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Abstract: The electro-hydraulic power source with an electro-hydraulic variable pump driven by a
servo motor is suitable for electrified construction machinery. To achieve better energy efficiency in
different working conditions, the multi-mode control scheme was proposed for the electro-hydraulic
power source. The control scheme includes pressure control, flow control, and torque control modes.
The switching rule among the three control modes was formulated based on the minimum pump
pressure. The fuzzy PID controller was designed, and a composite flow regulation strategy was
formulated, including the load-sensitive adaptive displacement regulation and servo motor variable
speed regulation. The AMESim-Simulink co-simulation model of multi-mode control was established.
The test platform was built, and the experimental study was carried out. The results indicate that the
fuzzy PID control has a shorter response time and a more stable control effect compared with PID
control. Additionally, the composite flow regulation strategy improves the flow regulation range by
36% and reduces the flow overshoot by 20% compared with the load-sensitive adaptive displacement
regulation. As the main control valve received an opening step signal, the full flow regulation
(7~81 L/min) of the power source took approximately 0.5 s to rise and 0.2 s to fall. The relative
error of pressure difference for the main control valve was 0.63%. When receiving the pressure and
torque step signal, the pump pressure and pump input torque both took approximately 0.45 s to
rise and 0.2 s to fall. The relative errors of pump pressure and torque control were 0.2% and 0.16%,
respectively. In the multi-mode control, the electro-hydraulic power source could switch smoothly
between flow control mode, pressure control mode, and torque control mode. These results provide a
reference for the multi-mode control of an electro-hydraulic power source with an electro-hydraulic
variable pump driven by a servo motor.

Keywords: electro-hydraulic power source; electro-hydraulic variable pump; multi-mode control;
AMESim-Simulink co-simulation; fuzzy PID

1. Introduction

An electro-hydraulic power source refers to a power unit composed of an electric
motor and a hydraulic pump. The electric motor converts electrical energy into mechanical
energy, and the hydraulic pump then converts this mechanical energy into hydraulic
energy, and the electro-hydraulic power source provides hydraulic energy to hydraulic
actuators (cylinder and motor) to work. As the environment becomes increasingly harsh,
construction machinery such as hydraulic excavators and loaders are beginning to use
electric motor-driven hydraulic pumps as a power source to replace internal combustion
engines and eliminate exhaust emissions. The conventional electro-hydraulic power source
consists of a fixed-speed motor that drives a hydraulic pump [1,2]. There are two types
of hydraulic pumps: quantitative and variable pumps. Using quantitative pumps as the
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power source results in significant throttling and overflow losses [3]. To decrease the
energy consumption of the hydraulic power source, the recommended approach is to use
variable pumps with pressure, flow, or power control as the power source, which can
match the output parameters of the hydraulic pump to the load [4,5], but the use of a
constant speed drive still results in significant energy loss in the non-working cycle [6].
Moreover, traditional variable-speed control cannot solve the issue of saving energy under
conditions of low flow and high pressure. In recent years, the trend toward combinations
of variable displacement and variable speed pump drives has become apparent. A variable
pump power source driven by a servo motor could fully utilize the motor’s excellent speed
performance to reduce energy consumption in the system of small flow by reducing the
speed. Additionally, it could achieve a rich set of control functions, making the hydraulic
system more flexible and diverse [7,8].

Variable pumps are commonly used in construction machinery to achieve positive
flow control, negative flow control, and load-sensitive control functions. This is done
to meet the system flow control requirements and reduce energy losses [9-11]. When
operating under load-sensitive control, the pump pressure always follows the maximum
load pressure, resulting in greater energy efficiency. Traditional variable pumps often rely
on components such as load-sensing valves, pressure shut-off valves, and power-limiting
valves [12,13] to control their function. This would lead to a complex pump structure
and limit the control parameters. The advancement of automation technology has led to
variable displacement pumps becoming more intelligent. Modern variable displacement
pumps now use advanced electronic control systems to replace traditional pressure cut-off
valves and power-limiting valves. This simplifies the structure of variable displacement
pumps and provides more flexible control functions. As a result, construction machinery
could operate more efficiently under various working conditions [14,15]. Ming-Hwei
Chu conducted an investigation on a variable displacement axial pump with an electro-
hydraulic proportional valve. The aim is to control the pump displacement and design a
servo controller to enhance system stability and transient response [16].

