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Abstract: The electro-hydraulic servo system has advantages such as high pressure, large flow, and
high power, etc., which can also realize stepless regulation, so it is widely used in many engineering
machineries. A linear model is sometimes only a simple approximation of an idealized model, but
in an actual system, there may be nonlinear and transient variation characteristics in the systems.
Coupling is reflected in the fact that the components or functional structures implemented by each
system used for the design of hydraulic systems are not completely or independently related to each
other, but affect each other. The nonlinear clearance between the actuator and the load reduces the
control accuracy of the system and increases the impact, thus losing stable working conditions. In the
paper, based on the nonlinear clearance problem of the electro-hydraulic servo system, a mathematical
transfer model with clearance is established, and on this basis, a clearance compensation method
based on the Hopfield neural network is proposed. In this way, clearance compensation can be
realized by adjusting the parameters of neural network nodes, through simple and convenient
operation. Finally, by setting different clearance values, the results of the step response and sine
response curve before and after clearance compensation of the hydraulic system are compared, and
the effectiveness of Hopfield neural network compensation clearance control is verified based on the
comparison simulation results.

Keywords: hydraulic servo system; nonlinear clearance; Hopfield neural network; compensate control

1. Introduction

The hydraulic control system has many outstanding application characteristics such
as stable and high precision, high power, low consumption, energy-saving, and emission
reduction. In many related fields, such as industrial manufacturing and automation con-
trol systems of agricultural machinery, automobile transportation, auxiliary machinery,
and construction machinery, etc., it has begun to develop a wide range of practical ap-
plications [1,2]. Compared with other transmission structures such as electrical devices,
mechanical braking systems produced by the unit power of hydraulic systems are relatively
thin and light, with a more flexible and reasonable layout design, convenient maintenance,
and a generally large range of speed regulation. The working state is more stable and
faster, and it is easy to control the system, realizing the integrated development of the
electromechanical-hydraulic control system [3,4].

As the overall design and layout of electro-hydraulic servo system components are
becoming more and more mature, and heading towards the development direction of ultra-
high power, the characteristic of a light structure, and ultra-high-speed response methods,
many abnormal and vibration damage phenomena have occurred in the production and
operation of the system. Since the above error phenomena are mostly caused by a series of
nonlinear factors considered in the design of a servo system, it is obvious that the pure linear
theory cannot give a reasonable or reliable explanation for the system. Generally speaking,
the static parameters, stiffness, and action response of hydraulic servo system control are
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directly related to the functional stability of the control system, especially the nonlinearity
of the valves in the electro-hydraulic servo system, which has certain limitations on the
system [5-8].

The electro-hydraulic servo power system is a mechanical power system that includes
a combination of multiple power coupling links. Nonlinear variations in mechanical
coupling exist in coupling characteristics and working dead zones, etc., as well as time-
delay variability of coupling of mechanical parameters such as the damping coefficient,
flow coefficient, and oil temperature. On the other hand, due to the frequent fluctuations
and changes in the internal and external conditions of the hydraulic servo control system
and the dynamic characteristics of the load, the random variation coefficient of design
parameters is too large, and the degree of nonlinear influence is relatively high, making
it easy to cause direct data [9,10]. Due to the interferences caused by various external
information, it is still difficult to quickly and effectively establish a better, accurate, and
effective mathematical model to describe the characteristics of the entire electromechanical
system. In a normal working and cyclic operation system loop, some complex nonlinear
states such as mechanical vibrations, noises, impact acceleration, and abnormal mechanical
creep force are often most likely to occur, which affect the performance of the overall
equipment structure and the operation stability [11,12].

In the work of an electro-hydraulic servo system, it is generally believed that a pair of
hinges are required to be connected and fastened between the piston shaft of the hydraulic
cylinder and the drive load shaft. However, when the hinge is fixed, there are small
clearances, resulting in the irregular distribution of torque, which makes the hydraulic
cylinder system unable to quickly, accurately, and properly distribute thrust and torque
to the driving load, resulting in significant changes in the signal parameters of the system
output, and causing significant interference to the normal signal transmission of the driving
system and the steady state of the waveform. Therefore, as one of the main physical factors
leading to the deformation of signal morphology, the clearances greatly affect the accuracy
of the whole system signal control device in a short time [13,14]. Therefore, people also
need to take various scientific methods with certain procedures to effectively compensate
for the system and eliminate its influence [15].

