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Abstract

Electro-hydraulic proportional multi-way valves are widely used in construction machin-
ery and equipment, and their performance directly affects the operation performance of
construction machinery and equipment. In this paper, an electro-hydraulic proportional
multi-way valve was taken as the research object, and the precise control of the position of
the spool of electro-hydraulic proportional multi-way valves under multi-source distur-
bances was studied. A mathematical model of the electro-hydraulic proportional multi-way
valve was established to analyze the influence of hardware controller parameters on the
control current. A proportional multi-way valve expansion state observer was established
to observe the changes in internal and external multi-source disturbances, and a sliding
mode controller was used to compensate for the influence of these disturbances on the posi-
tion control accuracy of the valve spool of proportional multi-way valves. Compared with
the PID control method, the results show that, when using the control method proposed in
this paper, the reduction in the step response time and improvement in pressure control ac-
curacy for the pilot proportional reducing pressure valve were maximally 44.4% and 0.61%,
respectively; the reduction in the step response time and improvement in control accuracy
for the spool of the pilot proportional multi-way valve were maximally 69.48% and 61.74%,
respectively. The research results in this paper can help to improve the performance and
multi-condition adaptability of electro-hydraulic proportional multi-way valves.

Keywords: pilot-type electro-hydraulic proportional multi-way valve; spool position;
expansion state observer; sliding mode control

1. Introduction
An electro-hydraulic proportional multi-way valve is a core control component in

hydraulic systems. As the demand for reliability, control accuracy, response speed, and
intelligence and integration in hydraulic systems for equipment such as construction ma-
chinery and agricultural machinery continues to rise, the electro-hydraulic proportional
multi-way valve becomes increasingly critical [1]. However, the electro-hydraulic propor-
tional multi-way valve exhibits strong nonlinearity, and the application environment is
subject to multi-source disturbances, making it difficult to ensure its dynamic and static
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characteristics, which, in turn, directly affects system performance [2,3]. Therefore, there is
an urgent need to conduct research on the high-performance dynamic and static control of
electro-hydraulic proportional multi-way valves under multi-source disturbance excitation.

To improve the performance of hydraulic valves, scholars at home and abroad have
conducted extensive research on the performance of hydraulic systems. Hao Wang et al.
established a mathematical model for the main valve displacement and output flow of
high-pressure, high-flow-rate, high-frequency water hydraulic proportional flow valves,
analyzing the influence of various parameters on the dynamic characteristics of the flow
valves [4]. Xinqiang Liu et al. analyzed the erosion characteristics of servo valve spool
orifices and developed an anti-erosion bionic structural optimization design [5]. Chengzhen
Wang et al. established a corresponding mathematical model based on the working prin-
ciple of a pilot-assisted balancing valve based on the hydraulic–mechanical feedback
principle, analyzing the flow control characteristics, overcompensation characteristics, and
the influence of backpressure on the main flow [6]. Fuyan Lyu et al. addressed the issue of
significant axial transient vibration on both sides of the valve and minor radial transient
vibration caused by the opening of the check valve, analyzing the vibration characteris-
tics of high-pressure, long-distance, thick slurry pipelines using hydraulic active check
valves [7]. Chenghu Guo analyzed the dynamic characteristics involved in the opening,
unloading, overflowing, and closing of two-stage safety valves under impact [8]. Qian-
peng Chen et al. addressed the clamping problem of the valve spool caused by thermal
deformation, conducted viscous heating experiments on a V-shaped groove valve spool,
and analyzed the thermal deformation and clamping force characteristics of a hydraulic
valve spool [9]. Haibo Xie et al. established static equilibrium equations of a pilot-assisted
load control valve and derived the mutual influence relationship between backpressure
and other parameters, thereby analyzing the backpressure compensation characteristics of
the pilot-assisted load control valve [10]. The aforementioned research on hydraulic valve
performance primarily focuses on the influence of hydraulic fluid on the overall valve
performance, without considering the influence of controllers.

Domestic and international scholars have conducted a series of studies on the high-
performance control of hydraulic valves to improve their performance. Chen Lei et al.
proposed state feedback control with integral compensation for the displacement control of
servo proportional valve cores, compensating for the nonlinearity and uncertain parameters
of hydraulic valves and eliminating the steady-state error of displacement tracking [11]. Ma
et al. proposed a sliding mode variable structure control algorithm for nonlinear problems
caused by internal valve leakage and uncertainties in the working environment, meeting
the basic control requirements of the system and being insensitive to system parameters [12].
Qiang Gao proposed an improved PWM controller for the position control of the main
valve core in high-speed solenoid valves, with the proposed PWM control reducing the
maximum impact acceleration by at least 44.7% and maintaining a total opening time delay
of less than 0.3 ms [13]. Tobia et al. derived a controller design model encapsulating key
nonlinearities for the position control of directional control valves and employed a cascade
control algorithm, effectively compensating for the valve’s nonlinearity and improving
position control accuracy [14]. Xing Yang et al. proposed a pressure adaptive multi-level
voltage and sliding mode control algorithm for water hydraulic high-speed on–off valves,
enabling the on–off valves to switch rapidly and maintain dynamic characteristics under
varying environmental pressures [15]. The research on hydraulic valve control methods
mentioned above provides certain directional guidance for the high-performance control of
the core position of the proportional multi-way valve in this paper.

