. machines

Article

Output Feedback Control of Dual-Valve Electro-Hydraulic Valve
Based on Cascade Structure Extended State Observer Systems
with Disturbance Compensation

Cunde Jia >34, Shaoguang Li ?, Xiangdong Kong >3, Hangtian Ma 2, Zhuowei Yu %, Chao Ai

Yunhong Jiang °

check for
updates

Academic Editor: Zheng Chen

Received: 25 March 2025
Revised: 6 May 2025
Accepted: 7 May 2025
Published: 8 May 2025

Citation: Jia, C,;Li,S.; Kong, X.; Ma,
H.; Yu, Z.; Ai, C.; Jiang, Y. Output
Feedback Control of Dual-Valve
Electro-Hydraulic Valve Based on
Cascade Structure Extended State

Observer Systems with Disturbance

Compensation. Machines 2025, 13, 392.

https://doi.org/10.3390/
machines13050392

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ / creativecommons.org/
licenses /by /4.0/).

1,2,3,% and

State Key Laboratory of Crane Technology, Yanshan University, Qinhuangdao 066004, China;
ruyjgb@163.com (C.J.)

School of Mechanical Engineering, Yanshan University, Qinhuangdao 066004, China

Hebei Provincial Key Laboratory of Heavy Machinery Fluid Power Transmission and Control, Yanshan
University, Qinhuangdao 066004, China

Beijing Sany Intelligent Manufacturing Technology Co., Ltd., Beijing 100005, China

Department of Applied Sciences, Northumbria University, Newcastle NE1 8ST, UK

*  Correspondence: aichao@ysu.edu.cn

Abstract: In the development trend of intelligent and high-performance construction
machinery, the dual-spool electro-hydraulic valve, as a new-generation core control element,
directly affects the operation accuracy and energy-efficiency level of construction machinery.
The standard linear extended state observer (LESO) produces relatively serious peaks as the
system order increases, which leads to the degradation of the observer’s performance and
affects the controller’s accuracy. To solve this problem, this paper innovatively proposes an
output feedback control strategy for a cascaded structure observer for the dual-spool electro-
hydraulic valve. This paper designs an output feedback controller based on the cascaded
structure observer. The uniform exponential stability (USE) criterion ensures that the
tracking error of the observer for the system state is bounded. The expected load pressure
is constructed based on the expected trajectory to replace the actual load pressure, avoiding
the influence of the nonlinear coupling between the load pressure and the input signal on
the control system. Finally, a stable output feedback controller is obtained based on the
backstepping control method and Hurwitz polynomial stability analysis. This study first
applies the cascaded structure observer to the field of dual-spool electro-hydraulic valve
control, providing a new theoretical framework and technical path for the high-precision
control of the hydraulic system of construction machinery. Theoretical analysis shows
that compared with the standard LESO, the cascaded structure observer can significantly
reduce the online computational burden and effectively suppress the peak phenomenon,
providing stronger estimation ability. Finally, a large number of simulation examples
verify the effectiveness and superiority of the output feedback controller based on the
cascaded structure observer. In all four test scenarios, the average tracking error of C1 (the
output feedback controller designed based on the cascaded structure linear extended state
observer) is about 5.1%, the average tracking error of C2 (the output feedback controller
designed based on the standard structure linear extended state observer) is about 7.8%,
and the average tracking error of C3 (the high-gain PID controller) is about 19.2%. The
average control accuracy of the designed C1 controller is improved by 2.7% and 14.1%
compared with C2 and C3, respectively. In terms of the estimation of external disturbances,
the average error of C1 is 14% and the average error of C2 is 29.6%. The estimation accuracy
of the former is improved by 15.6% compared with the latter.
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1. Introduction

There are complex and nonlinear characteristics in hydraulic valve control systems,
such as the compressibility of oil, nonlinear friction, and component wear, which makes it
difficult for traditional linear PID control technology to meet modern engineering needs [1].
Therefore, high-performance and reliable control strategies have always been a hot topic in
the field of hydraulic transmission research.

Over years, many nonlinear control methods for electro-hydraulic control systems
have appeared. For example, Guichao Yang et al. [2] used adaptive robust control tech-
nology on hydraulic servo actuators and achieved good position tracking and system
parameter estimation. Weichao Sun et al. [3] used adaptive robust control technology and
suppressed vibration in vehicle active suspensions. A Mohanty and B. Yao [4] used indirect
adaptive robust control (IARC) technology and improved robotic arm trajectory tracking
accuracy. References [5,6] used adaptive backstepping sliding film control and improved
electro-hydraulic position servo system control accuracy. Yang Lin et al. [7] proposed a ro-
bust discrete-time sliding mode controller (DT-SMC) for the EHA system, which accurately
simulated and compensated the system’s friction. Q. Guo et al. [8] presented a saturation
adaptive control method which handled control saturation in a two-degree-of-freedom
robotic arm motion system and achieved satisfactory control performance.

However, the above control methods heavily rely on full-state feedback. Due to cost
and structural limitations, many hydraulic transmission systems do not have the conditions
to achieve full state observers. Reference [9] proposed using low-pass filters to process the
research object’s position information for obtaining velocity and acceleration information.
However, the hysteresis effect from filtering and the introduction of other noise may lead
to more serious system instability, reducing the controlled object’s control accuracy.

The extended state observer can estimate the immeasurable states in the system and
estimate the parameter uncertainty and external disturbances in the system as concentrated
disturbances, weakening the adverse effects of uncertainty factors on the system. In
reference [10], researcher Han Jingqing proposed for the first time the active disturbance
rejection control (ADRC) method based on an extended state observer. This control method
does not require strict and precise system model parameters, can achieve corresponding
control results by adjusting parameters such as feedback gain and observer bandwidth,
and has achieved success in practical applications. References [9,11] all adopt automatic
disturbance rejection control technology to achieve precise control of valve-controlled
cylinders. In reference [12], L Zhou et al. designed a non-integral chain DCMSS control
method for servo motors based on a generalized extended state observer (GESO) and
verified it in simulation examples. In [13], Wonhee Kim et al. designed a feedback control
method with a high-gain observer and a passive controller, effectively improving the
position-tracking performance of the electro-hydraulic system.

