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Abstract: For a base-isolation system, controlling the response using semi-active dampers is effective at
reducing the base-isolation layer's response displacement without increasing the superstructure’s floor
accelerations. Consequently, the building functions can be maintained. Usually, the damping effect is
evaluated according to the maximum values of the base-isolation layer's response displacements and the
superstructure's floor accelerations. However, structural engineers can benefit from a better understanding of
the control effect using a simple physical value, such as the damping factor, when selecting the control
algorithm. Trials to evaluate the control effects using a simple physical value are under development, although
a few examples can demonstrate the control effect by the damping factor in cases of passive control systems.
This study was conducted to formulate procedures providing a physical value to evaluate the damping effect
of the control algorithm for a semi-active control method. Damping effects found from large-scale shaking table
tests of a base-isolation system using various control algorithms were evaluated using a system identification
method. This shaking table test was conducted at E-Defense of the National Research Institute for Earth
Science and Disaster Resilience (NIED), which verified the damping effects under the Sylmar 1994 NS and
Takatori 1995 NS ground motions using control methods proposed by researchers of five institutes of Japan
and the US. The time history of acceleration of ground motions and the superstructure’s floor accelerations
were used for calculating the damping factors for some control algorithms. Evaluating the damping effect was
possible according to the value of the damping factor. However, calculating the damping factor adequately
was challenging in a few cases that adopted the control algorithm to generate a comparably larger or nonlinear
damping force to piston velocity. This point will be explored further in future studies.

1. Introduction

When a base-isolation system is excited by large earthquake ground motion, such as near-fault pulse ground
motion generated during an intraplate earthquake, the deformation of the base-isolation layer exceeds the
clearance, causing the structure to collide with a retaining wall, for example, as described by Hall et al. (1995).
Therefore, reducing the response displacement of the base-isolation layer is necessary. However, attempts to
reduce the response displacement by increasing the number of conventional passive dampers will increase
the acceleration of the superstructure, thereby compromising the benefits of the base-isolation system. Semi-
active control, which can vary damping characteristics, is regarded as an effective countermeasure, as
described by, for example, Johnson et al. (1998) and Fuijitani et al. (2003). As one semi-active control device,
a magnetorheological fluid damper (MR damper) has been adopted for this study, as explained in earlier
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reports by Rabinow (1948), Spencer et al. (1997), Sodeyama et al. (2003), among others. Magnetorheological
fluids have yield stress which can be varied by application of a magnetic field. They have been attracting
attention in recent years because they can obtain a large damping force with small amounts of electric power.

A large-scale shaking table test was conducted in 2019 at E-Defense, National Research Institute for Earth
Science and Disaster Resilience (NIED), to verify the damping effect by semi-active control of the base-
isolation system. For this experiment, researchers from Japanese and U.S. institutes proposed their original
control methods using an MR damper and verified its effectiveness (Fuijitani et al., 2020). The effectiveness of
response reduction was organized by response values such as absolute acceleration of the superstructure
and relative displacement of the base-isolation layer. However, if the response reduction effect of each control
algorithm can be demonstrated using a physical quantity that can be recognized easily in common, such as
the damping factor, then it is expected to provide an index for selecting a control method at the beginning of
the design.

System identification is one effective method for understanding vibration characteristics such as damping
factors and natural frequencies of buildings. Also, the Auto-Regressive with eXogenenous (ARX) model is a
method for time-domain data (Saito, 1998). Based on this background, the purpose of this study is to evaluate
the control effects in terms of damping factors using the ARX model based on results of a large-scale shaking
table test on a semi-actively controlled base-isolation system conducted at E-Defense.

2. Outline of the E-Defense test

2.1. Test specimen

Figure 1 shows an overview of the test specimen. Figures 2 and 3 present elevation views of the test specimen.
The test specimen, which is placed on the shaking table, is constrained in the orthogonal direction by a linear
roller bearing. It is excited in the X-axis direction. Three input ground motions were used: El Centro 1940 NS
150%, Sylmar 1994 NS 50%, and JR Takatori 1995 NS 40% (Nakamura et al., 1996), (hereinafter designated
as El Centro excitation, Sylmar excitation, and JR Takatori excitation). The mass of the superstructure was
14.9 tons as measured using a load cell. The stiffness of the laminate rubber bearing was calculated from the
displacement-restoring force relation without electric current applied during the El Centro, Sylmar, and JR
Takatori excitations. It was averaged at 44.9 kN/m for each value. Since the stiffness of the superstructure is
much greater than that of the base-isolation layer, the test specimen can be regarded as a single-degree-of-
freedom system (Sato et al., 2020). The natural period is 3.61 s. The natural frequency is 0.277 Hz. The
damping factor of the laminate rubber bearing was identified as 3.58% based on the results of sinusoidal
excitation tests.
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2.2. MR damper

