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Abstract: This study aims to address the problem of poor synchronous accuracy when facing a time-
varying load in conventional load-sensitive synchronous drive systems. The new electro-hydraulic
load-sensitive (EHLS) diverter synchronous drive system was proposed by combining the diverter
valve and the EHLS synchronous drive system. The variable pressure margin compensation control
was proposed to further improve the system’s synchronous control performance. Based on the
system control strategy and component mathematical model, the simulation models of the EHLS,
EHLS synchronous, and EHLS diverter synchronous drive systems were established using AMESim,
respectively, and the synchronous control performance of the systems was obtained. The simulation
results show that the EHLS drive system realized the primary functions of the load-sensitive system
and could realize the variable load-sensitive pressure margin control. The EHLS synchronous
drive system had poor synchronous control accuracy, but variable pressure compensation valve
pressure margin control could be realized. The EHLS diverter synchronous drive system effectively
improved the system’s synchronous control performance and diverter synchronous accuracy by
variable pressure margin compensation control. The diverter system diverter error was reduced by
40.8%, and the diverter system after the compensation diverter error was reduced by 52.6% when
the multi-way valves were fully opening. The system provides the solution for high-performance
hydraulic synchronous drives under severe operating conditions.

Keywords: EHLS; variable pressure margin compensation control; diverter valve; synchronous
drive; simulation

1. Introduction

In recent years, the international community has attached increasing importance to
developing the green economy, realizing “carbon neutrality” has become a significant
development goal in the future [1,2]. To achieve zero emissions, off-road mobile machines
and industrial hydraulics are also embracing the era of electrification, i.e., variable speed
hydraulics will be the mainstay of future development.

The EHLS systems are typical applications of variable speed hydraulics technology,
where the speed of the motor is controlled to match the pressure and flow of the system.
Because the system has the advantages of fast response speed, strong self-adaptation, and
smooth operation [3], it is widely used in electromechanical equipment. The development
of electromechanical equipment technology has led to large-scale and heavy-duty devel-
opments [4,5]. This also increases the need for hydraulic synchronous drive technology
for heavy loads. Hydraulic synchronous technology is used in various engineering appli-
cations [6-8]. High-precision, high-reliability, and high-efficiency hydraulic synchronous
drives have been an important research topic and problem in hydraulics [9]. Hydraulic
synchronous drive control consists of two primary forms of control: hydraulic synchronous
closed-loop control and hydraulic synchronous open-loop control [10].
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For hydraulic synchronous closed-loop control, scholars have carried out much
research [11]. Ma [12] proposed the improved automatic anti-interference controller-
improved particle swarm optimized position synchronous control method to solve the
problem of insufficient platform synchronous control accuracy of the multi-hydraulic
cylinder group platform of an anchor digging support robot. The results show that the
method has better position tracking performance and shorter adjustment time, its stepping
signal synchronous error was controlled within 5.0 mm, and the adjustment time was
less than 2.55 s. Ding [13] proposed the robust output feedback position controller to
solve the problem of the poor robustness of the conventional PID controller of the hy-
draulic support. The results show that the tracking accuracy of this controller was 47.2%
and 30.6% higher than the conventional controller, respectively. Guo [14] proposed the
synchronous controller based on improved sliding mode control for the hydraulic strut
system. The results show that the controller could effectively reduce the synchronous
error between the positions of two hydraulic struts and had better control performance
than the PI and fuzzy PID controllers. Zhu [15] proposed the control method with dual
closed-loop composite robustness to solve the performance deficiencies of the dual-pump
dual-valve-controlled motor, such as poor output speed stability, low controllability, and
difficulty in synchronous output management under external disturbances. The results
show that the control method had high accuracy and robustness. Jing [16] proposed a load
disturbance decoupling control method and developed a two-cylinder synchronous control
system to meet the high precision control requirements of the system. The results show
that the system’s robustness was improved. Therefore, most controllers were combined
with optimization algorithms for hydraulic synchronous closed-loop control. Although it
effectively improved the synchronous control performance of the system, the system was
more complex and costly [17].

Hydraulic synchronous open-loop control is mainly based on the load-sensitive system.
Hu [18] proposed the new pile-pressing hydraulic control system based on the design of the
load-sensitive pump aimed at the problem of unsynchronous movement of pile-pressing
cylinders during the pile pressing of a hydraulic static pile driver. The results show that the
system had good synchronous control performance. Yang [19] used load-sensitive control
for the two-cylinder synchronous drive to demand the high-efficiency, adjustable-speed,
and high-precision synchronous drive system. The results reveal the primary factors and
laws that affect the synchronous accuracy of the system. Wang [20] used the load-sensitive
principle for the open-loop synchronous loop of the stent from the point of view of energy
saving and high efficiency. The results show that this synchronous system’s displacement
and velocity synchronous error were small. Therefore, the hydraulic synchronous open-
loop control was mainly applied to the occasions where synchronous accuracy was not
required. Although the hydraulic synchronous open-loop control is relative to the hydraulic
synchronous closed-loop control, synchronous control accuracy is poor. The research of
a new high-precision hydraulic synchronous open-loop control system is also significant,
considering the cost.

