EP 4 560 148 A1

Sl veerees (11) EP 4 560 148 A1

(12) EUROPEAN PATENT APPLICATION
published in accordance with Art. 153(4) EPC

(1 9) Européisches
Patentamt
0} European

(43) Date of publication: (51) International Patent Classification (IPC):
28.05.2025 Bulletin 2025/22 F15B 21/14(2006.01)
(21) Application number: 24814098.0 (86) International application number:
PCT/CN2024/091025

(22) Date of filing: 30.04.2024
(87) International publication number:
WO 2024/244893 (05.12.2024 Gazette 2024/49)

(84) Designated Contracting States: ¢ ZHANG, Donglin
AL AT BE BG CH CY CZ DE DK EE ES FI FR GB Hefei, Anhui 230601 (CN)
GRHRHUIEISITLILT LU LV MC ME MK MT NL * Bl, Sheng
NO PL PT RO RS SE SI SK SM TR Hefei, Anhui 230601 (CN)
Designated Extension States: * CHEN, Yang
BA Hefei, Anhui 230601 (CN)
Designated Validation States: * ZHENG, Xiaodong
GE KH MA MD TN Hefei, Anhui 230601 (CN)
* XIA, Guang
(30) Priority: 30.05.2023 CN 202310627461 Hefei, Anhui 230601 (CN)
(71) Applicant: Anhui Heli Co., Ltd. (74) Representative: VKK Patentanwilte PartG mbB
Hefei, Anhui 230601 (CN) EdisonstraBe 2
87437 Kempten (DE)
(72) Inventors:
* CHENG, Qing
Hefei, Anhui 230601 (CN)

(54) ENERGY RECOVERY AND CASCADE UTILIZATION CONTROL METHOD FOR FORKLIFT
HYDRAULIC SYSTEM, AND CONTROL SYSTEM

(57)  The presentinvention discloses a control meth- the energy supply power of the energy storage section,
od for cascade utilization of recovered energy in a forklift greatly reducing the excess power loss of the engine and
hydraulic system. The control method comprises the improving energy utilization efficiency.

following steps: Step 1: Detecting a state of a fork of
the forklift and, if the fork is in a lifting state, proceeding to
Step 2; Step 2: Releasing high-pressure oil from different
accumulators in the cascade energy storage section to
supply energy to a lifting cylinder 3 of the fork; Step 3:
Determining an output flow of a variable oil pump based
on a lifting speed of the fork; Step 4: Determining a lifting
power demand based on a load of the fork; Step 5:
Determining an output power of the energy storage sec-
tion based on a real-time output pressure value of the
energy storage section; Step 6: Determining a minimum
output power of the engine based on the lifting power
demand and an output power of the accumulators; Step
7: Controlling an engine speed and a displacement of the Fig.1
variable oil pump. The present invention proposes a
cascade energy utilization method for accumulators, de-
termining an energy supply method of the accumulators
based on the pressure of a rodless chamber and a supply
pressure of each cascade accumulator, ensuring max-
imum energy supply efficiency; and determining the en-
gine power output based on the load power demand and
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Description
Technical Field

[0001] The presentinvention relates to the field of forklift energy recovery and reuse technology, specifically a control
method and control system for cascade utilization of recovered energy in a forklift hydraulic system.

Background

[0002] Counterbalanced forklifts, as commonly used cargo handling vehicles, are widely used in ports, freight yards,
factory workshops, warehouses, and other locations, primarily for the distribution of goods. In recent years, influenced by
national policies and the development of the logistics industry, forklift sales have surged, gradually becoming an
indispensable part of industrial development. However, improving the energy utilization rate and work efficiency of
forklifts has been a driving force for research. Currently, the main energy loss pathways in forklift lifting systems comprise:
overflow valve overflow, directional valve throttling, pipeline bypass loss, and power mismatch loss. In the current era of
energy conservation and emission reduction, any form of energy loss is considered wasteful.

[0003] During the lifting process of a forklift, throttling loss is mainly caused by the lack of power matching between the
engine, hydraulic pump, and load, resulting in the engine and hydraulic pump outputting more energy than required by the
liting load. The engine often runs at low efficiency. Therefore, by controlling the speed of the hydraulic pump and
reasonably outputting the energy required for lifting, the throttling loss at the directional valve ports can be effectively
reduced.

Summary

[0004] The purpose of the presentinvention is to provide a control method and control system for cascade utilization of
recovered energy in a forklift hydraulic system, aiming to solve the problems mentioned in the background.

[0005] To achieve the above purpose, the present invention provides the following technical solutions:

A control method for cascade utilization of recovered energy in a forklift hydraulic system, comprising an oil supply section
and an energy storage section connected to a lifting cylinder, wherein the oil supply section comprises a variable oil pump
connected to the lifting cylinder, and the energy storage section comprises at least one accumulator, wherein the control
method comprises the following steps:

Step 1: Detecting a state of a fork of the forklift and, if the fork is in a lifting state, proceeding to Step 2;

Step 2: Releasing high-pressure oil from different accumulators in the cascade energy storage section to supply
energy to the lifting cylinder of the fork;

Step 3: Determining an output flow of the variable oil pump based on a lifting speed of the fork;
Step 4: Determining a lifting power demand based on a load of the fork;

Step 5: Determining an output power of the energy storage section based on a real-time output pressure value of the
energy storage section;

Step 6: Determining a minimum output power of the engine based on the lifting power demand and an output power of
the accumulators;

Step 7: Controlling an engine speed and a displacement of the variable oil pump.
[0006] In a further solution of the present invention, the accumulators are connected to a controller, and the energy
storage section comprises a first accumulator and a second accumulator. The control method for cascade release of high-

pressure oil from all accumulators in the energy storage section in Step 2 comprises the following steps:

Step 2.1: Collecting an oil pressure of the first accumulator and the second accumulator, and an oil pressure at an
outlet of the variable oil pump by the controller;

Step 2.2: Calculating a difference between an oil pressure of the firstaccumulator and the second accumulator and the
oil pressure at the outlet of the variable oil pump;
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Step 2.3: Selecting an accumulator with the smallest pressure difference that satisfies the condition of the pressure
difference being greater than 0 for energy supply;

Step 2.4: Continuing to supply energy by the selected accumulator until SOC state is 0, then returning to Step 2.1.

