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Abstract: The traditional passive base isolation is the most widely used method in the engineering
practice for structural control, however, it has the shortcoming that the optimal control frequency
band is significantly limited and narrow. For the seismic isolation system designed specifically for
large earthquakes, the structural acceleration response may be enlarged under small earthquakes.
If the design requirements under small earthquakes are satisfied, the deformation in the isolation
layer may become too large to be accepted. Occasionally, it may be destroyed under large earthquakes.
In the isolation control system combined with rubber bearing and magnetorheological (MR) damper,
the MR damper can provide instantaneous variable damping force to effectively control the structural
response at different input magnitudes. In this paper, the control effect of semi-active control and
quasi-passive control for the isolation control system is verified by the shaking table test. In regard to
semi-active control, the linear quadratic regulator (LQR) classical linear optimal control algorithm by
continuous control and switch control strategies are used to control the structural vibration response.
Numerical simulation analysis and shaking table test results indicate that isolation control system can
effectively overcome the shortcoming due to narrow optimum control band of the passive isolation
system, and thus to provide optimal control for different seismic excitations in a wider frequency
range. It shows that, even under super large earthquakes, the structure still exhibits the ability to
maintain overall stability performance.

Keywords: LQR algorithm; base isolation; magnetorheological damper; shaking table test; semi-active
control; quasi-passive control

1. Introduction

Isolation technology is the most widely used structural vibration control technology in the world.
It can effectively reduce the natural frequency of the structure and make the natural vibration period
of the structure far distant from the predominant period of the earthquake [1]. Structural isolation is
mainly divided into base isolation and inter-story isolation and base isolation is most used in practical
projects [2-4]. Meanwhile, due to the excellent performance of isolation technology, many different
isolation devices (e.g., rubber isolation bearings, lead rubber isolation bearings, friction pendulum
bearings, etc.) are used in buildings and bridges [5-15]. However, passive isolation also has many
disadvantages. Because of the greater uncertainty of the earthquake, the isolation structure cannot be
checked in all cases of design, which may lead to the displacement of the isolation layer exceeding the
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design requirements. The plastic deformation of isolation bearing cannot be restored, the structure is
in danger of rollover and overturning [16-20].

To solve this problem, many scholars have adopted the method of adding various dampers
(e.g., viscous dampers, magnetorheological dampers, friction dampers, etc.) into the isolation layer
of the structure to limit its displacement [21-24]. As a semi-active control, the input voltage of the
magnetorheological (MR) fluid is calculated by the feedback of external excitation to change the viscous
coefficient of the MR damper, which can approach the control effect of active control without a large
amount of energy input [25-33], and it also performed well in the isolation layer [34—44]. Therefore,
the control strategy of the MR damper is particularly important, and many scholars have done a lot of
research on it [45-50]. However, the MR dampers also have the disadvantage of time-delay. In strong
earthquakes, short time-delay may lead to the failure of MR dampers to control structures. Therefore,
whether the control of MR dampers under high-intensity earthquakes can be effective is a matter of
great concern.

In this paper, the MR damper isolation system is studied utilizing experiment and numerical
simulation. The control effect of MR damper under two control strategies, continuous control and
switching control, is analyzed by linear quadratic regulator (LQR) algorithm. At the same time, a
viscous damper and friction damper are used to comparative analyze at the same model structure,
which verifies the superiority of the control effect of MR damper under two control strategy. Finally,
the semi-active MR damper isolation structure under a high-intensity earthquake is tested and the
feasibility of the MR isolation system under a high-intensity earthquake is verified.

2. Magnetorheological Isolation System

The isolation system consists of an MR damper, ordinary laminated rubber bearing, additional
data acquisition and computing devices. Rubber bearings provide a restoring force. The MR damper
provides a variable damping force to the model structure by voltage control. The damping force at
each moment is calculated by the optimal control algorithm according to the state feedback of the
structure. It is adjusted by considering the damping force which the damper can actually provide.
This ensures that the damping force provided by the isolation device to the isolation layer is optimal
and achievable at every moment. Figure 1 shows the control process of the whole control system.
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Figure 1. Sketch of structure and control system.
2.1. Test Model

The test model for the LRQ semi-active control test was a 3 X 2 spans six-story reinforced concrete
frame structure. Frame takes were a 1:5 scale ratio. In this model, the column cross section was
90 x 90 mm, the main beam section size was 120 X 60 mm, the secondary beam section size was
80 x 60 mm and the thickness of the floor was 30 mm. Figure 2 shows the model structure.

