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Nonlinear damping based semi-active building isolation system
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Abstract: Many buildings in Japan currently have a base-isolation system with a low stiffness that is designed
to shift the natural frequency of the building below the frequencies of the ground motion due to earthquakes.
However, the ground motion observed during the 2011 Tohoku earthquake contained strong long-period waves
that lasted for a record length of three minutes. To provide a novel and better solution against the long-period
waves while maintaining the performance of the standard isolation range, the exploitation of the characteristics
of nonlinear damping is proposed in this paper. This is motivated by previous studies of the authors, which
have demonstrated that nonlinear damping can achieve desired performance over both low and high frequency
regions and the optimal nonlinear damping force can be realized by closed loop controlled semi-active dampers.
Simulation results have shown strong vibration isolation performance on a building model with identified
parameters and have indicated that nonlinear damping can achieve low acceleration transmissibilities round
the structural natural frequency as well as the higher ground motion frequencies that have been frequently
observed during most earthquakes in Japan. In addition, physical building model based laboratory experiments
are also conducted, The results demonstrate the advantages of the proposed nonlinear damping technologies
over both traditional linear damping and more advanced Linear-Quadratic Gaussian (LQG) feedback control
which have been used in practice to address building isolation system design and implementation problems.
In comparison with the tuned-mass damper and other active control methods, the proposed solution offers a
more pragmatic, low-cost, robust and effective alternative that can be readily installed into the base-isolation

system of most buildings.
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1. Introduction

Traditional building base-isolation systems are designed to shift the structural resonant frequencies to a
range that is well below the frequencies of ground motions during earthquakes |1, 2]. To ensure a significant
reduction of vibration transmitted to a building over the isolation range which covers the frequencies of the
estimated earthquake ground motions, low horizontal-stiffness bearings are fitted into the isolation layer of the
building. The current building regulations in Japan place limits on the design response spectrum with respect
to the ground motion for a duration of up to sixty seconds. However, during the most severe earthquake in
Japanese records that occurred off the Pacific coast of Tohoku in 2011, strong ground motions with a very
long period lasted for about three minutes. Although the current seismic protection systems performed
reasonably well during the Tohoku earthquake as described in [3], structural engineers are becoming more

vigilant towards the potential damage that the long-period waves may cause in the future. Since the occurrence
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of this unprecedented earthquake, greater emphasis has naturally been placed to the building response to these
long-period waves in future seismic protection designs.

To reduce the building vibration, a wide range of active control techniques have been discussed in [4, 5]. In
all these cases, the controller, designed by various methods such as classical and optimal control, deliver
control signals to the actuators that apply forces to the structure. One major drawback of active control in
structural protection is the large power consumption that leads to a high maintenance cost. Stability could be
a concern when energy is added to the system. In contrast, passive control designs do not draw any external
power and do not affect the system stability. For example, a conventional passive solution is to introduce
damping into the isolation system to suppress the impact of the long-period waves.

However, the intrinsic properties of linear damping inevitably lead to a compromised performance over the
higher frequencies which unfortunately overlap the frequency range of the ground motions observed during
most earthquakes in Japan [6]. Recently, the authors have exploited the special characteristics of nonlinear
damping [7, 8] to create a vibration isolation system that has low transmissibilities over both low and high
frequencies [9-11]. As buildings in Japan now require base-isolation systems that can reduce the effects of
ground motion with frequencies in the traditional isolation range, which is usually a frequency range over /2
times building major resonance frequency, as well as lower frequencies around the resonant regions (about
0.2-0.4 Hz in Japan), the introduction of nonlinear damping would be hugely beneficial.

This paper presents the realisation of nonlinear damping using valve-controlled semi-active dampers in a
building base-isolation system to protect the building against lateral vibration caused by the long-period waves
while maintaining sufficient isolation over the higher frequency spectrum of most of the historical earthquakes
ground motions. Although applicable to other multi-storey buildings, the analysis and simulation results
presented in this paper are based on the nine-storey Sosokan Building at Keio University. Currently, the
building is protected by an optimal control system implemented by semi-active dampers [12]. The solution
proposed in this paper offers an alternative method that only requires a software update without any hardware
changes. In addition to the numerical model based simulation studies, the laboratory experimental studies on
a two storey physical building model are also conducted. The experimental results confirm the results of the
numerical simulation studies and demonstrate the advantages of the proposed nonlinear damping technologies
over traditional linear damping as well as currently operating LQG feedback control.