[0007] In a further solution of the present invention, the output flow of the variable pump in Step 3 is:
Qg = Ag 'Vg

[0008] Where, A, is a cross-sectional area of the rodless chamber of the lifting cylinder, m2; vy is a speed of the lifting
cylinder, m/s. The cross-sectional area Ag of the rodless chamber of the lifting cylinder is a fixed initial value of the system,
and the speed Vg of the lifting cylinder is a preset value.

[0009] In a further solution of the present invention, the lifting power demand in Step 4 is:

0
BZijzp@Q

-4

[0010] Where, F is a force driving a load of the lifting cylinder, N; Qg is a flow driving the lifting cylinder, ml/min; p is a
pressure in the rodless chamber for driving the lifting cylinder, Mpa.
[0011] In a further solution of the present invention, the output power of the energy storage section in Step 5 is:

F,=p, 0,

[0012] Where, p, is the output pressure of the accumulator supplying oil, Mpa.
[0013] In a further solution of the present invention, the output power of the engine in Step 6 is:

F,=R-F+F
[0014] Where, P,is aload powerdemand, kW ; P, is the output power of the energy storage section, kW ; Py is a pipeline
loss power, kW. The load power demand P,and the output power P, of the energy storage section are calculated as above,
and P, is an estimated value of the system.

[0015] In a further solution of the present invention, the engine speed control comprises the following steps:

Step 7.1.1: According to a target engine speed n,based on engine universal characteristics and a real-time engine speed,
the controller using an engine speed error e and an error change rate ec as inputs, and using Akp, 4k;, dkyas outputs of a
fuzzy controller, then adding these output values to initial values to obtain new parameters:

k,=k,, +Ak,
k, =k, + Ak,
k, =k, +Ak,

[0016] Where, k;q, Ko, Ky are the initial values of the PID controller, k,, is a proportional gain of the controller, k; is an
integral gain of the controller, and k is a derivative gain of the controller.

[0017] Step 7.1.2: Designing linguistic variables for the engine speed error e, the error change rate ec, and an output
throttle opening to as fuzzy subsets, [BS MS S M SB MB B], representing [Big-Small, Medium-Small, Small, Zero, Small-
Big, Medium-Big, Big], respectively. A fuzzy universe of discourse for the speed error € and the error change rate ec is
[-3,3], and a fuzzy universe of discourse for the output Akp, 4k;is determined as [-6,6], and a fuzzy universe of discourse for
4k is determined as [-1,5].

[0018] Step 7.1.3: Adjusting control system parameters by the system according to quantization factors, the quantiza-
tion factors being determined as:

K, =nle

K, =m/ec
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[0019] Where, K,, K, are the quantization factors for the error and the error change rate, respectively; n, mare universe
of discourse levels.

[0020] Step 7.1.4: Determining fuzzy rules as follows:

When the engine speed error e is large, to improve the speed response of the system, a large Akp, should be selected; to
prevent e from increasing excessively, a small 4k, should be selected; and to avoid overshoot at the same time, 4k; =0
should be selected.

[0021] When e is moderate, a small 4k, should be selected for the system to have a small overshoot, and appropriate
4k; , 4ky should be selected.

[0022] When eis small, to maintain system stability and avoid oscillation, a large Akp, 4k;should be selected, and at the
same time the value of 4k, should be inversely proportional to |ec|.

[0023] Step 7.1.5: Obtaining a fuzzy relation matrix from a two-input single-output fuzzy controller as:

r

R, =U(EixECj><Akpij)
irj

R =U(Ei xECj xAkiij)
ij
R, =U(EixEijAkdij)

L iJ

[0024] Where, E;is the i-th fuzzy state of e; EC;is the j-th fuzzy state of EC;; 4kpj;, Aki;, Akdj;are the output fuzzy states
under the i-th e and j-th ec fuzzy states.

[0025] Step 7.1.6: Defuzzifying the outputs by using the maximum membership method to take the maximum value ina
fuzzy set and obtaining a throttle opening output, thereby controlling the engine speed through the throttle opening.
[0026] In afurther solution of the present invention, the displacement of the variable oil pump is determined as follows:

[0027] Where, n, is the target engine speed.

[0028] The variable oil pump displacement controller is constructed as follows:

Step 7.2.1: determining a transfer function of a displacement of a variable cylinder of the variable oil pump to an opening of
asolenoid valve of the variable oil pump according to structural characteristics of a swashplate variable oil pump as follows:

K, 4 K, 4

4 s L

— xt (S) _ 14!‘ 4ﬂeKr: _ 141‘ 4ﬂeKc

Gr($)= x, (s) - mV, mK G 20

L TSttt s s(S+ 25 4])

44’8," 4 o o
44>
o= i3 - K, |Bm
mv, | AN somomarat
[0029] Where, is a natural frequency of the hydraulic system; is adamping ratio of

the hydraulic system; Kq is a flow gain coefficient of the proportional valve, m3/ s - pa; m;is a mass of the piston and the
swashplate of the variable pump, kg; V;is a volume of the variable cylinder, m3; A,is aforce area of the variable cylinder,
m?2; K is a pipeline leakage coefficient, m3/ s ; 3, is a bulk modulus of the hydraulic oil, pa; sis a complex variable; x, (s) is
the displacement of the variable cylinder; x,(s) is the opening of the solenoid valve.