According to the similarity ratio, the superstructure and the isolation layer were 1.3 tons per layer.
Together with the steel frame, the total weight of the structure turns out to be 10 tons. The 10 tons
weight was supported by four 100 mm rubber bearings located in the isolation layer.
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Figure 2. Six story reinforced concrete frame structure.
2.2. Control Algorithm and Control Law

In order to successfully conduct the test, the numerical simulation of the control system was
carried out before the test. The accuracy of the numerical calculation and the satisfaction of the fast
calculation in the test depends on the control algorithm chosen by the controller. The LQR linear
optimal control algorithm was used in this control system and it has the advantages of simple algorithm
and strong robustness.

The LQR is an algorithm commonly used in control. It uses a quadratic performance index as an
objective function, using the state equation as a constraint condition, through the variational method
to meet the minimum control force of the control requirements, as shown in Equation (1). Equation (2)
provides the control force at each moment and is the gain matrix.

b
J= f [Z7(H)QZ(t) + u” (t)Ru(t)]at 1)
0
u(t) = —%R‘lBTPZ(t) = —KZ(t) 2)

In reference [4], the above equation has been deformed. It is pointed out that the essence of the
algorithm is to change the stiffness matrix and damping matrix of the controlled structure, so that the
response of the structure is minimal, as shown in Equation (3) [51].

u(t) = -KZ(t) = - Kx - Kx}{ : } KK -

Considering the characteristics of the damping force that the MR damper exerts on the structure,
the continuous control rule is shown in Equation (4) and the switch control rule is shown in Equation (5).

Umax fopt X J.Cb <0 |fopt| > |Umaxl
u fopt fopt Xxp <0 |tmax| = |f0pt| > [Umin @)
Umin  fopt X Xp <0 | fopt| < lttmin
Umin fopt Xxp 20
_ Jtmax fgthXb<0 5
v= {”min foptxj(b>0 g ( )

where Umay is the maximum damping force that the MR damper can provide while 1, is the minimum
damping force that MR damper can provide. x; is the relative velocity of the isolation layer. o is the
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calculated optimal control force and u is the final calculated damping force applied by the damper
which can be achieved by controlling the input current to drive the damper.

2.3. Isolation Bearing Device

This structure consists of four ordinary laminated isolation rubber bearings placed at four corners
of the structure. The diameter of the isolation bearing is 100 mm and the total thickness of the rubber
layer is 22.5 mm. In order to test the performance of the rubber bearing, 100% horizontal shear
deformation tests are carried out on the installed rubber isolation bearings. The compressive shear tests
of horizontal shear deformations of 50% and 100% are carried out to the rubber bearings, respectively,
with a compressive stress of 10 MPa. Figure 3 shows the bearing illustration at the time of the test.
The force and displacement curves for the 100% deformation of the two bearing shear tests are shown
in Figure 4.

Figure 3. The rubber bearing in testing.
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Figure 4. Force and displacement curve under 100% deformation of bearing. (a) rubber bearing-A;
(b) rubber bearing-B.

2.4. Magnetorheological (MR) Damper

The maximum output of the magnetorheological damper used in the test was 20 kN, the minimum
output was 2.5 kN, and the adjustable multiples of the damping force was eight times. The stroke range
of the damper was +80 mm, and the operating current was 0—4 A. Numerical simulation results indicate
that for the selected test model, the maximum required output was about 1 ton, and the maximum
displacement of the isolation layer was less than 60 mm. The damper with larger output and strokes
was required for the later test of other models. It also provided a safety margin for the test. Figure 5
shows the magnetorheological damper and Figure 6 shows the connection diagram of damper in
isolation layer.

