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Abstract

To tackle the challenges of severe pressure loss, mismatched flow supply and demand,
and high flow demands at pump outlets commonly seen in multi-way valves of hilly and
mountainous tractors, a load-independent flow distribution system was developed. This
system combines an electro-hydraulic load-sensing pump with an independent flow
distribution mechanism at the load port, resulting in a dual-variable load sensing system
that integrates variable displacement and variable speed control. Using AMESim software,
the core components and system model of the dual-variable load sensing system were
built. Considering the operational characteristics of the multi-way valve, a load-sensitive
variable pump with pressure differential and displacement detection was employed as the
feedback control unit. The system incorporates a valve post-compensation mechanism
and a three-position, six-way electro-hydraulic proportional directional valve. Additionally, a
self-adjusting motor control method for pressure differential adaptation was introduced to
regulate system pressure under high-load conditions. Simulation analyses of the system
performance revealed that the design effectively boosts energy efficiency, achieving aver-
age energy savings of 20% and reaching up to 50% under optimal conditions, while keep-
ing pressure fluctuations at the valve port within a 5% margin. By employing dual-variable
load sensing technology, this system substantially improves the energy efficiency and
operational effectiveness of multi-way valves while maintaining stable pressure throughout
the operation. The design offers a reliable technical framework for the development and
optimization of multi-way valves in hilly and mountainous tractors.

Introduction

Hilly and mountainous regions play a critical role in agricultural production. The complex
terrain and diverse operational demands in these areas impose higher requirements on
agricultural machinery [1-3]. To address the unique challenges posed by such terrain, it is
essential to develop specialized tractors for hilly and mountainous regions, aiming to enhance
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the level of agricultural mechanization [4-7]. Among these, the multi-way valve system, as

a core component of the tractor’s hydraulic system, is primarily responsible for controlling
key hydraulic parameters such as flow, pressure, and direction to achieve various operational
functions [8-11]. Given that the operational requirements in hilly and mountainous areas are
significantly more demanding compared to plains, there is an urgent need to develop a multi-
way valve system with real-time independent flow distribution capabilities to meet the specific
demands of these challenging environments [12, 13].

Currently, significant progress has been made by domestic and international scholars in
the research of multi-way valve systems. These studies have not only driven technological
advancements in multi-way valve systems but also provided critical support for the devel-
opment of agricultural machinery in hilly and mountainous regions. As agricultural mod-
ernization continues to advance in these areas, enhancing the performance and adaptability
of multi-way valve systems in complex terrains is crucial to meeting diverse agricultural
operation demands.Lei Ge et al. [14] proposed a pump/valve combined control strategy that
integrates pump speed and displacement control with an independent metering system to
improve the energy efficiency and dynamic response of hydraulic excavators. The results
demonstrated that, compared to fixed-speed strategies, this method significantly reduced idle
and partial-load energy consumption and improved energy efficiency by 3%-10%. Qiankun
Lietal. [15] introduced a flow-matching method with pump-valve synchronous control. By
adjusting the speed of asynchronous motors and controlling the flow area of the main valve
port in the multi-way valve, they matched the load-required flow with the pump output flow
in the LUDV hydraulic system of electric excavators, effectively reducing overflow losses and
improving energy-saving performance. Tianliang Lin et al. [16] developed a load-sensing
system based on displacement adaptation and variable-speed control to address flow matching
issues under varying load conditions in electric excavators. Their results showed that the sys-
tem effectively enhanced control performance and reduced energy consumption by 19%-70%.
Bury P et al. [17] analyzed the start-up process of hydrostatic transmission system under
proportional valve control, focusing on dynamic residual pressure, energy consumption and
speed characteristics. The influence of PI control system on pressure, speed and start-up time
is studied by establishing a mathematical model with concentrated parameters and combining
MATLAB-Simulink simulation and experimental verification. The improved proportional
valve polynomial model improves the simulation accuracy, and experiments show that adjust-
ing the shape of the control signal (e.g., ramp time) can reduce the dynamic pressure peak
(e.g., from 9.29 MPa to 3.53 MPa) and optimize the energy efficiency. The closed-loop control
further reduces the steady-state error and overshoot, and verifies the effectiveness of the
model in optimizing the dynamic performance and reliability of the system.Ali Volkan Akkaya
[18] proposed a hybrid fuzzy-PID control strategy to solve precise positioning challenges in
hydraulic systems, demonstrating that this strategy outperformed other controllers, offering
shorter rise and settling times while minimizing the integral absolute error and integral time
absolute error.Gao et al. [19] introduced a novel dual-actuator hydraulic system to address
the high energy consumption and low energy efficiency of traditional hydraulic systems.
Their findings showed that the system reduced energy consumption by 17.34% and increased
productivity by 18.85%.Karpenko, M et al[20] studied the effects of the connection of pipe to
corner fitting (45° and 90°) on fluid flow characteristics, energy loss and operating delay in an
aircraft hydraulic drive system. A CFD numerical model based on Navier-Stokes equations
and k-epsilon turbulence model was established to analyze the pressure drop, eddy current
formation and energy loss of the fluid in the pipeline, and compared with the traditional
equivalent length method (EL and EL-SS). The study found that the pressure loss of the actual
corner fitting was 15-26% higher than that of the conventional method, and the operating