[0030] Step 7.2.2: Describing the transfer function in Step 1 with a mathematical model as follows:
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a)qu
y(k) _ 4
u(k) s +2¢lws’+a’s

[0031] Where, y(k) is an output at time k ; u(k) is an input at time k.
[0032] Step 7.2.3: Writing a non-minimal realization form of the system transfer function based on the Diophantine
equation. Since the controlled system order n = 3 , m = 0, the relative order n* = 3, it follows that:

1 R(s) H(s)
y(k) = D) [bou(k)+Q(S)u(k)+ 06)

[0033] Where, Q(s) =52 +gs+gy; D(s)=s3 +dys2+ds+dy; R(S)=rs+ry;

y(k)]

H(s)=h,s" +hs+h,.

[0034] Step 7.2.4: Simplifying the non-minimal realization form of the system as follows:

y(k)=0" (k) (k)

1
s +d,s’ +ds+g,

g(k)=
[0035] Where,
ry, hy, hy, hy are functions of time k ;

(k)

; OT(k) = (bg rq Iy h, hy hy) are the parameters to be adjusted; by,

ET ) = uk) S uk) L u(k)
k) +ng+g0 S +gls+g0
52 s 1 .
. y(k) — (k) z—y(k)}
S +gls+g0 S +gls+g0 S +gls+go

[0036] Step 7.2.5: Determining a system output estimate:

»(k) =07 (k- )¢ (k)

[0037] Where, @7(k-1) is an adaptive adjustment parameter at time k -1; y(k) is the system output estimate.
[0038] Step 7.2.6: Obtaining an adaptive rate as:

I'(k —1)¢ (k)e(k)
L+ ¢ ()T (k-4 (k)

Ok) = Ok -1)—

(k) = Tk —1)— LF =D K)o " ()T (ke — 1)
1+ (DT (k-1)¢ (k)

[0039] Where, I is a positive definite symmetric matrix, e(k) is an error between the output and the target at time k .
[0040] A control system for cascade utilization of recovered energy in a forklift hydraulic system, comprising a lifting
cylinder, wherein a piston end of the lifting cylinder is operatively connected to a fork, and the fork is equipped with a height
sensor and a load sensor. The lifting cylinder is connected to an oil supply section and an oil return section through a lifting
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solenoid valve.

[0041] The oil supply section comprises an oil supply pipeline and a variable oil pump arranged on the oil supply pipeline.
The oil supply pipeline is connected with an overflow valve and an oil return pressure sensor, and an oil supply valve is
arranged at an end of the oil supply pipeline close to the variable oil pump.

[0042] Theoil return section comprises an oil return pipeline, an end of which is connected to an oil inlet of the variable oil
pump. The oil return pipeline is connected with an energy storage section, which comprises at least one accumulator,
which is connected to the oil return pipeline through an accumulator valve.

[0043] Theoilinletofthe variable oil pumpis connected to an oil tank, and a check valve is arranged between the variable
oil pump and the oil tank. The connection between the oil return pipeline and the variable oil pump is located between the
check valve and the variable oil pump. The oil supply pipeline is connected with an oil supply pressure sensor and a safety
valve.

[0044] A rodless chamber of the lifting cylinder is connected with a lifting solenoid valve, which is connected with the
energy storage section and the variable oil pump. The variable oil pump is connected to the oil tank, and an oil outlet of the
variable oil pump is connected with an oil supply pressure sensor and a safety valve. The variable oil pump is operatively
connected to the engine, which is equipped with a speed sensor. A swash plate of the variable oil pump is connected with a
variable cylinder, which is connected with a solenoid valve of the variable oil pump. An end of the variable cylinder is
connected with a displacement sensor, and an amplifier is arranged between the displacement sensor and the solenoid
valve of the variable oil pump.

[0045] In a further solution of the present invention, the energy storage section comprises a first accumulator and a
second accumulator. The first accumulator is a high-pressure accumulator, and the second accumulator is a low-pressure
accumulator. The firstaccumulator is connected with a first oil pressure sensor, and the first accumulator is connected with
the oil supply pipeline through a first accumulator valve. The second accumulator is connected with a second oil pressure
sensor, and the second accumulator is connected with the oil supply pipeline through a second accumulator valve.
[0046] Compared with the prior art, the beneficial effects of the present invention are:

1. The present invention proposes a cascade energy utilization method for accumulators, determining the energy
supply method of the accumulators based on the pressure of the rodless chamber and the supply pressure of each
cascade accumulator, ensuring maximum energy supply efficiency. At the same time, a power matching method
between the engine, variable pump, accumulators, and load is proposed, determining the engine power output based
on the load power demand and the energy supply power of the energy storage section, greatly reducing the excess
power loss of the engine and improving energy utilization efficiency.

2. The present invention proposes a method for determining the flow rate of the variable pump based on the lifting
speed requirements of the fork, ensuring the operational safety of the forklift while meeting work efficiency require-
ments, and avoiding the risk of goods falling and injuring workers during operation.

3. The present invention proposes a control method for controlling the engine speed and the displacement of the
variable pump, effectively reducing energy waste in the forklift lifting system, reducing valve throttling loss, and
improving work efficiency by adjusting the engine speed and the displacement of the variable pump.