Researchers have proposed advanced algorithms and control strategies, such as fuzzy
control, sliding mode control, and neural networks, to meet the varied control functions of
electro-hydraulic power sources [17-19]. These intelligent control algorithms have been
studied in construction machinery. However, it is important to maintain a simple structure
and reliable performance [20]. PID control is irreplaceable due to its robustness and other
characteristics. The parameters of PID control have a significant impact on control accuracy
and speed. Therefore, optimizing these parameters could effectively improve system
control performance [21]. Fuzzy control enhances a system’s adaptability and robustness
by adjusting fuzzy rules and membership functions to accommodate various systems
and environmental changes. It also simplifies the complexity of system design by using
linguistic variables instead of numerical ones. Therefore, the combination of fuzzy control
with PID enables the automatic tuning of PID control parameters based on the actual state
of the system and target requirements, achieving precise control over the system [22,23].
Anis [24] proposed a fuzzy proportional-derivative (PD) control scheme for constant power
control of hydraulic pumps. The dynamic control effect of this scheme is better than that of
PD control. To tackle the issue of switching when multiple control modes are integrated
into a hydraulic pump, Cheng Min [25,26] et al. proposed an anti-saturation switching
flow /power controller. This controller solves the PID integral saturation problem that
occurs during mode switching. The authors also analyzed the stability of mode switching by
defining different mode-switching rules and priorities for the multi-mode electro-hydraulic
control scheme. Tim-Liang Lin [27] proposed a bivariate load-sensitive system to address
the low energy utilization of traditional electric excavators. Lin investigated a graded
differential pressure control strategy that can effectively improve control performance and
reduce energy consumption. Jong-Hyeok Kim [28] developed a constant-pressure control
strategy using a variable-speed motor and a variable pump as the power source to reduce
energy consumption under constant-pressure control. This resulted in an efficient system.
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Weiping Wang [29] proposed an energy-saving control strategy based on electro-hydraulic
load sensitivity with variable pump pressure. This strategy reduces pressure loss and
improves the efficiency of the electro-hydraulic servo system.

In summary, the electro-hydraulic power source is evolving toward greater energy
efficiency, while the control function is shifting toward electronic control. It is worth noting
that there are fewer studies on the multi-mode control of flow, pressure, and torque for vari-
able pumps driven by servo motors. This paper proposes a multi-mode control scheme for
variable pumps driven by servo motors. Fuzzy PID controllers were designed, the switch-
ing rules among control modes were formulated, and AMESim-Simulink soft was used for
co-simulation. A test platform was built to verify the feasibility and control performance.

2. System Principle
2.1. System Introduction

Figure 1 shows the variable pump system driven by a servo motor, which includes
a servo motor, an electro-hydraulic proportional variable pump, a main control valve
(MC-V), various sensors, and a controller. The electro-hydraulic proportional variable
pump comprises a pressure control valve (PC-V), a variable cylinder, a damping orifice,
and a proportional relief valve (PR-V). The controller receives and processes the signals
from multiple sensors, such as load pressure, pump pressure, and pump displacement.
Then, the controller outputs the control signals to the main control valve (MC-V), servo
motor, and proportional relief valve (PR-V) to control the system pressure and flow rate
according to the system’s actual working conditions.

Pressure Control

Flow Control Controller

Torque Control T T —I
|
|
|
|
|

|

Variable

Cylinder | |

Figure 1. Control schematic diagram of variable pump system driven by servo motor.
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The pressure control valve (PC-V) spool bears the pump pressure on the left side, and
the PR-V sets pressure on the right side. The dynamic force balance equation of the spool is
the following:

d*x dx
(Pc—Ps)Ay — Fs = my—y +by— - + ki, (1)
AP, = j—sl, @

where Pc is the pump pressure, Ps is the PR-V set pressure, AP, is the pressure difference,
Fs is the spring preload, A; is the spool area, m; is the spool mass, b is the viscous
damping coefficient, k; is the spring stiffness, and x; is the spool displacement.

In Figure 1, the PC-V spool is stable when the pressure difference AP, of the damping
hole is equal to the PC-V spring force. If the PR-V set pressure is reduced, the pressure
difference AP, is larger than the PC-V spring force, causing the PC-V spool to move right
and the PC-V spring to be compressed. This causes the high-pressure oil from the pump
into the rodless chamber of the variable cylinder, causing the variable cylinder piston to
move to the left side and the swash plate tilt angle to decrease, which in turn reduces
the pump displacement. If the PR-V set pressure increases, the pressure difference AP,
becomes smaller than the PC-V spring force. As a result, the variable cylinder piston moves
to the right, and the pump swashplate angle and pump displacement both increase. The
dynamic force balance equation of the variable cylinder piston is the following:

d2X2 dXQ
T + by —= + kpxy, 3)

P, Ay — B =my T

where P; is the rodless chamber pressure, F, is the spring preload, m; is the variable piston
mass, X is the variable piston displacement, b, is the viscous damping coefficient, and k;
is the spring stiffness.