The paper is arranged as follows. In Section III, control methods developed for electrorheological dampers
[13, 14] are applied to the semi-active dampers to realize the designed nonlinear damping function [15]. The
closed-loop controlled semi-active dampers are then incorporated into the building model under a single-tone
sinusoidal ground excitation in Section IV. Comparisons between the transmissibility curves of a linearly and
nonlinearly damped base-isolation system confirm the theoretical advantages of nonlinear damping in a
vibration control application. The simulation results of the proposed system are also shown against the current
control system operating in the Sosokan Building that is based on a LQG design. In Section V, the set-up of
the laboratory experiments is introduced. The experimental results and the advantages of nonlinear damping

technologies over other techniques are discussed. Finally, conclusions are drawn in Section VI.

2. Semi-active Damping System for the Sosokan Building

2.1 The Sosokan Building and its model representation

Sosokan, a symbolic nine-storey tower located in the Yagami campus of Keio University, was completed in
2000. Its isolation layer under B2F, is composed of sixty-five laminated rubber bearings, one set of twelve
passive hydraulic dampers and four semi-active dampers oriented horizontally in the east-west direction and

another identical set of dampers in the north-south direction. The lateral dynamics of the building subject to



the horizontal ground acceleration as shown in Fig. 1 can be modelled by a system of mass-spring-damper in
series given by
Mx +Cx+ Kx=Eu+F? (1)
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Fig. 1. A model of a multi-storey building with built-in semi-active dampers in the isolation layer

where u represents the force of the semi-active damper,
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x, for i=1,2,...,10 are the horizontal displacement of each floor relative to ground while m, , ¢, and k; for
i=12,...,10 are the mass, damping constant and spring stiffness respectively with values given in Tab.1.

Under the influence of the horizontal ground acceleration 7, the performance of the base-isolation system
is determined by the total stiffness of the laminated rubber bearings k,, the linear damping provided by the
passive dampers ¢, and the force provided by all of the semi-active dampers u .

Assuming that the building is at a large distance from the epicenter, the ground input 7 can be modelled by

a sinusoidal signal given by
7= Asin (27 ft) (8)
where A and f are excitation magnitude and frequency in ms™ and Hz respectively [16]. The vibration

isolation performance can then be measured by the ratio of the magnitude of the output spectrum evaluated at

the excitation frequency f to the excitation magnitude A known as the absolute acceleration transmissibility
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where F{} is the Fourier transform operation and X (r), i =1,2,...,10 are the acceleration response of each
floor of the building. With all system parameters held constants, T'( f ) is dependent on the semi-active damper

force u . Their relationship will be further explored below.

Tab.1. Parameters of the Sosokan Building in the east-west direction [12]

Floor Mass 10° kg  Stiffness 10° Nm"  Damping 10° Nsm™

B2F m =4.9814 k, = 66.836 ¢, =9.996
BIF  m, =3.4382 k, =2273.6 ¢, =18.306
IF m, =2.4906 k, =2763.6 ¢, =22252
2F  m, =1.8264 k, =1979.6 ¢, =15.940
3F m, =2.0331 ks =1803.2 ¢, =14.520
4F  m, =2.0500 k, =1813.0 ¢, =14.598
SE m, =2.0369 k, =1568.0 ¢, =12.625
6F  my=2.0371 ky =1381.8 ¢, =11.126
TE my =2.0664 k, =1156.4 ¢, =9.3110
RF  my, =2.4999 k,y = 999.60 ¢, =8.0487