Biref Description of the Drawings

[0047]
Figure 1 is a schematic diagram of the energy recovery system in this embodiment;
Figure 2 is a flowchart of the cascade utilization of the accumulators;
Figure 3 is a block diagram of the power matching control system;

Figure 4 is a structural diagram of the variable oil pump displacement regulating mechanism;

Listing of Reference Signs

[0048]
1 height sensor
2 load sensor

3 lifting cylinder
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31 rodless chamber of the lifting cylinder
41 first accumulator
42  first oil pressure sensor
43 first accumulator valve
51  second accumulator
52  second oil pressure sensor
53  second accumulator valve
6 overflow valve
7 lifting solenoid valve
8 oil return pressure sensor
9 oil supply pressure sensor
10  oil pump
11 oil supply valve
12  safety valve
13 oil tank
14 controller
15  speed sensor
16  engine
17  solenoid valve of the variable oil pump
18 swash plate of the variable oil pump
19  variable cylinder
20 displacement sensor
21 amplifier
Detailed Description
[0049] The technical solutions in the embodiments of the present invention will be clearly and completely described
below in conjunction with the accompanying drawings in the embodiments of the present invention. Obviously, the
described embodiments are only a part of the embodiments of the present invention, rather than all of them. Based on the
embodiments of the presentinvention, all other embodiments obtained by those of ordinary skill in the art without creative
work shall fall within the protection scope of the present invention.
[0050] Referringto Figures 1-4, a power matching and cascade energy utilization system for a forklift hydraulic systemis
provided, comprising alifting cylinder 3, which is connected to an oil supply section and an oil return section through a lifting
solenoid valve 7.

[0051] The oil supply section comprises an oil supply pipeline and a variable oil pump 10 arranged on the oil supply
pipeline.



10

15

20

25

30

35

40

45

50

55

EP 4 560 148 A1

[0052] The oil return section comprises an oil return pipeline, an end of which is connected to an oil inlet of the variable oil
pump 10. The oil return pipeline is connected with an energy storage section. The energy storage section comprises at
least one accumulator, which is connected to the oil return pipeline through an accumulator valve.

[0053] A-rodless chamber 31 of the lifting cylinder 3 is connected with the lifting solenoid valve 7, and a piston end of the
lifting cylinder 3 is connected with a fork. The fork is equipped with a height sensor 1 and a load sensor 2. The height sensor
is used to detect the height of the fork, and the load sensor is used to detect the load signal.

[0054] An oil inlet of the variable oil pump 10 is connected to an oil tank 13, and a check valve is arranged between the
variable oil pump 10 and the oil tank 13. The connection between the oil return pipeline and the variable oil pump 10 is
located between the check valve and the variable oil pump 10. The oil supply pipeline is connected with an oil supply
pressure sensor 9 and a safety valve 12.

[0055] The energy storage section comprises a firstaccumulator 41 and a second accumulator 51. The firstaccumulator
41 is ahigh-pressure accumulator, and the second accumulator 51 is alow-pressure accumulator. The firstaccumulator 41
is connected with a first oil pressure sensor 42, and the first accumulator 41 is connected with the oil supply pipeline
through a first accumulator valve 43. The second accumulator 51 is connected with a second oil pressure sensor 52, and
the second accumulator 51 is connected with the oil supply pipeline through a second accumulator valve 53.

[0056] The oil supply pipeline is connected with an overflow valve 6 and an oil return pressure sensor 8, and an oil supply
valve 11 is arranged at an end of the oil supply pipeline close to the variable oil pump 10.

[0057] The variable oil pump 10 is connected to the engine 16 through a transmission shaft, and the transmission shaftis
connected with a speed sensor 15. The swash plate 18 of the variable oil pump is connected with a variable cylinder 19,
which is connected with a solenoid valve of the variable oil pump 17. An end of the variable cylinder 19 is connected with a
displacementsensor 20, and an amplifier 21 is arranged between the displacement sensor 20 and the solenoid valve of the
variable oil pump 17.

[0058] A control method for cascade utilization of recovered energy in a forklift hydraulic system, comprising the
following steps:

Step 1: Detecting a state of a fork of the forklift and, if the fork is in a lifting state, proceeding to Step 2;

Step 2: Releasing high-pressure oil from different accumulators in the cascade energy storage section to supply
energy to the lifting cylinder 3 of the fork. During this process, a controller 14 selects an accumulator for energy supply
based on the pressure of the rodless chamber of the lifting cylinder and the pressure state of each accumulator to

supply energy to the oil inlet of the variable oil pump;

[0059] The control method for cascade release of high-pressure oil from all accumulators in the energy storage section
comprises the following steps:

Step 2.1: Collecting the oil pressure of the first accumulator 41, the second accumulator 51, and an oil pressure at an
outlet of the variable oil pump 10 by the controller 14. In this embodiment, the controller 14 collects signals from the first

oil pressure sensor 42, the second oil pressure sensor 52, and the oil supply pressure sensor 9;

Step 2.2: Calculating a difference between an oil pressure of the first accumulator 41 and the second accumulator 51
and the oil pressure at the outlet of the variable oil pump 10;

Step 2.3: Selecting an accumulator with the smallest pressure difference that satisfies the condition of the pressure
difference being greater than 0 for energy supply;

Step 2.4: Continuing to supply energy by the selected accumulator until SOC state is 0, then returning to Step 2.1;
Step 3: Determining an output flow of the variable oil pump based on a lifting speed of the fork;
[0060] The output flow of the variable pump is determined as follows:
Qg = Ag 'Vg
[0061] Where, A is a cross-sectional area of the rodless chamber of the lifting cylinder, m?2, vy is a speed of the lifting

cylinder, m/s. The cross-sectional area Ag of the rodless chamber of the lifting cylinder is a fixed initial value of the system,
and the speed Vg of the lifting cylinder is a preset value.
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Step 4: Determining a lifting power demand based on a load of the fork;

[0062] The lifting power demand is determined as follows:

0
P,=F-A—g=pg-Qg

g

[0063] Where, F is a force driving a load of the lifting cylinder, N ; Qg is a flow driving the lifting cylinder, ml/min ; pg is a
pressure in the rodless chamber for driving the lifting cylinder, Mpa. The load force F is collected by the load sensor (2), and
the pressure Py in the rodless chamber of the lifting cylinder is collected by the oil supply pressure sensor (9).