Based on the above analysis, this study combined the EHLS synchronous drive system
with the diverter valve diverter synchronous technology to construct a new EHLS diverter
synchronous drive system. The contributions of this research are as follows:

(1) The EHLS drive system was constructed, and variable load-sensitive pressure margin
control was realized;

(2) The diverter valve diverter synchronous technology was used in the EHLS syn-
chronous drive system to construct the EHLS diverter synchronous drive system. It
effectively improved the diverter synchronous accuracy of the system. However, it
reduced the synchronous control performance of the system;

(8) The solenoid pressure compensation valve replaced the conventional pressure com-
pensation valve. The variable pressure compensation valve pressure margin control
was realized;
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(4) The system synchronous control performance was ensured, and the system diverter
synchronous accuracy was improved by variable pressure margin control.

This paper is structured as follows. Section 2 is the analysis of the system’s working
principle. Section 3 is the analysis of the system control strategy. Section 4 is the analysis
of the components” mathematical model. Section 5 is system modeling and simulation.
Section 6 is the discussion. Furthermore, Section 7 is the conclusion.

2. Analysis of the System’s Working Principle

This part analyzes the working principle and drawbacks of the conventional EHLS
synchronous drive system. The new EHLS diverter synchronous drive system is proposed
based on the conventional system, and the system’s working principle is analyzed.

2.1. Analysis of the Working Principle of the Conventional System

A conventional and typical EHLS synchronous drive system [21-23] is shown in
Figure 1. The permanent magnet synchronous motor (PMSM), 1, drives a quantitative
pump, 2, to generate high-pressure oil. The high-pressure oil enters the pressure compen-
sation valves, 6 and 7, through the multi-way valves, 4 and 5, respectively, and the oil
from the pressure compensation valves, 6 and 7, enters the synchronous actuator, 8, which
causes the synchronous actuator, 8, to perform synchronous actions.
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Figure 1. Schematic diagram of the conventional typical EHLS synchronous drive system. 1. PMSM.
2. Quantitative pump. 3. Safety valve. 4, 5. Multi-way valve. 6, 7. Conventional pressure compensa-
tion valve. 8. Synchronous actuator. 9, 10. Tank. 11. Pressure sensor. 12. Shuttle valve. 13. Controller.
14. Time-varying load.

The multi-way valve openings are the same for load-sensitive synchronous drive
systems during operation. The pressure compensation valves, 6 and 7, eliminate flow rate
errors caused by static load variation. However, the load is mostly time-varying when the
synchronous actuator, 8, performs synchronous actions. The pressure compensation valves
are slow to respond and do not eliminate time-varying loads. Furthermore, the system
uses pressure feedback closed-loop control to control the system pressure and flow rate.
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When the load changes, it will inevitably cause the system pressure and flow rate to change,
reducing the system’s synchronous accuracy. When the actuator requires high synchronous
accuracy, it is difficult for the system to meet the requirements. Therefore, it is necessary to
improve the system’s synchronous accuracy.

2.2. Analysis of the Working Principle of the New System

The diverter valve diverter synchronous technology is introduced into the typical
EHLS synchronous drive system to improve the synchronous accuracy of the conventional
drive system when facing a time-varying load. The new EHLS diverter synchronous drive
system is constructed, as shown in Figure 2. The system is compared with the conventional
system. The diverter valve, 18, is added between the quantitative pump, 2, and the multi-
way valves, 4 and 5. It can improve the system diverter synchronous accuracy. A solenoid
pressure compensation valve replaces the conventional pressure compensation valve. It
can improve the response speed of the pressure compensation valve and reduce the impact
of time-varying load on the synchronous system. When the system load is a time-varying
load, the system can effectively improve the synchronous accuracy of the system through
the diverter effect of the diverter valve and the compensation effect of the solenoid pressure
compensation valve.
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Figure 2. Schematic diagram of the new EHLS diverter synchronous drive system. 1. PMSM.
2. Quantitative pump. 3. Safety valve. 4, 5. Multi-way valve. 6, 7. Solenoid pressure compensation
valve. 8. Synchronous actuator. 9, 10. Tank. 11, 12, 13, 14, 15. Pressure sensor. 16. Controller.
17. Time-varying load. 18. Diverter valve.

3. Analysis of System Control Strategy

This section analyzes the variable speed control, the variable load-sensitive pressure
margin control, and the variable pressure compensation valve pressure margin control.

3.1. Variable Speed Control

The system utilizes a combination of the quantitative pump and the PMSM. The
PMSM speed is adjusted to control the quantitative pump outlet pressure and flow rate
using pressure feedback closed-loop control.



Processes 2024, 12,170

50f21

The quantitative pump outlet target pressure can be described as [24]:
Py = PMax +Aprs (1)

where Py is the target pressure of the quantitative pump, Pa; pp,y is the maximum load

pressure, Pa; and Apr, is the load-sensitive preset pressure margin, Pa.
The quantitative pump outlet pressure error can be described as [24]:

where ¢;, is the quantitative pump outlet pressure error, Pa, and p,, is the actual pressure of
the quantitative pump outlet, Pa.