However, the self-disturbance rejection control technology is limited by the perfor-
mance of the extended state observer, and in some cases, the control effect is not satisfactory.
Especially, the peak phenomenon that occurs during the transient period of the observer
can easily induce instability in the feedback control system [14]. In addition, as the order of
the system increases, in order to ensure the tracking effect of the high-dimensional state
of the system, the observer gain needs to be increased to an exaggerated level [15] which
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will increase the sensitivity of the system controller to input noise and cause a substantial
decline in its stability.

To reduce the impact of the peak phenomenon on controller performance, many
scholars have conducted research. In reference [16], Y Huang et al. proposed an event-
triggering strategy based on output feedback, which ensures real-time boundedness of
observation errors by designing reasonable triggering conditions. In [17], M S. Chong
et al. proposed a hybrid estimation scheme for parameters and states based on multi-state
observers. By switching different observers while the excitation conditions persist, the
estimation errors of parameters and states converge and are bounded. In [18], Ricardo G.
Sanfelice and Laurent Praly proposed an adaptive adjustment algorithm for observer gain,
suppressing the problem of an abnormal increase in the observation gain of the system
under strong noise or transient conditions. The improved extended state observer proposed
in the above research can achieve better estimation performance compared to the standard
extended state observer, but it is more complex in structure and increases the difficulty of
application in practical engineering.

In reference [19], D. Astolfi and L. Marconi proposed a new type of observer which
cascades adjacent system channels (in a control system, the pathways of each transmission
link are called system channels) in a structure. The system state is transmitted through the
previous channel to the next level, thus avoiding the problem of the gain of the standard
observer falling into an “exponential explosion”. Maopeng Ran et al. proposed a new type
of extended state observer based on the cascaded first-order extended state observer [20]. In
high-order systems, this observer can limit the peak value of internal variables by adjusting
a small number of parameters. More importantly, in terms of structure, this linear extended
state observer designed based on a cascaded structure is as concise as the standard extended
state observer.

Inspired by reference [19,20], this paper designs a cascaded structure-based extended
state observer and output feedback controller for a dual-spool electro-hydraulic valve
control system. Through a large number of simulation examples, it is verified that the
proposed controller based on the new observer design has a better performance compared
to the standard structure, making it possible to apply it in hydraulic transmission systems.

The main contributions of this paper are summarized below: (1) the proposed output
feedback controller obtains unknown system states and external disturbances by construct-
ing a cascaded extended state observer, effectively avoiding the peak phenomenon when
the standard extended state observer is applied to high-order systems; (2) in response to
the nonlinear coupling phenomenon between the driving pressure and input voltage of the
dual-valve core electro-hydraulic valve, the expected trajectory of the valve core is used to
obtain the expected driving pressure of the valve core to release the coupling relationship
and effectively reduce the online calculation burden of the controller.

The rest of this paper includes the following: problem formulation can be seen in
Section 2; the controller design procedure and its theoretical results are presented in
Section 3; and the simulation results of four examples and the conclusion are accordingly
observed from Sections 4 and 5.

2. Problem Formulation

This paper focuses on the research of a cascaded structure expansion state observer
based on a self-developed dual-spool electro-hydraulic valve, as shown in Figure 1.
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Figure 1. Structure/hydraulic principle of double-valve core electrohydraulic valve. (a) Structural
diagram of the dual-spool electro-hydraulic valve. (b) Hydraulic schematic diagram of the dual-spool
electro-hydraulic structure.

As shown in Figure 1, the dual-valve core electro-hydraulic valve studied in this paper
consists of two three-position four-way high-frequency response proportional pilot valves
and two three-position three-way main valves. The pilot stage valve core integrates LVDT
displacement sensors, which can achieve closed-loop control of the pilot valve displacement.
The two main valve cores are the high-pressure valve core and the low-pressure valve core,
respectively. The high-pressure valve core is used for oil inlet control and the low-pressure
valve core is used for oil return control, thus achieving independent control of the load port.
A displacement sensor is installed on the main valve core, and a temperature and pressure
sensor is installed in the flow channel between the main valve core and the actuator to
sense the oil temperature and load pressure.

Before establishing a nonlinear mathematical model of an electro-hydraulic servo
system, this article defines the following parameters (Table 1).

The goal of the controller designed in this article is to achieve high-precision tracking
of the expected trajectory of the main valve displacement when only obtaining the dis-
placement and oil supply pressure of the dual-spool electro-hydraulic valve. The hydraulic
system maintains a constant oil supply pressure of P; through the accumulator safety valve
group, and the oil hydraulic force of P; in the oil tank is considered zero pressure.



Machines 2025, 13, 392

50f 20

Table 1. The parameters used in this paper.