The proportional multi-way valve spool position control link is mainly composed of
three parts, namely, a proportional controller, a proportional reducing pressure valve, and
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a multi-way valve, which belongs to a typical electro-hydraulic servo nonlinear system, and
a lot of research has been carried out on the electro-hydraulic servo position control system
by scholars at home and abroad. Deptuła et al. proposed a method for designing hydraulic
valves by using multivalued logic trees and weighted factors to determine the structure and
the method of the operating parameters of two-stage proportional safety valves, addressing
the technical issues of the studied proportional valve series [16]. Stosiak et al. proposed
a different fluid model and hybrid friction model for the impact of mechanical oscillation
on hydraulic direction control valves, significantly improving the consistency between
simulation and experimental results [17]. Feng et al. proposed an improved PSO algorithm
in view of the shortcomings of the basic particle swarm optimization algorithm on the
electro-hydraulic position servo system of robot excavators in terms of convergence speed
and the avoidance of local optimal solutions [18]. Wang et al. proposed a counterstep
controller based on a tracking differentiator (TD), which reduces the complexity of the
implementation process of the backstep controller, analyzes the performance difference
and stability between the alternative signal and the original signal, and ensures tracking
accuracy [19]. Sun et al. proposed a sliding mode control method based on the adaptive
approximation law to effectively reduce the jitter and improve the robustness of the sys-
tem [20]. For precise position adjustment in hydraulic servo systems, Kaixian Ba et al.
proposed a self-disturbance control method based on matrix sensitivity, which effectively
reduced nonlinear interference and significantly reduced peak error [21]. Xiangfei Tao
et al. proposed a sliding mode backstep control strategy based on the particle swarm opti-
mization algorithm and a neural network disturbance observer to control the system input
through the general approximation characteristics of the observer through neural network
interference [22]. Zhang et al. proposed a composite control method based on sliding mode
and self-impulse control to solve the problem that the boom tunneling electro-hydraulic
servo system is difficult to control under the conditions of parameter changes and uncer-
tain disturbances, and it improved the tracking accuracy and robustness of the position
servo system compared with traditional self-interference control, PID, and sliding mode
control [23]. Zhang et al. developed a direct neural adaptive self-disturbance controller to
solve the problems of uncertainty and large external disturbance of the electro-hydraulic
servo system of high-order nonlinear systems of engineering mining machinery, and simu-
lation results showed that the direct neural adaptive self-disturbance controller has good
tracking accuracy and robustness [24]. Zhuang et al. proposed a control method that
combines sliding mode control and extended state observer control for the position control
of electro-hydraulic servo systems with nonlinear mechanical dynamics, which effectively
compensates for the influence of internal and external disturbances on control perfor-
mance [25]. Yu et al. proposed the closed-loop working principle of an electro-hydraulic
load-sensing hydraulic power unit for addressing the mismatch in the pressure and flow
rate of hydraulic drive components, derived mathematical models for key components
with strong nonlinearity and time-varying parameters, and introduced a matching control
strategy based on flow rate feedforward and pressure differential compensation feedback.
Simulation and experimental results verified the feasibility of the system and its matching
control strategy [26]. Mou et al. designed an active load-sensing variable displacement
drive system that does not rely on mechanical structures for load-sensing adjustment to
address issues such as a reduced dynamic response speed and limited load-sensing range.
They proposed a dual-loop anti-disturbance control method based on energy efficiency
mapping, which improved the system’s position control accuracy [27]. The above research
on the position control method of electro-hydraulic servo systems provides a certain direc-
tionality for the high-performance position control of the spool position of proportional
multi-way valves with a pilot stage.
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To realize the high-performance control of the proportional multi-way valve spool
position, this paper takes the proportional multi-way valve spool position control system
as the research object. By utilizing the linear extended state observer (LESO) to estimate
disturbances, combined with sliding mode control (SMC) for its model insensitivity and
strong robustness characteristics, this paper analyzes the influence of controller hardware
parameters on the output current, and it proposes a sliding mode control algorithm based
on a linear extended state observer (abbreviated as LESO-SMC throughout the following
text) to address the impact of nonlinear forces, such as hydrodynamic and friction forces,
as well as internal and external multi-source disturbances, on the proportional multi-way
valve spool position control performance. A comparative analysis is conducted with the
PID control method to verify the effectiveness of the proposed control strategy in enhancing
the dynamic and static performance of the proportional multi-way valve spool position
control in both the pilot stage and the entire valve.

2. Mathematical Modeling and Influencing Factor Analysis of
Proportional Multi-Way Valves
2.1. Working Principle

Figure 1 shows a cross-sectional view of a multi-way valve that supports both manual
and electro-hydraulic control. Among them, the electro-hydraulic control adopts two plug-
in proportional reducing pressure valves to control the pressure or flow of the multi-way
valve’s pilot inlet and pilot outlet, thereby driving the multi-way valve spool to actuate.
The yellow, red, orange, blue, and green parts shown in the figure respectively represent
the pilot oil, high-pressure oil, oil entering the main valve, oil returning to the oil tank, and
A/B port oil. Figure 2 shows a diagram of the hydraulic principle of a multi-way valve,
dashed lines indicate oil routes with lower flow.

二次溢流阀

比例减压阀

多路阀主阀芯 操纵杆

压力
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spool
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reducing pressure 

valve

Joystick

Figure 1. Profile of a multi-way valve.

