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Abstract

We propose a hew active preview vibration control strategy based on the information of seismic waveform observed in
remote observation sites. The observed waveform information of the remote site is transmitted by a waveform
transmission network to the structure under control. The waveform transmission network is realized by interconnecting
multiple controlled structures and observation sites. With recent development of information and communication
technology (ICT), e.g., internet of things (10T) and the wireless high-speed wide-bandwidth data transmission such as 5G
technology, etc., the real-time data acquisition of the complete seismic waveform in remote places by using above
observation systems is presently getting realistic. By using the future waveform information obtained through the network,
we propose an active vibration control method for structural systems that achieves fairly higher control performance over
conventional methodologies. A preview control consisting of the state-feedback and feedforward control (preview action)
is adopted as the control law. For the preview action, a future seismic waveform in some time interval is needed. Since
the future seismic waveform is not available, the preview action contributing the performance improvement is generally
impossible. Some studies exist on active vibration control with the preview of the incoming seismic waveform, e.g., Refs.
[12] and [15], showed that the control performance on vibration suppression was improved by introducing the preview
action with a single recorded seismic wave. However, the soil dynamics between remote and the place of the controlled
structure is ignored in [12] and the control law in [15] is an approximated version of the optimal control problem that
must be solved a continuous time matrix differential equation a time backward manner from the final time of the seismic
event. To get over the difficulties in above studies, we have proposed a preview control of the structural systems subject
to seismic disturbance[3]. That is, the preview control that can be implemented as a real-time digital control algorithm
without any non-causalities employing the accurate prediction of the future seismic disturbance with the measurement of
the remote observation site(s) while taking into account the nonlinear soil dynamics. A small-scale simulation study with
a recorded seismic event in Japan, we showed that the proposed control method achieved much higher control
performance over the conventional linear quadratic optimal control. In this study, a more intensive parameter optimization
of the proposed control system in the Al-based waveform estimation system and the preview control law is carried out to
evaluate how much the proposed control system is effective and beneficial for vibration control of structural systems
compared to standard feedback-based control methods.
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1. Introduction

Seismic waves are observed in real time at numerous points such as structures that are under vibration control
and observation sites in various countries that suffer from severe seismic events frequently, e.g., Japan, Mexico
and USA etc.. In Japan, observed seismic data are used not only for the vibration control of the controlled
structure, but as a real time web-based seismic intensity monitor service[1] and as an earthquake early
warning[2]. Similar observation system has been realized also in the USA[3] for the earthquake early warning
in the west coast region of the country. Those systems provide the real-time information on the seismic
intensity over the area of interest and have been put to practical use effectively.

A lot of buildings have been controlled by various types of vibration control laws, e.g., the active and
semi-active methods etc., based on the state of the art control methodology and most of such control is a
feedback control law.

To obtain further performance improvement of the vibration control system, we propose an idea to
connect the buildings with a network and share some data about the seismic disturbance. A similar idea is
found in [4]. They use the information of the seismic waveform in the form of its dominant frequency before
it reached to the structure under control. A kind of semi-active control that changes structural natural
frequencies with the information on the dominant frequency is proposed.

With recent development of information and communication technology (ICT), e.g., internet of things
(1oT) and the wireless high-speed wide-bandwidth data transmission such as 5G technology, etc., the real-time
data acquisition and sharing of the complete seismic waveform in remote places by using above observation
systems is presently getting realistic. The MeSO-net (the dense Metropolitan Seismic Observation Network)
system[5] in Japan and a wireless smart sensor platform for high-fidelity data acquisition, e.g., [6], for
structural health monitoring and control, e.g., [7] in the USA, are some examples of the effort to realize such
data-rich environment.

We propose a new active vibration control strategy based on the future seismic waveform information
observed in the remote site(s) with the forthcoming data-rich envronment. The waveform of the remote site is
assumed to be transmitted by a waveform transmission network to the structure under control. The waveform
transmission network can be realized by interconnecting multiple controlled structures and observation sites
via a network.

A preview control law consisting of the state vector feedback control and the feedforward control is
adopted as the control method to obtain the high performance control systems [8-11]. The state vector data
required for the feedback control part can be obtained with sensors installed in the structure currently under
control. On the other hand, the future value of the seismic disturbance for the preview action is unknown.