Guo et al. proposed an adaptive dynamic friction compensation control for an electro-
hydraulic servo system based on a nonlinear observer, which could continuously modify
the dynamic friction parameters of the servo system, compensate for friction through an
online adaptive rate, and improve low-speed performance [16]. Liu et al. designed a
Popov-MRAC (model reference adaptive control) system to realize a position servo system
model and a parameter variable dual-input single-output system with good following
characteristics, accuracy, and robustness [17]. Hayama et al. solved the effect of a pull-
back pressure control system on the responses of electro-hydraulic clearance control by
pressurizing the counter-load side of the cylinder to increase the load force, obtaining
compensation of the controller [18]. Dinh proposed an adaptive controller that could
improve the position tracking accuracy by compensating for the time-varying backlash
and continuously updating model parameters, validating the clearance-lag model control
scheme [19]. To improve the control accuracy and fault tolerance when clearance increases,
control and fuzzy PID compensation strategies can be used to effectively solve the problem
of clearance increase in large hydraulic-press operating systems [20].

Aiming at the problem that the motion pairs in the dynamic mechanism of clearance
among moving parts, and that clearance easily causes large vibrations and even instability
and other adverse consequences for the whole system, this paper proposed an evolutionary
algorithm and its control strategies based on the ant colony algorithm, which could realize
the control performance indicators of the electro-hydraulic servo system dynamics, such as
fastness, as well as the static accuracy and stability of the system [21]. In order to study
the influence of clearance on hydraulic support and avoid the mutual interferences among
different clearances, Zeng et al. established normal force and tangential force models of
moving pairs with clearance based on the Tankarani—Nikravesh contact force model and
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the Coulomb friction model, and studied the influence of clearance on the movement
as well as stress of hydraulic support [22]. In the control of hydraulic components, it
is necessary to accurately and mathematically describe the radial clearance between the
fluid flowing through the control piston and the main body of the component. In the case
of a zero overlap, small valve opening, and small overlap length, dynamic and stability
analyses of the hydraulic system are carried out. Therefore, this article provided a model
description and experimental verification of fluid flow through radial clearance during
a zero overlap [23]. Due to the lack of consideration for the coupling effect between the
actuator and the reciprocating compressor in traditional design, Zhang proposed a study
on compound compressors and actuators in the past, using computational fluid dynamics
to simulate the return clearance of the suction valve. The relationship between the return
clearance and the resultant force of the valve plate was discussed. The relationship among
actuator parameters was studied by establishing a mathematical model considering the
backflow clearance and impact rebound of the actuator [24].

In this paper, according to the characteristics of the mathematical model of the non-
linear dynamics of clearance, a dynamic analysis of the electro-hydraulic servo system is
carried out, and a mathematical model for its system optimization is established. Through
the constructed simulation model, the influence of clearance nonlinearity on the system is
analyzed. For the sake of solving the unfavorable effect caused by nonlinearity, the optimal
control of the electro-hydraulic servo system is realized using the Hopfield neural network
control strategy. After comparing the simulation results, it is proved that the Hopfield neu-
ral network algorithm can be used to effectively solve the problem of clearance nonlinearity
and improve the output performance of hydraulic systems.

2. Modeling of Asymmetric Hydraulic Servo System with Nonlinear Clearance
2.1. General Mathematical Model of Nonlinear Clearance

Fundamentally speaking, the clearance nonlinear system has the characteristics of
having multiple values and being nonlinear, and usually appears in various mechanical
systems. This phenomenon is affected by many variables such as manufacturing accuracy
and assembly error, so it is indeed difficult to completely eliminate the possibility of its
occurrence in the actual operation process [25]. When the system operates, the wear caused
by the contact and joint between mechanical parts often leads to nonlinear growth and
expands with the passage of operation time, which causes the vibration of the system [26].

When a part generated from the input and transmitted to the output is transformed,
if the corresponding reverse transformation is transmitted at the same time, the output
also forms a change in the amount of change in the corresponding direction. However, if
only the reverse change quantity is introduced, the output quantity does not immediately
respond to the instantaneous change from the input side, but responds according to the
output quantity until the input value exceeds a specific threshold [27]. The linear output
signal generated by the system not only depends on the current linear input signal, but
is also affected by the characteristics of the past input signal [28]. The historical input
and output time characteristic curve of the nonlinear signals of clearance is shown in
Figure 1 below.