2.2. Multi-Mode Control Strategy

The variable pump system driven by the servo motor in Figure 1 has three control
modes: pressure control mode, flow control mode, and torque control mode.

2.2.1. Strategy in Pressure Control Mode

The system working principle in pressure control mode is as follows. The pump
pressure Pc and load pressure Py are collected and converted into voltage signals by the
pressure sensor and transmitted into the controller. Then, the controller outputs the voltage
signals to the PR-V, which controls the pump pressure according to the system’s actual
working conditions.

In pressure control mode, the controller adjusts the set pressure Ppg according to the
system’s actual working conditions. If the detected pump pressure from the pressure sensor
exceeds the set pressure Ppg, the controller reduces the PR-V set pressure. Then, the pump
pressure Pcy) is reduced until the difference AP, between the detected pressure Pc(y) and
the set pressure Ppg is in the allowable error range. The detected pump pressure Py in
the pressure control mode is expressed as follows:

Pe(y) = Pps & Per, (4)
where Ppg is the set value of pump pressure in the pressure mode and P, is the allowable error.

2.2.2. Strategy in Flow Control Mode

The output flow rate of the electro-hydraulic power source is regulated by load-
sensitive adaptive displacement control (LSAD) and servo-motor variable speed control
(SMVS). The composite flow control (LSSM) strategy is developed for the adaptive dis-
placement control (LSAD) and the variable speed control (SMVS).
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In flow control mode, the pump pressure and load pressure are collected by the
pressure sensor, converted into voltage signals, and transmitted to the controller. The
difference between the pump pressure and load pressure, known as the pressure difference
AP; of the main control valve, is the control target of the electro-hydraulic power source.
The controller outputs a voltage signal to the proportional relief valve, which determines
the pump pressure and achieves the pressure difference AP;. The relationship between
pump pressure and load pressure can be expressed as follows:

Pe(ry = Poy + AP, 5)

where Py is the pump pressure, P is the load pressure, and AP; is the set value of the
pressure difference for AP;.
The opening area of the main control valve is proportional to the input voltage signal
and expressed as follows:
Az = KzU; + Bs, (6)

where Aj is the main control valve opening area, K3 is the signal gain, U is the main
control valve voltage signal, and B3 is the offset.
The flow rate through the main control valve is expressed as follows:

2
Quy = CadAsy |5 (Pew = Py )

where Q (®) is the MC-V flow rate, Cq is the flow coefficient, and p is the oil density.
The pump output flow rate is expressed as follows:

Quy =1 Ve ®)

where 1) is the motor speed, V() is the pump displacement, and 7 is the pump
volumetric efficiency.

In Equation (7), the MC-V flow rate is proportional to the MC-V opening signal
when the pressure difference AP; is constant. In Equation (8), the pump output flow is
proportional to the pump displacement at the constant motor speed and proportional to
the motor speed for the constant pump displacement.

The LSSM composite flow regulation strategy is the following:

(1) The flow voltage signal of MC-V is small, U < Ujy,, the motor runs at an idle speed,
and variable pump displacement is adjusted to meet MC-V flow demand;

(2) The flow voltage signal of MC-V is large, U > Uy, the pump works at maximum
displacement, and the motor speed is adjusted to meet MC-V flow demand.

The mathematical model for the LSSM flow regulation strategy is the following:

1 (t) Vemax 4

Nnin V

min Vg(t)

Qu = { W = ©)
o0~ Uim < Ui

where i, is the motor idle speed, Vgmax is the maximum pump displacement, and
Uiy, is the MC-V opening signal when the motor runs at idle speed and the pump at
maximum displacement.

2.2.3. Torque Control Strategy

Torque control technology is used to prevent motor overload. In the torque control
mode, the pump pressure set value is calculated according to the torque setting value and
the pump displacement V. Then, the controller outputs a voltage signal to PR-V and
regulates the pump pressure through the variable cylinder to ensure that the difference
between the pump output torque and the torque setting value is in the allowable error
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range. The pump mechanical efficiency is assumed to be constant, and the formula of
pump torque is as follows:

Is = ———, (10)
where T; is the pump torque.

2.2.4. Controller Design

Pressure control, flow control, and torque control are realized by regulating the pump
pressure. A fuzzy PID controller was designed for pump pressure feedback control. The
fuzzy PID controller consists of a PID controller and a fuzzy controller, and its control
principle is shown in Figure 2.

e
ec ; Fuzzy controller
AK,| AK; | ARy
Y v
Pump outlet + 5 e PID |Up | Variable pump
pressure setting controller (PR-V)

Pc
Measured pump outlet pressure

Figure 2. Fuzzy PID controller principle.