2.2 Semi-active damping system for the Sosokan Building

Semi-active dampers are gaining popularity in vibration control as they could offer some benefits of active
control systems [ 17], without consuming a high level of energy or compromising the structural stability [ 18].
Controlled by electromagnetic valves which could move to several different positions, the semi-active dampers
is currently used in the isolation layer of the Sosokan Building with an output force

u=-Cyv (10)

where v =1, and the linear damping coefficient can have four choices which are C, =C, (3.33 MNsm’l),
C, (6.68 MNsm™' ) » Cos (3 1.4 MNsm"l) orC,, (58.8 MNsm™' ) . These linear relationships between the output

force u and the velocity v are depicted in Fig. 2 (a). To alter the damping coefficient, an electronic signal is
sent to the electromagnetic valves to modify their positions. The relationship between the actual values of the
damping coefficient C,(r) and the electrical signal C,(¢) can be modelled by a first order system given by

L[c,(n]_ 1

L[C,(1)] Ts+1

(1D

where T =0.1s, an empirically-determined parameter based on tests of semi-active dampers and L[] is the
Laplace operation.

Substituting Egs. (8) and (10) into Eq. (1), the building model becomes a purely linear system when C, is
kept constant at one of the four values. The acceleration transmissibility curves from the ground input to the
isolation layer for different C, are represented by the black lines in Fig. 3 with the effect of an increasing C,
indicated by blue arrows. The first mode of vibration occurs at about 0.25 Hz where a higher damping

coefficient C, =C,, provides a much lower transmissibility, which would be essential for tackling the long-



period waves. On the contrary, when the frequency is higher, the transmissibility curve of the system where

C, =C,, indicated by the black dash-dotted line is well above that of a system with C, =C,, indicated by the

black solid line. It is clear that none of a single semi-active damper setting could produce satisfactory isolation
over the whole frequency range.
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Fig. 2. Force-velocity relationship of semi-active damper.
(a) Four linear damping settings where u =-C,v, C, = C, (solid), C,, (dashed), C,; (dotted) and C,, (dot-dashed).
(b) Desired nonlinear damping (thick grey) where u =—C,v’ and that implemented by semi-active dampers under

closed-loop control (red solid)
If only one damper setting is chosen for each excitation frequency, the lowest possible transmissibility, referred

to as the optimal transmissibility line hereafter, can be achieved by selecting C, =C,, when f <0.35Hz and
C,=C,, when f>0.35Hz, as shown in Fig. 3. Fig. 3 shows the transmissibility in both the linear and log
scale. In order to more clearly reveal the transmissibility over the whole range of frequency, the magnitude
will be presented in dB (10log,, (T( f )) ) in figures hereafter.

Although it is not practical to implement an adaptive semi-active control system that switches between the
two damping coefficients purely depending on the excitation frequency, this optimal transmissibility line,
indicated by the thick pale blue line in Fig. 3 (b), sets a benchmark for other types of control methods based
on this particular fluid viscous damper.

Effects of linear damping on the isolation layer Effects of linear damping on the isolation layer
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Fig. 3. Acceleration transmissibility from ground input to the isolation layer where u=-Cyv, C, =C,, (solid), C,,

(dashed), C 3 (dotted) and C va (dot-dashed). The optimal transmissibility line is notated by the thick pale blue line.

3. Nonlinear Damping Based Semi-active Building Vibration Isolation

The semi-active damper is considered as passive components that form an integral part of the system, where

the semi-active damper together with its controller described in [9] relies on the local measurements without



depending on signals from other parts of the building as illustrated in Fig. 4.

As discussed in [8], a nonlinear viscous damper has significant advantages over a conventional passive
viscous damper, especially in the high frequency region. The focus of this paper is to realize such a cubic
damping force in the base-isolation system of the Sosokan Building using controlled semi-active fluid viscous
dampers as depicted in Fig. 4.

The idea of implementing a closed-loop controller to reshape the force-velocity relationship of a semi-active
damper was first developed for electrorheological dampers [13, 14]. This simple yet effective closed-loop
control approach is now applied to the Sosokan Building aiming to transform the output force of the semi-

active dampers from four possible linear functions as shown in Fig. 2 (a) into a cubic function
u,=—C,v’ (12)
as depicted by the thick grey line in Fig. 2 (b), where C, is the cubic damping coefficient.
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Fig. 4. Nonlinear damping implementation using semi-active dampers

The PI controller given by

r(t)=K,e(t)+K [ e(r)dr (13)

is used to control the damping force to achieve the designed cubic damping characteristics in Eq. (12) where
e(r)=sen(u, )(u, ~u,) (14)
r(t) is the control signal of the same unit as C,;,C,,,C,;,C,, and u, /v (MNsm'), u,, is the measured

damping force, and K, and K; are the proportional and integral gain (sm™") of the PI controller, respectively.