The performance test of the damper was carried out before the shaking table test. Figure 7 shows
the hysteresis curves of the MR damper with an input current between 0.2 A and 1 A with an interval
of 0.3 A.
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Figure 7 provides the damper hysteresis curves with maximum and minimum outputs. It can be
seen that these outputs have reached the design requirements and the performance of the MR damper
is stable in the frequency domain of the shaking table test (about 1 Hz).

Figure 5. MR damper.
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Figure 6. Connection diagram of damper in isolation layer.
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Figure 7. The hysteretic curve under (a) an amplitude of 10 mm and 1-Hz sine wave, and (b) an
amplitude of 20 mm and 0.5 Hz sine wave.

3. Experimental Scheme

3.1. Loading Scheme

In order to verify the damping effect of the MR semi-active isolation system under a different-
intensity earthquake, the following loading scheme was designed. For the semi-active control test, the
three different seismic ground motions: El Centro earthquake, Taft earthquake and Tianjin earthquake
were used. Based on the Chinese seismic code, the input seismic excitation was adjusted to three
different degrees with corresponding peak ground acceleration of 0.126 g, 0.36 g and 0.72 g, respectively.



Appl. Sci. 2019, 9, 3866 60f17

This shaking table test was also carried out under two control conditions for the MR damper
consisting of passive friction control and passive viscous control. Under each condition, three seismic
ground motions (Griffth earthquake, EI-Centro earthquake and Taft earthquake) were loaded. The input
seismic excitation is adjusted to two different degrees with corresponding peak ground acceleration of
0.36 g and 0.72 g, respectively.

3.2. Measurement Scheme

In order to measure and calculate the state vector of the control system, a number of displacement,
velocity, acceleration and force sensors were arranged on the experimental model. three acceleration
sensors were arranged at each floor level to measure the vibration response of each layer. The three
sensors (Figure 8c) on each floor were 4381 V piezoelectric acceleration sensors produced by the B&K
Company of Denmark. One of them measured the acceleration response directly, and the other two
obtained the absolute displacement and velocity response values by integrating the acceleration values.
When the absolute reaction values of adjacent layers were subtracted, the relative reaction values
between layers can be obtained. The purpose of using three acceleration sensors to work at the same
time was to reduce the on-line calculation time and the real-time control error. The quantity of each type
sensor is one in every floor. The linear variable differential transformer (LVDT) displacement sensor
was made in Shenzhen China, with a range of +64 mm, sensibility of 10%, and sampling frequency
of more than 1000 Hz. It was arranged on the isolation layer, the bottom layer and the top layer for
measuring the story drift response of the structure. In order to measure the actual performance of
the MR damper, a force sensor with a measuring range of two tons was set up, which was directly
connected to the damper and was arranged in the isolation layer. The described sensor arrangement
has been shown in Figure 8.

T T S
T cary 5

(c)

Figure 8. Sensors arrangement. (a) linear variable differential transformer (LVDT) displacement sensor

in isolation layer; (b) LVDT displacement sensor in the bottom layer; (c) three acceleration sensors;
(d) magnetorheological (MR) damper in isolation layer.
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3.3. Data Acquisition and Structural Response Feedback Scheme

The whole process of data acquisition, calculation and instruction issue used by the system was
accomplished by a computer with a PCI8335 multi-function data acquisition board. The sampling
frequency of PCI8335 board was 100 Hz, which was higher than the input frequency of seismic
ground motion. It is suitable for the control program and can meet the requirements of the experiment.
The computer was mainly used for on-site data acquisition and control implementation. Its performance
indexes were as follows:

A/D part (acquisition)

Input channel: 32 channels single ended/16 channel differential
Input range: 0~10V, =5~+5V

Overpressure range: —12~+12V

D/A part (issue order)

Resolution: 12bit

Output channel: 4 way

Output range: —12~+12V

Maximum sampling frequency: 250 Hz

For the data acquisition board, the two control algorithms were written into a visual basic (VB)
executable program by a VB complier. The acquisition of the structure state signal, online calculation
and control signal issues are carried out. Figure 9 shows the conversion instruments between digital
signals and analogy signals for the sensors.

