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As a kind of equipment commonly applied in laboratory vibration test simulation, the shaker has been widely used in many
important felds of scientifc research on experimental engineering vibration. It is employed for the numerical simulation of
seismic activities of large buildings to quickly and quantitatively detect and calculate building components related to diferent
building forces, analyze and study various changes of on-site structural forms and the infuence mechanism of common
earthquake damages or deformations with the actual existence of large-scale seismic activities, as well as to test the antiseismic
strengthening structure of buildings to reduce the impact of destructive earthquakes on buildings losses. In general, the load of the
shaker is regarded as a rigid structure. But in terms of the load of an electrohydraulic servo shaker with a fexible structure, the
system control tends to be nonlinear accompanied by the output signals distorted. In order to achieve the goal of improving the
waveform accuracy of shaking tables, it is necessary to combine the corresponding control algorithm strategy. Hence, in
compliance with the working principles and functions of shaking table systems, the reasons for the coupling between fexible
structure loads and shaking tables are carefully analyzed in this paper. Meanwhile, a control strategy based on the Luenberger
observer control method is proposed to efectively realize the coupling suppression within the system and make the output signals
of the shaking table reach the required accuracy. Finally, by comparing the frequency characteristic curves of the system before
and after the introduction of the Luenberger observer, as well as the output and input analog signals, it can be seen that the
Luenberger observer can efectively suppress the impact of oscillations within the system and reproduce the accuracy of the input
signals.

1. Introduction

Te products and equipment produced in various industries
have been working in various extremely complex and harsh
real-vibration working conditions for a long time, which
more or less afects the performance, quality, and operation
safety of these products and equipment systems. For this
reason, it is of great necessity to regularly track, research,
test, and optimize the actual vibration environment of the
products for safer and more reliable operation test results.
Te main purpose of the shaking table test is to reproduce
the real working environment conditions on a regular basis
according to the vibration requirements under diferent
working conditions. Terefore, it is more and more

extensively applied in plenty of complex engineering felds
such as ships, aerospace, road and bridge structures, and rail
transit, in which it performs a signifcant function in the
research on the industrial safety development of various
countries [1–4].

A shaking table can play an important supporting role in
the whole mechanical engineering feld. In industrial
product systems, if parts are frequently used under the
infuence of long-term high-frequency vibrations and a se-
ries of severe vibration efects such as installation envi-
ronmental conditions, the reliability is often greatly reduced,
and some equipment systems may even be damaged or
become invalid eventually.Terefore, with the aim to further
fully understand the various operating behavioral
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characteristics, reliability, expected working life cycles, and
other behavioral characteristics that may occur in a variety of
working environments with complex vibrations, it is crucial
to conduct a numerical simulation for the characteristics of
such working environments with various complex vibra-
tions [5–8].

Te design of the drive system of an electrohydraulic
servo shaker possesses some remarkable advantages, such as
a high thrust power, a faster response to vibration, and
a strong ability to bear various loads, which can ensure the
realization of more accurate and realistic vibration simu-
lations. Consequently, there has been an increasing in-depth
theoretical research on the theory of electrohydraulic servo
shaking tables, which has been a more and more in-depth
theoretical research, and has been applied to various sim-
ulated environments with vibrations [9, 10]. However, when
considering the load characteristics of various types of
structures, especially under the premise of many practical
applications such as the fexible structure of test pieces, some
factors like complex coupling are inevitable in the charac-
teristics of fexible structure loads and overall servo shaking
tables, while the severity directly afects the control efciency
and accuracy. Moreover, due to the infuence of diversifed
complex reality and nonlinear factors on the overall system
of a servo shaking table, the overall control strategy often
leads to difculties in achieving an accurate and reliable
control. Apart from that, the entire electrohydraulic shaking
table system still has problems such as a difcult waveform
reproduction and a low accuracy [11, 12].