The PID controller model is shown in Equation (11). When the fuzzy PID is running,
the deviation e and the deviation change rate ec are the input quantities. Moreover, AKp,
AK;, and AKy are continuously adjusted according to the fuzzy control rules, and the fuzzy
PID parameters required for system control are finally obtained. The fuzzy PID parameters
are rectified, as shown in Equation (12), and the fuzzy PID control model can be obtained by
combining Equations (11) and (12), as shown in Equation (13). After determining the input
and output variables of the fuzzy control, the fuzzy sets of the variables are categorized
into seven classes, namely {NB (negative large), NM (negative medium), NS (negative
small), ZO (medium), PS (positive small), PM (positive medium), and PB (positive large)},
and the fuzzy sets are mapped into intervals of {0 1} by means of the membership function.
Usually, the selection of the membership function is chosen by experienced engineers or
based on statistics and experience. In this paper, the triangular affiliation function was used.
Fuzzy rules are used to describe the relationship between outputs and outputs, and their
formulation directly affects the fuzzy control effect; the fuzzy rules are shown in Table 1.

U =K k[ K, %ew 11

(5 = Rpe T Xi J e Rz (11)
Kp = K, + AKp

Ki =K/ +AK; , (12)
K4 = K}, + AKy4

t de
(t)
U = (Kfo +AKp)e(t) + (K +AI<1)/O e + (Ki + AKq) —=, (13)

where Um is the controller output; KJ,, Ki’, Ké are the initial parameters of the PID controller;
AKyp, AK;j, AKq are the parameter variations of the fuzzy control outputs; and Kp, Kj, Kq are
the parameters after fuzzy PID rectification.
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Table 1. Fuzzy rule table.
er
KplKilKa NB NM NS z0 PS PM PB
NB NB/NB/PS NB/NM/PS NM/NM/ZO Z0/Z20/Z0 PM/PM/NS PB/PM/NS ZO/ZO/PB
NM PB/NB/NS PB/NB/NS PM/NM/NS PM/NM/NS PS/NS/NS Z0O/ZO/Z0 Z0O/ZO/NS
NS PM/NM/NB PM/NM/NB PS/NS/NM PS/NS/NS ZO/ZO/NS NS/PS/ZO0 NM/PS/PS
e ZO PS/NM/NB PS/NS/NM ZO/NS/NM ZO/ZO/NS ZO/PS/Z0 PS/PS/ZO PS/PM/PS
PS PM/NS/NB PM/NS/NM ZO/ZO/NS ZO/PS/NS ZO/PS/PS PS/PM/ZO PS/PM/PS
PM PM/ZO/NM PM/ZO/NS PM/ZO/NS PS/PM/NS PS/PM/PS PM/PB/ZO PM/PB/PS
PB PB/zO/PS PB/ZO/ZO0 PM/PS/ZO PM/PM/ZO PM/PB/PS PB/PB/ZO PB/PB/PM
ey) is the pump pressure error, which is expressed as follows:
ey = Pmery — Pey) (14)

Pyy(y) in Equation (14) is the minimum value of pump pressure obtained from the three
controls and is expressed as follows:

Py = min{PLS(t)r Pps ), Prs(y) } (15)
where Py gy is the pump pressure in the flow control mode, Ppg) is the pump pressure in
the pressure control mode, and Pysy) is the pump pressure in the torque control mode.

The controller switches modes according to Equation (14). The electro-hydraulic power
source switches into the flow control mode when Pjgy) is minimum, into the pressure
control mode when Ppg(y) is minimum, and into the torque control mode when Prgy) is
minimum. The multi-mode control flowchart is shown in Figure 3.

Closed-Loop Controller

| |

| |

| I

. | Co I

| 5/ Control Model Selection | |+ ® pr(t) Fuzzy PID || Pump |- |
| |

- |

| ]

Control Signal Setting
APs, Pps . Ts

Ruw =min{Asg> Peswr Prso} P
()

Figure 3. Multi-mode control flowchart.

3. Simulation Analysis

The electro-hydraulic power unit system of a variable pump driven by a servo mo-
tor was co-simulated using AMESim2021.2-MATLABR2021B/Simulink software. The
hydraulic model was physically modeled in AMEsim and mainly consisted of the electro-
hydraulic power source, main control valve, load relief valve, and controller. The control
model, on the other hand, was written in Simulink and mainly consisted of fuzzy PID
and PID algorithms, both of which were connected to a selection module for comparing
the control performance of the fuzzy PID and PID algorithms. Figure 4 shows the system
simulation model, where Figure 4a is the AMESim hydraulic system simulation model,
Figure 4b is the Simulink control model, and Figure 4c is the fuzzy PID model. The
relief valve was used to simulate the system load. The motor speed range was set at
800~1800 r/min, and the pump displacement range was 0~45 cm? /rev. The motor speed
was 800 r/min, and the MC-V opening signal at the maximum pump displacement was 3.7.
The simulation mainly included the following contents:

(1) Set the pump pressure step signal and compare the effect of fuzzy PID and PID control
on the pump pressure;

(2) Set the load pressure incremental signal and verify the feasibility of a multi-mode
control strategy when the electro-hydraulic power source is in the three different
control modes;

(3) Set the MC-V opening incremental signal and verify the feasibility of the LSSM

composite flow control strategy;
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(4) Set the incremental signal of the MC-V pressure difference, verify the feasibility of
variable pressure difference control, and analyze its energy-saving effect.

Controller

Vo aMEsin
L fosin

-

 Simulink

Electro-hydraulic Power Source

(a)

| LOAD \
—»{rc A P3
fen
I FLOW P1F—
+ Simcenter Amesim co-Sim:

PID link
Q PC »—
I @\} PRASSURE Q
-0
fuzzyPID
PF r ZHUANSU P2
link —‘

(b)

Figure 4. Cont.
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Figure 4. System simulation model. (a) Physical model; (b) Control model; (c) Fuzzy PID model.

3.1. Comparative Analysis of Fuzzy PID and PID Simulation

The pump pressure step signal was set, and the pump pressure step response curved
under fuzzy PID and PID control are shown in Figure 5. The pressure step-up curve is
shown in Figure 5a; the pressure signal was 5 MPa at 0~0.1 s, and the pressure signal
stepped up to 15 MPa at 0.1 s. The rise recovery time of fuzzy PID was 0.17 s, and the
amount of overshooting was 1.4%. The rise recovery time of PID was 0.26 s, and the
amount of overshooting was 4.6%. The pressure step-down curve is shown in Figure 5b;
the decline recovery time of fuzzy PID was 0.1 s, and the amount of overshooting was
15.8%. The fall recovery time of PID was 0.21 s, and the overshooting amount was 45.6%.
Compared with PID, fuzzy PID had a short response time, low overshooting, and a more
stable control effect.
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Figure 5. Pressure step response curve. (a) Pressure step rise; (b) Pressure step down.

3.2. Flow-Torque-Pressure Composite Control Simulation Analysis

The pressure incremental signal for the load relief valve was set. The MC-V pressure
difference signal was set at 2 MPa. The pump pressure control signal was set at 15 MPa, and
the torque control signal was set at 50 N-m. Figure 6 shows the curves of pump pressure,
load pressure, pump output flow rate, and pump output torque under LSSM composite
control. From 0 s to 8.3 s, the electro-hydraulic power source was in flow control mode. As
the load pressure increased, the pump pressure and pump output torque also increased.
At 8.3 s, the system switched to pressure control mode. The pressure difference was kept
at 2 MPa, and the flow rate remained stable at 24.1 L /min. Once the pump output torque
reached the set value, the electro-hydraulic power source would switch from flow control
mode to torque control mode. As the load pressure increased, the growth rate of pump
pressure slowed down, causing the pressure difference to decrease and the flow rate to
decrease as well. The torque stabilized at 50 N-m, and the relationship curve between the
pump pressure and pump flow rate was a smooth hyperbola. At 14 s, the pump pressure
reached the set pressure value, and the electro-hydraulic power source switched from
torque control mode back to pressure control mode. As the load pressure increased, the
pump pressure stabilized at 15 MPa, and the MC-V pressure difference was reduced to
0. It caused the pump output torque and pump flow rate to decrease to a minimum. The
electro-hydraulic power source operated stably in the three control modes and switched
smoothly between the three modes.
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Figure 6. Composite control curve. (a) Load pressure setting; (b) Pump pressure, load pressure,
pump torque and pump outlet flow curves; (¢) Pump pressure vs. outlet flow rate characteristic
curve.

3.3. Adaptive Displacement-Variable Speed Composite Flow Control Simulation Analysis

Figure 7 shows the curves of the MC-V opening incremental signal, pump displace-
ment, motor speed, pump pressure, load pressure, and pump flow. From 0 s to 2.8 s, the
MC-V control signal is lower than 3.7; the pump outlet flow rate is lower than 36 L/min,
the motor runs at 800 r/min, and the pump adapts its displacement to meet the system
flow demand. At 2.84 s, the MC-V control signal is 3.7, the outlet flow rate of the pump is
36 L/min, the motor speed is 800 r/min, and the pump operates at maximum displacement.
From 2.84 s to 6 s, the control signal is greater than 3.7, the pump operates at maximum
displacement. The controller adjusts the motor speed to meet the system flow demand. In
flow control mode, the system has a constant pressure difference of the main control valve,
a smooth pump flow rate and pump pressure without fluctuations. It indicates that LSSM
composite flow control is good.
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Figure 7. Composite flow control simulation curve. (a) Main control valve signal, pump output flow,
pump pressure and load pressure curves; (b) Motor speed vs. pump displacement curve.