Character Meaning Character Meaning
P Supply pressure P, Return pressure
P Left chamber pressure of the main valve b, Main valve right chamber pressure
A Pressure bearing area of the left chamber of A Pressure bearing area of the right
1 : 2 :
the main valve chamber of the main valve
m Main valve core quality B Viscous friction coefficient
V. Volume of the left chamber of the main v Volume of the right chamber of the main
! valve 2 valve
v Initial volume of the left chamber of the v Initial volume of the right chamber of
oL main valve 02 the main valve
Be Elastic bulk modulus Pp =P, — P  Main valve core driving force
u Control input voltage k Main valve spring stiffness
Cy Pilot valve flow coefficient Y Hydraulic oil density
QL Load flow rate input to the main valve ko Pilot valve electrical gain coefficient
Represents the modeling error including
dq nonlinear friction and the concentrated Hn Define error vector
disturbance caused by external disturbances
dp System load force modeling error D System modeling error
X State variable 0(¢, to) State-transition matrix of the system
Flow gain corresponding to the . .
kg displagcement of gle pilo% valve core, 5(8) Disturbance in the system
Py Expected load pressure signal P41 Hurwitz matrix
0 Positive-definite matrix

The dynamic model of the main valve core can be described by the following equation:
my = PA1 — PobAy —ky+dp (@)

where d; represents the modeling error including nonlinear friction and the concentrated
disturbance caused by external disturbances, and y represents the spool displacement of
the main valve.

The dynamic model of load force P;, at both ends of the main valve core is given by

the following equation:

Vi - .
L p = Q- Aj+d 2
ag r QrL—Ay+dy 2)

Due to the dual-spool valve electro-hydraulic valve system depicted in Figure 1 using
a high-frequency-response pilot valve as the control input for the main valve and based on
the processing method in reference [9], this paper ignores the dynamic model of the pilot
valve and considers it as a proportional relationship between the voltage and pilot valve
opening, namely, x, = kyu, where the load flow rate Q; can be expressed as:

Q1 = koky \/PS — sign(kyu)Ppu (3)

where k; is the flow gain corresponding to the displacement of the pilot valve core, and
sign(-) is the standard symbol function.

T:[ 0T

Define the state variable x = [x1, x2, x3] ¥,y and write the state-space equation

of the entire system as follows:
X1 = X2
Xp =2x3 (4)
X3 =h(P)u+h(x2) — Bx3+d
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where .
h(py) = Ak ”ﬁ" \/Ps — sign(kou) Py,
hi(x2) = (4;‘;V'ff +£)x Q)
d=—Ld—*ed,

Based on Equations (4) and (5), it can be observed that there is a coupling phenomenon
between the controller voltage 1 and the load pressure Pr. In subsequent stability analysis,
if load pressure Py, is not measurable then the proof of system stability will not be achieved.
Therefore, it is necessary to further study the coupling relationship between voltage u and
load pressure P.

According to the method in [21], the expected trajectory is combined with the system
power head model, then the expected load pressure signal can be synthesized:

X4 = de de - *xld ©)
Prg= %%+ Bxpg + Lxyy

By replacing the actual load pressure with the expected load pressure P;; in Equation
(6), the nonlinear coupling phenomenon between the controller output voltage and load
pressure can be relieved. The system state equation can be rewritten as follows:

X1 = X2
X2 = X3 @)
%3 = h(Prg)u+h1(x2) = £x3 + D(t)
where
h(PL) = 2P /P = sign(kou) Py
D(t) = —kdy — 4Aﬁ"d2 + [1(PL) — h(Pra)]u

(®)

3. Cascade Observer and Output Feedback Controller Design
3.1. Preliminary Assumptions of Controller Design

It should be pointed out that the hydraulic system studied in the article is affected by
factors such as oil temperature changes and component wear that are not considered during
actual operation, which can lead to changes in system parameters such as B and .. In
order to simplify the control scheme, the nominal values of the above physical parameters
will be used for subsequent design. The resulting parameter deviations can be considered
and concentrated in the system modeling error D(t).

In the following text, an output feedback control strategy will be discussed to overcome
internal and external disturbances in the system so that the valve spool of the main valve
follows any smooth expected trajectory as much as possible.

The following assumptions run through the entire paper:

Assumption 1. |P | is much smaller than Ps, which ensures that function h(Py) is far away from
0.

Assumption 2. When u # 0, h(Pyp) is continuously differentiable. At u = 0, the left and right
derivatives of h(Pyr) exist and are bounded, thus ensuring that function h(Py) satisfies the Lipschitz
condition with respect to Py in the domain of a function.

Assumption 3. Function hy(xy) satisfies the Lipschitz condition with respect to x, in the domain
of a function.
Assumption 4. The disturbances d, (t) and dy(t) exist and are bounded by |dq(t) | < & and
da(t) | < 52
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For the convenience of writing, in the following text, this article will write D(t) as
D; dunction h(Pp) hy(x2) as h hy; iy for the function hy(%;) containing observations; and
E] = hl — fll.

3.2. Design of Extended State Observer with Cascade Structure

In this section, an ESO with a cascaded structure will be designed to estimate the
unknown state of the system and the concentrated disturbances including modeling errors.
The above observed and estimated values will be used to achieve real-time compensation
for the controller.

Prior to this, the modeling error D in the state-space equation needs to be ex-
tended to an additional system state variable. The system variable x is extended to
[x1,%2,%3,%4]" = |
Lipschitz condition. Therefore, the original system state-space Equation (8) can be rewritten
as follows:

vy, D}T, and g(t) is defined as the derivative of x4 and satisfies the

X1=X2
XzZX3
. 9
x3:hu+h1—%x3+x4 ©)
xg = g(t)

Define £ as the estimated value of system state, where £; is the estimated value of
x;(i=1,2,3,4) and X = x — £ = [X1, X2, X3, X4] is the state-estimated error. Based on the
extended system model (10), LESO can be constructed as [20], which is as follows:

€ €
Gr= ey = 2, — &y, 2 = 2 (10)
G =) hu iy — By e =% — G5, fa = 483(:3)

€ m
gi() =1

gl _ 81(@1),61 =¥ — &R = g1(e1)

Y

oQ
N

oQ

where & = [&1, 8, Cg]T € R3 is an internal variable of the system, ¢ < 1 is an adjustable
positive parameter, and parameter L = [I1, I, [3] is the gain of LESO, which is determined
by making A% + [1A% + A + I3 the Hurwitz polynomial.