An MR damper uses a magnetorheological fluid (MR fluid), the yield stress of which changes depending on
the magnetic field action inside the damper based on the mechanism of a conventional hydraulic damper.
Figure 4 depicts a schematic diagram of the MR damper, in which magnetic particles are mixed in the base
oil. When a magnetic field is applied, the magnetic particles form chains and clusters, which generate a
resistive force in the direction perpendicular to the magnetic field when an oil flow is generated. The magnitude
of the resistive force depends on the magnetic field strength, which varies with the value of the applied current,
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making it possible to generate an arbitrary damping force. Figure 5 shows the relation between the shear rate
and stress of an MR fluid. When a magnetic field is applied, a specific yield stress is generated, after which
the viscous resistance increases in proportion to the shear rate, exhibiting the characteristics of a Bingham
fluid. The damper force is modeled as shown in Equation (1), based on the single excitation experiment of the
MR damper (ltahara et al., 2020).

3.

Fyr = (—0.22611% + 2.8671 — 0.203)sign(v) + 2.11v (1)
Fyr : damper force (kN) I : applied electric current (A) v : damper piston velocity (m/s)
Stress . .
Reseivios Stress with electric current
eservoir
Piston Yield
stress
7 - ™t ol ~HTB
b Stress without electric current
. a2 N/ Shear rate
B\'pa.ss Flow Orifice Yield stress increases along with
’ the applied electric current.
Figure 4. Schematic diagram of MR damper Figure 5. Relation between shear rate and yield stress

Control methods

The following seven control methods are examined among the 31 control methods verified in the E-Defense
experiment.

Figure 6 shows the relation between the piston velocity and damper force of the MR damper under El Centro
excitation for the following seven control methods.

1. Passive off
No current is ever applied regardless of the response.

2. Velocity-proportional control
Velocity-proportional control is a control method that simulates viscous damping, in which a damping force
of a specific rate is applied to the damper in proportion to the piston velocity of the damper.

3. Variable damping coefficient (Kishida et al., 2020)

A control method that simulates a variable hydraulic damper enables switching of the damping coefficient
to two levels: 10% and 30% (c.=4.79 kN-s/m, cn=14.37 kN-s/m) of the damping factor calculated from mass
and stiffness of the test specimen. The target control force is obtained from the optimal regulator theory.
The damping coefficient is set to cn when the damper damping force is less than the target control force
and to c. when the damper damping force is greater than the target control force.

4. State feedback optimal control (Itahara et al., 2020)

State feedback optimal control is a control method that determines the control force to minimize the
evaluation function using the magnitude of the response of the control target and the magnitude of the
control force shown in Equation (2). The weight coefficients (aa, av, ad) of the control terms are set to El
Centro excitation (aa, av, as) = (108, 108, 108), Sylmar excitation (aa, av, as) = (107, 107, 107), and JR Takatori
excitation (aa, av, ad) = (107, 107, 107). Here, x(t), x(t), and ¥(t) respectively denote the response
displacement, response velocity and response acceleration of the superstructure. Also, Z and f(t)
respectively represent the acceleration of ground motion and control force.

] = joo(adx(t)z + a,x(t)? + a,(3(t) + )2 + yf()?)dt (2)
0

aq : weight coefficient for relative displacement «a,, : weight coefficient for relative velocity
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a, : weight coefficient for absolute acceleration vy : weight coefficient for control force

5. State feedback energy function control (EF control) (Itahara et al., 2020)

EF control is a control method that uses the sum of kinetic energy and elastic strain energy as the evaluation
function, as shown in Equation (3). It causes the MR damper to output a small hysteresis loop for small
ground motions and a large hysteresis loop for large ground motions. The values of A are A = 175 for El
Centro excitations, A = 125 for Sylmar excitations, and A = 50 for JR Takatori excitations.