PLOS One | hitps:/doi.org/10.1371/journal.pone.0321940 May 8, 2025

2/24




PLOS ONE

Dual-variable control load-sensing system for multi-way valves

delay was significantly increased (about 13% at 45° and 33% at 90°). The simulation method
of grid independence verification reveals the shortcomings of the traditional equivalent length
method in the design of complex corner pipe fitting, and provides theoretical support for the
optimization of hydraulic system design.Amirante et al. [21] investigated the driving force of
the spool valve in an open-center hydraulic directional control valve using experimental and
numerical methods. They found that during the initial opening phase, flow forces facilitated
spool opening, but at later stages, these forces impeded it as they reached their maximum
value.Ivan Okhotnikov et al. [22] presented a new design for a rotary hydraulic flow control
valve. Through computational fluid dynamics (CFD) analysis, they addressed flow control
and pressure loss issues in high-flow hydraulic systems, concluding that the design effectively
reduced flow-induced forces and improved control precision and reliability. Paloniitty et al.
[23] proposed a new digital hydraulic valve system that uses multiple equally sized switching
valves with cyclic switching control algorithms. This design improved the resolution and
linearity of digital hydraulic valves, achieving compact, robust, and high-performance valve
control.Yongkui Fan et al. [24] designed a hydraulic multi-point power output system tailored
for complex operations in hilly and mountainous tractors. This system resolved the challenge
of traditional systems being unable to meet simultaneous multi-channel hydraulic output
demands. Their results demonstrated that the system could achieve functions such as load
feedback, pressure compensation, and flow distribution, effectively meeting the operational
requirements of hilly and mountainous tractors.

This study addresses the shortcomings of existing tractor multi-way valve systems, such as
flow saturation caused by load fluctuations, poor low-speed maneuverability, and low energy
efficiency. A dual-variable load-sensing control system based on pressure differential and dis-
placement adaptive variable-speed control is proposed. The system adjusts the flow rate of the
variable pump based on load demands, effectively avoiding unnecessary idling and throttling
losses. Through PID control, the variable-speed motor expands the flow matching range of
the power transmission system, ensuring that the displacement-adaptive variable-speed power
source operates in a high-efficiency range. An AMESim simulation model was built to verify
the effectiveness of the proposed system. The results demonstrate that this multi-way valve
system provides a high-precision, low-energy-consumption solution for hilly and mountain-
ous tractors, establishing a solid foundation for their application in complex terrains.

A novel dual-variable load-sensing system based on load sensing
and variable speed control

The new dual-variable control load sensing system based on load sensing and variable speed
control is shown in Fig 1. Variable speed control of the variable motor is used to drive the
load-sensitive variable pump and provide power for the dual-variable control load sensing
system. When the system’s traffic requirements change, the controller combines the value of
the variable pump outlet pressure and the load sensitive valve pressure after differential calcu-
lation with the flow prediction value, and outputs the motor speed signal after multi-variable
decoupling control through PID, so that the system can realize stepless speed regulation
within the maximum displacement range. The load sensitive valve is adjusted by the pres-
sure of the shuttle valve feedback oil line LS, and determines the pressure difference of the
differential pressure displacement detection device in parallel with the load sensitive valve.
The differential pressure displacement detection device transfers the pressure difference of
the valve core to the variable pump, and the motor speed is affected by the feedback oil line
pressure of the load sensitive valve. In theory, when the independent flow distribution system
works, the output pressure of the variable pump displacement and the variable motor speed
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Fig 1. Simplified diagram of a multi-way valve principle.

https://doi.org/10.1371/journal.pone.0321940.g001

will reach the required flow and pressure of the hydraulic cylinder with the minimum power
and the fastest speed[25].