Compared with conventional LESO, the designed observer with a new structure has a
channel output that is the input of the channel, meaning there is a connection relationship
between adjacent channels. In addition, observer (11) can be seen as a cascade of three
first-order extended state observers, effectively reducing the negative impact of high-gain
coefficients of conventional observers on high-dimensional observation objects.

3.3. Convergence Analysis of the Observer

Before proving the convergence of observer (10), some conclusions about time-varying
systems need to be cited.

Theorem 1. The following time-variant system is defined [22]:
{(t) = @(hg(t), t € RY (a1

where @(t) € c¢(R™") is a n-order matrix. System (11) is called consistent Exponential stability
(USE).

Lemma 1. For the following time-variant system:

(1) = Z@(0I() +8(1), > 1o, to € R 12)
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where @(t) € ¢(R") is an n-order order matrix, 6(t) is the disturbance in the system, and its
initial condition (tg) belongs to a compact subset of R".

Assume that the linear time-variant system ,(t) = @(t){o(t) satisfies the USE condi-
tion, and for some normal numbers J and integer r that are independent of ¢ and satisfy
[|6(£)]| < d¢€”, then for Vo > 0 and VT > 0 both 3¢y > 0 make the solution of system (20)
satisfy ||C(t)|| < o€" for Ve € (0,€9) and Vt € [tg+ T, €p).

The following assumption is necessary to prove the convergence of the observer and
is reasonable.

Assumption 5. Function g;(i = 1,2,3) is an n-order differentiable and there are constants
independent of e that satisfy inequalities 0 < r; < r' and rj > 0such that ry < gi(e;) < ! and

gi(j)‘(ei) < m;.

Define the following:

AL

. d/gi(e;)
a8ilei) (), & L &ilCi
e; s &i (e;) deif

(13)

sller) 2 81t

Assumption 6. The control input u and system state x are bounded.

Considering the uncertain nonlinear system (10) and the proposed observer (11), under
the condition that the above assumptions 1-5 are satisfied and the observer is a compact
subset of R™ at the initial time, the following conclusions can be obtained: for Vo > 0 and
VT > 0 both ex > 0 make Ve € (0, ex) satisfy the following equation:

Ixi(t) = %(H)| 0,2 <i<4Vt>T (14)

Proof. In this article, the convergence of observation errors will be achieved by sequentially
converging each order of error. Because assuming 1-6 is satisfied, it is easy to obtain that
each order state in the system is bounded and that each stage of observer (10) is a stable
system. Therefore, the existence of £2 to £4 is guaranteed.

Define ethe following error vector:

1771 = [772/'~*/17H]T;2§n §4

=g - %), 2<i<4 o
For the convenience of subsequent proof, define the following;:
Hi=1[0,...,1]e R 1,3<j<4 (16)
Step 1: The derivative of 7, can be represented by the following equation:
iy = s(icz — 5?2) = ey —efp) = —%gi(el)qz + ex3 (17)

note that the above equation belongs to the form of system (18), and it is known that x;
and x3 are bounded. Through Lemma 1, it is known that there exists ¢; > 0 for Vo > 0,
0<gjler) <rl, T>0and Ty € (0,T) to satisfy any |n2(t)| < oe, which is equivalent to
the case of i = 2 in (15).
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Step 2: The derivative of 73 can be represented by the following equation:
ny =¢ (563 - 5?3) a8)
= — 181 (e1)gh(e2)n2 — 185 (e2)igs + egh(e2)xs + e (hu + hy — haxs + xy)

According to the definition of error vector 7, considering Equations (17) and (18), the
derivative of 73 can be written as follows:

Ty = %‘P?:lﬁs + eaoxs + 23z (M + hy — haxs + xy) (19)

where
_ | —&le) 0 |1 _|o -0
P g enghten) —8/2(62)] e L;’z(ez)] e [ 1 ] 20

It should be pointed out that ¢3; is reversible for ¥Vt € [0,00), and by defining
Y3 =13+ ez(pgll ¢32x3, the following equation can be easily obtained:

-1
2%"3 +e2(¢31 g2 + gaa) (huu + hy — hpxs +x4) - (21)

- 1
Y3 = g4’31¢3 +e

According to the results of Step 1, for Vt > T; the second and third items on the right
side of Equation (22) are in the form of O (¢2). Combining Lemma 1, it can be confirmed
that the derivative of 3 is in the form of parameter m = 2 in system (15). Therefore, it
can be concluded that for Vo > 0 and VT, € (Ty, T) there exists ¢, € (0,¢1] that satisfies
|3(t)| < oe? for any e € (0,e;), t; € [Tp,00). On the other hand, 73 can be written as
follows:

13 = Hsijs = Hays — e Haps1 paox3 = Haps (22)

where

Hadr ~Lpar — [_gﬁ(lﬂl) 0 ] l 1 ] —
3¢ ¢ = [01] % R =0 (23)
FAC)) 8s(e2)

So it can be concluded that for Vo > 0, T, € (T, T) there exists a case where &, € (0, ¢1]
satisfies |173(t)| < ce? for any e € (0,e1), t € [T, 00), which is equivalent to the case of
i =3in (14).