()

Figure 9. Conversion instruments.



Appl. Sci. 2019, 9, 3866 8 of 17

4. Numerical and Experimental Investigation of MR Semi-Active Control

To make the test proceed smoothly, the numerical simulation of the control system was carried
out before the test. The numerical simulation and experimental results of the two control strategies
controlled by the two algorithms respectively will be analyzed in the following section.

The control force equation of the MR damper is as follows: F = F,] + F;. While, F, is a viscous
damping force, which is only related to the viscous coefficient of magnetorheological fluids, and F; is
a coulomb damping force, which is related to the voltage of magnetorheological fluid. F,/F; is the
output adjustable multiple of the MR damper.

The relationship between the input current and the output force of MR damper is shown in
Equation (6), in which the parameters are calculated by the least square method from the experimental
data, so the Equation (6) should always have the solutions within 0~4 Ampere. According to the
required damping force and velocity response, the current required for MR damper can be obtained.

F = Cov + F(I) = 106290 + 1500 + 108911 + 22911> — 14681°. (6)

Based on MATLAB, a program for solving the above equation has been developed. For the
Equation (6), when the solutions of this equation fell within 0~4 Ampere, we took the smallest value as
the current input. In Equation (6) force F, being the actual force applied to the structure, is represented
by force u which is calculated by the control algorithms in terms of input value. Therefore, the single
current value corresponding to each time step can be determined by the above approach.

In order to measure the actual working condition of the MR semi-active isolation control system,
the shaking table test of the controlled structure model under two control rules has been carried out at
the seismic research center of Guangzhou University for this research. Specific test results and analysis
are described in the following.

4.1. Displacement Response

The results in Tables 1 and 2 are the peak interlayer drift response of the continuous control and
switching control test. The values in parentheses are numerically simulated values. Figure 10 is the
time displacement history diagram of the isolation layer measured by two control conditions under
two kinds of intensities.

Table 1. The peak interlayer drift under different seismic inputs in continuous control (mm).

Earthquake Magnitude Max Acc. 0.126 g Max Acc. 0.36 g Max Acc. 0.72 g

Earthquake El Centro Taft Tianjin El Centro Taft Tianjin El Centro Taft
ground motion earthquake earthquake earthquake earthquake earthquake earthquake earthquake earthquake
Isolation layer 1.57 (2.09) 1.67 (2.50) 3.52 (6.70) 3.76 (7.74) 6.66 (8.52) 28.2(20.0) 11.71(154) 14.16(17.9)

First floor 1.04 1.13 1.67 1.36 2.00 5.94 2.86 3.41

Second floor 0.59 0.62 0.83 1.04 0.86 4.77 1.73 1.60

Third floor 0.53 0.48 1.02 0.85 1.14 4.16 1.79 1.63

Fourth floor 0.45 0.57 0.71 0.73 0.95 3.85 1.31 1.69

Fifth floor 0.40 0.43 0.83 0.65 0.72 3.19 1.40 141

Sixth floor 0.26 0.28 0.45 0.44 0.55 1.31 0.88 0.81

Table 2. The peak interlayer drift under different seismic inputs in switch control (mm).

Earthquake Magnitude Max Acc. 0.126 g Max Acc. 0.36 g Max Acc. 0.72 g

Earthquake El Centro Taft Tianjin El Centro Taft Tianjin El Centro Taft
ground motion earthquake earthquake earthquake earthquake earthquake earthquake earthquake earthquake
Isolation layer 1.32(440) 1.43(3.02) 2.8 (1.29) 2.78(4.31)  5.00(4.20) 1594 (17.5) 7.60(10.88) 16.48 (11.1)

First floor 091 123 15 1.95 3.58 4.62 3.72 5.52

Second floor 0.57 0.54 091 1.29 1.69 1.55 2.39 291

Third floor 0.43 0.62 0.90 1.07 1.98 227 2.16 3.18

Fourth floor 0.37 0.34 0.75 0.92 1.42 2.06 1.82 2.52

Fifth floor 0.34 0.32 0.61 0.85 1.50 2.63 1.70 2.82

Sixth floor 0.29 0.28 0.46 0.85 0.84 1.08 1.31 1.69
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Figure 10. The displacement response of isolation layer. (a) El Centro earthquake—0.36 g; (b) El Centro
earthquake—0.72 g; (c) Taft earthquake—0.36 g; (d) Taft earthquake—0.72 g.