3.4. Simulation Analysis of Variable Differential Pressure Load Sensitive Control

The MC-V pressure difference incremental signal was set. The curves of pump pres-
sure, load pressure, pump output flow rate, and power are shown in Figure 8. From 0 s to
7 s, the load pressure was 5 MPa, the pump pressure increased from 5.5 MPa to 9 MPa, the
pressure difference increased from 0.5 MPa to 4 MPa, the pump output flow rate increased
from 10.3 L/min to 27.14 L/min, and the pump output power increased from 0.9 KW to
3.9 KW. It is seen that the pump output flow and power rose with the increase in MC-V
pressure difference. The energy consumption could be effectively reduced by reducing the
set pressure difference according to the system’s actual working conditions.
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Figure 8. Simulation curve of load sensing control with variable difference. (a) Pressure difference
setting; (b) pump pressure, pump outlet flow, load pressure, and pump power curves.

4. Experimental Studies
4.1. Build a Test Bench

Figure 9 shows the test platform, which is mainly composed of Danish Danfoss S45]
series variable pumps, China Weichuang Electric’s EHS100 constant torque servo motors,
China Huade Hydraulic’s proportional reversing valves (MC-V) and relief valves, China
Advantech’s industrial controllers (IPC) and data acquisition cards, and Germany’s Siemens
57300 PLC. Figure 9a shows the test entity diagram, Figure 9b shows the test hydraulic
system schematic diagram, and Figure 9c shows the control program diagram. The upper
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computer interface and control program are written using LabVIEW2020 software, the PLC
can interact with LabVIEW through OPC communication, and the hydraulic system status
can be displayed in the LabVIEW upper computer interface. The PLC can be configured
to communicate with the servo motor, and the speed of the servo motor can be controlled
through communication. Table 2 lists the main parameters of the test platform.

Hydraulic system

| Flow Signal
@ AT T ><
%}Z vyl - M;i\
Y f
—% z Proportional Directional Valve s Load Pressure Signal
_% (LabVIE
Zs g 5 v J | ! Open-ended Signal Propnrllon'ﬂ Directional Va]ve
N T Load Relief Valve |
’ 4
Relief Valve | ¢~ ! Pump Outlet Pressure Signal e
_% | E— | | Relief Valve
1 |
| A : Pmpnrliona! Relief Valve Signal
| ¥ : in Pump
Q A
Servo Motor | i ircui | o
\____%]________ 4 , 0Oil Tank
L i 2 ate a 2

(b) (0)

Figure 9. Test platforms. (a) Test physical drawing; (b) Test hydraulic system schematic diagram;
(c) Control program diagram.

Table 2. Main parameters of the test platform.

Parameters Value
Maximum displacement of hydraulic pump (cm?3/rev) 45
Maximum limiting pressure of the hydraulic pump (MPa) 26
Pressure limiting valve set pressure (MPa) 30
Rated speed of servo motor (r/min) 1800
Servo motor setting speed range (r/min) 800-1800
Rated torque of servo motor (N-m) 105

Main control valve opening signal when motor 800 r/min, pump 45 cm? /rev (V) 3.7
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Pressure Setting Value(MPa)

4.2. Pressure Control Analysis

The pump pressure set signal is in Figure 10a, and the pump pressure, load pressure,
and pump displacement curves are shown in Figure 10b. From 0 s to 5.5 s, the set value
of pump pressure was 13 MPa, the pump pressure was 12.2 MPa, and the load pressure
was 10.2 MPa. The pressure difference between the pump pressure and the load pressure
was 2 MPa, and the pump displacement was 20 cm?/rev. When the pressure set value
dropped to 4 MPa, both the pump pressure and load pressure quickly decreased to 4 MPa
within approximately 0.19 s, the pressure difference was 0, and the pump displacement was
reduced to the minimum. When the set value of pump pressure rose to 13 MPa at 9 s, the
pump pressure recovered to 12.2 MPa, and the load pressure rose to 10.2 MPa within about
0.45 s; moreover, the pressure difference was 2 MPa, and the displacement was 20 cm?® /rev.
In the pressure control mode, the relative error between the measured pump pressure and
the set pressure value was about 0.2%, which indicates excellent control.

Pump Outlet Pressure Pump Displacement ]
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e
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Figure 10. Step pressure control. (a) Pressure control signal; (b) Pump pressure, load pressure, and
pump displacement curves.