Some studies exist on active vibration control with the preview of the incoming seismic waveform[12-
16]. However, those studies have some problems, e.g., igonoring the soil dynamics[12], the accuracy of the
estimation of the future seismic disturbance [13], difficulty in the real-time implementation [14] and too long
preview time interval [15].

In this study, we propose a preview control of the structural systems subject to seismic disturbance
overcoming above difficulties and drawbacks of existing studies. That is, the preview control that can be
implemented as a real-time digital control algorithm without any non-causalities employing the relatively short
time range prediction of the future seismic waveform with the measurement of the remote observation site(s)
while taking into account the nonlinear soil dynamics.

To realize such high performance preview control system, an wave estimation system to predict the
future seismic waveform based on artificial intelligence (Al) is proposed. The waveform estimation system is
a dynamic system with a multi-layered artificial neural network (ANN) at its central core.

The ANN proposed in the study has three external input signals, i.e., some samples of the waveform in
the remote seismic observation site(s), those of the disturbance shaking the structural system itself after its
arrival, and those of error between the estimated and real waveform data. The output of the system is the
estimate of some samples of the future disturbance waveform enough to carry out the preview action.

We use the genetic algorithm (GA) for optimizing design parameters in the waveform estimation system
and the preview control law. Through a small scale simulation study with a recorded seismic event in Japan,
we show that the proposed control method achieves much higher control performance over the conventional
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and popularly used LQ feedback control methodology. Also, we test some cases of the preview control with
the different preview length, i.e., the sample number of the future seismic waveform and find out that there
exists a reasonable preview length to achieve good control performance.

Notations are as follows: t: time, 0,,x,: an m X n zero matrix, I,,: an n-dimensional identity matrix,
AT transposition of a matrix A, R™*™: the set of m X n real matrices, trace(A4): the trace (sum of diagonal
elements) of a matrix A, diag(ay, ..., a,): A diagonal matrix whose diagonal elements are ay, ..., a,.

2. Concept of the control system

The block diagram of the proposed control system to show the concept of the present study is depicted in Fig.
1. A structural system is actively controlled with sensor measurements of the structural response, the seismic
disturbance at the location of the structural system itself and that of the remote place(s). The sensor
measurement in the remote place is transmitted with a network. The authors hope that the transmission of the
remote seismic waveform is carried out with the standard Internet protocol because it is easily realizable
without large amount of additional costs. The realizability of such data transmission will be examined in the
future study. Note that the remote site transmitting the waveform information is assumed to be located closer
from the epicenter than the structure under control. This assumption becomes almost true if relatively large
number of observation sites exist over a region and the measurement of each site is shared by all the sites
through the network. At least in Japan, such condition is satisfied since observation sites are located over 1,000
points nationwide[1].

With the sensor measurements, the control effort, i.e., the command signal for the actuator to produce
the active control force, is generated by the preview control law consisting of the feedback and feedforward
control parts. The feedback control law uses sensor measurements of the structural response, e.g., the
displacement and the velocity of each floor. The feedforward control is obtained with the future value of the
seismic waveform of some time interval (defined by the control system designer) from a current time. The
output of the feedforward control part is referred to as the preview action.

Several studies have shown that the preview control with the preview action greatly improves the control
performance with the known future value of the external input, such as a reference value of the controlled
output[8-11]. However, in the present situation, we generally cannot obtain the future value of the seismic
waveform that is necessary to realize the preview action because of the law of causality.

To realize the preview action, the measured seismic disturbance in the remote area is used. Because of
the above assumption, i.e., the remote site is located closer from the epicenter than the structural system, the
seismic waveform of the remote site contains the information on the future waveform of the disturbance in the
location of the structural system. We propose an Al-based waveform estimation system to predict the
waveform of the future seismic disturbance with the disturbance waveform data obtained in the location of the
structural system and the remote site. With those subsystems, a quasi-preview action with the estimated future
value of the seismic disturbance becomes possible.