Te test control system of a shaker is required to have the
characteristic of an accurate, efcient, and high-precision
waveform reproduction. However, there is always a coupling
efect among the load of some fexible structures and
a shaker, which seriously restricts the test control and ac-
curacy of signals of the overall shaking table system
[11, 13, 14]. In the case that the coupling efect still exists at
present, it is not signifcant to continue other signal quality
control analyses in the system. Terefore, in order to ensure
the fnal realization of a high-precision, reliable, and stable
waveform output of the system, the key is to minimize the
impact of its coupling [15–17]. Underwood and Keller
expressed the internal force in the coupling system by in-
troducing two degrees of freedom, making the force gen-
erated by coupling based on these two degrees of freedom
equal to zero to achieve the main goal of the coupling system
control theory [18]. In view of the importance of the
mechanism with stifness (and damping) parameter char-
acteristics, Hayward et al. deduced a specifc kinematic
design for the decoupling controller of an architecture device
[19]. Filabi and Yaghoobi proposed a trajectory fuzzy
adaptive sliding mode decoupling controller in a Cartesian
space coordinate system which consisted of sliding mode
control and an adaptive learning algorithm, thus ensuring
the closed-loop stability and fnite time convergence of
tracking errors without relying on any parameter initiali-
zation condition [20]. Yang constructed a continuous in-
tegral robust control algorithm with an asymptotic tracking
performance and an adaptive learning algorithm based on
neural networks for constrained nonlinear systems to deal

with high-order uncertain nonlinear systems with distur-
bances [21, 22].

Plummer designed a multivariable controller for cou-
pling the multichannel servo system which was the allowed
channel to be decoupled from the individually-assigned pole
position, which was applied to the dual-channel electro-
hydraulic servo system [23]. In order to reduce the position
synchronization error caused by diferent dynamics, Jeonga
and You designed acceleration and speed controllers based
on the proportional integral (PI) control law, and the
coupling of each axis was reduced by comparing the
maximum error [24]. Chen proposed a new structure of
cross-coupled position command shaping controller
(CPCSC) for precise tracking during multiaxis motion
control. Compared with the traditional multiaxis cross-
coupled control (CCC) system, this new structure had
a simpler design process and a better stability than the
traditional compensator [25]. Adam studied an experiment
on a small-scale primary secondary fexible load structure
excited by an earthquake, where the secondary structure
attached to the elastic-plastic shear frame was tested with
and without conditions. In the numerical study, the me-
chanical model of the structure under study was excited by
the digitally-recorded acceleration base, and the fexible
nonlinear force displacement relationship could be mea-
sured [26]. Cao and Khan evaluated the behavior and
performance of multiscale hybrid composite materials under
seismic loads using a single degree of freedom hydraulic
shaker [27]. A shaking table test of a two-story steel frame
was introduced under simulated seismic loads, which could
display second-order inelastic behavior and avoid lateral
torsional buckling of individual components [28].

Although many scholars have conducted research on
this issue, there are still some limitations. First, although
there are many studies on vibration suppression based on
mechanical platforms, for example, robust algorithms,
adaptive algorithms, and neural network algorithms, there is
not much research on the load of electrohydraulic servo
shaking tables. So, the research based on the electrohydraulic
servo shaking table platform has exposed certain research
defciencies. Second, the other research topic mainly focuses
on symmetrically distributed actuators, considering fewer
asymmetric actuator components. Te electrohydraulic
servo shaker based on a fexible structural load often leads to
large coupling in the system and afects its control perfor-
mance. Within the required bandwidth range of a system,
the oscillations that form resonance and antiresonance peaks
exceed the stable range of its system amplitude [29, 30].

