

e cnergy loss in hydraulic systems is due to
pressure loss when oil passes through hydrau-
lic elements;

e pressure loss when oil flows through the pipe
is ignored;

e the process of charging and discharging gas
from an accumulator is an adiabatic one.

Lowering process

The lowering process of the piston is the one
of charging oil into the hydraulic accumulator.
The piston and the lifting object move downward
with acceleration. The Equation of their motion
during this process is

(m.+m,)g—F;—pA=(m, +m,)xX (N

where: m_— mass of the fork, lifting frame and pis-
ton (kg), m —mass of the lifting object (kg),
g —acceleration of gravity, ¥, — friction force
(N), p —hydraulic oil pressure in the cylinder
(N/m?), A — area of the piston (m?), X — ac-
celeration of the lowering process, (m/s?).

The friction force that resists the piston’s
movement is determined as follows [22].

F,=(10°+0.02p)4 (2)

The pressure difference between the inlet and
outlet of valve 5 is

Apx:p_Apcv_pa (3)

where: 4p_ — pressure loss at valve 6, and p —
hydraulic oil pressure in the accumulator.
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Figure 2. Mechanical model during
lifting and lowering processes

The flow rate through valve 5 depends on the
pressure drop which is the pressure difference
between the inlet and outlet ports and the corre-
sponding nominal flow. The following Equation
shows the details of this.

Ap,
y ; (4)

Nom

0, =0om -

where: 4p, —pressure drop when the flow rate is
nominal, and the command signal is max-
imum, 4p, = 5-10°Pa;and O*  —flow
rate depending on the command signal.

Flow rate O*  is determined as follows:

Qo = Oom f (11) (5)

where: u — a variable that characterizes the joy-
stick position, and Q, =~ the nominal

flow rate corresponding to the maximum

opening position of the joystick.

Flow rate Q _is also calculated through piston
velocity x as follows:

0, =24x (6)
Substituting (5) and (6) into (4), one has
2
2 Ax
Apx = [—x) ApNom (7)
QNomf(u)

The process of compressing gas in the accumu-
lator is an adiabatic one, so

Py =W ®)

where: p*,, V, — absolute pressure and volume of
the gas in the accumulator at the beginning

of the charging process, V — volume of the

gas in the accumulator corresponds to ab-

solute pressure p° , and n — adiabatic index.

The gas volume V' is determined through the
displacement of piston x and the volume V| as
follows:

V,=V,-24x ©9)
Substituting (9) into (8), the absolute gas
pressure value p°_ is

s on Y
=p | —— 10
pa pl (Vi —ZAX] ( )
Continue substituting (10) and (7) into (3), one has
. 2 n
_| 24X N 108
p_[f(u)QNDmJ APyon + Py {Vl —2AxJ +4p,,-10" (11)

Substituting (2) and (11) into (1), the piston’s
acceleration during the lowering process is

K-g- —2~103+1.02[ 24% ] Do +
mc + mn f(u)QNnm
+1.02p; N n+1.02Ap, (12)
V, —2Ax <
Lifting process

Here, only the piston lifting process is consid-
ered due to the hydraulic power source provided
by the accumulator. The motion Equation of the
piston during lifting is as follows.

pA—(10° +0.02p)A—(m, +m,)g = (m, +m,)x (13)
The oil pressure in the cylinder is determined by

p:kr]a(pa_Apx)_Apcv_Apor (14)

where: k& — amplification factor of the hydraulic
pressure amplifier; # — performance coef-
ficient of the hydraulic pressure amplifier,
and 4p - pressure loss at valve 4.

Performing the same as above, the absolute
gas pressure in the accumulator is determined

o= I/Z ! (15)
Pa pz(Vz +2Axk]

where: p",, V, — absolute pressure and volume of
the gas in the accumulator at the begin-
ning of the discharging process.
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The pressure drop at the valve 5 in this process is

. 2

Apx :{i] ApNom (16)
QNomf(u)

Substituting (15) and (16) into (14) and then

into (13), the acceleration of the piston in the lift-
ing motion is specified as follows.