As the semi-active dampers are resistive devices, the sign adjustment in Eq. (14) is required to ensure that

the output force is minimized when u, and u, have opposite signs and the sign of u, —u,, does not agree with
u, . See [ 13] for more details.
Unlike electrorheological dampers, which accept a continuous current or a voltage signal, the fluid viscous

dampers in the Sosokan Building may only have one of four settings. The control signal r(r) is therefore

discretized as

C,, for r(t)S(Cpl+Cp2)/2

C,,. for(C,+C,,)/2<r(t)<(C,,+C,y)/2

C,y, for(C,,+Cp)/2<r(1)<(C,5+C,,)/2
for r(t)>(Cp3 +Cp4)/2

C,(1)= (15)

C

p4°

The combination of this controller and the semi-active damper, as shown in Fig. 5, becomes one integral
unit that exhibits passive damping behaviour illustrated by the red line in Fig. 2 (b) which resembles the
nonlinear damping function described by Eq. (12).



Unlike any active design approach, the semi-active dampers remain as passive components during the design
process. The closed-loop control method only requires local force and velocity measurements, which offers

significant practical advantages over other control strategies that rely on feedback signals from sensors located
on different floors of the building.

§

Semi-active
damper setting
C_1=C_p1,C_p2,C_p3 ,C_p4

N

Semi-active damper

Fig. 5. Closed-loop semi-active damper control
4. Simulation Studies

A nonlinearly damped base-isolation system implemented by semi-active fluid viscous dampers as proposed
in Section III has been incorporated into the Sosokan Building modelled in MATLAB/Simulink. The results
are provided in Figs. 6-9.

4.1 Objectives of Nonlinear damping design

Sosokan Building, the vibration isolation performance is limited by the four available linear settings of the
semi-active dampers. As discussed in Section II, the best possible isolation results when the building is under

a single-tone sinusoidal excitation can be achieved by selecting C, =C,, in the low frequency range and

C, =C,, in the high frequency range. This produces the optimal transmissibility line that the implementation

of nonlinear damping aims to achieve. For the purpose of comparison, this optimal line as well as the
transmissibilities given by the semi-active damper at its highest damping setting C, =C, is included in Figs.
6-9.

Effects of nonlinear damping on the isolation layer Isolation Layer
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Fig. 6. Acceleration transmissibility from ground input Fig. 7. Acceleration transmissibility from ground input
A=1ms" to the isolation layer where u=-C,»’, A=2ms" to the isolation layer where u =-C,v",
C, =0.588x10’Ns’'m™ (black solid), C,=0.588x10"Ns’'m™ (black solid),
C, =2.94x10°Ns’m™ (black dotted) are implemented by ~ C, =2.94x10’Ns’m™ (black dotted) are implemented by
semi-active dampers and u =—C,,v (red dotted). semi-active dampers and u =—C,,v (red dotted).

4.2 Effects of nonlinear damping coefficient



In Fig. 6, the system is excited by ground acceleration 7 = Asin(27 ft) withA=1ms™, the amplitude of

which is almost the same as the amplitude recorded in an actual earthquake [12].

Two values for nonlinear damping coefficients are chosen to show their effects on the isolation performance
between the ground and the isolation layer. In order to enable the cubic damper to achieve the same
transmissibility as the linear damper with coefficient C, =C,, at the resonant frequency, the cubic damping

coefficient is designed as C, =0.588x10° Ns’m™ to produce the nonlinear damping force u =-C,v’. In this

case, the system produces a transmissibility curve, shown by the black solid line, that is almost identical to the
optimal transmissibility line indicated by the thick pale blue line. When the nonlinear damping coefficient is

increased to a higher value such as 2.94x10°Ns’m™, a small increase in the acceleration transmissibilities
around mid-frequency range from about 0.5 Hz to 3 Hz is observed. This implies an optimal solution to the
damping coefficient C, can achieve the desired damping characteristics as indicated by the pale blue line in
Figs. 6-9.
4.3 Effects of ground excitation magnitude