Te Luenberg observer-based method proposed in the
1970s is a robust control method for the linear system. Te
basic idea is to control the input, observer, and output error
variables of the system so that the estimation error tends to
zero, so as to suppress the oscillation in the system and
achieve the efect of signal tracking, which is a very useful
method in the hydraulic servo system. To further improve
the waveform reproduction method of the hydraulic servo
shaker control system, this paper proposes a decoupling
control method relying on the Luenberger observer to ad-
dress common issues such as the coupling between the

2 Shock and Vibration



shaking table and the fexible structural load, so as to en-
hance the overall dynamic tracking performance of the
shaker. Te specifc content of the article is as follows:

(1) In order to study the dynamic performance of an
electrohydraulic servo shaking table based on fexible
loads, a mathematical model of the asymmetric
hydraulic cylinder of its hydraulic servo is con-
structed, and a simplifed diagram and model of the
fexible structural load are established.

(2) By introducing and analyzing the three-state control
strategy commonly used for electrohydraulic servo
shaking tables, the mathematical transfer function of
the system is established, with the limitations of its
application illustrated, which lays the foundation for
the introduction of observer methods in the future.

(3) With the introduction of the control algorithm of the
Luenberger observer, its application to the study of
electrohydraulic servo systems and the method of
adjusting its internal parameters are both explained.

(4) Te Luenberger observer is adopted into the system
since the aforementioned three-state control strategy
is not sufcient to suppress the oscillation efect of
fexible loads according to the comparative analysis
of examples. Te comparison results show that the
observer can signifcantly suppress the impact of
within the system and achieve the function of
reproducing the input signals.

2. Electrohydraulic Servo Shaker

2.1. Modeling of the Electrohydraulic Servo System. A hy-
draulic servo drive control system mainly includes a power
control system, an electrohydraulic servo valve, a hydraulic
cylinder, a sensor circuit, signals, and a conditioning device
module structure. In order to better facilitate the computer
simulation performance analysis and system modeling, it is
necessary to establish a dynamics and simulation mathe-
matical model of the hydraulic drive excitation system and
describe the system and explain the dynamics characteristics
for the basic components of each subsystem as well as their
relationships. Te relationship between the parameters and
variables of system characteristics described through the

dynamic model analysis method is often the law of con-
tinuous changes of dynamics with unit time.

In order to systematically analyze the load of a hydraulic
shaking table, it is necessary to establish a mathematical
model based on an electrohydraulic servo system and an-
alyze its dynamic characteristics. A typical asymmetric
hydraulic cylinder-valve control model is established in this
section, which is then reasonably simplifed. Based on the
system data required by simulation calculation, a more
reasonable and complete mathematical model is established
for the hydraulic servo shaking table.

Te basic form of the ideal asymmetric hydraulic cyl-
inder is shown in Figure 1. We set the movement to the right
as the positive direction and vice versa as the negative di-
rection. According to the selected ratio, n � A2/A1; so, the
fow relationship is as follows:

q2 � nq1, (1)

where q1 is the fow rate of the rodless chamber into the
asymmetric hydraulic cylinder (L/min); q2 is the fow rate of
the rod chamber fowing out of the asymmetric hydraulic
cylinder (L/min); A1 is the fow rate of the rodless chamber
(m3); and A2 is the fow rate of the rod chamber (m3).

Te spool valve fow equation, the hydraulic cylinder
continuous equation, and the force balance equation are the
three basic equations of the servo valve-controlled hydraulic
cylinder system. Te following formula describes the dy-
namic performance of the valve-controlled asymmetric
hydraulic cylinder [12, 31].

qL � Kqxv − KcpL,

qL � CtcpL +
1 + n

2

1 + n
3

Ve

βe

dpL

dt
+

A1 + A2

2
 

dy

dt
,

A1p1 − A1p1 − A2p2 � m
d2yp

dt
2 + B

dy

dt
+ Ky.

(2)

After obtaining the transfer function through the
mathematical modeling of the asymmetric hydraulic cyl-
inder, the positive motion transfer function shown below
can be obtained after Laplace transformation.