Y

=

Figure 1. Input and output characteristic curve of clearance characteristic.
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The general mathematical model of clearance nonlinearity is shown below:

u—>b, u>0andy>0
y=yy(t-), other 1)
u+b, u<Oandy <0

where:

u—input signal;

y—output signal;

b—the size of the clearance;

y(t—)—the output signal value at the previous time at time ¢.

The position function of the clearance is expressed as:

b, Au(k)> 0and p(k — 1) + Au(k) > b
p(k) = < p(k—1) + Au(k), other 2)
—b, Au(k)< Oand p(k—1) + Au(k) < —b

The clearance output formula is:

The position memory function of the clearance nonlinearity is expressed as:

u(k) —b, Au(k)>0and p(k—1) + Au(k) > b
y(k) =<u(k—1)—p(k—1), other (4)
u(k) +b, Au(k)< Oand p(k—1) + Au(k) < —b

The linear input signal and linear output of the clearance nonlinear system model are
clearance displacements, so they directly reflect the linear displacement correspondence
between the input signal and the system output. The output position signal of the memory
link with the nonlinear memory characteristic of clearance at a certain time clearance is
directly related to not only the input position signal, but the input position signal of each
time clearance before the memory of a specific time clearance and its relationship with the
historical position signal. There is also a direct correlation among the clearances, and this
special property reflects the memorability of the clearance with nonlinear memory.

The active components need to be first connected to the follower through a certain
distance to create a clearance. In this way, the follower can be activated and controlled,
making the output signal of the system faster than its input signal [29]. As shown in
Figure 2, its output may also occur with given parameters, indicating its multi-value nature;
that is, its output is affected by the parameters, and its variations also become larger as the
parameters increase [30].
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Figure 2. Hysteresis model of clearance.

If an object moves to the right within the articulation clearance and the position of
movement is lower than the articulation clearance, it will be in a stationary state. In this
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case, the object will be in the OA segment, which is the dead zone. However, if an object
moves to the left, it will be pulled by an object, and in this case, the position of the object’s
movement will change, and the speed of the object’s movement will slow down as the
active components reach their lowest point. At this point, the driven component is in a
stopped state, as shown in the BC section of the figure. However, once the active component
is reconnected with the driven component, it is equivalent to the CE part, which pushes
the driven component forward. The interval delay of this movement can be described by a
simple formula:

sy sn ey

x(t)+b,) x(t)<0 «x(t) < —(a;—b; — b,

YO =3 ko —by)  x(H<0 1) > (@b —by) )
K—a,+b) (H)>0 #(t) < —(a—b —b)

where:

x(t)—input displacement;

y(ty—output displacement;

ai—maximum forward input;

a,—maximum negative input;

bj—Tleft clearance amount;

b,—right clearance amount;

k—transmission ratio of clearance input and output parts.

In the electro-hydraulic position servo system, if the clearance value between the
piston rod of the hydraulic cylinder and the load exceeds the standard value, it will cause
damage to the system stability during the movement of the hydraulic cylinder. Therefore,
in the process of constructing an electro-hydraulic position servo system, due to the large
inertia generated by the driven part, clearance nonlinearity must be considered.

2.2. Modeling of Electro-Hydraulic Servo System with Nonlinear Clearance

Theoretically speaking, the clearance is a kind of multi-value system nonlinear with
typical characteristics in the hydraulic system. Usually, the clearance leads to the accumula-
tion of additional system energy in the moving medium in the whole hydraulic system,
and the accumulation of this additional energy easily leads to incomplete balance or os-
cillation in the hydraulic system. In the theoretical process of the mechanical hydraulic
control system, the connection between the active-slave system and the driven motor part
of the mechanical pair is often realized by the connection between the rotating pair and the
spherical pair. Therefore, there must be a meshing clearance between the joints.

In fact, due to a series of internal reasons, such as large differences in surface process-
ing and dimensional accuracy, installation and positioning mode accuracy, and different
degrees of mechanical friction or wear, there is a certain radial sliding clearance coefficient
between the load on the mechanism executing mechanical transmission and the actual
machinery and the load system and its connection, which often varies greatly.