As the system contains nonlinear elements, the relationships between the ground input and the acceleration
outputs are dependent on the excitation magnitude. Fig. 7 shows the transmissibility curves resulting from a
larger input magnitude of A=2ms>. When the nonlinear damping coefficient is 0.588x10°Ns’m™, the
transmissibility curve still lies very close to the optimal line. Even when C, is raised to 2.94x10’Ns’m™, the
transmissibilities are well below the result generated with a linear system where C,=C,, over high
frequencies. Therefore, the optimal solution has a sufficient robustness with respect to the changes in loading
conditions. It is worth noting that the different magnitudes of A=1ms™ and A=2ms are two cases
recorded in an earthquake [12, 26], demonstrating the nonlinear damping based semi-active damper has a
sufficient robustness with respect to the changes in loading conditions.

4.4 Isolation performance on higher floors

The base-isolation system is designed to reduce acceleration on all floors during earthquakes. Figs. 8 and 9
show the performance of the implemented nonlinearly damper on 3F and 7F for two excitation amplitudes.
For both floors, the transmissibilities of the proposed system almost coincide with the optimal lines over the
whole frequency range when A =1ms™. However, the performance is less ideal in the mid-frequency region

when A=2ms™.

Effects of nonlinear damping on 3F Effects of nonlinear damping on 7F
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Fig. 8. Acceleration transmissibility from ground input Fig. 9. Acceleration transmissibility from ground input

A=1ms~ (black solid)and A=2ms™ (black dotted) =~ A=1ms™ (black solid)and A=2ms™ (black dotted)
to 3F where u=—C,v’, C, =0.588x10°Ns’m~ (black  to 7F where u=—C,»’, C, =0.588x10°Ns’m~ (black

solid) is implemented by semi-active dampers and solid) is implemented by semi-active dampers and
u=-C, v (red dotted). u=-C, v (red dotted).

To resolve this issue, it is possible to design C, for a specific range of A to achieve the optimal line over

the required frequency range by using the nonlinear design method described in [10, 19].



4.5 Isolation performance in terms of the roof drift

The roof drift of the building is also an important criterion to assess the building isolation performance [20].
Denote the roof drift as

(16)

R(F)=|F{x (0)+2()} .,

where x, (1) represents the displacement of the roof floor of the building, and z (t) is the ground displacement.

The roof drifts of the Sosokan Building in different cases were simulated and the results are shown in Fig.
10. The results indicate that when the same isolation performance at the resonant frequency is achieved, the

cubic damper C, =0.588x10°Ns’m™ can produce a better performance in terms of roof drift than a linear

damper with C, = C,, in both the cases of A=1ms” and A=2ms™.

4.6 Isolation performance in terms of harmonics

The presence of harmonics is inevitable in a system containing any kinds of nonlinearities. The introduction
of cubic damping creates odd harmonics in the output signals. Using the concept of energy transmissibility to
include the effects of all super-harmonics in our previous study [11], it has been analytically shown that the
magnitudes of these harmonics are small compare to the size of the fundamental harmonic. Additionally, the
study has also shown that nonlinear damping can suppress the undesired harmonics and jumps caused by
stiffness nonlinearity. As the building itself may already contain some stiffness nonlinearities, the introduction
of nonlinear damping would therefore enhance the overall system stability.

The simulation results in this section have demonstrated the advantages of a nonlinearly damped semi-active
base-isolation system. First, the acceleration transmissibilities achieved by the proposed system is very close
to the optimal lines where only one damping coefficient can be chosen for each excitation frequency. Second,
although the performance of a nonlinear design is dependent on the input magnitude, the results have shown
sufficient robustness to the loading. Third, instead of optimizing the acceleration of one particular floor, the
results indicate strong isolation performance across all floors.