Figure 11 shows the curves of pump pressure, load pressure, and pump displacement
in pressure control mode when LR-V is adjusted to increase and decrease the load pressure.
LR-V set pressure signal was set to 8 MPa, and the electro-hydraulic power source was
in the flow control mode from 0 s to 11 s, with a pressure difference of 2 MPa. The pump
pressure increases with the increase in the load pressure. At 11 s, the pump pressure was
equal to the set pressure signal. The electro-hydraulic power source switched from flow
control mode to pressure control mode. As the load pressure increased, the pump outlet
pressure was kept at 8 MPa, and the pressure difference gradually decreased to 0, which
caused the pump displacement to reduce to the minimum. At 30 s, the load pressure
decreased and made the pressure difference gradually increase. The pump displacement
increases as the pressure difference increases. At 34 s, the pressure difference reached
2 MPa, causing the electro-hydraulic power source to switch from the pressure control
mode into the flow control mode. As a result, the pump pressure decreased with a decrease
in the load pressure. In the pressure control mode, the pump pressure remains constant;
the reduction in the pump displacement could minimize overflow loss and improve energy
utilization. The electro-hydraulic power source could switch smoothly between the flow
control mode and pressure control mode.
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Figure 11. Pressure control test curve.

4.3. Flow Control Analysis

Figure 12 shows the flow curves of LSSM composite flow control and LSAD regulation
for the same step signal of proportional directional valve opening. The flow rate was
7 L/min from 0 s to 4.6 s under LSSM composite flow regulation. The flow rate quickly
rose to 81 L/min at 4.6 s within a rise time of about 0.5 s and fell to 7 L/min at 9.5 s within
a fall time of about 0.2 s. The overshoot was approximately 42%. The motor speed was
1500 r/min under LSAD flow regulation. The flow rate was 12.5 L/min from 0 s to 3.9 s,
then quickly rose to 67.5 L/min in 0.5 s and quickly fell back to 12.5 L/min in 0.2 s, with an
overshooting amount of about 66%. By comparing the LSSM composite flow regulation
strategy to LSAD regulation, the LSSM flow range increased by about 36% compared with
LSAD regulation, and the LSSM overshooting amount was reduced by about 24%. The
response time remained consistent between the two regulation strategies. This indicates
that the LSSM composite flow regulation strategy has a larger flow range and a more stable
control effect.

100

Composite Flow Regulation
90 | —— LS Adaptive Displacement Adjustment(1500r/min)
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& 2 2 2 B
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Figure 12. Flow step response curve.
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In Figure 13, the MC-V sinusoidal signal is set to an amplitude of 1 V and a frequency
of 0.05 Hz. It shows that the average MC-V signal was below 3.7 V, and the pump output
flow rate was less than 36 L/min. The motor ran at an idle speed of 800 r/min, and the
pump adjusted its displacement adaptively to the output flow rate in a sinusoidal way.
When the average MC-V signal was 3.7 V, the pump output flow rate was 36 L/min, the
motor speed was 800 r/min, and the pump displacement was 45 cm?/rev. If the MC-V
average signal exceeded 3.7 V, the pump output flow rate exceeded 36 L/min at a maximum
displacement of 45 cm?/rev. The motor speed was controlled by the controller to match
the flow rate demand. The pump output flow rate sinusoidally varied from 28 L/min to
52 L/min and agreed well with the theoretical curve.
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Figure 13. Composite flow regulation characteristic curve with sinusoidal signal from MC-V. (a) MC-V
valve control signal and pump output flow curve; (b) pump displacement vs. motor speed curve.

The MC-V set step signal and measured pressure difference are in Figure 14a, and
the response curves of pump pressure, load pressure, and pump displacement are shown
in Figure 14b. From 0 s to 2.8 s, the pump pressure was 10 MPa, the load pressure was
9 MPa, the pressure difference was 1 MPa, and the pump displacement was 20 cm®/rev. At
2.8 s, the pump pressure rose to 13 MPa while the load pressure remained constant. The
pump displacement increased to 33 cm?/rev, the pressure difference rose to 4 MPa, and
the rise time was approximately 0.15 s. At 6 s, the pump pressure dropped to 10 MPa, the
load pressure remained unchanged, and the pump displacement dropped to 20 cm?/rev.
The pressure difference fell to 1 MPa, and the fall time was approximately 0.16 s. In the
flow control mode, the relative error between the measurement value and the set value of
the MC-V pressure difference was only 0.63%. Figure 15 shows the pump output power
curves at various pressure differences. The pump output power was approximately 3.5 KW
at a pressure difference of 1 MPa and approximately 7.5 KW at a pressure difference of
4 MPa. The pump output power at the small pressure difference of 1 MPa was reduced
by about 46% compared with that at the large pressure difference of 4 MPa. Therefore, a
reasonable reduction in pressure difference according to the system’s working conditions
could effectively decrease pressure loss and energy consumption.