The proportional reducing pressure valve, as the direct control object of the propor-
tional spool position control system of the proportional multi-way valve, is controlled
by a proportional controller. The proportional controller receives instruction signals ap-
plied from the outside and outputs control signals to control the outlet pressure of the
proportional reducing pressure valve, ultimately driving the multi-way valve spool to
actuate. The performance of the proportional controller directly affects the performance of
the proportional multi-way valve spool position control system. To ensure precise control
of the multi-way valve spool position, a closed-loop system is required for high-precision
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control. The structure of the proportional multi-way valve spool position control system is
shown in Figure 3.

R

P

Z
T

LS

1

234

Figure 2. Diagram of main hydraulic principle of multi-way valve: 1—proportional reducing pressure
valve; 2—main valve; 3—secondary overflow valve; 4—pressure compensator.
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reducing 
pressure valve 2

Figure 3. Structure diagram of proportional multi-way valve spool position control system.

First, the controller receives external control command signals, which are processed
by the microprocessor chip and output as two control signals to the proportional reducing
pressure valve. The detection circuit forms a current internal closed loop, ensuring that
the outlet pressure of the proportional reducing pressure valve remains stable. The output
pressure of the proportional reducing pressure valve controls the actuator movement
of the multi-way valve. The LVDT displacement sensor signal, after being conditioned
by the detection circuit, forms a position external closed loop, achieving precise control
of the multi-way valve actuator position. Due to the limited driving capability of the
microprocessor chip, a driving circuit needs to be added to drive the proportional reducing
pressure valve.

2.2. Mathematical Model of Proportional Multi-Way Valve

1. Analysis of the controller output current model and influencing factors

The working process of the PWM-driven reverse connection unloading drive circuit
is shown in Figure 4, where the solid line loop represents the charging process, and the
dashed line loop represents the unloading process, with the following simplifications:
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Figure 4. Reverse connection unloading drive circuit.

(1) In practical applications, the proportional electromagnet is generally operated in
the linear region, ignoring the nonlinear factors of the proportional electromagnet, and the
proportional electromagnet is equivalent to a series connection of resistance and inductance.

(2) During the charging and unloading processes of the proportional electromagnet,
there are also sampling resistor, diode, and MOS on-resistances, as well as internal resistance
of the power supply. It is assumed that the total resistance during charging and unloading
is equal, both being R∑.

When the charging process of the proportional electromagnet is t ∈ [0, DT], the
function of the current of the proportional electromagnet to time is

i(t) =
E

(R + RΣ)
− C1

(R + RΣ)
e−

(R+RΣ)
L t (1)

Then, the average current of the [0, T] period is

iav =
1
T
∫ DT

0 i(t)dt +
1
T
∫ T

DT i(t)dt

=
1
T
· E
(R + RΣ)

· DT +
1
T

[
i(0) −

E
(R + RΣ)

]∫ DT
0 e

−
t
τ dt

− 1
T
· E
(R + RΣ)

· (1 − D)T +
1
T

[
i(DT) +

E
(R + RΣ)

]∫ T
DT e

−
t − DT

τ dt

=
1
T
· E
(R + RΣ)

· (2DT − T) +
1
T

[
i(0) −

E
(R + RΣ)

]
·

−τe
−

DT
τ + τ


+

1
T

[
i(DT) +

E
(R + RΣ)

]
·

−τe
−
(1 − D)T

τ + τ



(2)

In the formula, E is the power supply voltage (V); L is the equivalent inductance of
the proportional solenoid (mH); R is the equivalent resistance of the proportional solenoid
(Ω); and i(t) is the current of the proportional solenoid as a function of time (A). i(0) is the
current of the proportional solenoid at zero initial time (A); τ is the circuit time constant;
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and C1 is a constant. It is assumed that the total resistance during charging and unloading
is equal, both being R∑. D is the PWM duty cycle, 0 ≤ D ≤ 1; T is the PWM period (s).

The average current in the period [KT, (K + 1)T] is

iav =
1
T
∫ D(k+1)T

kT i(t)dt +
1
T
∫ (k+1)T

D(k+1)T i(t)dt

=
1
T
· E
(R + RΣ)

· [2D(k + 1)T − (2k + 1)T]

+
1
T

[
i(kT) −

E
(R + RΣ)

]
·

−τe
−

D(k + 1)T
τ + τe

−
kT
τ


+

1
T

[
i(D(k+1)T) +

E
(R + RΣ)

]
·

−τe
−
(1 − D)(k + 1)T

τ + τ


(3)

To analyze the impact of the controller hardware parameters on the performance of
a pilot-operated proportional valve, the proportional valve’s pilot-stage solenoid drive
power supply is given as a 24V DC power signal. The current magnitude under different
resistances, different inductances, and different PWM frequencies is analyzed, as well as
the variation in the current ripple amplitude under different PWM frequencies and PWM
duty cycles. The simulation results are shown in Figure 5.
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As shown in Figure 5, the average current size of the proportional electromagnet
is mainly affected by resistance, with the maximum current steady-state value being
E/(R + RΣ); the current size of the proportional electromagnet is less affected by the PWM
frequency and inductance parameters, and it can be ignored. In (a), it can be seen that,
when the PWM duty cycle is less than 0.5, the current of the proportional electromagnet is
very small and can be ignored; when the PWM duty cycle is greater than 0.5, the current
of the proportional electromagnet shows a very good linear relationship with the duty
cycle, so the adjustment range of the reverse connection unloading drive circuit is between
0.5 ≤ D ≤ 1. It can also be seen in Figure 5c,e that the current ripple is mainly affected by
the PWM frequency and inductance. The higher the PWM frequency, the smaller the current
ripple and the smoother the current waveform. The larger the inductance, the smaller the
current ripple. Additionally, the maximum amplitude of the current ripple occurs near
a duty cycle of 0.5–0.6. The current ripple is one of the important performance indicators
of PWM-driven reverse polarity discharge drive circuits. An excessive current ripple can
cause the proportional electromagnet to operate frequently, not only increasing the loss
and temperature change of the proportional electromagnet itself but also exacerbating the
valve core vibration and mechanical wear of the proportional reducing pressure valve,
reducing the service life of the proportional reducing pressure valve, and increasing the
control difficulty of the proportional reducing pressure valve.