The PMSM target torque can be obtained using e, as the PID controller inlet, and then
the PMSM target torque can be described as [24]:

T(ep) = kpep + ki [ epdt + ke 3)

where T(ep) is the PMSM target torque, N-m; k, is the scaling factor; k; is the integration
coefficient; and k; is the differentiation coefficient.
The PMSM target speed can be described as [24]:

9550P
= = 4
where 1, is the PMSM target speed, rev/min, and P is the PMSM rated power, kW.
It can be seen in Equations (1)—(4) that when ppj,, changes dynamically to maintain
Apps, the PMSM target speed will also change to dynamically regulate the quantitative
pump’s outlet pressure and flow rate to bring the system to a new equilibrium state.

3.2. Variable Load-Sensitive Pressure Margin Control

Based on the analysis in Section 3.1, it can be seen that when Ap;; is changed, the
system can maintain the new Apy, through the pressure feedback closed-loop control.
Therefore, the system can realize variable Apy; control.

For the EHLS synchronous drive system, synchronous performance can be reflected
by the flow rate of each branch.

The flow rate through the multi-way valve, 1, can be described as:

Q] _ dex] IZ(APLSP_ Apd) — dexl lz(Appl) (5)

where Q) is the flow rate through the multi-way valve, 1, m3/s; C, is the flow coefficient;

w is the area gradient, m; x; is the spool displacement of the multi-way valve, 1, m; Apy

is the preset pressure margin of the pressure compensation valve, Pa; p is the oil density,

kg/m?; and Ap; is the pressure difference before and after the multi-way valve, 1, Pa.
The flow rate through the multi-way valve, 2, can be described as:

QZ _ dexz\/w — dex2 IZ(APPZ) (6)

where Q> is the flow rate through the multi-way valve, 2, m3/s; xp is the spool displacement
of the multi-way valve, 2, m; and Ap; is the pressure difference before and after the multi-
way valve, 2, Pa.

Ib Equations (5) and (6), Q1 and Q, vary when Ap; varies. Therefore, the variable
Apys control can regulate the system flow rate.
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Normally, the system multi-way valve openings are equal, i.e., x; = xp. Therefore,
theoretically, Q1 = Qo, i.e., the flow rate of each branch is equal. However, when time-
varying loads exist in each system branch, it is difficult for the system to reach equilibrium
quickly, resulting in the actual Ap; # Apy in each branch of the system, which results in
Q1 # Qy, i.e., the flow rate in each branch is not equal, causing the system diverter error.

For the EHLS diverter synchronous drive system, the diverter valve is added to the
circuit, resulting in a system pressure loss.

The flow rate through the multi-way valve, 1, can be described as:

Qu = dex1\/2(ApLs — AP = APa) _ Cawxy 28pu) (7)
P %
where Q;; is the flow rate through the multi-way valve, 1, m3/s; Aps is the branch 1
diverter valve pressure drop, Pa; and Apq; is the pressure difference before and after the
multi-way valve, 1, Pa.
The flow rate through the multi-way valve, 2, can be described as:

sz — dexz\/z(ApLs — APPSZ — Apd) _ dexZ Z(ASZZ) (8)

where Qy is the flow rate through the multi-way valve, 2, m3/s; Apsp is the branch 2
diverter valve pressure drop, Pa; and Apy, is the pressure difference before and after the
multi-way valve, 2, Pa.

It can be seen in Equations (7) and (8) that since the opening of the multi-way valve is
equal, i.e., x; = xo. It must satisfy Apy; = Apy to realize Q11 = Q2. When there is a time-
varying load in each branch of the system due to the diverter effect of the diverter valve,
Aps1 and Apsy are compensated for the system so that Apyy = Apao, realizing Q11 = Q.
Thus, the system diverter synchronous accuracy is improved.

When the opening of the multi-way valve increases, the system flow rate increases, while
the throttling effect of the diverter valve is strengthened, resulting in an increase in Ap,; and
Apsr, which reduces Q11 and Q»;. It is necessary to satisfy Q1 = Q» = Q11 = Qo to ensure
the synchronous control performance of the system, as is shown in Equations (5)-(8), i.e., it is
necessary to satisfy Ap; = Apy = Apy; = Apa. Therefore, Aprs and Ap; must be changed so
that the system realizes Ap; = Apy = Apy1 = Apao, ie., the system must undergo variable
pressure margin control.

3.3. Variable Pressure Compensation Valve Pressure Margin Control

The solenoid pressure compensation valve replaces the conventional pressure compen-
sation valve to realize the variable pressure compensation valve pressure margin control.

The actual differential pressure of the solenoid pressure compensation valve can be
described as [24]:

€pd = Pn — PMax )
where e, is the actual differential pressure of the solenoid pressure compensation valve,
Pa, and p;, is the pressure before the solenoid pressure compensation valve, Pa.