Step 5: Determining an output power of the energy storage section based on a real-time output pressure value of the
energy storage section;

[0064] The output power of the energy storage section is determined as follows:

P=p,-Q,

[0065] Where, p, is the output pressure of the accumulator supplying oil, Mpa. The value is collected by the oil return
pressure sensor (8).

Step 6: Determining a minimum output power of the engine based on the lifting power demand and an output power of
the accumulators.

[0066] The output power of the engine is determined as follows:
P=PF-P+P

[0067] Where, P,is aload powerdemand, kW ; P, is the output power of the energy storage section, kW ; Py is a pipeline
loss power, kW. The load power demand P and the output power P, of the energy storage section are calculated as above,
and Py is an estimated value of the system.

[0068] Step 7: Controlling an engine speed and a displacement of the variable oil pump. Specifically, the speed sensor
15 collects the real-time engine speed signal and transmits it to the controller 14. An adaptive fuzzy PID control is used to
construct an engine speed controller, and a model reference adaptive control is used to construct a variable oil pump
displacement controller.

[0069] The engine speed controller is constructed as follows:

Step 7.1.1: According to a target engine speed based on engine universal characteristics and a real-time speed signal from
the speed sensor, the controller using an engine speed error e and an error change rate ec as inputs, and using Akp, 4k;,
4k as outputs of a fuzzy controller, then adding these output values to initial values to obtain new parameters:

k,=k, +Ak,
k, =k, + Ak,
k, =k, + Ak,

[0070] Where, pr‘ kio, ko are the initial values of the PID controller, kp is a proportional gain of the controller, k;is an
integral gain of the controller, and k is a derivative gain of the controller.

[0071] Step 7.1.2: Designing linguistic variables for the engine speed error e, the error change rate ec, and an output
throttle opening fo as fuzzy subsets, [BS MS S M SB MB B], representing [Big-Small, Medium-Small, Small, Zero, Small-
Big, Medium-Big, Big], respectively. A fuzzy universe of discourse for the speed error e and the error change rate ec is
[-3,3], and a fuzzy universe of discourse for the output Akp, Ak;is determined as [-6,6], and a fuzzy universe of discourse for
Ak, is determined as [-1,5].

[0072] Step 7.1.3: Adjusting control system parameters by the system according to quantization factors, the quantiza-
tion factors being determined as:
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K, =nle

K, =mlec

[0073] Where, K,, K. are the quantization factors for the error and the error change rate, respectively; n, mare universe
of discourse levels.

[0074] Step 7.1.4: Determining fuzzy rules as follows:

When the engine speed error e is large, to improve the speed response of the system, a large Akp, should be selected; to
prevent e from increasing excessively, a small 4k, should be selected; and to avoid overshoot at the same time, 4k; =0
should be selected.

[0075] When e is moderate, a small Akp, should be selected for the system to have a small overshoot, and appropriate
AK;, Ak should be selected.

[0076] When eis small, to maintain system stability and avoid oscillation, a large Akp, Ak;should be selected, and at the
same time the value of Ak, should be inversely proportional to |ec|.

[0077] Step 7.1.5: Obtaining a fuzzy relation matrix from a two-input single-output fuzzy controller as:

r

R, :U(Ei xXEC, xAkpl.j)
iJ

1R =|J(E xEC,x Aki,)
ij

R, =|J(ExEC, x Akd,)

L Lj

[0078] Where, E;is the i-th fuzzy state of e, ECj is the j-th fuzzy state of ec; Akp,-j, Ak/,-j, Akd,-j are the output fuzzy states
under the i-th e and j-th ec fuzzy states.

[0079] Step 7.1.6: Defuzzifying the outputs by using the maximum membership method to take the maximum value ina
fuzzy set and obtaining a throttle opening output.

[0080] The displacement of the variable oil pump is determined as follows:

[0081] Where, n, is the target engine speed.

[0082] The variable oil pump displacement controller is constructed as follows:

Step 7.2.1: Determining a transfer function of a displacement of a variable cylinder 19 of the variable oil pump to an opening
of a solenoid valve 17 of the variable oil pump according to structural characteristics of a swashplate variable oil pump as
follows:

K K
111+ v s 411+ 4 s
— xt (S) _ 141 4ﬂeKc _ A)‘ 4IBeKc
Gp(s)= = v K - 2
x,(5) 7, s3+m cs’+s S(S—+£s+1)
4478, 4, o
44>
w= Vﬂe é’ = & _ﬂem
m
[0083] Where, ° is a natural frequency of the hydraulic system; A’ 0 is a damping ratio

of the hydraulic system; Kq is a flow gain coefficient of the proportional valve, m3/ s - pa; m;is a mass of the piston and the
swashplate of the variable pump, kg; V;is a volume of the variable cylinder, m3; A, is a force area of the variable cylinder,
m?2; K is a pipeline leakage coefficient, m3/ s; j, is a bulk modulus of the hydraulic oil, pa; s is a complex variable; x, (s) is
the displacement of the variable cylinder; x,(s) is the opening of the solenoid valve of the variable oil pump.
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[0084] Step 7.2.2: Describing the transfer function in Step 1 with a mathematical model as follows:

2
a)Kq

y(k) _ 4,
u(k) 8 +2ws’ +o’s

[0085] Where, y(k) is an output at time k ; u(k) is an input at time k.
[0086] Step 7.2.3: Writing a non-minimal realization form of the system transfer function based on the Diophantine
equation. Since the controlled system order n = 3, m = 0, the relative order n* = 3, it follows that:

§0) = [Bu(k)+ RS )+ 2 L

(s) O(s) Q(s)

[0087] Where, Q(s) =52+ gs+gy; D(s) =83+ d,s2+ds+dy; R(S)=rys +r1y;
H(s)=h,s" +hs+h,.