Y

Xv

�
Kq/A1

mVt/4βeA
2
1s

3
+ 1 + n

3/1 + n
2
mKce/A

2
1 + BVt/4βeA
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1 s
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2
BKce/A

2
1 + KVt/4βeA

2
1 + 1 + n/2 s + 1 + n

3/1 + n
2
KKce/A

2
1

, (3)

where Kq is the fow gain (m); xv is the spool displacement
(m); Vt is the equivalent volume (m3); B is the viscous
damping coefcient (N·s/m2); βe is the bulk elastic modulus

of hydraulic oil (Pa); Kce is the system leakage coefcient
(m5/(N·s)); K is the system load stifness (N/m); andm is the
load mass, (m2/s).
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Similarly, the three equations of negative motion can be
obtained, and the transfer function formula of negative
motion is as follows:
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′
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2
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.

(4)

2.2. Mechanical Model of the Flexible Specimen. Te modal
analysis of the force on the fexible test piece is carried out
through vibration. Te mechanical analysis of the fexible
test piece installed and fxed on the shaking table is as shown
in Figure 2, and its mechanical motion equation expression
is as follows:

mps
2
x + cpsx‘ + kpx′ � 0, (5)

where x is the absolute displacement of each particle. x′ is the
relative displacement of each particle. mp, cp, and kp are the
mass matrix, damping matrix, and stifness matrix of the
specimen, respectively.

As shown in Figure 3, the entire framework is divided
into a top-level structure and a bottom-level structure, as
shown below.

m2€x2 + c2 _x2 + k2x2 � −m2 €ug + T, (6)

where, €x, _x, and x express the acceleration, velocity, and
displacement. €ug represents the ground acceleration. T is the
shear force between members. Teoretically, the shear force
can be derived from the force feedback minus the inertial
force of the rigid table. However, the sample mass used in
this test is not too big and difcult to identify and difer-
entiate from force feedback; so, this paper adopts the neglect
treatment.

According to the modal knowledge, the acceleration of
the fexible structure sample fxed on the vibration test bench
is calculated, namely, the apparent mass as follows:

M(s) �
F(s)

A(s)

� I
T
mp I − 

N

n�1
φn

φT
n mpIs

2

Mn s
2

+ 2ζnωns + ω2
n 

⎡⎢⎣ ⎤⎥⎦,

(7)

where φn � (φn1,φn2, · · ·,φnN)T is the mode shape vector of
the nth order. Mn is the nth order formation mass, ωn is the
nth order formation natural frequency, and ζn is the nth
order formation damping ratio.

Te apparent mass can be further decomposed into the
sum of several single-degree-of-freedom systems, namely,

M(s) � 
N

n�1
men

2ζenωns + ω2
n

s
2

+ 2ζenωns + ω2
n

, (8)

where men is the nth-order equivalent modal mass and ζen is
the nth-order equivalent modal damping ratio of the sim-
plifed system.

Generally, the vibration stifness of a load table structure
system is relatively large, which can be simply regarded as
a vibration rigid body. Te amount of fexibility and de-
formation that can directly causes vibration due to vibration
stifness in the motion state is correspondingly small. As
a result, in some cases with a proper design and control, the
infuence on the local vibration deformation of a shaking
table system itself is very small or even negligible. However,
if frame-type members are directly composed of fexible
structural forms such as a bottom plate and a roof beam, the
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Figure 2: Flexible structure specimen model.
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Figure 1: Te model of the asymmetric cylinder system with
fexible connection.
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rigidity of this fexible structure is extremely limited, and it
cannot be simply approximated as a rigid structure. Addi-
tionally, in terms of designing the control algorithm of
a shaking table, it is essential to consider the coupling be-
tween the shaker and the load and suppress the oscillations
caused by the deformation of structural parts during
operation.