In hydraulic systems, the main and driven parts are usually connected by rotating
pairs, ball pairs, and column pairs, but not directly. Because the interaction between the
two leads to the need to use a tunable connection mode, the relationship between the
two presents nonlinear characteristics. In the real hydraulic controller, the nonlinearity
between the actuator and the load is usually significant due to the accuracy of the design,
displacement error, consumption, and other problems. The basic form of the ideal load end
clearance asymmetric hydraulic cylinder is shown in Figure 3. Set the movement to the
right in the positive direction, and vice versa in the negative direction. According to the
selected ratio r = %, the flow relationship is:

g2 =11 (6)
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where:

g1—flow rate of a rodless chamber into asymmetric hydraulic cylinder, (L/min);
go—ftlow rate of rod cavity flowing out of asymmetric hydraulic cylinder, (L /min).

i |
. |

il iy
" A Z) Zi’z

y

Figure 3. The model of asymmetric cylinder system with flexible connection.
When the spool moves in the positive direction, the linearized flow continuity equation is:
qL = quv —Kepr, (7)

where:

g.—load flow, (m3/s);

pr—load pressure drop, (Pa);

xy,—spool displacement, (m);

K.—flow pressure coefficient, (m3/s/Pa).

When the spool moves in the negative direction, the equation is:
qr = Kgxo — Kepy ®)

The equation of positive motion is:

1412V, dpr A1+ Ay dy
L= CePLt 10738, T ©
where:
Cic—the total leakage coefficient (m3/s/Pa);
Ve—equivalent volume, (md).
Similarly, the equation of positive motion is:
P 1+I’2Ke/% A1+A2dl

The force balance equation of asymmetric cylinder and load is:

dzyp dy
A1py — Aopr = mﬁ + BE + Ky (11)

Thus, the transfer function of positive motion is as follows:

Ky
Xl T TV 3, 142 mK BV, \.2 fllirS BK KV, 1ir 1413 KK, (12)
t ce t ce t 177 ce
Voot TR T ) T (L e T s T e
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Since there is no elastic load in the object driven by the hydraulic cylinder, the elastic
load caused by the part material can be ignored. In addition, the viscous damping coefficient
B is also very small. The piston speed caused by leakage is very small compared with the

piston speed driven by oil flow, that is % <<1,s08 52“ is ignored compared with 1.
1 1
It can be simplified as:
2 K
Y o T4 (13)
1 mV; 3 2 1413 mKee 2
Trrog 7S T Trriirm Al s 18
Similarly, the following transfer function can be obtained:
2 K
Y _ Ti7 A (14)
XV 1 1412 th/ 53 + 2 mKée 52 +s
r(1+7) 1413 2B, A2 r2(1+r) A2
The parameter values of the actual hydraulic servo system are shown in Table 1.
Table 1. Parameter value of hydraulic servo system.
Parameter Name Parameter Symbol Unit Parameter Value
Flow gain K m2/s 1.2
Effective bulk modulus of elasticity Be MPa 690
Stiffness of hydraulic spring Ky/K, N/m 7.91 x 106/4.45 x 10°
Total flow pressure Kee/ K, m®/(N-s) 109 x 10713/8.11 x 10713

3. Clearance Nonlinear Control Strategy Based on Hopfield Neural Network
3.1. Analysis of Clearance Changes at the Connection between the Load End and the Hydraulic Cylinder

In the electro-hydraulic position servo system, the mechanism and load are generally
connected by dynamically matched rotating pairs. However, due to issues such as equip-
ment configuration clearances, design errors, and equipment damage, there is always a
clearance at the equipment connection. The clearance model between the bearing and the
shaft sleeve is shown in Figure 4. During this period, the load remains at a non-moving
position, and when the bearing sleeve is in relative contact with the bearing, the load is
pushed to the right. When the piston rod of the hydraulic cylinder retracts, the active part
also needs to pass through clearance, and the bearing sleeve contacts the load, as shown
in Figure 5.

shaft sleeve

shaft

Figure 4. Schematic diagram of rotating pair with clearance.
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Ball joint sleeve

shaft

Ball joint sleeve Ball joint sleeve

shaft shaft

Figure 5. Schematic diagram of clearance changes.

Due to the existence of nonlinear variables such as clearances, there is a negative
impact on the dynamic function and reliable performance of the position feedback of
the electro-hydraulic servo system [31,32]. Moreover, if the clearance value in the servo
system can not be effectively controlled, the efficiency of the control system will gradually
decrease. Therefore, finding an appropriate way to balance or reduce the adverse impact
on the accuracy and efficiency of the system control caused by the clearance problem is the
core challenge.