2. State-space model of pilot-type electro-hydraulic proportional valve

Since the single-plate spool of the proportional multi-port valve has symmetrical left
and right structures, the transfer function of spool displacement y to spool displacement x
of the proportional reducing pressure valve in the pilot stage is

Y
X

=

Kq
A1

s
(

s2

ω2
h
+ 2ξh

ωh
s + 1

) (4)

In the formula, Kq is the flow gain coefficient; A1 is the main spool force area of the

multi-way valve (m3); ωh is the natural frequency, ωh =

√
2EA2

1
V0m ; ξh is the damping ratio,

ξh =
V0Bp+m(Ciep+KpA1)

EA1

√
E

mV0
; V0 is the total volume of the main spool of the multi-way

valve (m3); Bp is the viscous damping coefficient (N·s/m); m is the total mass of the main
spool of the multi-way valve (kg); E is the oil volume elastic modulus (Pa); Ciep is the inner
and outer leakage coefficient (m3/s·Pa); and KPA1 is the flow/pressure gain coefficient of
the proportional reducing pressure valve.

The inherent frequency of the proportional controller and the proportional reducing
pressure valve is much higher than that of the proportional valve spool position control sys-
tem. Simplifying the proportional controller and the proportional reducing pressure valve
as a proportional element, that is, ensuring that the displacement of the proportional reduc-
ing pressure valve spool is linearly related to the input current of the proportional controller,
yields the transfer function of the proportional valve spool position control system:

Y
U

=
Kv

s
(

s2

ω2
h
+ 2ξh

ωh
s + 1

) (5)

In the formula, Kv =
KqKx

A1
.
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x1, x2, and x3 are the displacement, velocity, and acceleration of the spool of the
proportional multi-way valve, respectively. Then, the state equation of the proportional
multi-way valve is { .

x = Ax + Bu
y = Cx

(6)

In the formula, A =

0 1 0
0 0 1
0 −ω2

h −2ξωh

, B =

 0
0

kvω2
h

, C =
[
1 0 0

]
, x =

x1

x2

x3

.

3. Control Algorithms
The proportional multi-way valve spool position control system contains nonlinear

factors such as hydrodynamic forces, friction forces, electrical signal interference, external
load characteristics, time-varying hydraulic parameters, and proportional controllers, as
well as internal disturbances and external disturbances such as superimposed random
interference from external signals.

To address the impact of nonlinear hydrodynamic forces and multi-source internal
and external disturbances on the position control performance of the spool in a pilot
proportional multi-way valve, LESO is employed to estimate the total disturbance of the
system. LESO-SMC is established, with its structure shown in Figure 6, thereby improving
the control accuracy and anti-interference performance of the spool position control system
in the pilot proportional multi-way valve.

位置
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微分跟踪器 滑模控制律

z1

z3
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-
-

x1

x2

e1
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-x3
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z4
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control 
system

Differential 
tracker

−
−

−

Figure 6. LESO-SMC structure diagram.

A new total disturbance state x4 is added to the system of Equation (6), and
x4 = f = −ω2

hx2 − 2ξωhx3 +
(
kvω2

h − b0
)
u. Therefore, the state equation of the pilot

electro-hydraulic proportional multi-way valve after expansion is{ .
x = Ax + Bu + E

.
f

y = Cx
(7)

In the formula, A =


0 1 0 0
0 0 1 0
0 0 0 1
0 0 0 0

, B =


0
0
b0

0

, E =


0
0
0
1

, C =
[
1 0 0 0

]
, where

b0 is the known input part.
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3.1. Differential Tracker

For second-order discrete systems,{
x1(k + 1) = x1(k) + hx2(k)
x2(k + 1) = x2(k)− r0u(k), |u(k)| ≤ r0

(8)

Derive a differential tracker based on the fastest synthesis function f han(x1, x2, r0, h0):
x1(k + 1) = x1(k) + hx2(k)
x2(k + 1) = x2(k) + h · f h
f h = f han(x1(k)− v(k), x2(k), r0, h0)

(9)

In the formula, x1, x2 represent the system state; r0, h0 are the control parameters of
the fastest synthesis function; and h is the system sampling period. h0 is the filter factor.
Generally, h0 can be taken as an integer multiple of h. Adjusting the speed factor r0 regulates
the speed of tracking the input signal.