The pressure compensation valve preset differential pressure error can be described
as [24]:

Cpdm = Apg — €pd (10)
where ey, is the preset differential pressure error of the solenoid pressure compensation
valve, Pa.

The control current of the solenoid pressure compensation valve can be described
as [24]:

i = kpepdm + ki/ 6pdmdf + kdépdm (11)
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where i is the control current of the solenoid pressure compensation valve, A.

It can be seen in Equations (9)-(11) that when pjy,, is dynamically changed, the
solenoid pressure compensation valve control current will also be changed to maintain Ap,
so that the system reaches a new equilibrium state. When Ap; is changed, the system can
maintain the new Ap,; by pressure feedback closed-loop control. Therefore, the system can
realize variable Ap; control.

Based on the analysis in Sections 3.1-3.3, a block diagram of the system control strategy
can be obtained, as shown in Figure 3. Through the pressure feedback closed-loop control,
the system can realize variable load-sensitive and variable pressure compensation valve
pressure margin control to compensate for the pressure loss caused by the diverter valve.
Under the premise of ensuring the synchronous control performance of the system, the
diverter of synchronous accuracy of the system is improved.

ApLx A pd

“
i =

Figure 3. Block diagram of the system control strategy.

4. Analysis of Components’ Mathematical Model

This part analyzes the PMSM, solenoid pressure compensation valve, and diverter
valve mathematical model and establishes the components simulation model based on the
mathematical model.

4.1. PMSM Mathematical Model

The PMSM consists of a controller, inverter, motor, and sensors. In order to facilitate
the analysis, the assumptions are simplified during the derivation of the mathematical
model [25]. Based on the assumptions, its equivalent schematic diagram can be obtained,
as shown in Figure 4.
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Figure 4. Equivalent schematic of the PMSM in dq coordinate system.

The stator voltage equation of the PMSM can be described as [25]:

Uy Rs  —wely] |ig d [y 0
= } — 12
[”J L’eLd Rs ] [“J T ¥q - Welpy (12
where 1, and u, are the dp-axis voltages, V; i; and i, are the dp-axis currents, A; 1; and ¢,

are the dp-axis magnetic chains, Wb; and w, is the rotor angular velocity, rad/s.
The magnetic chain equation of the PMSM can be described as [25]:

Ya| _ |La O |]ig Yy
[qu L0 Laflig Tlo (49
The electromagnetic torque equation of the PMSM can be described as [25]:

3 . )
T = Span [yig + (Lo — Lo)iaiy| (14)

where T, is the motor output torque, N-m, and p,,, is the number of motor pole pairs.

Equation (14) consists of two terms. The first term, ¢si,, is the excitation torque; the
electromagnetic torque formed by the interaction of the excitation field of the permanent
magnet with the stator current. The second term, (Ld — Lq) igiq, is the reluctance torque; the
electromagnetic torque formed by the rotor convex polarity effect. The reluctance torque is
inherent to the convex polarity PMSM. There is no formation of reluctance torque for the
hidden polarity PMSM due to L; # Lg. Therefore, the linear equation of the electromagnetic
torque can be described as [25]:

3 .
The = Epnl/)flq (15)

The PMSM equations of motion can be described as [25]:
dw
T3, = TL+IE+Bw (16)

where T3, is the motor outlet torque, N-m; T, is the load torque, N-m; ] is the equivalent
moment of inertia converted to the motor shaft, l<g-rn2 ; B is the coefficient of viscous friction;
and w is the mechanical angular velocity of the motor outlet shaft, rad/s.

In Equation (16), Bw is the loss torque of the motor motion and | ‘fi—‘;’ is the acceleration
torque of the whole motor system. Neglecting the damping efficiency and simplifying

Equation (16), we obtain:
dw
— =T33, — T, 17
at 3e L ( )
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The control of the PMSM speed control system can be categorized into variable voltage
and frequency, direct torque, speed without a sensor, and vector control [26]. This research
uses a representative control method, the iz, = 0 control in a vector. Based on the above
analysis, the AMESim establishes the simulation model, as shown in Figure 5.

Figure 5. Simulation model of the PMSM.

4.2. Mathematical Modeling of Solenoid Pressure Compensation Valve

The system pressure is controlled by the spool displacement during the operation of
the solenoid pressure compensation valve. The differential equation of the spool motion of
the pressure compensation valve can be described as follows [27]:

d%x dx
< + Bcic + Kscxce (18)

Fc — Fx = Mc—==
c—Fx cp ;

where Fc is the electromagnetic force, N; F is the preset spring force, N; M is the spool
mass, kg; B¢ is the viscous damping coefficient; K¢ is the spring stiffness, N/m; and xc is
the spool displacement, m.

For the maximum load branch, the pressure before the solenoid pressure compensation
valve can be described as [27]:

pc1 = Bpa + Pmax (19)

where pc is the pressure before the solenoid pressure compensation valve, Pa.
For the other branch, the pressure before the solenoid pressure compensation valve
can be described as [27]:

pc2 = Apa+pL+ pc (20)

where pc; is the pressure before the solenoid pressure compensation valve, Pa; py, is the
load pressure, Pa; and pc is the solenoid pressure compensation valve compensating
pressure, Pa.