3.2. Clearance Compensation Control Based on Hopfield Network

The Hopfield network was developed by American physicist J. ]. Hopfield, who first
proposed it in 1982. Hopfield refers to a fully connected neural network, which simulates
and studies the memory mechanism in the biological neural network system [33]. The
“energy function” is used to intuitively present the dynamic stability of the artificial neural
network system, thus providing a more reliable, accurate, practical, simple, and intuitive
analysis basis for people to prove the dynamic stability of the neural network in the
long-term operation state [34].

The Hopfield neural network model is mainly used to describe the establishment
of a fully connected neural network containing feedback information. Its theoretical
structure is shown in Figure 6. If there is only one input neuron level on the network,
and the output of each neuron is connected to the input of other neurons, it is called a
single-layer full feedback network. It is assumed that there are n neurons in this feedback
neural network level, and each output neuron level is both an output neuron and an input
neuron. All the two adjacent neurons in the network domain restrict each other. The
weight of the connection between any two neurons i and j is defined as wj;, and all the
connections between these two neurons must be symmetric, that is, w;; = w;; [35,36]. Each
neuron is also connected to one another as a single-layer fully interconnected network,
as shown in Figure 7.

Figure 6. Hopfield neural network.
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Figure 7. Mesh structure of Hopfield network.

The value of the whole network state is X = [x1, X3, . .., x,]T, and the initial value of
the network state is X(0) = [x1(0), x2(0), . . ., x,,(0)]T, that is, the input of the whole network.
The network state is constantly changed and updated under the excitation of the new input
signal, thus automatically generating the new output of the new signal. The network state
and its evolution law are as follows:

n
U]:Zwl]xl+b] l:1,2,,n (15)
i=1

i=

xj:f(vj) j=12,...,n (16)

where v; is a linear combination of the input domains of an induction network, which
is referred to as the local domain of the induction network. b; refers to a fixed bias of
an additional applied signal on the activated neuron j. The activated neuron function is
defined as f (-).

The activation function adopts the symbolic function:

1 ifo;>0
x; = sen(v;) = 5= i=1,2,...,n 17
j & (]) {_1 iijZO ] (17)

The Hopfield neural network system operates in the way of neurodynamic evolution.
The working process is the evolution process of the initial state. For the initial operating
state of a given system, it evolves in the way of capacity reduction and finally reaches a
stable state. It can be seen from the analysis that it is very appropriate to use the nonlinear
model of the hysteresis clearance problem to directly describe the delay clearance between
the piston rod and the load of the position servo drive system.

When the piston rod passes through the clearance area, the clearance area is at the
input end of the system, which changes in the clearance area, and indicates the existence
of hysteresis nonlinearity. A more effective compensation technique for this change in the
clearance area is to use the model compensation method. Due to the nonlinear variation in
the clearance, this compensation technology cannot adjust in a timely manner according
to the changing situation to prevent jitter and effectively adjust the clearance value or
promptly correct its deviation through feedback.

By introducing a fixed model compensation control algorithm, the negative impact
caused by clearance delay can be effectively reduced. The algorithm process can be referred
to in Figure 8. This algorithm needs to establish a reference point and calculate the distance
between the reference point and the real point to obtain accurate control results. The model
is as follows:
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o(t) = —1¥a(t) — b1, ya(t) <0orv(t) = —fya(t) + bz, ya(t) > 0
ya(t) =0 (18)

g(,t)sgn(ya(t)) other

where:

g(t, ty—vertical jump, (7, t) = m(by + bp)d(T — t);
4(t)—Dirac ¢ function.

Given location

- The difference e(k) between the given position and
the actual position

Yes v No

A J \ 4
Calculation of numerical values using Calculation of numerical values using
Hopfield neural networks Hopfield neural networks
A J \ 4
Piston rod extension displacement Piston rod retraction displacement

Yes m m Yes

No No
(Clearance nonlinear hysteresis model

v

Calculation output results

v

Figure 8. Process block diagram.