1 Effect of nonlinear damping on roof drifts Nonlinear damping vs LQG design on 3F

10

Roof drift (m)
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Fig. 10. Roof drifts under the ground displacement amplitude
A=1ms? (black solid) and A=2ms> (black dotted), Fig. 11. Acceleration transmissibility from ground

. . . input A=1ms™? to 3F, where the semi-active
respectively when the nonlinear damping u=-Cy' pu W v

dampers are controlled by the passive nonlinearly
damping method (black solid) and the LQG
method (red dashed).

C, =0.588x10° Ns’m~ is implemented by the semi-active
dampers and when the linear damping u =—C,,v (red dotted) is
applied.
Figure 11 shows a comparison of the acceleration transmissibility to 3F of the proposed nonlinear damped
system against the LQG design in [12]. It can be observed from Fig. 11 that the nonlinear damped system
delivers better performance over both the resonant higher frequency regions hence offers a more effective

alternative to the LQG design approach. It is worth pointing out that although an optimal solution can be found



by minimizing the cost function provided by [12], the dampers often cannot deliver the designed optimal
performance in reality [21, 22]. Moreover, it is noticeable that the nonlinear damping design only relies on
local sensors in the isolation layer whereas any implementation based on an active control law (such as the
LQG approach) would require sensors on other floors. When considering the practical aspects of the design,
the reliability and quality of the sensor communication, be it wired or wireless, must also be taken into account.

In order to confirm some important points reached by the numerical simulation, laboratory experimental
work has been conducted. The details are introduced in the next section.

5. Experimental Validation

To validate the performance of the proposed passive nonlinearly damped building isolation system, a scaled
physical model of the Sosokan Building has been built, as shown in Fig. 12, in a laboratory at Keio University.
The schematic of the semi-active damper in Fig. 13 shows two solenoid valves (with orifice diameters of 3
and 5 mm, respectively) which can be controlled to create four different damping coefficients that could
facilitate the implementation of the power law nonlinear damping.

} { Solenoid valves

Fig. 12. The laboratory physical model of Sosokan . . . L
o Fig. 13. Schematic illustration of a semi-active damper
Building
For base-isolated buildings, a 2-DOF model is often used to model the dynamic properties of a base-isolated

building [23, 24].
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Fig. 14. The 2-DOF representation of the physical model
The equation of motion for the 2-DOF system in Fig. 14 can be described as follows.

M5 +Cx + Kx =Ef, +F? (17)

where f,

con

represents the controlled damping force.

0 + -
x:[x“xz]T; M=|:’nl :|; C=|:C1 C, C2:|;

0 m, -, ¢
K= {kl +k, -k,

T

4k }; E=[10]"; F =[-m,-m,]



with
m, =3.264kg; m, =1.589kg; k, =249.9 N/m;
k, =1968 N/m; ¢, =0.1294 Ns/m and ¢, =1.019Ns/m

The first and second natural frequencies of the building model system are 1.134 Hz and 6.877 Hz,
respectively.

A semi-active linear damper with the damping coefficient being able to be switched over four different
values is fitted on the ground floor of the test rig, which is the same as the situation with the Sosokan Building.

The four damping coefficients are

C, =30.8Ns/m;C,, =40.1 Ns/m; C , =44.5 Ns/m; C,, =84.8 Ns/m (18)
The experiments were conducted when the sweep sine wave
£(t)=0.6sin (27 ft) m/s’ (19)

with f e [O, 15] Hz was applied as the loadings to the model.

In the experiments, the cubic damping coefficient was chosen as C, =3000 Ns’ / m’ . In this case, the cubic
damping characteristic and the force-velocity relationships of the semi-active damper under the four damping
coefficients given in Eq. (18) are shown in Fig. 15 where the maximum velocity across the damper is 0.2 m/s .

In order to compare the performance of the proposed nonlinearly damped system with the performance that
can be achieved by the LQG based feedback control and traditional linear damping, an equivalent linear
damping was chosen as C,, =84.8 Ns/m such that the three different techniques can achieve a similar

transmissibility over the resonant frequency range as shown in Fig. 15.
With respect to the LQG clipped semi-active control, the adopted cost functional is chosen following the
standard requirement in earthquake engineering [25]. The functional is the sum of squared floor accelerations

and squared control force with an empirically-tuned weight coefficient of 10 kg™ as given by
J= E{ [ TG00 +5 () + () + () + Ra? (I)sz} (20)

where E{.} denotes the mathematical expectation, ¥, (7)., () and X, (¢) are the accelerations on the ground,

the first, and the second floor, respectively, R = lOkg_2 ,and u (t) is the semi-active control force.