Py _( 24k

A Nom —
QNomf(u)] p

) (m.+m,)

o 0.98kz,4
(V, +24xk)"

s
_Ap.,+4p, 10 _10° |- g (17)
kn, 0.98kn,

Amount of renewable energy and save fuel

The energy stored into the hydraulic accu-
mulator is the compression gas energy increased
when compressed from the initial pressure p, to
the final pressure of the charging process p”..

(18)

=
S5
FB|
=
=

vi(pr )W

En= — [(p;)(n—l)/n_(p:)(n—l)/n:| (19)

The useful energy released from the accumu-
lator in one lifting and lowering cycle is

E =(m.+m,)gh, (20)

where: & — the height of the object lifted by
the hydraulic energy supplied by the
accumulator.

The amount of fuel saved during one lifting
and lowering cycle of the forklift is
E

5 1)
ncHt

my =

where: 7, — overall performance coefficient of the
internal combustion engine and transmis-
sion system, = 6.7% [21]; and H — heat
capacity of diesel fuel, H, = 43-10° J/kg
[23].

The mass of fuel saved in a year is

mly = Chhd dymck (22)

where: ¢, — number of lifting and lowering cycle
per hour, ,—number of working hours of
the machine per day; and d, - number of
working days in a year.
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The amount of CO, emissions removed by
applying this fuel-saving solution can be deter-
mined by

kcormy v

(23)

Meoy =
diesel
where: kep, — CO, emission coefficient, kco, =
2697.5 kg/m® [24]; and y, , — density of
diesel, = 830 kg/m>.

ydiesel

Similarly, the amount of other harmful emis-
sions such as CH, and N,O removed can also be
found based on fuel savings.

APPLYING THE SOLUTION ON
THE 3.5 TONS FORKLIFT

The charging and discharging processes of
the accumulator correspond to the process of low-
ering and lifting ones of the piston in the lifting
cylinder. The consideration of dynamic parame-
ters and hydraulic flow parameters to evaluate the
compatibility between additional equipment and
the forklift’s existing hydraulic system and also
to evaluate the effectiveness of energy saving is
necessary. Corresponding to that is evaluating the
effectiveness of fuel savings and CO, emission
reduction when applying the proposed solution
on a specific forklift.

Investigating the piston lowering process
according to Equation (12) with specific param-
eters determined from the ones of the 3.5 tons
forklift - a common forklift configuration and
ones of the hydraulic accumulator as shown in
Table 1. The initial conditions include £ =0 s, x
=0 m, and x = 0 m/s.

Similar to the lowering process, the param-
eters for the investigation of the lifting process
(discharging the hydraulic from the accumulator)
according to Equation (17) are shown in Table 2,
and the initial conditions consist of t=0s, x =0
m, and x = 0 m/s.

Programming to investigate the above prob-
lems in Matlab software with three control modes
of the joystick shown in Figure 2 and the charac-
teristic curve of valve 5 shown in [25]. The results
obtained are graphs of the piston displacements
in Figure 3 and Figure 4, the piston velocities in
Figure 5 and Figure 6, the charging oil flow rate
into the accumulator in Figure 7, the discharging
one from the accumulator in Figure 8, and the
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Table 1. Parameters for investigating the piston lowering process

m, (kg) m, (kg) n A (m?)

Ap,, (N/m?) Qo (M3/s) p,” (N/m?) V, (m?)

250 3500 1.4 2.826x10

2x10° 58.3x10° 5.86x10° 20x10°

Table 2. Parameters for investigating the piston lifting process

m,(kg) | m,(kg) n k A (m?)

4p,, (N/m?)

Ap,, (Nm2) | Q. (m¥s) | p,* (N/m?) v, (md)

250 3500 1.4 242 2.826x10?