3. Three-State Control Strategy

For a shaking table system driven through the acceleration
signal control method, in order to satisfy the requirements of
improving the accuracy of output signal and the response
frequency, one or more strategy control methods that can be
optimized need to be adopted on the shaking table. In order
to quickly and accurately obtain the expected system ac-
celeration signal of the system, it is necessary to perform
corresponding algorithms and analyses on the reference
acceleration signal and feedback acceleration signal during
the actual measurement through a control system envi-
ronment analysis. Tree-state control is a classical control
strategy algorithm based on the shaking table. Figure 4
shows the system block diagram of the three-state control
strategy. Kdr, Kvr, and Kar represent the three-state feed-
forward control parameters of the algorithm, and Kdf, Kvf,
and Kaf represent the three-state feedback control param-
eters of the algorithm. yd (k) represents the acceleration
feedback signal, and xd (k) represents the corresponding
reference signal. Te gains of the P controller are Kd, Kv, and
Ka. Kc is the total gain [32–34].

In order to complete the design requirements of the
three-state controller, it is necessary to determine the values
of the feedforward control Kdr, Kvr, and Kar parameters and
the feedback control Kdf, Kvf, and Kaf parameters, re-
spectively, and the former is determined by the latter. Te
open-loop transfer function can be defned as follows:

W(s) �
1

s/ωr + 1(  s
2/ω2

nc + 2ξnc/ωnc + 1 
, (9)

where ωr is the frequency corresponding to the acceleration
response bandwidth, rad/s. ωnc is generally 1.05∼1.20 times
the hydraulic natural frequency, rad/s. ξnc generally takes
a value of 0.7.

According to the block diagram in Figure 4, the
closed-loop transfer function of the feedback is obtained
as follows:

Gc(s) �
Yd

Rd

�
KdfKv

s
3/ω2

n + KafKv + 2ξn/ωn s
2

+ KvfKv + 1 s + KdfKv

.

(10)

Equating the above two formulas, the three parameters
of the three-state feedback are as follows:

Kdf �
ωrω

2
nc

Kvωn

,

Kvf � Kdf

2ξnc

ωnc

+
1
ωr

  −
1

Kv

,

Kaf � Kaf

2ξnc

ωrωnc

+
1
ω2

nc

  −
2ξn

Kvωn

.
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⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(11)

Te transfer function of the three-state feedforward can
be obtained as follows:

B(s) � Kdr 1 +
Kvr

Kdr

s +
Kar

Kdr

s
2

 . (12)

Taking Kdr �Kdf, the three parameter expressions of the
three-state feedforward are obtained as follows:

Kvr � Kdf

2ξnc

ωnc

,

Kdr � Kdf,

Kar �
Kdf

ω2
nc

.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(13)

Te basic control technology principle of three-state
servo control widely used in the technologies is discussed
through a comprehensive and systematic analysis.
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Figure 4: Block diagram of a three-state controller.
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Figure 3: Sketch-map of problem prototype: the hydraulic servo
shaking table based on fexible structural load.
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Given some inherent shortcomings of the hydraulic
system control itself such as relatively small damping and
a narrow frequency width of system signal response fre-
quency, a basic control technology using pole confguration
is adopted to redesign the three-state servo hydraulic system
method. Besides, a feedback flter is utilized to improve the
damping characteristics of the system, and a feedforward
flter is employed to eliminate the interference character-
istics of the neutral pole generated due to the frequency
response damping characteristics of the system, so as to
realize the improved frequency response characteristics of
the system.

4. Luenberger Observer

4.1. Te Equipment Principle of the Luenberger Observer.
Te Luenberger observer theory which was frst proposed by
Luenberger, Kalman, and Busey et al. is specially designed to
solve the dynamic control problems of more complex sys-
tems. When the state quantity of some dynamic complex
systems is difcult to obtain through an accurate quantif-
cation, amore accurate system state quantity is often required.
By changing the input and output of a complex system to
reconstruct state variables, it is possible to fnally obtain state
variables that are relatively easily calculated via computers,
which may be the target of the Luenberger observer design.
Te Luenberger observer is designed and established through
a system model, whose positive input and inverse output can
be directly regarded as the input of the Luenberger observer
system. To obtain the feedback value of the control system, it
is necessary to make a diference between the actual obser-
vation value needs to be estimated, and the poles of the system
are confgured on this basis [35–37].