When the load pressure p;;qax and pr, change dynamically, F- changes with them. It can
be seen in Equations (18)—(20) that due to the compensating effect of the solenoid pressure
compensation valve, i.e., pc is compensated in the less loaded branch, making pc1 = pco.
It makes the pressure difference before and after the multi-way valves, 1 and 2, equal,
making the flow rate through the multi-way valves, 1 and 2, equal.

Based on the above analysis, the AMESim hydraulic, signal, and HCD library are used
to establish the simulation model, as shown in Figure 6, and the simulation parameters in
Table 1.
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Figure 6. Simulation model of the solenoid pressure compensation valve.

Table 1. The Main simulation parameters of the solenoid pressure compensation valve.

Components Parameters Value
Spool diameter 0.0l m
Zero displacement length 0.003 m
Solenoid pressure
compensation valve Rated current 0.04 A
Damping factor 50 N/(m/s)
Spool quality 0.01 kg

4.3. Mathematical Modeling of the Diverter Valve

The diverter valve is used as the system flow distribution element, ignoring the
secondary influences [28], and its mechanical simplified model is shown in Figure 7, in
which the throttle ports are all used as thin-walled small holes.

Vi Qa A pa Ax Ovdpo V>
_\ ka ’—L‘ ks [

YV S a— vy .
chpfl_, I_Ilepd
}( Vo 02)[(

o.lp

Figure 7. Simplified model of the diverter valve mechanics.

Based on the flow equations for the cylindrical slide valve opening and throttle port,
the flow continuity equations for each volume chamber, and the spool dynamics equations,
the dynamic mathematical model of the diverter valve can be described as [29]:

Qa = crtdc(xm + Ax) | 5(;% — Pa) (21)

2
Qp = cmdc(xm — Ax) E(Pd =) (22)
a2 (2
Qc = 4C7Tdu 0 (Ps Pc) (23)
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Qu = gemdiy 2 (pu— o) 9

QC—Qa—indCZZ—Z‘ZC:0 (25)

Qde+indc2‘Zl’:deptd:o (26)

Q- Q-0 = 2 =0 @)

Mf;f 4 BU‘% [y (X 4+ AX) — koo (o — Ax)] = indcz(pc — ) (28)

where Q, and Q,, are the left and right outlet port flow rate, m3/s; Q. and Qg are the outlet
flow rate of the left and right cavity fixed throttling ports, m>/s; Qs is the inlet port flow
rate, m3/s; ¢ is the throttle port flow coefficient, c = ¢; = cy; d,; and d;, are the equivalent
diameters of the fixed throttling holes of the left and right valve cavities, m; d, is the
diameter of the valve seat bore, m; p, and p; are the left and right output port pressures,
Pa; p. and p; are the outlet pressure of the left and right cavity fixed throttling port, Pa; ps
is the inlet port pressure, Pa; x;, is the pre-opening of the variable throttle port when the
spool is in the middle position, m; Ax is the pre-opening volume of the convenience throttle
port when the spool is in the neutral position, m; Vj is the inlet cavity volume, m3; V; and
V;, are the left and right cavity volumes of the spool, m?; S, is the integrated modulus of
elasticity of the system; B, is the viscous damping of the liquid; M is the mass of the spool,
kg; and ki and k; are the centering spring stiffnesses.

The steady-state characteristic equation of the diverter valve can be obtained by

ing 9P — dpa _ dps _ dx _ dx _
making — = = _W_d—g_g_o.
The system diverter error can be described as:
n= 220 = 1000, (29)
Qs

where 7 is the system diverter error, %.

Based on the above analysis, the AMESim hydraulic, 2D mechanical, and HCD libraries
are used to establish the simulation model, as shown in Figure 8, and the simulation
parameters in Table 2.

Qutlet 1 Qutlet 2

— L

D|_|'-'|'."'?_:‘| J.d- ’ _+_—_p_ " -r_l' )_I:_t‘" IUD

Illi;lll:h 1 '_+ & = = I 4;.

*lx *—(Ch—X
A’

¥—{Ch—x
b

)

4K 4 -
( Fichﬁﬂ *—{Ch/— )

Inlet

Figure 8. Simulation model of the diverter valve.
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Table 2. The main simulation parameters of the diverter valve.

Components Parameters Value
Spring stiffness 1000 N/m
Spring pre-compression force 10N
Spool diameter 0.0l m
Diverter valve Zero displacement length 0.003 m
displacoment lengih 001 m
Spool quality 0.01 kg

5. System Modeling and Simulation

This part establishes the simulation models of the EHLS, EHLS synchronous, and
EHLS diverter synchronous drive systems and analyzes the system characteristics.