Four state variables are obtained by cascading four differential trackers, and the
differential signal x5 of the fourth differential tracker is discarded. The differential trackers
established are 

x1(k + 1) = x1(k) + hx2(k)
x2(k + 1) = x2(k) + h · f h
f h = f han(x1(k)− v(k), x2(k), r0, h0)

x21(k + 1) = x21(k) + hx3(k)
x3(k + 1) = x3(k) + h · f h
f h = f han(x21(k)− x2(k), x3(k), r0, h0)

x31(k + 1) = x31(k) + hx4(k)
x4(k + 1) = x4(k) + h · f h
f h = f han(x31(k)− x3(k), x4(k), r0, h0)

x41(k + 1) = x41(k) + hx5(k)
x5(k + 1) = x5(k) + h · f h
f h = f han(x41(k)− x4(k), x5(k), r0, h0)

(10)

The specific form of f han(x1, x2, r0, h0) is

d = r0h2
0

a0 = h0x2

y = x1 + a0

a1 =
√

d(d + 8|y|)
a2 = a0 + sign(y)(a1 − d)/2
sy = [sign(y + d)− sign(y − d)]/2
a = (a0 + y − a2)sy + a2

sa = [sign(a + d)− sign(a − d)]/2
f han = −r0[a/d − sign(a)]sa − r0sign(a)

(11)

In the formula, r0 is the adjustment speed factor, h0 is the filter factor, and h is the
system sampling period.

3.2. Expansion State Observer

1. Establishment of an extended state observer

The extended state space equation of the proportional multi-port valve spool position
control system is shown in Equation (7), where g is the derivative of f (x1, x2, x3, t, w(t))
and is bounded, ultimately establishing a linear extended observer:
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{ .
x̂ = [A − LC]x̂ + Bu + Ly
ŷ = Cx̂

(12)

In the formula, [A − LC] =


−l1 1 0 0
−l2 0 1 0
−l3 0 0 1
−l4 0 0 0

, B =


0
0
b0

0

, L =


−l1
−l2
−l3
−l4

, C =
[
1 0 0 0

]
.

In the formula, li(i = 1, 2, 3, 4) is the state observer gain. Using the bandwidth param-
eterization method, with the observer bandwidth ωc determined, all poles are configured
at −ωc, li = Ci

4ωi
c.

2. Stability Analysis of the Expansion State Observer

The error of the extended state observer is the difference between the system state x
and the estimated state x̂. Therefore, the extended state observer error is e = x − x̂, the
differential of the extended state observer error is

.
e =

.
x −

.
x̂, and, accordingly, the error

equation of the extended state observer is obtained
.
e1 = e2 − l1e1
.
e2 = e3 − l2e1
.
e3 = e4 − l3e1
.
e4 = g − l4e1

(13)

Assumption: For the error equation of expression (13), g is bounded, meaning that
there exists a number, not less than 0, making |g| ≤ M, M > 0. From this, the error state
space equation of the extended state observer can be derived:

.
e = Aee + Beg (14)

In the formula, Ae =


−l1 1 0 0
−l2 0 1 0
−l3 0 0 1
−l4 0 0 0

,B =


0
0
0
1

.

The characteristic polynomial of the error state space equation Ae of the expanded
state observer is

λ(Ae) = λ4 + l1λ3 + l2λ2 + l3λ + l4 (15)

By choosing li(i = 1, 2, 3, 4) to make Ae be Hurwitz, for any given symmetric positive
definite matrix Q, there exists a symmetric positive definite matrix P that satisfies the
following Lyapunov equation:

AT
e P + PA + Q = 0 (16)

The Lyapunov function that defines the error state space equation of the extended
state observer is

V = eT Pe (17)

Then,
.

V =
.
eT Pe + eP

.
e

= (Aee + Bg)T Pe + eP(Aee + Bg)
= eT(AT

e P + PAe
)
+ 2eT PBg

≤ −eTQe + 2∥PB∥ · ∥e∥ · |g|

(18)

And
.

V ≤ −λmin(Q) + 2M∥PB∥ · ∥e∥ (19)
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In the formula, λmin(Q) is the smallest eigenvalue of Q.
From

.
V ≤ 0, the condition for the convergence of the extended state observer is

∥e∥ ≤ 2M∥PB∥
λmin(Q)

(20)

If the convergence condition of Equation (20) is satisfied, then the expansion state
observer designed in this paper is stable, and the estimation error is bound.

3.3. Sliding Mode Control Law

1. Design of sliding mode control law

An LESO simulation model is built using a fourth-order LESO, with the input being
two signals, namely, the control law output quantity and the system output, and the
output being the control system estimated state of three proportional multi-way valve
spool positions and one total disturbance estimated state. SMC takes the difference between
the differential tracker’s output and LESO’s estimated state output, along with LESO’s
total disturbance estimated output, as inputs, performs calculations, and outputs the
control quantity.

To compensate for the impact of the disturbance state variable x4 on the position
control of the spool in the lead-type electro-hydraulic proportional valve, a sliding mode
control law is designed. The displacement reference signal of the proportional multi-way
valve spool is defined as r, and the actual errors of the system are defined as e1 = x1 − r,
e2 =

.
x1 −

.
r, and e3 =

..
x1 −

..
r. Then, the error equation of the system is

.
e1 = e2
.
e2 = e3
.
e3 = x4 + b0u − ...

r
(21)

The sliding face is selected as

s = c1e1 + c2e2 + e3 (22)

In the formula, c1 > 0, c2 > 0, and c1, c2 are constants, taking (3 ∼ 5)·ωc. ωc as the
system bandwidth.