It can be seen that from above tables, the displacement response of the structure under three
kinds of intensities is well controlled by the control under two control conditions. The maximum
displacement (28 mm) of the isolation layer is only half the maximum displacement (55 mm) of the
rubber bearing under three working conditions. The reduction in the displacement of the isolation
layer ensures that the isolation rubber bearing work safely in the event of an extreme earthquake.

As can be seen from the table above, the displacement of the isolation layer (which are control
effect determinants) and the experimental results are close to the numerical results under two control
conditions. This lays a foundation for further research on the design method of the control system.
In addition, the displacement of the isolation layer measured by tests is generally less than the numerical
results. This should be the result of a multifaceted interaction, such as the inaccuracy of the model
and damper parameters, the errors of calculation and measurements, etc. This is the next step where
further research is required.

For switch control, the displacement of the isolation layer is relatively small because it changes
only between the maximum and minimum damping forces. When a large displacement occurs in the
isolation layer, the maximum damping force is applied directly by the damper instead of the value
between the maximum damping force and minimum damping force under continuous control. It can
be seen from the above table that the displacement of the isolation layer is small and the interlayer
drift of the superstructure is relatively large with switch control.

4.2. Acceleration Response

Figures 11 and 12 shows the peak acceleration of each layer. The acceleration time history response
of the fifth floor of the structure under two control conditions is given in Figure 13. As shown in
these figures, the control effect of continuous control under different intensities is better than that of
switch control. The seismic isolation layer performed better under earthquakes where the maximum
acceleration was 0.72 g than that in earthquakes where the maximum acceleration was 0.126 g. Similarly,
the damping effect of isolation layer under El Centro earthquake and Taft earthquake was better than
that of Tianjin ground motion. In earthquakes where the maximum acceleration was 0.72 g, the peak
acceleration of the fifth layer under El Centro earthquake and Taft earthquake in continuous control
was reduced by half relative to the input ground motion. Shock absorption effect was obvious in
these figures. The peak acceleration of the fifth layer under the ground motion where the maximum
acceleration was 0.126 g also decreases by 1/3. Top acceleration is slightly enlarged under frequent
intensity earthquake.
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Figure 13. The displacement response of isolation layer. (a) El Centro earthquake—0.36 g; (b) El Centro
earthquake—0.72 g; (c) Taft earthquake—0.36 g; (d) Taft earthquake—0.72 g.
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The reason why the continuous control was better than the switch control can be obtained by the
analysis of the displacement response. The displacement of the isolation layer under the switch control
was much less than that of the continuous control. The displacement of the isolation layer decreased
so that the energy dissipation of the damper was relatively small, and the energy transferred to the
superstructure increased, so the acceleration response became larger.

It is worth noting that the peak acceleration of the top layer in various conditions relative to all
other floors have greatly enlarged, which is inconsistent with the overall control effect. It could be
due to the fact that the top of the structure was damaged in the previous test which caused significant
stiffness reduction. Therefore, whiplash effect occurred during the test. The hypothesis was also
verified by the observations in the next experiment.

4.3. MR Damper Response

The MR damper’s force at each moment was obtained by the force sensor during the test. The
hysteretic curves of the dampers under 0.72 g earthquakes of El Centro earthquake and Taft earthquake
have been shown in Figure 14.
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Figure 14. MR damper hysteretic curve. (a) El Centro earthquake—0.36 g; (b) El Centro earthquake—
0.72 g; (c) Taft earthquake—0.36 g; (d) Taft earthquake—0.72 g.
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As can be seen in the figures above, the damper hysteresis curve is plump. As a result, a large
amount of seismic energy is dissipated by the MR damper which eventually caused the energy
reduction in the upper part of the structure.