The structural principle of the load-independent flow distribution (LUDV) multi-way
valve is shown in Fig 2. The key difference between the LUDV system and the load-sensing
(LS) system lies in the sequence of throttling and pressure compensation. In the LUDV sys-
tem, pressure compensation occurs after throttling, while the LS system performs the oppo-
site. In the LUDV system, the pressure compensation valve is placed after the variable throttle
port of the directional control valve. Since tractor directional control valves are typically
double-acting with two oil circuits, A and B, to avoid adding a pressure compensation valve
to both circuits and thereby reducing structural complexity, the directional control valve’s
reversing section is located after the pressure compensation valve [26].In a hydraulic system,
when multiple actuators perform composite operations simultaneously, flow is often prefer-
entially supplied to the actuator with the lighter load. This can cause interference among the
composite operations, leading to a “flow competition” phenomenon. The LUDV multi-way
valve uses the highest load-sensing pressure as feedback pressure for pressure compensation
after the main valve throttle port. This ensures that the pressure difference before and after
each branch throttle valve is equal, and the flow to each actuator is proportional only to the
flow area of the respective main valve port, regardless of the load pressure [27].
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Fig 2. LUDV Multi-way Valve Structure Principle 1. Valve body 2.Secondary safety valve 3.End cover 4.Directional
control valve core5.Stroke limit 6.Reset spring 7.Check valve 8.Pressure compensator.

https://doi.org/10.1371/journal.pone.0321940.g002

As an example of the directional control valve moving to the right, when the outlet is at
port A, the hydraulic oil from the hydraulic pump outlet enters the P chamber of the direc-
tional control valve. It flows through the throttling groove on the main valve spool of the
directional control valve and enters the P’ chamber. The pressurized oil in the P’ chamber
passes through the pressure compensator (8). At this point, the oil splits into two paths: one
flows into the Ls port, acts on the shuttle valve, and then on the load-sensing valve; the other
enters the check valve on the A-port side. After the check valve is opened, the oil enters the oil
channel on the A-port side. Since the valve spool has moved to the right, the A-port side valve
opens, and the oil flows through the directional control valve into port A [28, 29].

Performance analysis of the dual-variable load system

The system adopts a dual-variable control method using a variable pump and a variable
motor. For simplification during calculations, the mathematical model neglects the effects of
safety valves, check valves, and pipelines. Assuming that hydraulic oil is an ideal Newtonian
fluid, the compressibility of hydraulic oil and the change of oil viscosity with temperature
are ignored, and the fluid density remains constant, and the turbulence effect is ignored. It
is assumed that the system has no internal and external leakage and maintains a completely
sealed state, and the pipeline system is regarded as a rigid connection, ignoring its cavity effect
and pressure wave transmission. It is considered that each control loop is completely decou-
pled without cross-coupling interference. Set the mechanical transmission efficiency to 100%,
ignore the mechanical friction loss of the pump-motor assembly, and ignore the impact of the
dead zone on the overall hydraulic system. Based on the above simplified model, the system’s
performance is analyzed.

As shown in Fig 1, the transmission model of the motor and pump can be expressed as:

PV dw
—k gy (1)
o2 dt

Where, T, —Motor torque, Nm;
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P —Pump outlet pressure, MPa;

V —Pump outlet displacement, cc;

] —Equivalent rotational inertia of the powertrain, kg-m? ;

w,—Pump angular velocity, rad/s.

The motor’s output torque is determined by the load pressure, with the formula as follows.

%=%m® )

Where, p, —load pressure, MPa.
The dynamic model of flow pressure out of the mouth can be written as:

WPV Vp dpp+
oo B dt

Cp, (3)

Where, Q —pump flow, L/min;

f—bulk modulus of oil, MPa;

C,—Leakage factor, Pa/min.

The load-sensing pump throttle valve and compensating relief valve can form a flow con-
trol valve. The flow equation for the load-sensing valve can be written as follows:

Q,=K.x, +K,(p,~p,) (4)

Where, K —flow gain, (L/min)/m;
Kp—ﬂow pressure coefficient, (L/min)/MPa.
The transfer function of load sensitive valve spool displacement can be expressed as:

X
XV(S):Tsi—l ®)

Where, T,—response time constant, s.
The flow pressure equation of the spool oil can be expressed as:

v.d
Av, —Q, :_Cﬂ+c

6
5 a TOP (©)
Where, A—piston area of the cylinder, m%
V —piston movement speed of the cylinder, m/s.
The mechanical transmission model of the hydraulic cylinder can be given as:
dv
A—F =m, —=< 7
PL L L dt ( )

Where, FL—load force, N;

mL—load mass, kg.