Step 3: The derivative of 74 can be represented by the following equation:

Ny = (x4— %) A
= &g(t)+ gé(es)(ﬁg) — Lol (e3)ns + €24 (e3) [hu + hy — B 23] (24)
3g(t) + g (e3) (175) — L& (ea)na + €285 (e3) [hu + (i — h1) + (x5 — £3)]

+e?gh(es) (h — hx3)

Since functions 71 (xp) and hy(x;) satisfy the Lipschitz condition with respect to x; in
the domain of a function, there exists a constant c¢; that satisfies the following:

U < Umax , 1 — fll < C1|772| (25)
1y < E8(t) + g5(e3) (3) — Lg5(e3)na + €284 (e3) (hitmax + c1|12| + L5773) 26)

+e2g4(e3) (h — Bx3)

By assuming 4 and 6, it can be seen that the constraints imposed on g(t), x,, and x3
are independent of ¢. Based on the boundedness of g(t), xz, and x3, the above equations
belong to the form of system (10). Therefore, through Lemma 2 it can be concluded that
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for Vo > 0, T3 € (T, T) there exists a case where e3 € (0, e5] satisfies |174(t)| < o> for any
e € (0,¢3), t € [T3,00), which is equivalent to the case of i = 4 in (14). O

In summary, the estimation errors of each order system state of observer (10) are
bounded and the observer parameters can be adjusted to minimize the observation error.

3.4. Design of Output Feedback Controller

Step 1: Define an error variable z; as follows:
2y =21+ k1z1 = xp — g (27)

where z1 = x1 — x1,4(t) is the tracking error of the system output position, a4 Ly -k
is the virtual control rate of the system state x,, and z, represents the difference.

From Equation (23), it can be seen that due to the inclusion of unknown state x5, signal
zp in the controller is not measurable. Therefore, z, needs to be divided into computable z5,
and incomputable parts zy,,. As a result, zj. is calculated by obtaining £, through observer
(13) and used for subsequent controller design, as shown below:

Zp = Zoc + 2oy , Zoc = %2 — @1, 22y = X2 (28)
Based on Equations (10) and (27), the derivative of z; can be expressed as follows:
22=X2—561:x3—bc1 (29)

Based on the design concept of the backstepping method, x3 is considered as the
virtual control input of the system. Next, the control law &, will be designed to ensure the
control performance of the system.

By defining z3 = x3 — ap as the control error of the virtual control input and incorpo-
rating Equation (29), the following equation can be obtained:

Zp = z3 + &y — 5&1,1 + k1xy — kljcld (30)

Based on the state estimation obtained from observer (13), Equation (30) yields the
virtual control rate a; as follows:

Q= &g + Qo
Npg = X14 — k1%2 + k1x94 (31)
tps = —ky(£2 —ay)

where ay, is the model-based compensation term, ay; is the robust control term to achieve
local stability of the system, and k, > 0 is the feedback gain.
By incorporating Equation (27) into Equation (31), zo can be reconstructed as follows:

k1 + ko
€

2y =23 —kozo + 12 (32)

By differentiating z3 from Equations (10) and (31), the following can be obtained:
: : : B : :
23:x3—a2:hu+h1—gx3+x4—zx2(;—zx2u (33)

where ay, is the differentiable part in a5, and B is the non-differentiable part in a5, as shown

below:

80(2 A
9%, X2

. _ 8a2 aEKZ o
e = 5f + EJQ +
day

N R (34)
ov- (X2 — £2) = —kika(x2 — £2)

&y =
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My

The actual input u of the system can be synthesized through the following online state
estimation values of the observer:
u= %[u,Z + u]
g = —hy + B3 — 24 + an (35)
us = —k3(£3 — az)

where k3 > 0 represents the feedback gain, u, represents the model compensation term
obtained from the estimated state, and u is the robust feedback term used to stabilize the
system.

By incorporating Equation (31) into (29), z3 can be reconstructed as follows:

23 = —kazs +ha¥s + I — BT+ koo + T
—kazz + hy + k1k2172 + Elz(ks - %)’73 + ng

€

(36)

The overall framework of the controller is shown in Figure 2.

@, =%, —k% +kx,

u, =—k(x, —a,) }qi

ESO with new structure
\ 4 $,=—‘g'—'((:—‘).e, =.\‘,7;,.,i'3=&?
C‘:i';:;nd si WO u, = by + % -+, z I L’;‘(:‘;).(,: e . L’;LQ) e
= #4- hu+ by —/;3.\?,.(" =% &, %, = giu()

u =l[u +u,) > Pilot- operated | x; z,=x-x
Rt hydraulic valve Gl

Figure 2. Schematic diagram of controller structure.

3.5. Proof of Convergence of Backstepping Controller

In this section, it will be proven that the backstepping controller mentioned above can
make all error signals bounded when used in the system described in this article. Prior to
this, additional explanations need to be provided for the observer’s error (10).

Define error vector i, = 12, . .. ,nn]T,Z <n<4.

According to Equations (17), (18), and (25), 17, can be rewritten as follows:

i, = (34— 524)
= —:8i(e1)gh(e2)gh(ea)2 — ¢85(e2)gh(ea)s — 185 (ea)na +eghlea)gh(es)xs  (37)
+e3g(t) + e2g4(e3) (xa + hu + hy — B23)
According to the definition of error vector #,, combined with Equations (17), (19), and
(37), the derivative of 7j; can be written as follows:

%4741774 + epgpx3 + €3¢44g(~f) + &2ag (xg + hu + Iy — %%) + g3 [l — %(xa — %3)]
Louia+ epaaxs + EPuzalln — s2yips] + Epaa (xa + It — Iy + 1y + 22y — Bx3) (38)
+&3paag(t)
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where
[ —giler) 0 0
¢pn = | —gi(e1)gz(e2) —g5(e2) 0 ;
| —&i(e)sa(ea)gses)  —gale)ssles)  —gles) (39)
1 0 0
P = | gh(e2) SP3=| 1 s Pz = | 1 |, P =
| ga(e2)gs(es) g5(e3) 0 1

Since the parameter L = [I1, I, I3] is determined by making A3 + [;A% + ;A + I3 satisfy
the Hurwitz polynomial, it is easy to obtain that ¢, is the Hurwitz matrix, that is, there is a
positive-definite symmetric matrix A satisfying the following;:

1T A+ Apy = —2E (40)

where E is a third-order identity matrix.
The positive-definite matrix 6 is defined as follows:

1 5, 1 5, 1 5, 1.4 -
0= 521"+ 522" + 523" + 5114 Alls (41)

By differentiating Equation (41) and substituting it into Equations (32), (36), (38), and
(40), the following can be obtained:

. } . ) 1.7 _ 1 .7 -
0 = z121 + 2223 + 2323 + 5’74 Ally + 5’74TA’74 (42)

0 = 221+ 205 + 2323 + %174TA774 + L] Aij,
= z3[—kszs+ 1 + @’72 + elz(kB — s+ 3]

+22(z3 — kazo + @’72)
+z1(z2 —k1z1) — %||’74ﬂ2 (43)
+52174TA¢43(3% +hu—hy+h + %113 - %X3)
+¢%713 Apaza[h1 — Ly 3]
+e%77; ASPug(t)
+eij; Adpapx3

By assuming the definitions of 2, 3, and 6, there exists a normal number c; that satisfies
the following:
hy < c1n2| (44)

Define a variable « through the following:
~ . . B
K = eij; Apapxs + 375 A Paug(t) + 2713 Az (xq + hu + hy — ax?,) (45)

By assuming 2, 3, and 6, it can be obtained that the existence of a normal number xmax
satisfies the inequality xmax > «.
Define a set of known constants through the following:

Ny = kli‘kZ

Ny = @ +C1

N; = (ks — 2) (46)
Ny=%

v = e?A(pazz — Pa3)c1 + A(Pas — Pazs) 2
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Considering (45) and (46), the following can be concluded:

0 < —kizi® —kz? —kszs? + |z1||z2] + 22| |za] — (L — M)I77al® + Nilz2 72| + Na|za|2]

+Ns|z3[173] + Nalz3|[74] (47)
= —¢pTAYp+x
T
where ¢ = [|z1], |22], |23, 2], [173], [1a]
[k -1 0 0 0 0 ]
3 k-3 =% 0
1 N; N N,
S P T T A A (48)
0 -7 -7 =71 0 0
o o - o0 l-9 o0
(0 0 % 0 0 i-n

Select appropriate control parameters kq, ko, k3, and e to make the matrix A a positive-
definite matrix, and then obtain the following:
6 < —Aamin (A) (12 + 178]*) + max
~Amin (M) (2% + 5ty 74 ATTa) + Kmax (49)
T0 + Kmax

IN IAIA

By integrating Equation (49), the following can be obtained:
8(t) < 6(0)e " + KmT (1—e ™) (50)
Therefore, the tracking error of the system for the expected trajectory is bounded.

4. Application Verification

To verify the advantages of the output feedback controller mentioned above, a simula-
tion model of a dual-spool electro-hydraulic valve is established. The physical parameters
used in the model are shown in Table 2.

Table 2. Parameters used in simulation models.

Parameter Name Value Parameter Name Value
m (kg) 1.05 Be (Pa) 7 x 108
A (m?) 4x107% k (N/m) 15,580
Vi (m3) 8 x107° B (N/(m/s)) 350
Ps (Pa) 5 x 10° P, (Pa) 0
ki 4x10°8

In this article, three control schemes are compared, among which control scheme 1 is
an output feedback controller designed based on a cascaded linear extended state observer,
control scheme 2 is an output feedback controller designed based on a standard structure
linear extended state observer, and control scheme 3 is a high-gain PID controller. The
specific parameter settings are shown in Table 3.

Case 1: Given the external disturbance signal d, = 18,000sin(3 .14t) and given the valve
core position command signal is x1; = 0.03(1 — 6_0'0”3)atun(O.Zsin(3.14t)).
The tracking performance comparison of three controllers applied to the valve core

position is shown in Figure 3. The simulation results depict that the tracking error of the
backstepping control based on the system model is significantly smaller than that of the
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high-gain PID control and for the C3 controller the tracking error is within approximately
40%, for the C2 controller the control error is within about 13%, and for the C1 controller
the control error is within roughly 5%. Compared with controller C2 designed based on
the standard LESO, controller C1 designed in this paper based on the cascaded structure
observer has a better tracking effect on the position of the valve core.

Table 3. Controller parameters in simulation.

Controller Model Parameters
C1 e=233x%x10"%, ky =125, ky = 270, k3 = 500
C2 w = 3000, k; = 125, ko = 270, k3 = 500
C3 k, =300, k; =50, k; =0
—C1
15 —C2
2, 10 e
g7 o8 AAAR ‘;0//0
- = (1]
~E 00 MMM M
2 8-05 13%
. -G S
kel L1 LR | ]
0 5 10 15 20 -15 : : : :
A 0 5 10 15 20
Time(s) Time(s)

(a) (b)

Figure 3. Comparative analysis of position tracking performance of three controllers. (a) Position
tracking effects of three different controllers. (b) Position tracking error of three different controllers.

The comparison of the estimation effects of the two observers for the given external
disturbance d; is collected in Figure 4. According to the position tracking effects of the
three different controllers shown in Figure 4a, under the condition of approximate parame-
ters, the estimation effects of the two observers for external disturbances are similar and
both observers can achieve low-lag tracking for external disturbances. According to the
estimation error reflected in Figure 4b, the estimation error of external disturbance for C1
is within approximately 1.5%, and for C2 the estimation error of external disturbance is
within about 3.5%. Therefore, it can be found that due to the cascade structure the observer
used in C1 has higher estimation accuracy for external disturbances. This also explains that
under the same controller parameters the control error of C1 is smaller.