3. Model of the structural system
The equation of motion of a n-dof structural system to be controlled is given by
MG(t) + Dq(t) + Kq(t) = Gw(t) + Hu(t) (1)

where M = MT > 0,D =DT >0, K = KT > 0 € R™ are the mass, damping and stiffness matrices of the
structural system respectively. The vectors w(t) € R™, q(t) € R™ and u(t) € R™ are the displacement of
the seismic disturbance, the relative displacement between the absolute displacement of each floor and w(t)
and the active control force generated by the actuator, respectively. In the following, the number of
disturbances n,, is assumed to be n,, = 1 to retain brevity. Matrices G € R™*™w and H € R™ ™ are constant
coefficient matrices. By taking the state-vector x¢(t) as x°(t) = [qT(t) ¢ (t)]7, the state-space form of the
structural system is given as the following:

© The 17th World Conference on Earthquake Engineering -2g-0169 -



The 17th World Conference on Earthquake Engineering

17" World Conference on Earthquake Engineering, 17WCEE
Sendai, Japan - September 13th to 18th 2020

Earthquake
i Controlled output T
disturbance Structural P n | —s qn(t)

Active control force system |—I|J dn rAN\,Jk
7
A Sensor measurement | Myl |—> Gy (t)
:

Feedback |_|:|J dn-1 rwvjkm

O ool | Feedback

A

Al-based wave

N control part estimation . .
: ' system (ANN) . . :
Feedforwad J‘\J\/WW | [ ma |— Q2(t)
» |control part[<~ ]J r:w\,_l
N L T T ' / Waveform |_| d2 kz

et | m— ¢.(t)
u
| [ L@ty vy,
(Coser o the cpicenter) — D)
Fig. 1 — Concept of the proposed vibration control system Fig. 2 — n-dof structural system with a force
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where z.(t) € R™z, C¢ € R™#*™ and D¢ € R™2*"w are the controlled output vector and coefficient matrices
respectively.

In the present study, the discrete time model of the structural system is necessary to apply the preview
control law. The discrete time state-space form with the sampling interval T is given as the following:
{x(k + 1) = Ax(k) + Byw(k) + Byu(k) 3)
z(k) = Cx(k) + Du(k)

where k = 0,1, 2, ... is the sample number. As an example, a schematic figure of the actively controlled n-dof
structural system with an actuator in the base is shown in Fig. 2.

4. Preview control with the waveform estimation system

The preview control[8-11] is adopted as the control law in the study. As depicted in the blue part of Fig. 1, the
preview control law is composed of the feedback and feedforward control parts. The control force u(k) in Eq.
(3) is given as

u(k) = upp (k) + upp (k), 4)
upr(k) = Kepwy (k), usp (k) = Kepx(k), (5)
wy(k) = [W(k) Wik +1) .. w(k+hy)]" (6)

where K¢ € R™*M and Kr, € R™*2™ in Eq. (5) are the feedforward and feedback gain matrices
respectively. The vector wy, (k) is a time series of the predicted seismic disturbance where h,, is the amount
of the sample number of the preview (preview length). The preview length h,, is determined as a design
parameter so that the preview control system achieves the best cont rol performance. The control force u(k)
is a sum of the state-feedback (structural response x(k)) control and the feedforward control of the predicted
future disturbance wy, (k). The feedforward control part us (k) = K¢ swy, (k) is referred to as the preview
action. The control gain matrices Kgf and K¢, are obtained with following steps[9].
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Fig. 3 — Block diagram of the Al-based estimation system
Step 1: Determine the preview length h,, and define an augmented system given by

{xa(k +1) = Agxq (k) + Bay, W(k + hy + 1) + Bgyu(k)

(1)
z(k) = Cyax(k) + Dy u(k)
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Step 2: For the augmented system, obtain a stabilizing state-feedback control law u(k) = K,x, (k) satisfying
some control criteria. Then, the control force as shown in Eqg. (5), i.e., the state-feedback control with the
structural response and the feedforward control with the predicted seismic disturbance can be obtained as the
following:

Ag = \
¢ [le(hp+1)

() = Koxa1) = (Ko Ky [ (0] = Ky 00+ Ky ®)

The preview action in Eg. (5) is possible if the future h,, samples of seismic disturbance given by Eq.
(6) are available. In the servomechanism control problem, the reference value of the controlled output is
defined as the disturbance (external input). Because the reference value of such systems is generally
determined before control system design[9], in other words, the control system design of the servomechanism
is carried out so that the controlled output tracks the predetermined reference value, we can use the reference
value of any time interval during the control action. However, in the present situation, we cannot get the future
value of the seismic waveform because of causality in general.