5.1. The EHLS Drive System

Based on the analysis in Section 3.1, Section 3.2, and Section 4.1, the simulation model
can be established using the AMESim hydraulic, 1D mechanical, and signal libraries,
as shown in Figure 9. The proportional relief valve simulates the load, which is set to
(5sin(27tt) +20) MPa. The proportional throttle valve simulates the multi-way valve. The
main simulation parameters of the system are set, as shown in Table 3. The simulation time
is set to 10 s, in which 0 to 2 s multi-way valve opening is 20%, 2 s to 4 s multi-way valve
opening is 40%, 4 s to 6 s multi-way valve opening is 60%, 6 s to 8 s multi-way valve opening
is 80%, and 8 s to 10 s multi-way valve opening is 100%. Subsequent studies will analyze
the system characteristics based on this simulation time. The system characteristics are
discussed for simulated load-sensitive pressure margins of 2 MPa and 3 MPa, respectively.

TN IS -
(=0 i

/=y m
rY Simulated load-sensitive Y Simulated Simulated load#"‘ﬁ: | |
';T I'~_ Proportional

4 \

pressure margin i multi-way valve
b= @_] relief valve
E / ) Proportional
T -
. Pressure sensorw throttle valve
| o
|
[N
Safety valve

Quantitative pump

®

Figure 9. The simulation model of the EHLS drive system.
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Table 3. The main simulation parameters of the system.

Components Parameters Value
PMSM Rated speed 1500 rev/min
o Displacement 0.0002 m3/rev
Quantitative pump
Rated speed 1500 rev/min
Safety valve Cracking pressure 28 MPa
Maximum opening diameter 0.01 m
Proportional throttle Minimum signal 0
Maximum signal 1
Maximum opening pressure 25 MPa
Proportional :
relief valve Valve lagging pressure 0
Valve rated current 0.25 A

As shown in Figure 10, the system pressure, flow, and opening curves are simulated
when the load-sensitive pressure margin is 2 MPa. The outlet pressure of the quantitative
pump changes, and the pressure difference before and after the multi-way valve is maintained
at 2 MPa when the simulated load pressure changes. The flow rate through the multi-way
valve increases when the opening of the multi-way valve increases. The system flow rate is
independent of the load pressure and proportional to the opening of the multi-way valve.
Therefore, the system realizes the primary function of the load-sensitive system.

—— Simulated load pressure

— —-Quantitative pump outlet pressure

— - —Differential pressure before and after the multi-way valve
——Multi-way valve flow rate

——Multi-way valve opening
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0 0 20
0 2 4 6 8 -
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Figure 10. System pressure, flow, and opening curves for the load-sensitive margin of 2 MPa.

As shown in Figure 11, the system pressure, flow, and opening curves are simulated
when the load-sensitive pressure margin is 3 MPa. The quantitative pump outlet pressure
changes, and the pressure difference before and after the multi-way valve is maintained at
3 MPa when the simulated load pressure changes. The flow rate through the multi-way
valve increases when the multi-way valve opening increases. As the simulated load-
sensitive pressure margin increases, the flow rate through the multi-way valve increases,
combined with the analysis in Figure 10. Therefore, the system can realize variable load-
sensitive pressure margin control to regulate the differential pressure and flow rate before
and after the multi-way valve.
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——Simulated load pressure

— —-Quantitative pump outlet pressure

— - =Differential pressure before and after the multi-way valve
——Multi-way valve flow rate

——Multi-way valve opening
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Figure 11. System pressure, flow, and opening curves for the load-sensitive margin of 3 MPa.

Based on the above analysis, the system realizes the primary functions of the load-
sensitive system and can realize the variable load-sensitive pressure margin control to

regulate the differential pressure and flow before and after the multi-way valve.

5.2. The EHLS Synchronous Drive System

Based on the analysis in Section 3.2 and combined with the analysis in Section 5.1,
a simulation model can be established, as shown in Figure 12. The system consists of
two synchronous branches: load 1 is set to (5sin(47tt) +15) MPa and load 2 is set to
(5cos(47tt) 4+ 15) MPa. The subsequent study will analyze the system characteristics based
on this load. The system characteristics are discussed for simulated solenoid pressure

compensation valves with 1 MPa and 1.5 MPa pressure margins, respectively.

Simulated load 1~ Simulated load 2
m m

Simulated = H(i) (3)’% 1}
multi-way valve = ; =

Simulated pressure
compensation valve
pressure margin

Simulated
load-sensitive
pressure margin

Simulated
multi-way valve 1

Simulated
multi-way valve 2

Solenoid pressure
compensation valve

émwmwj

Safety valve

Quantitative pump

®

Figure 12. The simulation model of the EHLS synchronous drive system.
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As shown in Figure 13, the system pressure, flow rate, and opening curves are shown
when the solenoid pressure compensation valve margin is 1 MPa. The pressure difference
before and after the multi-way valves, 1 and 2, is maintained at about 1 MPa when the
simulated load pressures, 1 and 2, change alternately. The flow rate of the multi-way
valves, 1 and 2, gradually increases, and the flow rate error becomes larger and larger as
the opening of the multi-way valve increases. Therefore, the system has poor synchronous
control accuracy.