[0088] Step 7.2.4: Simplifying the non-minimal realization form of the system as follows:

y(k)=0" (k)¢ (k)

1
gk)=— > $(k)

s +d,s” +ds+g, .
[0089] Where, ;OT(k)= (bg I g hy hy hy) are the parameters to be adjusted; b,
r1, hy, hy, hy are functions of time k ;

7 s 1
& (k)= u(k)— u(k)— u(k)
A} +g1S+g0 S +g1S+g0
2
S Ky 1
2 y(k)— (k)= y(k)
) +gls+g0 ) +g1S+g0 R} -I—ng-l-go

[0090] Step 7.2.5: Determining a system output estimate:

(k) =07 (k~1){ (k)

[0091] Where, @7(k-1) is an adaptive adjustment parameter at time k -1; y(k) is the system output estimate.
[0092] Step 7.2.6: Obtaining an adaptive rate as:

O(k) = Ok —1)— LK~ DEK)e(k)
1+ (T (- DE k)

T
e Tk =Dg(k)e (K)I'(k—1)
T(k)=T(k—1) .
1+& (D' (k—1)g (k)
[0093] Where, I is a positive definite symmetric matrix, e(k) is an error between the output and the target at time k.
[0094] Through the aforementioned control method, the error between the output value and the target value can be

obtained. Based on the requirements of the actual target value, the output of the variable pump can be controlled, thereby
enabling precise control of the variable pump and reducing its energy losses.

11



10

15

20

25

30

35

40

45

50

55

EP 4 560 148 A1
Embodiment

[0095] Taking a standard 3-ton forklift as an example:

When applying the energy cascade utilization system of this embodiment to a standard 3-ton forklift, the measured
parameters of the forklift are as follows: the forklift has a rated load capacity of 3 tons, a maximum lifting height of 3 meters,
amaximum stroke of the lifting cylinder of 1.5 meters, a cross-sectional area of the rodless chamber of the lifting cylinder of
0.0024 m2, and a hydraulic transmission system. The selected parameters for the first accumulator in the cascade
recovery are 8 L and 16 MPa, and for the second accumulator, 10 L and 8 MPa.

[0096] Takingaforkload of2.5-ton as anexample, when the forkis lifted, the pressure in the rodless chamber of the lifting
cylinder is measured to be 24 Mpa, and the pressures of the high-pressure and low-pressure bladder accumulators are 20
Mpa and 15 Mpa, respectively. According to the high-pressure and low-pressure sequence, the high-pressure accumu-
lator is first selected for hydraulic energy recovery. The required speed of the lifting cylinder is 0.25 m/s, and the output flow
of the variable pump is determined to be 60 L/min. Under the pressure supply of the accumulator, the initial pressure
difference between the inlet and outlet of the variable pump is 4 Mpa, the load power demand is 25 kW, the output power of
the accumulators is 20 kW, and the power loss is 1 kW. Therefore, the minimum output power of the engine is 6 kW,
reducing the engine output power by 20 kW.

[0097] Duringthe lifting process, the output pressure of the high-pressure accumulator continuously decreases, and the
pressure difference between the inlet and outlet of the variable oil pump continuously increases until the pressure of the
high-pressure accumulator drops to 16 Mpa, at which point the system switches to the low-pressure accumulator for
energy supply. When the pressure of the low-pressure accumulator drops to 8 Mpa, the oil supply valve is closed, and the
variable oil pump directly draws oil from the oil tank.

[0098] For those skilled in the art, it is clear that the present invention is not limited to the details of the exemplary
embodiments described above, and the invention can be implemented in other specific forms without departing from its
spirit or essential characteristics. Therefore, the embodiments should be regarded as illustrative and non-restrictive in all
aspects, and the scope of the invention is defined by the appended claims rather than the foregoing description. It is
intended to encompass all modifications that fall within the meaning and scope of the equivalent elements of the claims. No
reference numerals in the claims should be construed as limiting the scope of the claims.

[0099] Furthermore, it should be understood that although this specification is described in terms of implementations,
each implementation does not necessarily contain only a single independent technical solution. The narrative style of the
specification is solely for the sake of clarity. Skilled artisans should consider the specification as a whole, and the technical
solutions in the various embodiments can also be appropriately combined to form other implementations that are
understandable to those skilled in the art.

Claims

1. A control method for cascade utilization of recovered energy in a forklift hydraulic system, characterized by
comprising an oil supply section and an energy storage section connected to a lifting cylinder (3), wherein the oil
supply section comprises a variable oil pump (10) connected to the lifting cylinder (3), and the energy storage section
comprises at least one accumulator, wherein the control method comprises the following steps:

Step 1: detecting a state of a fork of the forklift and, if the fork is in a lifting state, proceeding to Step 2;

Step 2: releasing high-pressure oil from different accumulators in the cascade energy storage section to supply
energy to the lifting cylinder (3) of the fork;

Step 3: determining an output flow of the variable oil pump based on a lifting speed of the fork;

Step 4: determining a lifting power demand based on a load of the fork;

Step 5: determining an output power of the energy storage section based on a real-time output pressure value of
the energy storage section;

Step 6: determining a minimum output power of the engine based on the lifting power demand and an output
power of the accumulators;

Step 7: controlling an engine speed and a displacement of the variable oil pump.