2x10°

2x10° 58.3x10° 12.68x10° | 11.55x1073
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Figure 3. Joystick control modes
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Figure 4. Displacement of the piston during the lowring process

absolute pressure of the gas in the accumulator
during both processes in Figures 9 and 10.

From the above results, it can be seen that the
lifting and lowering speeds depend on the joystick
control modes. The lifting speed increases rapidly

when the joystick is suddenly controlled (corre-
sponding to the mode of control 1). During lifting
control, this control mode should be avoided. The
values of the kinematic parameters and hydrau-
lic flow parameters in modes of control 1 and 2
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Figure 6. Velocity of the piston during the lowring process
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Figure 7. Velocity of the piston during the lifting process
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Figure 8. Charging oil flow rate into the accumulator during the lowring process
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Figure 9. Discharging oil flow rate from the accumulator during the lifting process
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Figure 11. Absolute pressure of the gas in the accumulator during the lifting process

Table 3. Parameters for determining the efficiency of energy and fuel savings

p,” (N/m?) V. (m?) p,” (N/m?) n n, H, (J/kg) K., (kg/m®) yw(kg/m%
5.86x10° 12.7x10°3 12.68x108 14 0.067 43x10° 2697.5 830
Table 4. Efficiency of energy and fuel savings
Stored energy into the hydraulic accumulator in one lifting and lowering cycle 72296 J
Percentage of renewable energy in one lifting and lowering cycle 65.5%
Renewable energy is used usefully in one lifting and lowering cycle 45543 J
Percentage of renewable energy used usefully in one lifting and lowering cycle 41.3%
Amount of fuel saved in one lifting and lowering cycle 15.8x10% kg
Amount of fuel saved in one year (45 cycles/hour, 8 hours/day, and 300 days/year) 1707 kg (2057 liters)
Amount of CO, removed in one year 5549 kg
Amount of CH, removed in one year 223x10° kg
Amount of N,O removed in one year 326x10° kg

are more consistent with the values of the ones
on the forklift. They can be adjusted by adjust-
ing the joystick movement speed and setting the
initial values of the added system. The amount of
renewable energy, fuel saved, and the toxic emis-
sions removed are calculated with the parameters
in Table 3. The results are obtained in Table 4.
The results have shown that the amount of re-
newable, stored, and beneficially used energy is
large. The percentages of energy recovered during
one lifting and lowering cycle and energy usefully
used exceed 65% and 41%. The economic benefit
obtained after each year with one machine operat-
ing is a significant number (exceeding 2000 liters
of diesel reduced). It contributes to the motivation
to invest in upgrading old-generation forklifts.
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More specifically, the benefits of environmental
protection are more evident when a large amount
of harmful emissions are eliminated.

CONCLUSIONS

The study has proposed a solution to install
an additional hydraulic device cluster into the ex-
isting forklift hydraulic system to recover excess
energy into an accumulator during the lowering
process and directly reuse the hydraulics energy
flow for the lifting process.

The work shows a significant effect in terms
of fuel savings when applying the proposed solu-
tion on the forklift with a lifting capacity of 3.5
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tons, specifically saving 2057 liters of diesel per
year and eliminating 5549 kg of CO,, 223x10~ kg
of CH,, and 326x10~ kg of N, O.

Adjusting the lifting and lowering speed can
be done by controlling the joystick and setting
the initial pressure of the hydraulic accumulator.
The solution is very efficient because the energy
is regenerated and used in the same form (no loss
due to conversion from hydraulic energy to elec-
trical energy and vice versa; no costs for electrical
motors and generators). Millions of older-genera-
tion forklifts are utilized while still ensuring fuel
economy and minimizing harmful gas emissions.

It is feasible to install the proposed device
cluster on older-generation forklifts to convert
them into hybrid forklifts. It can also be applied to
the production of new forklifts and machines with
similar configurations and lifting process such as
excavators, wheel loaders, etc.
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