We set the system model as follows:

x
·

� Ax + Bu,

y � Cx,

⎧⎨

⎩ (14)

where x is the state variable; u is input; y is the output; A is
the state matrix; B is the input matrix; and C is the output
matrix.

In order to construct the Luenberger observer, it is
necessary to input the feedback matrix into the state
equation. Te block diagram of the structural model is
shown in Figure 5. As shown in the following formula, the
Luenberger observer is formed by adding the error between
the estimated value of the observer and the estimated value
of the system.

x̂
·

� Ax̂ + Bu + H(y − ŷ),

ŷ � Cx.

⎧⎪⎨

⎪⎩
(15)

We defne the real state variables of the system and the
error of the observer’s estimated state as follows:

e � x − x. (16)

Te pole in the matrix (A−HC) determines whether the
error of the system state estimation can be attenuated to
zero. We substitute the above formula to get [38]

e
·

� x
·

− x̂

·

� Ax + Bu − Ax̂ − H(y − ŷ) − Bu

� A(x − x̂) − HC(x − x̂)

� (A − HC)(x − x̂)

� (A − HC)e.

(17)

As the known system characteristic A and matrix C have
been determined by the system characteristics, whether the
estimated error of the system state can be completely at-
tenuated to zero or not, the main factor lies in the feedback
matrix coefcient H.Terefore, designing and adjusting the
feedback matrix can efectively make the state estimation
error of the whole system have a good decay rate.

For the disturbance term of equation, the Lyapunov
function is constructed as follows:

V �
1
2
e
2
. (18)

Taking the derivation of the Lyapunov function of
formula, the following can be obtained.

V
·

� ee
·

� e(A − HC)e

� (A − HC)e
2
.

(19)

If the eigenvalue of (A−HC) can be kept negative, the
relationship is as follows:

V⟶ 0,

e⟶ 0.
 (20)

Terefore, in order to make the error of the system
converge and make it operate stably, it is necessary to take
the appropriate value of H tomake the correspondingmatrix
(A−HC) eigenvalue negative.

4.2. Design of the Luenberger Observer for the Hydraulic
System. Te observer-based suppression method is a simple
and easy-to-implement approach that involves introducing
acceleration feedback control.Teoretically, this method can
enhance the active damping of the system, leading to the
suppression of the acceleration feedback. Figure 6 represents
a simplifed block diagram of the load disturbance observer.

Te transfer function of this observer is as follows:
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TL

Te

�
1

K/Kps + 1
. (21)

As per the formula provided above, it can be observed
that it behaves like a low-pass flter, which indicates there is
no need to pay more attention to stability concerns.
Moreover, the relationship between its parameters and the
resonant point frequency can be represented by the
equation:

Kp

K
� ω2

. (22)

Figure 7 illustrates the construction of a Luenberger
observer that requires double integration of position ob-
servation values. An error value is then derived by sub-
tracting the measured value from the observed one. Finally,
a PID control regulator is employed to drive the error value
towards zero.

Te transfer function of this observer is as follows:

Pest � IT

s
2

s
3

+ KDs
2

+ Kp + KI

+ TM

KDs
2

+ Kp + KI

KDs
2

+ Kp + KI

.

(23)

According to the characteristics of the electrohy-
draulic servo shaking table, once the structure of the
executing components of the vibration table and pa-
rameters of its fexible load are determined, the reso-
nance value within the system is also confrmed. By using

the sinusoidal scanning method, the frequency value
of the oscillation point, which is the value of ω, can be
determined. As a consequence, according to for-
mula (22), the size of K can be naturally obtained after a
specifc value of KP is chosen based on PID control rules.
Ten, the selected value can be input into the simulation
system of the Luenberger observer to check the efec-
tiveness of suppressing oscillations and determine if any
relevant parameters need to be adjusted.