—cC1 —~C1
18,000 7 €2 500 ¢l
12,000 ~ 250 3.5%
% 6000 2
E o < 0
12000 250
—-12, 0,
—18,000 , , , , -500 , , , 1.5%
0 5 10 15 20 0 5 10 15 20
Time(s) Time(s)

() (b)

Figure 4. Estimation of external disturbances and error comparative analysis by two observers. (a)
Estimation of external disturbance for two types of observers. (b) Estimation errors of two types of

observers for external disturbances.
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Case 2: The given valve core position command signal is a triangular wave with a cycle of 5 s
and a stroke of 0-6 mm and the given external disturbance signal is d, = 18,000 sin(3.14t).

Given a triangular wave command for the position x4 of the valve core, the compari-
son of tracking effects using three different controllers is found in Figure 5. The simulation
results show that the tracking errors of the two controllers, C1 and C2, based on backstep-
ping control design are significantly smaller than those of the high-gain PID controller C3.
For the C3 controller the tracking error is within approximately 7.5%, for the C2 controller
the control error is within about 1.5%, and for the C1 controller the control error is within
roughly 0.8%. Compared with controller C2 designed based on the standard LESO, con-
troller C1 designed in this paper based on a cascaded structure observer has better tracking
performance when faced with speed changes in triangular wave instructions.

6.0" — Xy :8%
e — C1 2. 1.0t —C3
5 0 — C2 %S 05
% ;"g' — 3 g2 7.5%
=3.0 E 00
£30 S5 0.8%
1.0 g 5 0° 0

o VOV VO £ 1, 1.5%

0 5 10 15 20 0 5 10 15 20
Time(s) Time(s)
(a) (b)

Figure 5. Comparison of position tracking performance of three controllers: error characteristics
analysis. (a) Position tracking effects of three different controllers. (b) Position tracking error of three

different controllers.

The comparison of the estimation performance of the two observers for a given external
disturbance is collected in Figure 6. The simulation results show that both observers can
achieve good tracking performance for external disturbances and approximate parameters,
and the tracking lag of the two observers for external disturbances is almost invisible.
According to the estimation error reflected in Figure 6b, the estimation error of external
disturbance for C1 is within approximately 25% and for C2 the estimation error of external
disturbance is within about 50%. Therefore, it can be observed that due to the cascade
structure the observer used in C1 has a smaller estimation accuracy error for external
disturbances, which also explains that under the same controller parameters and position
instructions the control error of C1 is smaller.

18,000 —d, —&
12000 MM”MM:%
% 6000
£ 0
-6000 |
~12,000}

-18,000¢ U “ U u H . . . . . .
0 5 10 15 20 0 5 10 15 20
Time(s) Time(s)

(a) (b)

Figure 6. Comparison of external disturbance estimation and error analysis for two observers.
(a) Estimation of external disturbance for two types of observers. (b) Estimation errors of two types

2

dye (M/s?)

d2

of observers for external disturbances.
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Case 3: The given valve core position command signal is x1; = 0.006 sin(1.57t) and the
given external disturbance signal is d, = 18,000 sin(3.14t).

The position of the valve core is given a sine signal with a cycle of 4 s and a stroke
of 6 mm. The comparison of tracking effects using three different controllers is found in
Figure 7. The simulation results depict that the tracking errors of the two controllers, C1
and C2, based on backstepping control design are significantly smaller than those of the
high-gain PID controller C3. For the C3 controller the tracking error is within approximately
10%, for the C2 controller the control error is within about 3.5%, and for the C1 controller
the control error is within roughly 2.5%. Compared with controller C2, designed based on
standard LESO, controller C1 designed in this paper based on cascaded structure observer
has better tracking performance when faced with sudden speed changes in triangular wave

instructions.
—C1
6.0t — Xy —C2
o 10% 3.5%
‘ — 1.5 —C3
g 40 — E% 25
x 20 — (3 * 9 10
~~ (&)
g 0.0 g x 05
—2.0 £ 00
< 40l 2 2-05
60 V V V V V g “-10 2.5%
0 5 10 15 20 -15 : ' ' '
: 0 5 10 15 20
Time(s) Time(s)
(a) (b)

Figure 7. Comparison of position tracking performance and error characteristics analysis for three
controllers. (a) Position tracking effects of three different controllers. (b) Position tracking errors of
three different controllers.

The comparison of the estimation performance of the two observers for a given external
disturbance is collected in Figure 8. The simulation results show that both observers can
achieve a good tracking performance for external disturbances and approximate parameters,
and the tracking lag of the two observers for external disturbances is almost invisible.
According to the estimation error reflected in Figure 8b, the estimation error of external
disturbance for C1 is within approximately 14.5% and for C2 the estimation error of external
disturbance is within about 27%. Therefore, it can be observed that due to the cascade
structure the observer used in C1 has a smaller estimation accuracy error for external
disturbances, which also explains that under the same controller parameters and position
instructions the control error of C1 is smaller.

18,000 — d 400 —&
Anom”MMMM:gz ~ 200 .
Né 60000 £, 7%
S’ —6000] < 00

:12:888: ! I“ U W ! U U | —~q000 VUV VTV L1450
° ° Tlicr)ne(s%5 20 o ° 'I'li(r)ne(s%5 20

(a) (b)

Figure 8. Comparison of external disturbance estimation and error analysis for two observers.
(a) Estimation of external disturbance by two types of observers. (b) Estimation errors of two types of
observers for external disturbances.
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8.0
6.0
4.0
2.0
= 0.0

-2.0

I (m) x107

—4.0

Case 4: The given external disturbance signal is d, = 18,000 sin(3.14t), and the given valve
0 t <10
core position command signal is x15 = 0.06¢ 10<t<10.1.
0.006 — 3.24 x 1078 10.1 <t < 50

When the input signal is a step signal, Figure 9a shows the tracking effects of three
different controllers, while the magnified view of the tracking effects of the three differ-
ent controllers is presented in Figure 9b, and the tracking error comparison is shown in
Figure 9c. The simulation results show that the two controllers, C1 and C2, based on back-
stepping control design will have significant tracking errors when facing severe mismatches
in position states. As can be seen, for the C1 controller the control error is within about
12% and for the C2 controller the control error is within roughly 13.3%. Compared to the
controller C2 based on standard LESO design, the controller C1 designed in this article,
based on a cascaded structure observer, has a smaller tracking error, while the high-gain
PID controller C3 does not show any position mutation through the high-gain coefficient.
However, through Figure 9b, it can be observed that the entire system is in an unstable
working state.