Based on the above equation, the flow transfer function of the load-sensitive valve can be
represented as:

Q, (s)=K,G,(s)x,(s) +K,G, (s)p. (s) (8)
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Where,

vV,
2 4r’]s® +4n]C s+ V?
G = ©)
E"W]s2 +(47°1C, + K, 4] )s + V7

\%
2 47°Js* +47JC;s
G, = 2 (10)
? V 27.2 2 2 2
?"4% Js* +(47IC, + K, 477 )s + V

K G (s) and KPGP(S) represent the dynamic relationships between the pump flow rate and
displacement, and the opening area of the load-sensing valve in the system, respectively.Then,
the natural frequency and damping ratio of the system can be expressed as:

(11)

_ KPGP (S>+C1 fm, (12)
2A V.

Where, w—Natural frequency of the new system, rad/s;

§—Damping ratio of the new system, N/(m/s).

By further establishing the mathematical model of the traditional valve-controlled system,
its natural frequency and damping ratio can be obtained as:

(13)

B KP +C1 ﬂmL
§t - 2A VC (14)

Where, w —Natural frequency of the traditional system, rad/s;

§—Damping ratio of the traditional system, N/(m/s).

Through the comparison of equations (11) to (14), it can be observed that the natu-
ral frequencies of the two systems are nearly identical. However, the damping ratio of the
new system is mainly determined by Gp(s). In the low-frequency range, Gp(s) tends to

1. Consequently, the damping ratio of the new system approaches that of the traditional
valve-controlled system[30].

The system is equipped with a pressure sensor that calculates the difference between
the pump outlet pressure and the maximum load pressure, thereby obtaining the system’s
load-sensing feedback pressure difference. The actual load-sensing pressure difference of the
system is then compared to the set value of the variable-speed motor. The resulting pressure
deviation is fed into a PID controller to generate an unrestricted variable-speed control signal.
After speed-limiting processing, the final actual speed control value of the variable-speed
motor is obtained.
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The set variable-speed signal is determined by the controller, which proportionally allo-
cates the flow to the hydraulic cylinders of different loads based on the system load condi-
tions. The load-sensing pump adjusts the system’s required pressure based on the shuttle
valve pressure difference. The variable motor adjusts its speed according to the system’s load
demand. Theoretically, the variable-speed motor and the load-sensing pump can achieve step-
less adjustment based on the system’s required flow and pressure. The maximum pressure can
be adjusted via the relief valve. The flow to the actuator is only proportional to the flow area of
the associated main valve and is independent of the load pressure[31].

Main component analysis, calculation, and modeling
Principle and calculation of the pressure compensator

To facilitate the analysis of the pressure compensation effect of the LUDV multi-way valve, a
simplified LUDV system is shown in Fig 3, Where p, and p,, are the load pressures, with p |
being greater than p, ; p_ and p_, are the outlet oil pressures of variable throttle valves 1 and
2; ,is the working pressure of the pump; and 2p is the pressure difference across the variable
throttle valves.One end of the pressure compensator valve spool is subjected to the outlet pres-
sure of the variable throttle valve, while the other end is affected by the spring force and the
highest load pressure. Based on the structure and force conditions of the pressure compensa-
tor, the following calculations and analysis are carried out [32].
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Fig 3. Simplified diagram of a multi-way valve principle.
https://doi.org/10.1371/journal.pone.0321940.g003
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When the pressure compensator valve spool displacement is small under low-pressure con-
ditions, gravity, friction, and hydraulic forces can be ignored. When the pressure compensator
spool is in equilibrium, the force analysis is as follows:

pPA—pA—k(y,+y)=0 (15)

Where: p’ is the pressure in the p’ channel, which is the pressure after the valve;

A is the effective area of the compensating spool;

k is the spring stiffness of the pressure compensating valve;

Y, is the pre-compression of the compensating valve spring;

y is the displacement of the compensating spool.