The clearance nonlinear hysteresis model under discrete time can be represented as:

dya(t) = b1 ya(k) <ya(k—1)
o(k) = mya(t) + b1 ya(k) > ya(k—1) (19)
v(k) Ya(k) = ya(k —1)

By using the Hopfield neural network algorithm, the operation of the electro-hydraulic
servo system can be effectively controlled, and the specific control structure can be seen in
Figure 9. This algorithm can adjust the node parameters of the feedback neural network,
and use a servo controller to control the valve core of the servo valve, effectively controlling
the operation of the hydraulic cylinder. It can also convert the abnormal values of input
and output into error feedback, effectively suppressing the clearance changes in the system
and reducing the adverse impact of the clearance on the model results.
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u(f)

+ . x(f) )
o) Hopfield neural Proportional .| Servo Hydraulic Clearance Clearance 0
. > > . > . > Load >
network controller amplifier valve cylinder nonlinearity model hysteresis model
Feedback gain

Hydraulic station

Hydraulic servo experiment lable

Figure 9. Block diagram of an electro-hydraulic servo system with nonlinear clearance model control.

4. Clearance Nonlinear Compensation Control Based on Hopfield Neural Network

This platform is based on virtual instrument technology to build an auxiliary measure-
ment tool, which makes full use of the computer’s efficient computing power and large
capacity storage space to achieve the role of measurement equipment. By providing the
input signal, the requirements of the system for dynamic characteristics are met. The core
technology of this platform is that it can perform tasks such as high-frequency data interac-
tion, collection, inspection, management, and data analysis, as shown in Figure 10. This
experimental platform is mainly composed of a hydraulic station, servo valve-controlled
hydraulic cylinders, loads, various sensors, and data acquisition cards. In order to deeply
understand how clearance affects the nonlinear problem of the electro-hydraulic servo
control system, an electro-hydraulic servo control platform with clearance was built, as
shown in Figure 11.

Measuring sensor Dashboard

Acquisition card Computer

Signal processing

Figure 10. Control system of electro-hydraulic servo system.

Figure 11. Applied electro-hydraulic servo system.

The entire operation process is mainly composed of three parts: a data acquisition
module, a measurement control module, and an experimental system. The data acquisition
module uses sensors for digital measurement and amplification, which performs an analog-
to-digital conversion in the digital acquisition card before sending it to the computer. The
control system mainly utilizes a computer to control the entire system, achieve digital to
analog conversions, and generate analog signals, which are amplified by amplifiers and
sent to the electro-hydraulic servo system on the platform to complete the control system.
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From the above research methods, it can be seen that if there is a clearance problem at
the connection between the hydraulic cylinder and the load, it leads to a nonlinear relation-
ship between the active and passive components, which affects the output performance
of the entire hydraulic system. Once an impact occurs, the system is subject to significant
interference, resulting in stable deviations. With the expansion of the system clearance, it
may cause limit cycle oscillation, which causes serious damage to the dynamic performance
of the controller. In order to explore the interaction between various sizes of clearances and
the system in the actual use process, the mathematical model of different sizes of clearances
between the shaft sleeve and the load connecting the shaft is established.

In order to verify the proposed compensation of clearance nonlinearity based on the
Hopfield neural network, the step response signal is applied to the electro-hydraulic servo
system, and the effect on the system after compensation is observed. Taking the extension
movement of the asymmetric hydraulic cylinder as an example, the clearance values are
set as 0.1, 0.5, and 1 mm, respectively, and the step response comparison is shown in
Figure 12, where the black solid line represents compensation and the red dashed line
represents uncompensated. Similarly, when an asymmetric hydraulic cylinder undergoes a
retraction motion. The clearance value setting is the same as that of the hydraulic cylinder
during the extension movement. The comparison of step response is shown in Figure 13,
where the black solid line represents compensation and the red dashed line represents
uncompensated. Observe the difference after the comparison of the lines in the figure.

S

displacement (cm)

- = - Uncompensated - = “Uncompensated

—— Compensated

—— Compensated

displacement (cm)

L L ! L L L L L L

0 05

25
Time (s)

(a) (b)

—— Compensated
- - -Uncompensated

L L L L L L L L

0 05 1 15 2 25 3 35 4 45 5
Time (s)

(©)

Figure 12. Comparison diagram of system step response curve between uncompensated clearance
and compensated clearance during extension movement: (a) The clearance value is 0.1 mm; (b) the
clearance value is 0.5 mm; (c) the clearance value is 1 mm.