The observation error of the system is ê1 = x̂1 − r, ê2 =
.
x̂1 −

.
r, ê3 =

..
x̂1 −

..
r, and the

observation sliding surface is selected as

ŝ = c1 ê1 + c2 ê2 + ê3 (23)

Taking the derivative of Equation (22) yields

.
s = c1

.
e1 + c2

.
e2 +

.
e3

= c1e2 + c2e3 + x4 + b0u − ...
r

(24)

The Lyapunov function is set as

V =
1
2

s2 (25)

Taking the derivative of Equation (25) yields

.
V = s

.
s

= s(c1e2 + c2e3 + x4 + b0u − ...
r )

(26)
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Based on the exponential convergence law, the control law u is designed as

u =
1
b0
[−c1 ê2 − c2 ê3 − x̂4 +

...
r − εsign(ŝ)− kŝ] (27)

In the formula, ε > 0, k > 0.

2. Stability Analysis of Sliding Mode Control System

By substituting Equation (27) into Equation (26), we obtain

.
V = s[−εsign(ŝ)− kŝ + c1(e2 − ê2) + c2(e3 − ê3) + (x4 − x̂4)]

= −(ŝ + s − ŝ)εsign(ŝ)− (ŝ + s − ŝ)kŝ
+(ŝ + s − ŝ)[c1(e2 − ê2) + c2(e3 − ê3) + (x4 − x̂4)]

≤ −ŝεsign(ŝ) + ε|s − ŝ| − k(ŝ)2 − |s − ŝ|k|ŝ|
+|ŝ|[c1|e2 − ê2|+ c2|e3 − ê3|+ |x4 − x̂4|]
+|s − ŝ|[c1|e2 − ê2|+ c2|e3 − ê3|+ |x4 − x̂4|]
= −ε|ŝ| − k(ŝ)2 + ε|s − ŝ| − |s − ŝ|k|ŝ|
+|ŝ|[c1|e2 − ê2|+ c2|e3 − ê3|+ |x4 − x̂4|]
+|s − ŝ|[c1|e2 − ê2|+ c2|e3 − ê3|+ |x4 − x̂4|]

(28)

In Section 3.2, it can be seen that the expansion state observer converges; then,
ε|s − ŝ| − |s − ŝ|k|ŝ|+ |ŝ|[c1|e2 − ê2|+ c2|e3 − ê3|+ |x4 − x̂4|]
+|s − ŝ|[c1|e2 − ê2|+ c2|e3 − ê3|+ |x4 − x̂4|]

is bounded and sufficiently

small, so
.

V < 0, and the sliding mode control law is stable.

4. Analysis of Simulation Results for Proportional Multi-Way Valve
Spool Position Control System

To verify the effectiveness of the control strategy proposed in this paper, a simulation
analysis is performed on the lead-type proportional multi-way valve under commands
such as step and sinusoidal.

4.1. Analysis of Step Simulation Results

Under the conditions of an initial position of 0.1 m and a system pressure of 3 MPa, the
control effect of the proportional multi-way valve spool position control system is verified
using the sliding mode control algorithm and the PID control algorithm under a given
step signal. The simulation is mainly divided into four operating conditions, which are
specifically shown in Table 1. The corresponding simulation results are shown in Figure 7.

Table 1. Simulation parameters of step signals.

- Condition 1 Condition 2 Condition 3 Condition 4

Step signal
amplitude (m) 0.14 0.16 0.18 0.20

The simulation results in Figure 7 for the four different step signals of 0.14 m, 0.16 m,
0.18 m, and 0.2 m indicate that, under the same conditions, the control effect of the LESO-
SMC algorithm on the proportional multi-port valve spool position control is significantly
better than that of the PID control algorithm. The rise time and adjustment time of the
LESO-SMC algorithm are both smaller than those of the PID control algorithm, allowing it
to reach the desired position faster. The specific data on the rise time and adjustment time
of the LESO-SMC algorithm and the PID control algorithm are shown in Table 2. In Table 2,
it can be seen that, under the four different step signals of 0.14 m, 0.16 m, 0.18 m, and 0.2 m,
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the rise time of LESO-SMC is 74.9%, 75.8%, 76.1%, and 76.2% faster than that of PID, and the
adjustment time of LESO-SMC is 73.5%, 73.6%, 73.3%, and 73.2% faster than that of PID.
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Figure 7. Simulation results of step signals.

Table 2. Simulation performance parameters of step signals.

- Condition 1 Condition 2 Condition 3 Condition 4

Rise time of PID (s) 0.1133 0.1185 0.1223 0.1249
Rise time of LESO-SMC (s) 0.0284 0.0287 0.0292 0.0297
Adjustment time of PID (s) 0.1584 0.1595 0.1593 0.1597

Adjustment time of LESO-SMC (s) 0.0419 0.0421 0.0425 0.0428

4.2. Analysis of Sinusoidal Simulation Results

The initial position of the spool in the pilot-operated proportional multi-way valve is
set to 0.1 m, the supply pressure is set to 3 MPa, and the sinusoidal command is shown
specifically in Table 3. The corresponding simulation results are shown in Figures 8 and 9,
respectively.

Table 3. Parameters of sinusoidal signal.