5. Case Analysis

As described in Figure 8, the mechanical structure of the
shaker mainly consists of a vibrating test table, a bracket,
a fxed structure, a guiding device, a foundation base, and
a connecting mechanism. Te force is transmitted to an
excited test object through vibration. To guarantee ex-
ternal forces can be borne and transferred to a stressed
object, the table top itself should be equipped with rel-
atively good overall strength stability and torsional
bending stifness, whose overall production material is
required to be lightweight as far as possible. For the sake of
maximizing the impact of the high-frequency natural
vibration of the table top on the overall phenomenon, the
natural vibration frequency should not be distributed
within the operating frequency. Notably, the smaller the
mass proportion of the worktop is, the greater the per-
formance is.

Te main components of a hydraulic power system
include a booster pump station, a servo valve, a servo
cylinder, an overfow valve, as well as various pressure
and temperature instruments. A pump station is usually
composed of a main oil source, an axial piston variable
displacement pump, a motor, a hydraulic overfow valve,
and other components. An overfow valve can be used to

++ -

+

Shaking table
and load sensor

IT

Te TL
K1

1
Ks2

Pest
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Figure 7: Structure of the Luenberger observer for load
disturbance.

Figure 8: Schematic diagram of equipment.
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measure and regulate the oil supply pressure of the
system, which can efectively and reasonably protect its
hydraulic components so that the maximum pump inlet
pressure cannot exceed the maximum usable pump outlet
pressure. It can also be ensured that the automatic
overfow function of the system can be realized when the
flter is blocked and an alarm signal is sent, so as to
protect the components of the hydraulic servo system
from being contaminated by impurities. A pressure in-
strument is mainly used for real-time monitoring of the
actual diferential pressure changes in the oil cylinder of
the servo system and the actual back pressure of the servo
valve system online, so as to accurately analyze the
normal working movement process and pressure state. A
flter can be applied to efciently flter the fne particles
and impurities left in the oil pipelines to satisfy the re-
quirements of a normal and safe use of servo pump valves
[39, 40].

Te control system of an electrohydraulic servo shaker
is presented in Figure 9. A system control unit mainly
consists of an electrohydraulic servo valve, a data ac-
quisition card, signal conditioning devices, and various
sensors. Te controller sends signals directly to the am-
plifer of the servo valve, and the system directly converts
the input voltage signals of low energy into high-power
signals. Te hydraulic cylinder outputs the corresponding
vibration waveform to excite the object to be measured,

and the displacement sensor built in the hydraulic cyl-
inder as well as the acceleration sensor of the system to be
tested are fed back to the controller. Eventually, contin-
uous corrections are accomplished through the controller
according to the error information between the feedback
drive system signals and the feedback system signals
[41–43].

In the electrohydraulic servo control system, the hy-
draulic actuator ensures fast response and load, and the
electrical components provide the convenience and fexi-
bility of the system. Te use of circuit control can provide
high rapidity and ensure large output force and power. Te
specifc parameter values are shown in Table 1.

Te schematic diagram of the coupling vibration
suppression of the fexible structural load of the elec-
trohydraulic servo shaker is shown in Figure 10. Com-
pared with the rigid load, more obvious frequency
fuctuations are produced at the antiresonance through
a control system with a fexible connection load. On the
basis of the three-state control of the shaking table, the
internal of the system can be improved after adding
a Luenberger observer to the loop. In the presence of
a high damping coefcient, the impact of such oscillations
can be efectively reduced while having little impact on the
system itself. Te frequency should be as close to the peak
frequency of the oscillations as possible, so as to reduce
the deviation of the suppression frequency.