2. The control method for cascade utilization of recovered energy in a forklift hydraulic system according to claim 1,
characterized in that the accumulators are connected to a controller (14), and the energy storage section comprises
a first accumulator (41) and a second accumulator (51), wherein the control method for cascade release of high-
pressure oil from all accumulators in the energy storage section in Step 2 comprises the following steps:

Step 2.1: collecting an oil pressure of the first accumulator (41), the second accumulator (51), and an oil pressure
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at an outlet of the variable oil pump (10) by the controller (14);

Step 2.2: calculating a difference between an oil pressure of the first accumulator (41) and the second
accumulator (51) and the oil pressure at the outlet of the variable oil pump (10);

Step 2.3: selecting an accumulator with the smallest pressure difference that satisfies the condition of the
pressure difference being greater than 0 for energy supply;

Step 2.4: continuing to supply energy by the selected accumulator until SOC state is 0, then returning to Step 2.1.

The control method for cascade utilization of recovered energy in a forklift hydraulic system according to claim 1,
characterized in that the output flow of the variable pump in Step 3 is:

Qg =Ag .vg

where, Ag is a cross-sectional area of the rodless chamber of the lifting cylinder, m2; Vg is a speed of the lifting cylinder,
mls, wherein the cross-sectional area A of the rodless chamber of the lifting cylinder is a fixed initial value of the
system, and the speed Vg of the lifting cylinder is a preset value.

The control method for cascade utilization of recovered energy in a forklift hydraulic system according to claim 3,
characterized in that the lifting power demand in Step 4 is:

where, F is a force driving a load of the lifting cylinder, N ; Qg is a flow driving the lifting cylinder, ml/min ; Pg is apressure
in the rodless chamber for driving the lifting cylinder, Mpa.

The control method for cascade utilization of recovered energy in a forklift hydraulic system according to claim 4,
characterized in that the output power of the energy storage section in Step 5 is:

F,=p,-0,
where, p, is the output pressure of the accumulator supplying oil, Mpa.

The control method for cascade utilization of recovered energy in a forklift hydraulic system according to claim 5,
characterized in that the output power of the engine in Step 6 is:

F=H-F+F

where, P;is aload power demand, kW ; P, is the output power of the energy storage section, kW ; P is a pipeline loss
power, KW, wherein the load power demand P,and the output power P, of the energy storage section are calculated as
above, and Py is an estimated value of the system.

The control method for cascade utilization of recovered energy in a forklift hydraulic system according to claim 1,
characterized in that the engine speed control comprises the following steps:

Step 7.1.1: according to a target engine speed n, based on engine universal characteristics and a real-time
engine speed, the controller using an engine speed error e and an error change rate ec as inputs, and using 4k,
4k;, Ak yas outputs of a fuzzy controller, then adding these output values to initial values to obtain new parameters:

k,=k, +Ak,
k, =k, + Ak,
k, =k, + Ak,
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where, kj, ki, Ky are the initial values of the PID controller, k,, is a proportional gain of the controller, k;is an
integral gain of the controller, and k is a derivative gain of the controller;

Step 7.1.2: designing linguistic variables for the engine speed error e, the error change rate ec, and an output
throttle opening to as fuzzy subsets, [BS MS S M SB MB B], representing [Big-Small, Medium-Small, Small, Zero,
Small-Big, Medium-Big, Big], respectively, wherein a fuzzy universe of discourse for the speed error e and the
error changerate ecis [-3,3], and a fuzzy universe of discourse for the output Akp, Ak;is determined as[-6,6],and a
fuzzy universe of discourse for Ak, is determined as [-1,5];

Step 7.1.3: adjusting control system parameters by the system according to quantization factors,

the quantization factors being determined as:

K, =nle

K, =mlec

where, K, K, are the quantization factors for the error and the error change rate, respectively; n, m are universe
of discourse levels;
Step 7.1.4: determining fuzzy rules as follows:

when the engine speed error e is large, to improve the speed response of the system, a large Akp, should be
selected; to prevent e from increasing excessively, a small Ak, should be selected; and to avoid overshoot at
the same time, Ak; =0 should be selected,;

when e is moderate, a small Akp, should be selected for the system to have a small overshoot, and
appropriate Ak;, Ak, should be selected,

when e is small, to maintain system stability and avoid oscillation, a large Akp, Ak;should be selected, and at
the same time the value of Ak, should be inversely proportional to |ec];

Step 7.1.5: obtaining a fuzzy relation matrix from a two-input single-output fuzzy controller as:

-

R, =|J(ExEC, xAkp,)
ij

R =|J(E < EC, xAki)
iJ

R, =|J(E xEC, x Akd,)

L ij

where, E; is the i-th fuzzy state of e; EC/- is the j-th fuzzy state of ec; Akp,-j, Ak/,j,
under the i-th e and j-th ec fuzzy states;

Step 7.1.6: defuzzifying the outputs by using the maximum membership method to take the maximum value in a
fuzzy set and obtaining a throttle opening output, thereby controlling the engine speed through the throttle
opening.