Since y > 0 and y, is much larger than y, according to formula (15), the pressure difference
of the main spool orifice is:

p_PLsA+k(Y0+Y)%p_pLsAﬂkao (16)

A:
P A A

Since the inlet oil pressure p of each channel of the LUDV multi-way valve is equal and the
load sensing pressure p . is equal, according to equation (2), the pressure difference across
each throttle valve is equal. According to the flow formula, the flow rate is directly propor-
tional to the flow area of the main valve core throttle orifice and is independent of the load
pressure of each channel. The flow rate of the multi-way valve can be described by the Ber-
noulli flow equation for flow through the throttle orifice:

Q =C;-A, -Ap:( (17)

Where: Q, is the flow rate through the i-th section;

C , is the flow coefficient, determined by the valve design;

A | is the effective area of the valve port, which depends on the spool position;

kis a coefficient.

Thus, in a load-sensing system, the operating speed of the actuator is not affected by the
load size but is determined by the valve port opening of the directional valve. As the valve port
opening increases, the actuator speed increases accordingly. Applying this system to agricul-
tural machinery can effectively improve its performance.For the load-sensing functionality
achieved by the multi-way valve, the system can provide feedback on demand and adjust the
hydraulic pump. The pump adjusts the provided flow and pressure according to the load
demand, thereby reducing energy consumption [33].

Establishment and simulation of the compensator model

The pressure compensator mainly consists of three parts: the valve body, valve spool, and
spring.The spring force is set as a fixed value, and the pressure difference across the main
control valve (upstream and downstream of the valve) remains constant. The flow rate to
the flow control valve is only related to the spool opening of the control valve. The essence
of upstream pressure compensation is essentially a speed regulation circuit based on a
constant-pressure-reduction valve [34].

The motion differential equation of the pressure compensating valve is:

d’x
dt

(psl_pL)AS_KcXZ_FIZMl s (18)
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In the equation, psl represents the outlet pressure of the pressure compensating valve, in Pa;
P, is the pressure fed back to the pressure compensating valve by the load, in Pa;
K_is the spring stiffness coefficient of the pressure compensating valve, in N/mm;
x, is the spool displacement function of the pressure compensating valve, in mm;
M, is the mass of the pressure compensating valve, in kg;
A, is the area of the spool of the pressure compensating valve, in mm?
F, is the spring preload of the pressure compensating valve, in N.
Applying the Laplace transform to the above equation yields:

(P, =P )A, —K X, =Ms’X, (19)
The flow continuity equation for a pressure compensating valve is:

Q = Kqu2 —K,P, (20)

1p~ Sl

In the formula, K L s the flow gain coefficient of the pressure compensating valve;

1
K, is the flow-pressure gain coefficient of the pressure compensating valve;

Q IL is the outlet flow of the pressure compensating valve, L/min;

P is the outlet pressure of the pressure compensating valve, Pa.

The simulation model of the pressure compensator is shown in Fig 4. The inlet of the pres-
sure compensator is connected to a constant pressure source, with the constant pressure set
to 10 MPa. A relief valve is used to simulate the variation in load pressure, with the relief valve
pressure set to increase from 0 MPa to 10 MPa within 10 seconds. The precompression force
of the pressure compensator spring is set to 100 N. The simulation results show the pressure
changes upstream and downstream of the throttle valve. The main parameters of the pressure
compensator are shown in Table 1.

As shown in Fig 5, with the variation in load pressure, the pressure upstream of the throttle
valve increases accordingly, while the pressure difference across the throttle valve remains
approximately constant at around 2.2 MPa. At this point, the flow rate through the throttle
valve remains stable.

L [ O
il

Fig 4. Pressure Compensator Model.

https://doi.org/10.1371/journal.pone.0321940.g004
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Table 1. Main Parameters of the Pressure Compensator.

Number sequence Parameter name Parameter value
1 Spool mass/(kg) 0.01

2 poppet half angle/(degree) 15

3 spool diameter/(mm) 19.5

4 rod diameter/(mm) 5

5 underlap corresponding to zero displacement/(mm) 2

6 hole diameter/(mm) 5

7 spring force at zero displacement/(N) 100

https://doi.org/10.1371/journal.pone.0321940.t001
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Fig 5. Pressure Variation Before and After the Throttle Valve.
https://doi.org/10.1371/journal.pone.0321940.g005

Establishment and Simulation of the Load-Sensing Pump Model

The load-sensing system enables the hydraulic pump to sense load variations and provide

a corresponding flow rate in a timely manner. This system offers advantages such as high
operational efficiency and low power loss. During the operation of actuators in a load-sensing
system, the operating speed of the actuators depends only on the valve port opening of the
directional valve and does not vary with load changes. Therefore, by controlling the throttle
opening, the load-sensing system achieves excellent energy-saving performance. The hydrau-
lic pump can continuously maintain the flow required by the load, enabling the control of
multiple actuators without mutual interference during operation. Additionally, the control
system exhibits fast response speed and high precision [35].