Hydraulic station Hydraulic servo experiment lable
Measuring sensor Dashboard

Signal processing Acquisition card Computer

Figure 9: Control system of an electrohydraulic servo shaking table.

Table 1: Hydraulic system parameter values.

Parameter names Parameter symbols Units Parameter values
Flow gain Kq m2/s 1.2
Efective bulk modulus of elasticity βe MPa 690

Stifness of hydraulic spring Kh N/m 7.91× 106

Kh
′ N/m 4.45×106

Total fow pressure Kce m5/(N · s) 10.9×10−13

K′ce m5/(N · s) 8.11× 10−13

Three state
control

Displacement sensor

R

a
Luenberger

observer
Electro hydraulic

servo shaking table
y+

–

+

–

Figure 10: Principle diagram of Luenberger observer coupling suppression of an electrohydraulic servo shaker.
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As is shown in Figures 11 and 12, the three-state servo
control system is mainly applied to rigid specimens, but
most of which are used in practice generally contain fexible
structures. When the control theory method is applied to the
test work on the fexible frame specimen, it is easy to cause
the instability of the whole system state, and it is necessary to
consider adding other algorithm controls. Te frequency
characteristic simulation diagram of the system after

suppression through the Luenberger observer is shown in
Figure 13. It can be seen that the Luenberger observer can
better suppress the oscillation efect, reduce the coupling
efect, and enhance the system stability. Figure 14 shows
a simulation comparison diagram of the output and input
random acceleration signals, from which it can be seen that
the input signals can be accurately reproduced with a sup-
pressed acceleration waveform.
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Figure 11: Frequency response of the system without optimize control.
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As the load mass increases, the system coupling
frequency moves to a low level, as is shown in Figures 15
and 16. Te resonance can be restrained through three-
state control, but the antiresonance has no obvious efect.
Te system frequency characteristic simulation diagram
after using the Luenberger observer for suppression is
shown in Figure 17, from which it can be seen that the

Luenberger observer still has a good suppression efect,
and that oscillation peaks of the system are suppressed.
From the simulation comparison of the output and input
acceleration signals in Figure 18, the suppression scheme
of the Luenberger observer has better tracking accuracy
and can satisfy the requirements of loading acceleration
signals.
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6. Conclusion

Shaking tables are a kind of special test monitoring
equipment that can efectively realize the vibration simu-
lation measurement of seismic signals in the industrial
experimental environment systems, which can provide
a working environment with real vibrations that simulate
daily workplaces for various industrial products. However,
in practice, an upper platform loaded with a fexible
structure easily results in a large coupling output. In view of
this, the paper conducts a detailed analysis of the reasons for
the coupling between shakers and fexible structural loads
and proposes a corresponding suppression control scheme.
Te mechanical model of a fexible structure specimen
system is systematically analyzed based on a shaker. In
addition, with the introduction of the related concepts of

apparent mass control, the three-state servo control-related
parameters set according to the apparent mass controller are
used to calibrate the performance of the hydraulic system.
Aiming at the shortcomings of the three-state control
strategy, the adoption of a Luenberger observer is proposed
to suppress system coupling. By observing the frequency
characteristic curves of the system, it can be concluded that
the infuence of oscillations in the system has been elimi-
nated. After comparing the output and input acceleration
simulation signals, the input signals can be accurately
reproduced, which verifes the efectiveness of the Luen-
berger observer control method.

Subsequent research can further concentrate on in-
vestigating the vibration loads based on multilayer mass
fexible structures on this theoretical basis and analyzing the
dynamic performance relationship between electrohydraulic
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servo shaking tables and loads. It is also hoped to explore the
specifc applications of higher performance control algo-
rithms in the suppression of oscillation in electrohydraulic
shaking tables, such as improving the reproducibility of
input waveforms and control accuracy of vibration systems
through the nonlinearity of electrohydraulic servo systems,
relying on neural networks or robustness methods.
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