F=21 Emfcz + %kx2 1 : weight coefficient (3)

6. Eventual sliding mode control (Ito et al., 2020)

Eventual sliding mode control is a control method by which the system state reaches sliding mode at the
final switching plane without reaching sliding mode at other switching planes. As shown in Equation (4), the
control force consists of a linear state feedback control term and a nonlinear control term.

u=wu +uy =—(SB)1SAx — 1 ﬁ n : switching gain of nonlinear inputs =4000 4)

7. Modulated homogeneous friction control (Christenson et al., 2020)
Variable friction control is a control method by which the current applied to the damper is the maximum
relative displacement multiplied by a constant, as shown in Equation (5).

lema(D=2%|P[X/(1)]| (5)
iema © command electric current (A)
&g positive gain, based on a maximum applied current for a set relative displacement (g =45)
X1 (t) : damper relative displacement P : prior-local-peak (or prior-to-peak) operator
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4. Identification method for damping factor

4.1. Auto-Regressive with eXogenous (ARX) model

The ARX model is described as a digital filter acting on input and output signals. It is a transfer function type
model where the coefficients of the filter are unknown parameters. The ARX model, proposed for one-input,
one-output identification, has been extended to multi-input, multi-output problems (Saito, 1998). The ARX
model generally assumes that the building behaves linearly. Still, the test specimen used for this study has a
roller bearing that generates highly nonlinear friction forces, as shown in Figure 7(a). Therefore, the friction
force of the roller bearing was calculated by subtracting the restoring force of the rubber bearing and the
damping force of the MR damper from the inertial force of the mass, as shown in Figure 7(b).

In this study, the closed-loop direct identification method (Ljung, 1999, Ikeda, 2004) is applied to identify the
model with the observed ground motions (Figure 8(a)), and accelerations derived from the calculated friction
force divided by mass (Figure 8(b)) as inputs and the response of the control object as output, and the two-
input, one-output ARX model is applied. The ARX model is expressed as in Equation (6), where A(q) and B(q)
are polynomials of the time delay operator g7 expressed in Equation (7), and where e(t) is white noise. The
natural frequencies and damping factors are calculated from the roots p; of the polynomial A(q) using Equation
(8). Additional meanings of the symbols in Equations (7) and (8) are presented by Saito (1998).

The analysis time range is 35 s. The identification results are averaged over ten durations with analysis start
times of 1, 2, ..., and 10 s. To reduce the effort necessary to determine the model order before identification,
a bandpass or low-pass filter was applied to adjust the transmission frequency range of 0.0-1.5 Hz to include
the peak frequency of the transfer function. Furthermore, acceleration data sampled at 100 Hz are converted
to 10 Hz and are used for analyses by reducing the sampling frequency.

Time history response analysis is conducted on a single-degree-of-freedom system simulating the test
specimen. The results are used to verify the accuracy of the identification using the two-input, one-output ARX
model used for this study. The stiffness and mass of the model are the values presented in Chapter 2. The
damping factor is set as 0.2. One input is the acceleration recorded on the shaking table; the other is the
friction force measured in the El Centro excitation test without an electric current applied. Figure 8 shows the
shaking table acceleration, the acceleration obtained from the frictional force divided by mass, and the absolute
acceleration of the superstructure obtained from the time history response analysis. Figure 9 presents the
results of identifying the damping factors and natural frequencies. Bandpass filters of two types were used for
this analysis: 0.1-0.5 Hz and 0.1-0.4 Hz. As the figure shows, the natural frequencies and damping factors
can be identified accurately using the two-input, one-output ARX model.

A(q)y(t) = B(Qu(t) +e(t) (6)

AGQ) =1+ X% ajq7,  B(q) =[Sm0 punbyq /41 man] (7)
_ |loge zpj| _ _loge| zpjl
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Figure 9. Identification results obtained using the two-input one-output ARX model

4.2. Approximate damping factor

To compare the results of the identification with the ARX model, the damping factor hur of the damper is
obtained from the damping coefficient as a proportional constant decided from a linear approximation of the
piston velocity - damper force relation of the damper in the test data. It is added to the damping factor hs of the
structure, as shown in Equation (8), to obtain an approximate damping factor h.

h = hMR + h'S (8)

5. Identification results

Figure 10 presents the damping factors identified using the methods described in Chapter 4. Table 1 shows
the identification results of the natural frequencies by the ARX model, which were obtained when the
differences between the identified natural frequencies and those of the test specimen were the smallest among
the results obtained by application of several types of filters. Results show that, for control methods (2), (3),
(4), and (5), where the damper force is regarded as behaving linearly (Figure 6), the approximate damping
factors and the damping factors identified by the ARX model have similar values. In contrast, for control
methods (6) and (7), where strong nonlinearities are observed (Figure 6), the identified values of the damping
factors vary widely. The damping factors differ depending on the input earthquake ground motions, even for
the same control method.
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Figure 10. Identification results of damping factor by ARX model