4.4. Structural Destructive Test

In order to test the damping effect of MR semi-active isolation control system under the super
earthquake, the destructive test for the structure with MR control system also carried out in this
experiment. The input seismic acceleration peak value reached 1.5 g. Cracks occurred in the part of
the structure after the test. Figure 15 shows the seismic ground motion under a destructive reaction.
Figure 16 is structure acceleration response of the top layer. The displacement time history of the
isolation layer is shown in Figure 17. Figure 18 gives the hysteretic curve of the MR damper.

As can be seen in figures above, in the event of a nine-magnitude earthquake (peak acceleration
is 1.5 g), the peak displacement of the isolation layer reaches 46 mm, which is close to 250% shear
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deformation, but the maximum shear deformation is not up to the limit of 300% in the code. At this
point, the damper hysteresis curve area reaches the maximum and the energy consumption is the largest.

The main part of the structure has entered into the plastic state, but there has not been the
phenomenon of overall inclination and collapse. All of this depends on the MR damper s ability which can
achieve larger energy dissipation instantaneously. Figure 19 displays the failure of structural members.
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Figure 17. The displacement time history of isolation layer.



Appl. Sci. 2019, 9, 3866 130f17

MR damping force (kN)
(e}

15 ! | ! | | ! | |
50 40 -30 -20 -10 0 10 20 30 40

Displacement (mm)

Figure 18. MR damper hysteretic curve.

© @

Figure 19. The structure destruction. (a) the isolation bearing failure; (b) the beam failure of model
structure; (c) the bottom column failure of model structure; (d) the overall failure of model structure.
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4.5. Comparison between MR Isolation and LRB Isolation System

For the same model, the isolation experiment with lead rubber bearing has been done in the
relevant literature [38], using four diameter of 100 mm of lead rubber bearing (LRB). The overall yield
force is 8.652 kN. The test results are shown in Table 3 under different working conditions.

Table 3. The peak response isolating by the lead rubber bearing (LRB).

El Centro Earthquake Taft Earthquake
Earthquake Magnitude Max Acc. 0.36 g Max Acc. 0.72 g Max Acc. 0.72 g
Acceleration response of the shaking table -0.351 0.727 —-0.368
Peak acceleration of 1st layer —0.281 —0.596 —-0.503
Peak acceleration of 5th layer —-0.440 —0.662 —0.662
The 5th layer acceleration amplification
factor under LRB isolation 1.254 0.91 1.7
The 5th layer acceleration amplification
factor under MR isolation 0.89 0.64 0.69
The LRB isolation layer peak displacement 8.38 24.15 14.36
The MR isolation layer peak displacement 3.80 15.18 7.04

Compared with the displacement of the isolation layer, the smart base isolation with MR dampers,
regardless of the maximum displacement of the isolation layer or the amplification factor of the upper
acceleration, is significantly less than the passive isolation with LRBs. In this way, the smart isolation
system has the capability to resist larger earthquakes. Thus, it can be seen that the MR smart isolation
device has better performance compared with the passive LRBs.

5. Conclusions

In this paper, two control algorithms and control strategies were applied to the isolation system
consisting of MR damper and isolation rubber bearing. The numerical simulation and shaking table
test of model structure were carried out. The following conclusions can be achieved:

1.  Semi-active isolation system is shown to be adaptable to the external seismic input intensity,
which may change the energy consumption mode with respect to external earthquake input
magnitudes. It can effectively limit the deformation of the isolation layer as well as to reduce the
acceleration response of the superstructure. Therefore, it demonstrates better damping effect than
passive LRB isolation system.

2. The LOR control algorithm has been proven to be effective in terms of controlling the real time
structural vibrations. Regarding the two control strategies, the switching control strategy is
simpler than the continuous control strategy. However, in the switching control strategy, the
deformation of the isolation layer is limited, and the acceleration of the upper structure is enlarged.

3. The MR damper responds more quickly to external excitations. When the structure is subjected
to nine-degree earthquake, the damping force of the damper can reach the maximum capacity
instantaneously to guarantee the energy dissipation performance. This can ensure the overall
stability of the structure during super large earthquakes.
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