——Simulated load 1 pressure
— —-Simulated load 2 pressure
— Difterential pressure before and after multi-way valve 1
— Differential pressure before and after multi-way valve 2

——Multi-way valve 1 flow rate
Multi-way valve 2 flow rate
——Multi-way valve opening
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Figure 13. System pressure, flow rate, and opening curves for the solenoid pressure compensation
valve of 1 Mpa.

As shown in Figure 14, the system pressure, flow rate, and opening curves are shown
when the solenoid pressure compensation valve margin is 1.5 MPa. The pressure difference
between the front and rear of the multiplex valves, 1 and 2, is maintained at about 0.5 MPa
when the simulated load pressures, 1 and 2, change alternately. The flow rate of the multi-
way valves, 1 and 2, gradually increases, and the flow rate error becomes larger and larger
as the opening of the multi-way valve increases. As the solenoid pressure compensation
valve margin increases, the flow rate through the multi-way valve decreases, combined
with the analysis in Figure 13. The differential pressure error before and after the multi-
way valves, 1 and 2, is getting smaller and smaller, and the system flow error is getting
smaller and smaller. Therefore, the system can realize variable pressure compensation
valve pressure margin control to regulate the differential pressure and flow before and after
the multi-way valve.

Based on the above analysis, the system has poor synchronous control accuracy. It can
realize variable solenoid pressure compensation valve pressure margin control to regulate
the pressure difference and flow rate before and after the multi-way valve.
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——Simulated load 1 pressure
— —-Simulated load 2 pressure

—Differential pressure before and after multi-way valve 1
—— Differential pressure before and after multi-way valve 2

——Multi-way valve 1 flow rate
Multi-way valve 2 flow rate
——Multi-way valve opening
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Figure 14. System pressure, flow, and opening curves for the pressure solenoid compensation valve

margin of 1.5 MPa.

5.3. The EHLS Diverter Synchronous Drive System

Based on the analysis in Section 3 and combined with the analysis in Section 5.2, the
simulation model can be established, as shown in Figures 15 and 16. The diverter valve is
added to the EHLS synchronous drive system to construct an EHLS diverter synchronous
drive system. The system characteristics are analyzed before and after the variable pressure

margin control.

Simulated load-sensitive
pressure margi

Simulated
multi-way valve

.
11
=
Proportional
ﬂ;;“relief valve
|-
[N ]

47 ; iy ’T/ Prégsure
Y Simulated v compensation
multi-way valve 1,2 Pressure sensor —_— valve
12
_____________________________ -
+= | -
L C: H S
[EN ) [EN )
Safety valve

Quantitative pump

Figure 15. The simulation model of the conventional EHLS diverter synchronous drive system.



Processes 2024, 12,170 17 of 21

Simulated load 1~ Simulated load 2
m m

Simulated
multi-way valve

(=,

Simulated
multi-way valve 1

Simulated

Simulated pressure’ K !
multi-way valve 2

compensation valve
pressure margin

Solenoid pressure

i compensation valve
Simulated

load-sensitive
pressure margin

Diverter valve

o et | i Quantitative pump  Safety valve
; ®

Figure 16. The simulation mode of the EHLS diverter synchronous drive system.

As shown in Figure 17, the system pressure, flow, and opening curves before the
variable pressure margin are shown. In the diverter system, as the opening of the multi-
way valves increases, the flow rate through the multi-way valve increases. The throttling
effect of the diverter valve is enhanced, resulting in a decrease in the pressure difference
between before and after the multi-way valves, 1 and 2, compared to the synchronous
system, which leads to a decrease in the flow rate through the multi-way valves, 1 and 2.
As a result, the synchronous control performance of the system decreases. The differential
pressure and flow rate before and after the multi-way valve can be adjusted by variable
pressure margin control to improve the synchronous control performance of the system
combined with the analysis in Sections 5.1 and 5.2.

—Differential pressure before and after synchronous system multi-way valve 1
- = -Differential pressure before and after synchronous system multi-way valve 2
—Differential pressure before and after diverter system multi-way valve 1

— = -Differential pressure before and after diverter system multi-way valve 2
——Synchronous system multi-way valve 1 flow rate

— = -Synchronous system multi-way valve 2 flow rate

——Diverter system multi-way valve 2 flow rate

— = -Diverter system multi-way valve 2 flow rate

——Multi-way valve opening
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Figure 17. The system pressure, flow, and opening curves before the variable pressure margin.
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As shown in Figure 18, the system pressure and opening curves after the variable
pressure margin are shown. In the diverter system, after the variable pressure margin
control, compared with the before compensation period, the pressure difference before and
after the multi-way valve, 1 and 2, increases significantly as the opening of the multi-way
valve increases, and it is consistent with the synchronous system, which maintains the
pressure difference at about 1 MPa.