Table 1. Identification results of natural frequency by ARX model (Hz)

Control method El Centro excitation Sylmar excitation JR Takatori excitation
(1) 0.2763 0.2767 0.2794
(2) 0.2818 0.2789 0.2798
(3) 0.2608 0.2612 0.2703
(4) 0.2746 0.2821 0.2756
(5) 0.2769 0.2733 0.2776
(6) 0.2746 0.2724 0.2966
(7) 0.2767 0.2790 0.2730

* Control methods are described in Chapter 3 with the number

6. Discussion of the identified results

Figure 11 presents the relation between the damping factors identified by the ARX model and the
experimentally obtained results. The experimentally obtained response values include the effect of friction
force because of the linear roller bearing, but the damping factors identified are those because of the MR
damper and the laminated rubber bearing by identifying with the two-input, one-output ARX model described
in Chapter 4. Results show that, for all earthquake ground motions, except for (6) Eventual sliding mode control
and (7) Modulated homogeneous friction control, the relation between the damping factors and the
experimentally obtained results is generally as one might expect (relative displacement is reduced for larger
damping factors and absolute acceleration is increased for larger damping factors). Strong nonlinearity of the
damper force is regarded as affecting the ARX model identification results for the (6) Eventual sliding mode
control and (7) Modulated homogeneous friction control, as shown in Figure 6.

In the case of El Centro excitation and Sylmar excitation, (3) Control simulating a variable hydraulic damper,
(4) State feedback optimal control, and (5) EF control were shown to reduce displacement while maintaining
the same level of acceleration compared to (1) Passive off. On the other hand, when JR Takatori excitation
was input, none of the controls showed a significant response reduction effect on displacement. The absolute
acceleration RMS values were amplified greatly by (6) Eventual sliding mode control and (7) Modulated
homogeneous friction control compared to (1) Passive off, indicating that the semi-active control was less
effective.
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7. Verification by response analysis

The validity of the identification results was verified by comparing the analytical results with the experimentally
obtained data from an analysis using the shaking table acceleration and friction force as inputs. Figure 12
presents the relation between calculated responses using the identified natural frequency and damping factor
from the ARX model (Simulation by ARX model) and calculated responses using the acceleration of the
shaking table and estimated friction force (Experiment simulation). Figure 13 presents the relation between
calculated responses using the original natural frequency and approximate damping factor, as described in
section 4.2 (Simulation by approximate model), and calculated responses using the acceleration of the shaking
table and estimated friction force (Experiment simulation). Dashed lines in the figures represent errors of +15%
and +20%. Here, the mass of the model is 14.9 tons.

As shown in Figure 12, the results of the ARX model identification are useful to predict the absolute
acceleration RMS values within 15% error, except for control methods (6) and (7) for all input ground motions.
The relative displacement of the base-isolation layer can be predicted within almost 15% error for any control
method except (6) for Sylmar excitation and JR Takatori excitation.

As shown in Figure 13, the results obtained using the approximate damping factor are useful to predict the
absolute acceleration RMS values within 15% error for all control methods for all input ground motions. The
relative displacement of the base-isolation layer was predicted within almost 15% error for all control methods
except (7) for all the input ground motions.

As presented in the discussion above, when the ARX method was used, the error sometimes exceeded 20%
by a large margin. This was particularly the case for control methods (6) and (7), where a large damping force
was exerted even when the piston velocity was small. Even in such cases, the error was generally less than
20% when approximate damping was used.
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Figure 13. Test results and numerical simulation results obtained by approximate damping

8. Conclusions

To evaluate the damping performance of semi-active control, the ARX model was applied to experimentally
obtained data of a large-scale shaking table experiment conducted at E-Defense for semi-active control of the
base-isolation system to estimate the damping factors for the respective control methods. To verify the validity
of the results, a time history response analysis was performed by application of the identified values (damping
factors and natural frequencies) to a single-degree-of-freedom system simulating the E-Defense test model.
Results confirmed that the ARX model-estimated damping factors show the control effect qualitatively, except
for the control method with strong nonlinearity, based on the relation between the ARX model-estimated
damping factors and the experimentally obtained results. Time history response analysis using the damping
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factors estimated using the ARX model was able to predict the absolute acceleration RMS values with good
accuracy, except for the control method with strong nonlinearities.
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