) 2 2
In O h E .. .. .. .. n th functional is i
n (20), the term {IO [(xo (t)+x1(t)) +(x0 (zf)+x2 (t)) ]dt} in the cost functional is introduced to
minimise the absolute accelerations on each floor so as to reduce possible damage to contents and non-

structural components in a building structure. The additional term EI:{RMZ (t)} dr is used to penalise the

excessive control action that could take by the semi-active controller. The weighting value R =10kg ™ was

empirically tuned in order for the LQG clipped semi-active control to achieve the same transmissibility at the
first resonant frequency as the transmissibility that can be achieved by the proposed cubic damping with

coefficient 3000 Ns’ / m’ and its equivalent linear damping with coefficient 84.8 Ns/m. This is to facilitate
an effective comparison between the three different building isolation techniques.

In determination of a Kalman filter gain, noise intensities are assigned 2.6x10™* m*/s* for system noise and
2.99%x10* m?/s*, 1.62x10* m?/s*, and 9.30x10* m?/s* for noise of accelerometers at the table, lower
floor, and upper floor, respectively.
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Fig. 15. Force-velocity relationship of C, =3000 Ns’ / m’ and the real damping force (thick grey line)
In the laboratory studies, due to the limitation of the software system and also for the simplicity of
implementation, instead of using the PI control in Eq. (15), a straightforward look-up table-based feedforward
control was applied to determine the damping coefficient from its four available choices based on the measured

velocity across the damper as follows:

pl?

foru, /v<(C, +C,,)/2

0,(1)={Cr r(Cur ) 2<ufvs(CrCy) 2 on
C,s» for(sz+Cp3)/2<ud/vg(cp3+cp4)/2
o o for(C, G2

u, =—C, (t)v o)

where u, and u,, are the desired and measured damping force, respectively, and v is the velocity across the
damper. In the experiments, v is estimated by a Kalman filter using the measured acceleration data Z, X, and
X,. The implemented cubic damping characteristic is shown by the grey line in Fig. 15. Consequently, a

qualitative demonstration of the performance of the proposed nonlinearly damped system is expected from the
experimental studies.

Remark: Eq. (15) shows how a PI feedback control can be implemented by using the semi-active damping
system currently used in the Sosokan Building to achieve a desired damping characteristic. Eq. (21) shows a
simpler feed forward control solution used in the experimental study. Both implementations are based on
traditional control system designs. Generally speaking, Eq. (15) is an ideal solution if the implementation is
not constrained by hardware and software limitations. This is because a PI based close loop control can achieve
the desired damping force better than an open loop method.

The 1st floor transmissibility (DB)

The 2nd floor transmissibility (DB)

*Frequency (Hz) ° 0 > Frequency (Hz)'’

(a) The transmissibility of the 1* floor (b) The transmissibility of the 2" floor
Fig. 16. Comparison of the transmissibilities: Cubic damper (Blue dot line); LQG (Red line); Linear damper (Green
dash line); No damper (Purple dash-dot line)

Figure 16 shows the main results from the experimental studies. The results indicate that the proposed
nonlinear damping always gives the best performance. Over both the resonant frequency and the high
frequency ranges, the nonlinear damping produces a lower transmissibility compared to that with the LQG



method; while the transmissibility with the equivalent linear damping increases significantly beyond the
resonant frequency range of the system. All of these are consistent with the conclusions reached in Section IV
from simulation studies.