It can be seen from the comparison simulation results that after the clearance non-
linearity is compensated, the step response curve of the asymmetric hydraulic cylinder’s
extension motion is well improved, the overshoot is reduced, and the oscillation amplitude
is reduced, and there will be no small oscillation after reaching stability. The same is
true when the asymmetric hydraulic cylinder is retracted. Through the analysis, it can be
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concluded that the potential influence of the clearance nonlinear system and the dynamic
performance change of the control system can be well eliminated by constructing a Hopfield
neural network clearance compensator.

—— Compensated -

Compensated

- - -Uncompensated
- - -Uncompensated DX

displacement (cm)

I L L L L L I L I I I

25 3 35 4 45 5 0 05 1 15 2 25 3 35 4 45
Time (s) Time (s)

(@) (b)

= —— Compensated | |

- - -Uncompensated

(©)

Figure 13. Comparison diagram of system step response curve between uncompensated clearance
and compensated clearance during retraction movement: (a) The clearance value is 0.1 mm; (b) the
clearance value is 0.5 mm; (c) the clearance value is 1 mm.

As shown in Figure 14 where the black solid line represents compensation and the red
dashed line represents uncompensated, when the displacement of the system'’s sinusoidal
output reaches 1 cm, a corresponding attenuation phenomenon occurs in the clearance
after the system operates normally. When the sinusoidal output displacement reaches 3 cm,
the corresponding curve appears in the clearance after the normal operation of the system
in Figure 15. When the input signal waveform reaches its peak, a significant amount of
error is produced in the output waveform due to the influence of the system clearance.
However, the output curve does not start tracking the input signal again until the piston
rod completes the clearance work. After completing the clearance compensation work, the
attenuation phenomenon has been improved and the accuracy of the feedback waveform
provided by the system has basically met the requirements. At the same time, the tracking
stability of the system and its reproducibility of system signals have been significantly
improved. Based on this, it can be concluded from the comparison simulation results that
the constructed control compensation algorithm can reduce the negative effect caused by
the reduction of the output signal amplitude caused by the clearances in the process of
sinusoidal system signal, so as to enhance the tracking accuracy of the control system.
It has a good supplementary effect on the nonlinearity problem caused by clearances in
the transmission process of the servo system. According to the phenomenon, the system
clearance has little effect on the step signal because the effect of the clearance is smaller
when the hydraulic cylinder is in the body movement than when it is in the cable back
movement, but when the hydraulic cylinder is in the round-trip movement, the effect is
more obvious.
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sated clearance and the compensated clearance: (a) The clearance value is 0.1 mm; (b) the clearance
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Machines 2024, 12, 329

15 of 17

References

5. Conclusions

The clearance nonlinearity of the electro-hydraulic servo system in many transmission
links, especially the clearance between the piston rod of the hydraulic cylinder and the
load, is mainly the actual value of the control clearance coefficient. Because it continues to
change with the specific operation characteristics of the control equipment components, it
is of great practical value to study the control attributes of the dynamic system, including
the clearance.

In the paper, the common servo driver configuration in the electro-hydraulic servo
system is simplified, and it is converted to a typical valve controlled hydraulic cylinder
mode, and the mathematical model of the system is constructed, the transfer function of
system parameters is solved, and a numerical simulation model of those system parameters
is obtained based on the electro-hydraulic servo mechanism. Based on the influence of
clearance nonlinearity on the step responses of the electro-hydraulic servo system, the
Hopfield neural network control strategy is adopted to compensate for the control of
the system. The simulation results show that the oscillation of the step response curve
and overshoot is reduced, with the adjustment time reduced accordingly. It is proved
that the Hopfield neural network method has better control performance and certain
practical values.

Using the method of system analysis, the interaction between the electro-hydraulic
servo device and the nonlinear hydraulic controller is studied, and a compensation mode
with clearance is constructed. The clearance between the systems is adjusted and corrected,
and good control results are achieved. However, there are still some problems to be solved.
For the interval nonlinear characteristics in the electro-hydraulic servo system, this part
focuses on the clearance between the piston rod and the load, rather than the clearance
caused by other components. These aspects need to be further explored. In addition, the
input and output data are only a single value, and in the real environment, it often involves
multiple groups of data. At this point, the phenomenon of clearance influence becomes
even more complex, and further research is needed in future practical engineering.
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