In the load-sensing system, the load pressure is directly introduced into the load-sensing
valve. The load pressure maintains a certain value relative to the system input pressure. Based
on load variations, the output pressure of the variable pump is adjusted in real-time. The flow
output from the directional valve depends only on the main valve flow area. The principle of
the load-sensing pump is illustrated in Fig 6.
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Fig 6. Schematic diagram of load-sensitive pump.

https://doi.org/10.1371/journal.pone.0321940.g006

In the initial state of the system, hydraulic oil flows through the throttle port into the left
chamber of the load-sensing valve. Under the action of hydraulic pressure, the valve spool
moves to the right, overcoming the spring force in the right spring chamber. The load-sensing
pump receives the LS pressure from the oil circuit of the directional valve, which passes
through the variable throttle port and enters the right chamber of the load-sensing valve. This
continues until the pressures on the left and right sides of the valve spool reach equilibrium.
At this point, the main oil circuit of the load-sensing valve is connected, and the load-sensing
pump, equipped with a pressure difference displacement detection device, operates as illus-
trated in Fig 7.

The pressure differential-displacement detection device mainly consists of a force compar-
ison piston, a compression spring, and a displacement sensor.The left spring chamber is a rod
chamber, the right spring chamber is a rodless chamber, and the piston diameter is 20mm,
with key parameters listed in Table 2. The pressure in the spring chamber on the left side
of the detection device is derived from the variable pump outlet pressure after passing through
the throttle orifice, while the pressure in the spring chamber on the right side is sourced
from the main oil circuit pressure of the load-sensing valve. The hydraulic force in the right
spring chamber is influenced by the LS pressure; as the LS pressure increases, the opening of
the load-sensing valve decreases, leading to a reduction in pressure in the right spring cham-
ber. Conversely, a decrease in LS pressure results in an increase in the pressure within the
right spring chamber. The AMESim model of the load-sensing pump is illustrated in Fig 8.

The simulation conditions are set as follows: the speed of the driving motor is set to 1500
r/min, the displacement of the load-sensitive pump is 100 ml/r, the pressure of the relief valve
is set to 25 MPa, and the maximum diameter of the variable throttle orifice is 5mm. During
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Fig 7. Differential Pressure Displacement Detection Device.

https://doi.org/10.1371/journal.pone.0321940.g007

Table 2. Parameters of Differential Pressure Displacement Detection Device.

Number sequence Parameter name Parameter value
1 Left chamber rod diameter/(mm) 15
2 Left chamber zero displacement spring compression/(mm) 10
3 spring force at zero displacement/N 20
4 spring rate/(N/mm) 20
5 Spool mass/(kg) 0.1
6 coefficient of viscous friction/(N-s/m) 80
7 Left chamber rod diameter/(mm) 15

https://doi.org/10.1371/journal.pone.0321940.t002

the signal input from 0 to 5 seconds, the variable throttle valve gradually opens. Through the
simulation, the pressure and flow curves of the load-sensitive pump can be obtained, as shown
in Figs 9 and 10.

As shown in Figs 9 and 10, when a variable signal is applied to the throttle orifice, the
load-sensitive pump dynamically balances the hydraulic force through the valve spool,
directing it to the right chamber of the differential displacement device. This action allows the
differential displacement detection device to output a signal that controls the output pressure
of the variable pump. With the change in the throttle opening, the pressure before and after
the throttle valve increases accordingly. At the fifth second, the load doubles, but the throttle
opening does not increase further. From this, it can be inferred that the pressure differential
across the throttle valve remains approximately at 2 MPa, while the flow rate through the
throttle valve remains constant.