Actuators 2024, 13, 190

17 of 20

Differential Pressure (MPa)

5 {— Differential Pressure Setting Value 19

|— Differential Pressure Measurement Value 20 Pump Pressure Pump Displacement 14

Load Pressure

Pressure (MPa )

0 T T T T T T T 1 X X N
0 1 2 4 5 6 7 8 9 0 1 2 3 4 5 6 3 9
Time (s) Time (s)
(a) (b)

Figure 14. Pressure difference control response curve for step signal. (a) Pressure difference measured
value vs. pressure difference setting value curve; (b) Pump pressure, load pressure, and pump
displacement curves.
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Figure 15. Pump power curves for different pressure differences.

4.4. Torque Control Analysis

The set step signal of pump torque is in Figure 16a, and the response curves of
pump pressure, load pressure, pump displacement, and pump output torque are shown
in Figure 16b. From 0 s to 4.4 s, the torque control signal was 60 N-m, the pump pressure
was 10.2 MPa, the load pressure was 8.2 MPa, the pressure difference between the pump
and the load pressure was 2 MPa, the pump displacement was 32 cm®/rev, and the pump
output torque was 52 N-m. At 4.4 s, the torque set signal stepped down to 30 N-m, the
pump pressure decreased to 9 MPa, and the load pressure was constant. As the pressure
difference decreased, the pump displacement decreased to 21 cm?/rev; the pump output
torque decreased to 30 N-m, and the drop time was about 0.2 s. At 12.2 s, the torque control
signal stepped up to 60 N-m, the pump pressure rose to 10.2 MPa, and the load pressure
was unchanged. With the increase in the pressure difference, the pump displacement rose
to 32 cm?/rev, and the pump output torque rose to 52 N-m in about 0.45 s. In the torque
control mode, the absolute error between the measured torque value and the torque set
value was only 0.16%.
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Figure 16. Step torque control characteristic curve. (a) Torque control step signal; (b) Pump pressure,
load pressure, pump displacement, and pump output torque curves.

The load relief valve signal was set to increase and decrease the load pressure, and
the curves of pump pressure, load pressure, displacement, and pump output torque in
torque control mode are shown in Figure 17. The torque limit signal was set to 40 N-m.
From 0 s to 10.2 s, the electro-hydraulic power source was in the flow control mode, the
pump pressure changed with the load pressure, the pressure difference between them was
2 MPa, and the pump displacement was 27 cm?/rev. The load pressure started to increase
at 4.4 s, the pump output torque reached the torque set value at 10.2 s, and the power
source switched from the flow control mode to the torque control mode. The pump output
torque curve in the torque control mode is shown in Figure 17. With the increase in load
pressure, the pressure difference decreased, the pump displacement decreased, and the
torque was 40 N-m. At 25.2 s, the load pressure began to decrease, the pressure difference
increased, and the pump displacement increased. At 35.8 s, the pump output torque was
lower than the set torque value; the power source switched from the torque control mode
to the flow control mode, and the pressure difference was kept constant with the decrease
in load pressure. This indicates that the power source system switches smoothly between
the flow control mode and torque control mode without obvious fluctuation.
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Figure 17. Test curves in torque control mode.
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5. Summary

The multi-mode control strategy and switch rules were proposed, including pressure,
flow, and torque control modes, and the LSSM composite flow regulation strategy was
developed. The fuzzy PID controller was designed based on pump outlet pressure control,
and the AMESim /Simulink co-simulation of the electro-hydraulic power source system
was conducted. The experimental platform was built, and experimental research was
conducted. The main conclusions are the following:

(1) Fuzzy PID control has a faster response time, more stable control, and better tracking
effect on pump outlet pressure compared with PID controllers;

(2) The pump could switch well between pressure, flow, and torque modes according to
the load pressure change, and the multi-mode switches are smooth;

(3) The precision of pressure and torque control is relatively high, with control errors of
0.2% and 0.16%, respectively;

(4) Compared with load-sensitive adaptive displacement regulation, the LSSM composite
flow regulation strategy has a larger flow range and a more stable control effect. The
pump output flow could automatically choose variable speed fixed displacement regula-
tion or variable displacement fixed speed regulation based on the estimated flow rate.
The output flow rate and power of the pump increase with the increase in the pressure
difference of the main control valve. Reducing the pressure difference according to the
actual working conditions could effectively reduce energy consumption.
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