- Condition 1 Condition 2 Condition 3 Condition 4
Sine signal amplitude (m) 0.04 0.04 0.04 0.04
Sine signal frequency (Hz) 0.1 0.5 1 2
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Figure 8. Simulation results of sinusoidal signals.
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As shown in Figure 8, the LESO-SMC algorithm has better tracking performance than
the PID control algorithm. The LESO-SMC algorithm can always follow the desired target as
the sine signal frequency increases, while the PID control algorithm shows increasing lag with
frequency. The error curves of the LESO-SMC algorithm and the PID control algorithm when
tracking the sine signal are shown in Figure 9. The simulation results in Figure 8 indicate
that, under sine signals of 0.1 Hz, 0.5 Hz, 1 Hz, and 2 Hz, the tracking error of the LESO-SMC
algorithm is significantly smaller than that of the PID control algorithm. The specific tracking
error data are shown in Table 4. In Table 4, it can be seen that the tracking performance
of LESO-SMC is better than that of PID under three different frequencies of sinusoidal
signals (0.5 Hz, 1 Hz, and 2 Hz). The error rates of LESO-SMC are 0.05%, 0.18%, and 0.74%,
respectively, while the error rates of PID are 17.23%, 33.19%, and 58.59%, respectively.

Table 4. Simulation results of sinusoidal following error.

- 0.1 Hz 0.5 Hz 1 Hz 2 Hz
Maximum error of PID (mm) 1.395 6.891 13.275 23.435

Maximum error of ESO-SMC(mm) 0.001 0.019 0.071 0.296

5. Experimental Verification
To further verify the effectiveness of the control strategy proposed in this paper, a pilot

electric-hydraulic proportional multi-way valve position test simulation platform was
built, and, based on this platform, the control effects of the spool positions of the pilot
proportional reducing pressure valve and the proportional multi-way valve under different
commands were analyzed.

5.1. Experimental Platform

As shown in Figure 10, the displacement of the hydraulic cylinder is controlled by
two proportional reducing pressure valves to simulate the displacement of the main valve
core of the proportional multi-way valve, and the proportional controller sends a PWM
control signal to convert the driving voltage into the output pressure of the proportional
reducing pressure valve to control the driving current, in which the proportional reducing
pressure valve can be controlled separately. The signals from the pressure sensor and
displacement sensor are stored and displayed through a data acquisition card. The model
and accuracy of the sensors and controller chip are shown in Table 5. The current is collected
from the controller chip. No. 46 anti-wear hydraulic oil is used, and the oil temperature is
maintained within 50 ± 5 ◦C during system operation.
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Figure 10. Position test simulation platform for pilot-type electro-hydraulic proportional multi-way valve.
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Table 5. Sensor model.

Component Manufacturer Model Acquisition Accuracy Range
Pressure sensor WIKA A-10 0.25% 25 MPa

Displacement sensor MTS RH-M-0050-D60-V01 0.01% 500 mm
Controller chip ST STM32F407 12-bit 0–3.3 V
Capture card ADVANTECH 4711A 0.1% ±10 V

5.2. Signal Flow Diagram

The software program of the controller is the key to its normal operation, enabling the
main control chip to run the module functions in the predetermined manner, serving as the
brain of the proportional multi-way valve spool position control system. The proportional
controller program is written using the Keil uVision5 integrated development environment.
The overall software framework of the proportional controller is shown in Figure 11.
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Figure 11. Proportional controller software framework.

5.3. Proportional Reducing Pressure Valve Control Test

To verify the control effect of the proportional controller on the pilot-stage proportional
reducing pressure valve, step signals and sinusoidal signals were selected to test the current
pressure control effect of the proportional reducing pressure valve.

First, a step response test was performed to verify the current pressure control effect
of the proportional reducing pressure valve under the given conditions of 3 MPa pressure
and a voltage step signal amplitude of 0–5 V. The specific step signal amplitudes and their
corresponding current signal amplitudes are shown in Table 6.
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Table 6. Step signal condition.

- Condition 1 Condition 2 Condition 3 Condition 4
Voltage signal (V) 1 2 3 5
Current signal (A) 0.64 0.78 0.92 1.20

The current pressure step response test results obtained under four operating condi-
tions and presented in Table 6 are shown in Figure 12, and the step response performance
parameters are listed in Table 7.
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Figure 12. Step response test results.

Table 7. Step response performance parameters.

- Condition 1 Condition 2 Condition 3 Condition 4
Rise time of PID (s) 0.009 0.011 0.015 0.033

Rise time of LESO-SMC(s) 0.005 0.009 0.011 0.023
Adjustment time of PID (s) 0.032 0.041 0.044 0.083

Adjustment time of LESO-SMC (s) 0.019 0.034 0.034 0.042

As can be seen in Figure 12 and Table 7, compared with PID control, the propor-
tional reducing pressure valve responds faster under LESO-SMC control, and, from the
perspective of rising time, LESO-SMC is 44.4%, 18.18%, 26.6%, and 30.3% faster than PID
under the four working conditions, respectively, and from the perspective of adjustment
time, LESO-SMC is 40.62%, 17.07%, 22.73%, and 49.40% faster than PID under the four
working conditions.

Under the conditions of a fuel supply pressure of 3 MPa, sinusoidal command voltage
amplitude of 4 V, and command current of 1.06 A, the sinusoidal tracking effect of the
current pressure for the proportional reducing pressure valve was tested at four frequencies:
0.1 Hz, 0.5 Hz, 1 Hz, and 2 Hz. The sinusoidal tracking test results are shown in Figure 13,
the current sinusoidal tracking error is shown in Figure 14, and the specific tracking error
values are listed in Table 8.