Akd,-/- are the output fuzzy states

8. The control method for cascade utilization of recovered energy in a forklift hydraulic system according to claim 1,
characterized in that the displacement of the variable oil pump is determined as follows:

where, n, is the target engine speed,;
the variable oil pump displacement controller is constructed as follows:

Step 7.2.1: determining a transfer function of a displacement of a variable cylinder (19) of the variable oil
pump to an opening of a solenoid valve (17) of the variable oil pump according to structural characteristics of a
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swashplate variable oil pump as follows:

K, Vi K, 4
—H 1+ s — 1+ s
)= 2) A\ 48K ) A\ 4BK.
F - - - 2
x,(5) mV, 3'+mK“ s> +s S(%+£S+D
44’p, 4, o o

;K |Bm
: . . ANV, -

where, is a natural frequency of the hydraulic system; is a damping
ratio of the hydraulic system; Kq is a flow gain coefficient of the proportional valve, m3/ s - pa; m;is a mass of
the piston and the swashplate of the variable pump, kg; V,is a volume of the variable cylinder, m3;At isaforce
area of the variable cylinder, m2 ; K, is a pipeline leakage coefficient, m3/ s; S, is a bulk modulus of the
hydraulicoil, pa; sis acomplex variable; x, (s) is the displacement of the variable cylinder; x,(s) is the opening
of the solenoid valve;

Step 7.2.2: describing the transfer function in Step 1 with a mathematical model as follows:

mv,

2
a)Kq

yh_ 4

u(k) s +2lws*+a’s

where, y(k) is an output at time k ; u(k) is an input at time k ;
Step 7.2.3: writing a non-minimal realization form of the system transfer function based on the diophantine
equation, wherein since the controlled system order n = 3, m = 0, the relative order n* = 3, it follows that:

R(s) .. H(s)
k)= [byu(k) +
y()D() O 06 O o)

where, Q(s) = 82 + g4s + gp; D(S) =83 + dps2 +ds + dy; R(S) =S+ 1g;

y(k)]

H(s) =h2s2 +hs+hy;
Step 7.2.4: simplifying the non-minimal realization form of the system as follows:
T
y(k)=0" (k)5 (k)

(k) = 1 £(K)

s’ +d,s’ +ds+g,

where,
by, r1, hy, hy, hg are functions of time k ;

; ©T(k) =(by, ry ry hy hy hy) are the parameters to be adjusted;

&' (k) =| u(k) SZJF;M(/C) Z;u(k)

g5+ 8, S +g5tg,

2 2
Ky Ky 1
5 y(k) — y(k) z—y(k)}
s +gst+g, s“+gst+g, s t+gstg,
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Step 7.2.5: determining a system output estimate:

(k) = O (k ~1)¢ (k)

where, @T(k -1) is an adaptive adjustment parameter at time k -1; y(k) is the system output estimate;
Step 7.2.6: obtaining an adaptive rate as:

k) = Ok 1) T(k—1)¢ (k)e(k)
1+ ()T (k-1 (k)

T(k)=T(k—-1)— T'(k—=DS ()" (T (k1)
[+ OT(k—1)¢ (k)

where, I is a positive definite symmetric matrix, e(k) is an error between the output and the target at time k.

9. A control system using the control method for cascade utilization of recovered energy in a forklift hydraulic system
according to any one of claims 1-8, characterized by comprising a lifting cylinder (3), a piston end of the lifting cylinder
(3) is operatively connected to a fork, and the fork is equipped with a height sensor (1) and aload sensor (2), wherein
the lifting cylinder (3) is connected to an oil supply section and an oil return section through a lifting solenoid valve (7);

the oil supply section comprises an oil supply pipeline and a variable oil pump (10) installed in the oil supply
pipeline, wherein the oil supply pipeline is connected to an overflow valve (6) and an oil return pressure sensor (8),
wherein an end of the oil supply pipeline close to the variable oil pump (10) is equipped with an oil supply valve
(1)

the oil return section comprises an oil return pipeline, an end of the oil return pipeline is connected to an inlet of the
variable oil pump (10), and the oil return pipeline is connected to an energy storage section, wherein the energy
storage section comprises at least one accumulator, which is connected to the oil return pipeline through an
accumulator valve;

the inlet of the variable oil pump (10) is connected to an oil tank (13), and a check valve is installed between the
variable oil pump (10) and the oil tank (13), wherein the connection between the oil return pipeline and the variable
oil pump (10) is located between the check valve and the variable oil pump (10), wherein the oil supply pipeline is
connected to an oil supply pressure sensor (9) and a safety valve (12);

arodless chamber (31) of the lifting cylinder (3) is connected to a lifting solenoid valve (7), and the lifting solenoid
valve (7) is connected to the energy storage section and the variable oil pump (10), wherein the variable oil pump
(10) is connected to the oil tank (13), and an outlet of the variable oil pump (10) is connected to the oil supply
pressure sensor (9) and the safety valve (12), wherein the variable oil pump (10) is operatively connected to the
engine (16), and the engine (16) is equipped with a speed sensor (15), wherein the swashplate (18) of the variable
oil pump (10) is connected to a variable cylinder (19), and the variable cylinder (19) is connected to a solenoid
valve of the variable oil pump (17), wherein an end of the variable cylinder (19) is connected to a displacement
sensor (20), and an amplifier (21) is installed between the displacement sensor (20) and the solenoid valve of the
variable oil pump (17).

10. The control system for cascade utilization of recovered energy in a forklift hydraulic system according to claim 9,
characterized in that the energy storage section comprises a first accumulator (41) and a second accumulator (51),
wherein the first accumulator (41) is a high-pressure accumulator, and the second accumulator (51) is a low-pressure
accumulator, wherein the first accumulator (41) is connected to a first oil pressure sensor (42), and the first
accumulator (41) is connected to the oil supply pipeline through a first accumulator valve (43), wherein the second
accumulator (51) is connected to a second oil pressure sensor (52), and the second accumulator (51) is connected to
the oil supply pipeline through a second accumulator valve (53).
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