Establishment and analysis of the dual-variable load independent
flow distribution multiway valve system model

Establishment and analysis of the load independent flow distribution
multiway valve system
A simulation model of the load-independent flow distribution multiway valve system is

established, as shown in Fig 11. The hydraulic cylinder load is simulated by applying an addi-
tional pressure signal to represent the soil resistance load encountered during actual tillage

PLOS One | https://doi.org/10.1371/journal.pone.0321940 May 8, 2025 13/24
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Fig 9. Pressure before and after the variable throttle valve.

https://doi.org/10.1371/journal.pone.0321940.9009
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operations, with M denoting the total mass of the suspended rod and agricultural implements.
The motor speed is set to 1500 r/min, and the simulation time is 20 seconds. The input fric-
tion force for the left hydraulic cylinder is set to 5000 N, while the right side is set to 2500 N,
with a control signal applied for 5 seconds. The input signal for the direction control valve is
10 mA, and for the main directional valve, it is 100 mA;For ease of calculation, assume that
the mass of all spool is 0.01 kg.the inner diameter of the main directional valve is 15mm, and
the rod diameter is 5mm. The relationship between the variable pump outlet and the pressure
changes across the two loads is illustrated in Fig 12. Different load masses of 10kg, 50kg, and
100kg are set, resulting in the hydraulic cylinder piston pressure curves under varying exter-
nal loads, as shown in Fig 13, and the hydraulic cylinder flow rate curves, as depicted in Fig 14.

[L/min]
60 —

50 —

— flow rate at port 2 [L/min]
= flow rate at port 3 [L/min]

0
X Time [s]
Fig 10. Flow Curve Before and After the Variable Throttle Valve.
https://doi.org/10.1371/journal.pone.0321940.9010

Fig 11. Hydraulic System Simulation Model.
https://doi.org/10.1371/journal.pone.0321940.g011
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Fig 13. Pressure in hydraulic cylinder under load.

https://doi.org/10.1371/journal.pone.0321940.9g013

As shown in Fig 12, at the initial moment, when the directional valve opens, the pump outlet
pressure rises sharply until approximately 0.59 seconds, when it begins to stabilize. At around
3.08 seconds, the pressure starts to rise again until it stabilizes once more around the 5-second
mark. Under the influence of the load-sensitive pump and the pressure compensator, the pres-
sure begins to decrease uniformly at 8 seconds, eventually stabilizing at approximately 3.4 MPa.

Fig 13 illustrates the load pressure conditions under different resistances. When combined
with the pressure situation depicted in Fig 12, it can be observed that the variable pump outlet
pressure exceeds the pressures across both loads. Due to the action of the pressure com-
pensator, the variable pump adjusts its input pressures differently for the two distinct loads.
When a variable load pressure is applied to one of the hydraulic cylinders, it is evident that the
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Fig 14. Hydraulic Cylinder Flow.
https:/doi.org/10.1371/journal.pone.0321940.g014

hydraulic cylinder does not exhibit changes in load pressure due to differing forces. The load
pressure curves demonstrate good engagement, resulting in relatively stable pressure profiles.

Fig 14 indicates that the system effectively allocates flow rates to the hydraulic cylinder
under different pressure loads. Coupled with the pressure curve from Fig 12, it is evident that
the system dynamically adjusts the output pressure and real-time flow distribution.

To better accommodate the practical application of tractors in hilly and mountainous areas,
the simulation incorporates the scenarios of spool shifting and system idling. Other system
parameters remain unchanged, and the simulation duration is set to 20 seconds. Within the
time interval of 1-10 seconds, the control signal for the main directional valve is set to 100
mA. Between 10-15 seconds, the control signal is adjusted to -100 mA, and from 15-20 sec-
onds, the control signal is set to 0 mA. The purpose of applying positive and negative control
currents is to simulate the lifting and lowering states of the suspension system. The control
signal of 0 mA represents the completion of the operation, where the system remains in a sus-
pended state. For the hydraulic cylinder, port 1 is designated as the inlet for lifting, while port
2 serves as the inlet for lowering. The pressure variations at ports 1 and 2, as well as the outlet
pressure of the variable pump, are shown in Figs 15 and 16.

Fig 15 shows the pressure curve at port 1 of the two hydraulic cylinders. From the curve, it
can be observed that when the input signal is 100 mA, the pressure remains constant during
the first 10 seconds. After 10 seconds, the pressure does not drop directly to zero but is reduced
in stages to mitigate excessive impact. Around 11 seconds, the pressure at port 1 for both loads
drops to zero. Fig 16 illustrates the return pressure variation at port 2 of the two hydraulic
cylinders. When the spool shifts at 10 seconds, there is a slight fluctuation in pressure. Around
12.5 seconds, the pressure at port 2 of both hydraulic cylinders increases. Between 15-20
seconds, the main spool remains in the neutral position, during which the pressure at port 1 of
both cylinders drops to 0 MPa, while the pressure at port 2 stabilizes at approximately 33 MPa.