Table 8. Sinusoidal tracking error table.

- 0.1 Hz 0.5 Hz 1 Hz 2 Hz
Maximum error of PID(A) 0.035 0.06 0.138 0.229

Maximum error of LESO-SMC(A) 0.007 0.036 0.023 0.066

As shown in the experimental results of Figures 13 and 14 and Table 8, the tracking
performance of LESO-SMC is better than that of PID at 0.1 Hz, 0.5 Hz, 1 Hz, and 2 Hz.
The error rates of LESO-SMC at these four frequencies are 0.61%, 3.16%, 2.02%, and 5.79%,
respectively, while the error rates of PID at these four frequencies are 3.07%, 5.26%, 12.1%,
and 20.09%, respectively.
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Figure 13. Results of sinusoidal tracking test.
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Figure 14. Test results of current sinusoidal tracking error.

5.4. Multi-Way Valve Spool Position Control Test

To verify the effectiveness of the spool position control of the proportional pressure-
compensated multi-way valve proposed in this paper, step signals and sinusoidal signals
were applied to the proportional pressure-compensated multi-way valve, and the changes
in spool position were observed.

The fuel supply pressure was set to 3 MPa, the step signal at a given position was set
to 0.02 m and 0.06 m. The step signal response results are shown in Figure 15, and the step
response performance parameters are listed in Table 9.
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Figure 15. Position step response results.
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Table 9. Position step response performance parameters.

- 0.02 m Step 0.06 m Step
Rise time of PID (s) 1.265 2.103

Rise time of LESO-SMC (s) 0.386 1.075
Adjustment time of PID (s) 1.483 2.607

Adjustment time of LESO-SMC (s) 0.429 1.443

As shown in Figure 15 and Table 9, the experimental results indicate that LESO-SMC
has a better response than PID under both 0.02 m and 0.06 m step signals. The rise time of
LESO-SMC is 69.48% and 48.88% faster than that of PID, respectively, and the adjustment
time of LESO-SMC is 71.07% and 44.65% faster than that of PID, respectively.

Given a fuel supply pressure of 3 MPa, three different frequency sine signals of 0.5 Hz,
1 Hz, and 2 Hz are provided. The test results and errors of the sine signals are shown in
Figure 16, and the specific tracking error data are listed in Table 10.
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Figure 16. Position sine tracking and error.
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Table 10. Position sinusoidal tracking error values.

- 0.5 Hz 1 Hz 2 Hz
Maximum deviation of

PID (mm) 1.643 2.514 3.445

Maximum deviation of
LESO-SMC (mm) 0.628 1.087 1.757

The experimental results shown in Figure 16 and Table 10 indicate that LESO-SMC’s
tracking performance at three constant frequencies of 0.5 Hz, 1 Hz, and 2 Hz is superior to
that of PID, with the error rates of LESO-SMC being 0.57%, 0.98%, and 1.59%, respectively,
and the error rates of PID being 1.49%, 2.29%, and 3.13%, respectively.

6. Conclusions
This paper takes the position control system of the spool in a lead-type proportional

multi-way valve as the research object, analyzes the effect of controller parameters on the
electromagnetic drive current, and proposes a disturbance observer-based proportional
multi-way valve spool position sliding mode control method to compensate for the impact
of the nonlinearity and multi-source disturbances of the multi-way valve on the dynamic
and static performance of the spool position. The specific conclusions are as follows:

1. The impact of the hardware parameters of different controller drive circuitry on the
output current is analyzed. Under a constant power supply voltage, the magnitude of
the controller’s output current is primarily affected by resistance and the PWM duty
cycle. The larger the resistance, the smaller the current; when the PWM duty cycle is
less than 0.5, almost no current is present, and, when the duty cycle is greater than 0.5,
the current has a linear relationship with the duty cycle; the current ripple is mainly
affected by the PWM frequency and inductance. The higher the PWM frequency, the
smaller the current ripple, and, the larger the inductance, the smaller the current ripple.

2. A sliding mode control method for the spool position of a proportional multi-way
valve based on disturbance observation is proposed. A linear extended state observer
is used to observe the variations in nonlinear factors such as hydrodynamic forces
and friction, combined with sliding mode control, to compensate for the impact of
internal and external disturbances on the control accuracy of the multi-way valve
spool position, thereby improving the overall valve control performance.

3. The step response capability and control accuracy of the solenoid valve core position
in the electro-hydraulic proportional multi-way valve is improved. The step response
time of the pilot proportional reducing pressure valve is reduced by 18.18% to 44.44%,
the control accuracy of the pilot pressure is improved by 39.92% to 83.3%, the step
response time of the solenoid valve core position in the electro-hydraulic proportional
multi-way valve is reduced by 48.88% to 69.48%, and the control accuracy of the
valve core position is improved by 49.2% to 61.74%. Overall, the dynamic and static
characteristics of the entire valve are enhanced.

This paper mainly focuses on the position control performance of electro-hydraulic
proportional multi-way valves, and we will continue to study the reliability of proportional
multi-way valves in the future. Additionally, exploration will be conducted on algorithms
for the higher performance of proportional multi-way valves used in construction machin-
ery, further enhancing the performance of proportional multi-way valves. The research
results of this paper will contribute to the enhancement of intelligence in proportional
multi-way valves for construction machinery.
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