—Differential pressure before and after synchronous system multi-way valve 1

- — Differential pressure before and after synchronous system multi-way valve 2

—Differential pressure before and after diverter system multi-way valve 1

— = Differential pressure before and after diverter system multi-way valve 2
Differential pressure before and after multi-way valve 1 after compensation of
the diverter system

_ _ Differential pressure before and after multi-way valve 2 after compensation of
the diverter system

——Multi-way valve opening

3.0 100
2.5
_ 30
£ 2.0 =
= =
Y | o
515 [ 60 =
& N b H o
=10 ] 3 Sﬁ i L S| |l\ SN
: NN AN 40
I NS ]
0.5 rr
1] 1
0.0 20
0 2 , 8 .
Time [s]

Figure 18. The system pressure and opening curves after the variable pressure margin.

As shown in Figure 19, the system flow and opening curves after the variable pressure
margin are shown. In the diverter system, after the variable pressure margin control, compared
with the before compensation period, the flow rate of the multi-way valve, 1 and 2, increases
significantly as the opening of the multi-way valve increases and is consistent with the
synchronous system. Therefore, the diverter system effectively improves the synchronous
control performance of the system after compensation by variable pressure margin.

——Synchronous system multi-way valve 1 flow rate

— —Synchronous system multi-way valve 2 flow rate

—Diverter system multi-way valve 1 flow rate

— = Diverter system multi-way valve 2 flow rate

——Flow rate multi-way valve 1 after compensation of the diverter system
— = Flow rate multi-way valve 2 after compensation of the diverter system
—— Multi-way valve opening
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Figure 19. The system flow and opening curves after the variable pressure margin.
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As shown in Figure 20, the system diverter error and opening curves are shown. The
diverter error of the conventional, the diverter, and the diverter compensation systems
gradually increases as the opening of the multi-way valve increases. In particular, the
maximum diverter error of the conventional system is 61%, the diverter system is 20.2%,
and the diverter system after compensation is 8.4% when the diverter valve is fully open-
ing. Therefore, the diverter system diverter error is reduced by 40.8%, and the diverter
system after compensation diverter error is reduced by 52.6%. The diverter system after
compensation effectively improves the synchronous accuracy of the system by variable
pressure margin compensation control.

—— Conventional synchronous system diverter error

—Diverter system diverter error

——Diverter system after compensation of diverter error

20 ——Multi-way valve opening
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Figure 20. System diverter error and opening curves.

Based on the above analysis, the diverter system effectively improves the synchronous
control performance of the system by variable pressure margin compensation control. The
diverter system diverter error is reduced by 40.8%, and the diverter error of the diverter
system after compensation is reduced by 52.6% when the multi-way valve is fully opening.
The diverter system after compensation effectively improves the synchronous accuracy of
the system by the variable pressure margin compensation control. In summary, the system
performance can be compared, as shown in Table 4.

Table 4. The comparison of the system performance.

Components

System Performance

The EHLS drive system

The variable load-sensitive pressure margin control
is realized

The EHLS synchronous drive system

The variable pressure compensation valve pressure
margin control is realized

The EHLS diverter

Conventional system

The system diverter synchronous accuracy is low,
and the maximum diverter error is 61%

Diverter system

synchronous drive system

The synchronous control performance decreases, the
maximum diverter error is 20.2%, and the diverter
error is reduced by 40.8%

Diverter system after compensation

The synchronous control performance is guaranteed,
the maximum diverter error is 8.4%, and the diverter
error is reduced by 52.6%
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6. Discussion

The system working principle, control strategy, and component mathematical model
are analyzed. Based on this partial analysis, the EHLS, EHLS synchronous, and EHLS
diverter synchronous drive system simulation models were established, respectively, and
the system characteristics were analyzed. The simulation results show that the EHLS
diverter synchronous drive system effectively improves the diverter synchronous accuracy
of the system. It guarantees the system’s synchronous control performance compared with
the conventional EHLS synchronous drive system through the variable pressure margin
compensation control.

This EHLS diverter synchronous drive system and diverter valve combine an EHLS
synchronous drive system. They effectively improve the diverter synchronous accuracy
of the system through the diverter valve diverter effect and variable pressure margin
control. The system is suitable for the actuator action, the system of each branch of the
time-varying load, and the actuator synchronous accuracy requirements of high occasions.
The variable pressure margin control system can ensure that the system still has a high
diverter synchronous accuracy when the multi-way valve has different opening degrees.

7. Conclusions
Based on the above, the following conclusions can be obtained:

1.  The EHLS drive system realizes the primary function of the load-sensitive system.
It can realize the variable load-sensitive pressure margin control to regulate the
differential pressure and flow rate before and after the multi-way valve;

2. The EHLS synchronous drive system has poor synchronous control accuracy. It can
realize variable pressure compensation valve pressure margin control to regulate the
differential pressure and flow before and after the multi-way valve;

3. The EHLS diverter synchronous drive system effectively improves the synchronous
control performance of the system through variable pressure margin compensation
control. The diverter system diverter error is reduced by 40.8%, and the diverter
compensation system diverter error is reduced by 52.6% when the multi-way valve is
fully opened. After the variable pressure margin compensation control, the diverter
system effectively improves the diverter synchronous accuracy;

4. The system provides a high-performance hydraulic synchronous drive solution under
severe working conditions.
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