Establishment and analysis of dual-variable controlled load sensing system

Dual-variable controlled load sensing system is established as shown in Fig 17. This system
builds upon the load-independent flow distribution multi-way valve system by incorporating
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https://doi.org/10.1371/journal.pone.0321940.9016

variable motor control, forming Dual-variable controlled load system in conjunction with the
load-sensitive pump.The pressure sensor calculates the required displacement of the system,
determining the system’s pressure deviation. This deviation is then sent to the PID controller
to generate a variable speed signal. By processing this signal, the actual rotational speed of the
variable motor can be obtained.

The pressures at ports 1 and 2 of the dual-variable system load are shown in Figs 18 and
19, respectively. From the figs, it can be observed that the pressure trends at ports 1 and 2 in
the dual-variable system are nearly identical to those in the single-variable system. Taking the
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Fig 17. Dual-variable controlled load sensing system.

https://doi.org/10.1371/journal.pone.0321940.g017
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Fig 18. Pressure at Oil Port 1 of the Two-Variable System Load.

https://doi.org/10.1371/journal.pone.0321940.9018

pump outlet pressure as an example, the comparison between the dual-variable system pump
outlet pressure and the single-variable system pump outlet pressure is shown in Fig 20. The
dual-variable system shows a slightly delayed startup compared to the single-variable system,
but the response delay is less than 0.1 seconds. At 10 seconds, when the directional change
occurs, the dual-variable system responds slightly faster than the single-variable system, with
no significant impact on the overall pressure change trend for either system. Prior to the spool
shifting, the pressure in the single-load system decreases slightly due to the flow distribu-
tion within the system. In terms of load stability, the dual-variable system outperforms the
single-variable system.Overall, although the dual-variable system exhibits a slightly slower
response time, it demonstrates superior load stability compared to the single-variable system.
The comparison of the actual real-time speed of the variable-speed motor versus the regular
motor during the simulation is shown in Fig 21.
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From the motor speed comparison shown in Fig 21, combined with Figs 20 and 21, it
can be concluded that under the condition of changing motor speed, the outlet pressure
of the variable pump shows no significant variation. However, the energy efficiency of the
variable-speed motor demonstrates considerable advantages, achieving an average energy
savings of up to 80% compared to the standard fixed-speed motor, with a maximum savings
of up to 50%. The outlet pressure of the variable pump under different load conditions is
illustrated in Fig 22.

As shown in Fig 22, the graph illustrates the variation in pump outlet pressure under
four different mass conditions. During the initial phase (0 to approximately 5 seconds),
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the pressure of all curves rises rapidly, although the rate of increase and the final stabilized
pressure values differ. Over time, the pressure gradually stabilizes, with all curves eventu-

ally reaching the same pressure level regardless of the mass differences. Under varying load
pressures, the variable pump output pressure in the dual-variable load sensing system remains
consistent. Therefore, the output pressure of the dual-variable system does not change with
load variations, with fluctuations maintained within the designed 5% error margin of the

target pressure.
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Conclusion

Focusing on the LUDV hydraulic system of hilly and mountainous tractors, this study pro-
poses a dual-variable control load-sensing system and draws the following conclusions:

1. A physical simulation model of the dual-variable control load-sensing system, incorporat-
ing a variable pump and a variable-speed motor, was developed using AMESim software.
The accuracy of the model was validated, demonstrating the independent flow distribution
characteristics of the multi-way valve. The system can proportionally distribute flow to
each actuator according to the operational signals under varying load conditions without
mutual interference among the actuators. This effectively enhances the system’s control
precision and response speed.

2. Compared to a single-variable pump load-sensing system, the designed dual-variable con-
trol load-sensing system exhibits superior energy-saving performance, achieving an aver-
age energy-saving effect of 20% and a maximum savings of up to 50%. This improvement
is attributed to the system’s ability to adjust the variable pump’s output flow and motor
speed in real time based on pressure difference and displacement signals, enabling adaptive
matching to the pressure requirements of the load system.

3. The dual-variable system demonstrates significant advantages in maintaining operational
pressure stability and flow control accuracy. It effectively limits pressure fluctuations to
within a 5% error margin of the design pressure, ensuring reasonable flow distribution for
hydraulic cylinders under different load conditions. Additionally, the system dynamically
adjusts output pressure in real time, meeting the operational requirements of hilly and
mountainous tractors when working in complex terrains.
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