"0

: —cl
I 6.41 — M 100 —
| — 2 -G
[ _ xld M“O 63 | — C3 ‘?O 0.0 epaer~alme—
i — G ém X 1.0} \
- 6 13.3% 12%
;6'1 £ 50l
: ‘ .
L 6.0[ a0l
2‘ 4 6 8 1‘0 1‘2 1‘4 1‘6 10.1 10.2' 10.3 10.4 —4-00 >4 6 % 10 1 14 16
Time(s) Time(s) Time(s)
@) (b) (©)

Figure 9. Comparison of position tracking performance and error characteristics analysis for three
controllers. (a) Position tracking effects of three different controllers. (b) Partial enlarged view of
tracking effect. (c) Position tracking error of three different controllers.

The comparison of the estimation performance of the two observers for a given ex-
ternal disturbance is depicted in Figure 10. The simulation results indicate that under the
condition of approximate parameters both observers can achieve good tracking perfor-
mance for external disturbances. According to the estimation error reflected in Figure 10b,
the estimation error of external disturbance for C1 is within approximately 15% and for C2
the estimation error of external disturbance is within about 38%. Furthermore, it can be
observed that due to the cascade structure the observer used in C1 has a smaller estimation
accuracy error for external disturbances, which also explains that under the same controller
parameters and position instructions the control error of C1 is smaller.
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18,0001
12,000
6000
0 L
S —6000f
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Time(s)
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Figure 10. Comparison of external disturbance estimation and error analysis for two observers.
(a) Estimation of external disturbances using two types of observers. (b) Estimation errors of two
types of observers for external disturbances.

5. Conclusions

In this paper, based on the structure and working principle of a dual-spool electro-
hydraulic valve, a linear extended state observer based on a cascade structure is designed.
The expected load pressure is synthesized through the expected trajectory, achieving the
decoupling of nonlinear coupling phenomena in the state-space equation. On this basis, an
output feedback controller is designed based on the backstepping idea. From the stability
criterion of uniform exponential stability (USE) it can be seen that the estimation error of
the system state for this cascaded observer is convergent. Through the Hurwitz polynomial
stability criterion it is proven that the tracking error of the controller designed with this
observer for the instruction signal is bounded and convergent. Finally, through extensive
simulation case comparisons, in all four working condition tests for spool position tracking
performance C1 achieved tracking errors of 5%, 0.8%, 2.5%, and 12%, C2 recorded errors
of 13%, 1.5%, 3.5%, and 13.3%, and C3 demonstrated tracking errors of 40%, 7.5%, and
10% with unstable operation. Controllers C1 and C2 designed with backstepping control
exhibited significantly smaller tracking errors than controller C3 based on high-gain PID
control. In external disturbance estimation tests, C1 achieved estimation errors of 1.5%,
25%, 14.5%, and 15%, while C2 recorded errors of 3.5%, 50%, 27%, and 38%. To sum up,
the average tracking error of C1 is about 5.1%, the average tracking error of C2 is about
7.8%, and the average tracking error of C3 is about 19.2%. The average control accuracy
of the designed C1 controller is improved by 2.7% and 14.1% compared with C2 and C3,
respectively. In terms of the estimation of external disturbances, the average error of C1 is
14% and the average error of C2 is 29.6%. The estimation accuracy of the former is improved
by 15.6% compared with the latter. Due to its cascaded structure, C1 achieved over twice
the estimation accuracy of C2 for external disturbances, validating the performance of the
designed observer and controllers in this paper. Our future research direction is to combine
this new structural observer with methods such as state constraints and adaptive control.
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Abbreviations

LESO Linear extended state observer

USE Uniform exponential stability

IARC Indirect adaptive robust control

DT-SMC Discrete-time sliding mode controller

ADRC Active disturbance rejection control

GESO Generalized extended state observer

DCMSS Disturbance compensation motion control system for servo motors

LVDT Linear variable differential transformer

ESO Extended state observer

PID Proportional-integral-derivative

Parameter Explanations

Ps Supply pressure

P Left chamber pressure of the main valve

Aq Pressure bearing area of the left chamber of the main valve

m Main valve core quality

%] Volume of the left chamber of the main valve

Vo1 Initial volume of the left chamber of the main valve

Be Elastic bulk modulus

u Control input voltage

Cy Pilot valve flow coefficient

QL Load flow rate input to the main valve

P, Return pressure

P, Main valve right chamber pressure

Ay Pressure bearing area of the right chamber of the main valve

B Viscous friction coefficient

1%} Volume of the right chamber of the main valve

Vo2 Initial volume of the right chamber of the main valve

Pp, = Py — P, Main valve core driving force

k Main valve spring stiffness

[y Hydraulic oil density

ky Pilot valve electrical gain coefficient

dy (1) Represents the modeling error including nonlinear friction and the concentrated
disturbance caused by external disturbances

da(t) System load force modeling error

x State variable

kg Flow gain corresponding to the displacement of the pilot valve core,

P14 Expected load pressure signal

1n Define error vector

D System modeling error

0(t,t) State-transition matrix of the system

8(t) Disturbance in the system

Pa1 Hurwitz matrix

0 Positive-definite matrix
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