The roof drifts of the 2DOF physical building model controlled by the three different methods are shown in
Fig.17, which further confirms the conclusion reached by simulation that the nonlinear damping method
outperforms the other two approaches.
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Fig. 17. Comparison of the roof drifts: Cubic damper (Blue dot line); LQG (Red line); Linear damper (Green dash line);
No damper (Purple dash-dot line)

In order to explain the superior performance of nonlinear damping over LQG, the situations with switching

over the four different damping coefficients under the nonlinear damping and LQG are shown in Figs. 18 and

19 for the cases when the system is working at the resonant frequency ( f =1.0 Hz) and high frequency

( f =13Hz), respectively.
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From Figs. 18 and 19, it can be observed that over the resonant frequency range, the nonlinear damping
approach select, the maximum damping coefficient for most of the time while the LQG method only
occasionally use the maximum damping coefficient. On the other hand, over the higher frequency, the
nonlinear damping method uses smaller damping coefficients while LQG still opts for the maximum damping

intermittently.



It is worth noting that the minimum damping coefficient that both nonlinear damping and LQG approach

can use in the experiment is C,; =30.8 Ns/m . If the minimum realisable damping coefficient is very small, it

p
is expected that the nonlinear damping would achieve almost the same transmissibility as that shown in purple
dash-dot line in Fig. 16 over the range of higher frequencies while still suppressing the vibration well over the

resonance, showing an ideal performance over almost all ranges of frequencies.

6. Conclusions

In March 2011, the most powerful earthquake ever recorded in Japan occurred approximately 70 kilometres
east of the Oshika Peninsula. The measured ground motion contained long-period waves with unprecedented
intensity and duration. However, the building regulations in Japan currently do not cover the profile of the
long-period waves observed in 2011. Engineers are therefore motivated to improve the current seismic
protection technologies.

Ideally, dampers used for system isolation should have high damping coefficients when the excitation
frequency is low and have low damping coefficients when the excitation frequency is high. As it is impossible
to predict the frequency spectrum of future earthquakes, changing dampers according to the input frequency
is not a practical solution.

The authors have recently explored the idea of applying nonlinear damping to vibration isolation problems.
It has been proven that nonlinear damping in a vibration isolation system can offer sufficient isolation around
the resonance without affecting the high frequency performance. In this paper, the realization of the desired
nonlinear damping force has been implemented using a semi-active damper, which can be readily achieved in
practice. The Sosokan Building model based numerical simulation studies and experimental studies on a scaled
physical model have demonstrated the performance of the new technique and the advantages of the technique
over traditional solutions

The proposed nonlinear damping isolation system provides a good isolation against long-period waves as
well as ground motions in the frequency spectrum which have been observed during most earthquakes. The
controller only requires force and velocity measurements that are local to the semi-active dampers. This is a
major practical advantage over other solutions as local measurements are much less susceptible to noise and
interference. Instead of treating the semi-active dampers as actuators during the design process, the proposed
approach guarantees robustness and stability, which is essential during earthquakes.

Other advantages of the proposed method can be highlighted by comparing with some existing solutions.
The nonlinear damping based semi-active dampers can be easily installed in the isolation layer of most
buildings without requiring a major redesign. Active actuators can be readily installed but the requirement of
a large power supply may have more safety implications. Therefore, in terms of costs, practicality and
performance, the proposed nonlinearly damping solution is a better all-round alternative.

In the present study, the great potential of a base-isolation system with nonlinear damping implemented by
using a semi-active damper has been demonstrated when the ground motion can be assumed to be a single-
tone sinusoidal wave, which is often the case when the building is located far away from the epicenter. The
scenarios considered in this study are the earthquake ground motions which have either dominant frequency
in the isolated range or a dominant frequency in the non-isolated range of the system. The results indicate the
proposed nonlinear damping solution guarantees that the base isolation system works well in both cases. For
the cases of near-fault ground motions as well as the cases where the ground motion contains energy in both
frequency ranges, the proposed cubic damping solution is also expected to perform better than linear solutions

according to the analyses and results in [26, 27, 28]. One of these results is, for example, shown in Fig. 20



[28]. However, a more comprehensive principle needs to be followed to perform the nonlinear damping design,

which will be investigated and reported in a future publication.
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Fig. 20. An experimental comparison of the base isolation performances when the building model (Fig.12) is
subject to a simulated near-fault ground motion in the four cases of (i) No Damping (ND), (ii) Linear
Damping (LD), (iii) LQG, (iv) Two different cubic damping (denoted as PLD1 and PLD?2, respectively)
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