To apply the preview control law to the vibration control of structural systems subject to seismic
disturbances, we propose an Al-based waveform estimation system drawn with the red line in Fig. 1 to
reproduce the feedforward term us (k) = Krpw, (k) in Eq. (8).

The detailed block diagram of the waveform estimation system is shown in Fig. 3. The waveform
estimation system consists of a multi-layered artificial neural network (ANN) for the waveform estimation, a
linear filter F(z~1) for signal processing where z~1 is the unit delay operator yielding z=tw(k) = w(k — 1),
a pure delay element z=" and L;, i = 1,2,3 that is given as

Li=[1 z7' .. z™M,i=123 )
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where n;, i = 1,2,3 is a natural number specified by the control system designer. The input signals of the ANN
for the future waveform estimation are described as follows:

® W.(k)=LFz Y0 =[w (k) w/k-1) .. w(k- nl)]T , wl (k) : n, samples of the
seismic waveform at the remote site through the filter F(z™1).

® W.(k)=[wk) wk—1) .. w(k—ny)]":n,samples of the seismic waveform at the structural
system to be controlled.

® c(k)=wWlk)—W,(k), W(k) =[wk) wk—-1) .. w(k—ny)],

® W,(k)=[Wy(k) wy(k—1) .. Wwy(k—n3)]": ny samples of the error between the estimated future
seismic disturbance and the observed real one. A pure delay element z~" is inserted to match the timing
of the real and estimated seismic waveform data.

The output of the ANN is the estimate of the future value of the seismic disturbance from k + 1to k + h,,

samples, denoted by w, (k) = [W(k) Wk +1) .. w(k+ hp)]T where w(k) is the estimated seismic
acceleration. With the time series of the estimated future seismic disturbance w, (k), the quasi-preview action
is realized as the following:

5. Optimal design of the control system

The adjustable design parameters to optimize the control performance exist in two subsystems, i.e., the preview
control law and the waveform estimation system. The detail is described below.

Preview control law: We define the controlled output z(k) in Eq. (3) as

Qwxa (k)

200) = Coxa(k) + Dyt = | 570,

(11)
Qw

O(2n+h )xn 2n+h i
— — p w — di w (2 L > -
C, = [Onux(zmhp)]’ D, = [ R, , @, = diag (q1 e ), qw =2 0,i=1,...2n+ h,

R,, = diag(n1, ...,r‘,?‘”), rMJ; >0,j=1,..,n,

Wesetqgl, >0,i=1,...2n+ h, and rM’, > 0,j =1,..,n, that are the weighting factors for each element of
the augmented state vector x, (k) or the control input vector u(k) as the design parameters of the control
system because those parameters realize trade-offs between the control performance on vibration suppression
and the energy consumption of the actuators in the active vibration control.

Waveform estimation system: Design parameters in the waveform estimation system exist in the filter
F(z™1) and the multi-layered ANN generating the estimate of the future waveform to carry out the quasi-
preview action.

® Filter F(z1): The coefficient parameters in the pulse transfer function in F(z~1)

® Multi-layered ANN: Values of weight and bias in the multi-layered ANN are design parameters to be
optimized. Also, some hyper-parameters, e.g., the number of hidden layers and its units, the number of
samples n;, i = 1,2,3 in Eq. (9) to form the input layer and the length of the preview h,, that determines
the dimension of the output layer.

The objective function to be minimized with the optimization of the above design parameters is defined
as the weighted sum of three performance indices given by

] =pic+p2)et+ p3]p (13)
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where p; > 0, i = 1,2,3 are weighting factors. Each component of the objective function J is defined as
follows:

J-: The performance index to evaluate the control performance of the closed-loop system defined by

_won  RMS( ) n  Peak( 'rp) n RMS( la) n Peak( la,)
]c_ =1 1 =1 k(! =1 [} =1 k(! (14)
RMS( T‘off) Pea ( Voff) RMS( aoff) Pea ( aoff)
where 'r, and ‘a,, and *= c or of f are the relative displacement between adjacent two floors and the

absolute acceleration of each floor of the actively controlled closed-loop system (subscript ¢) and the system
without active control (subscript of f) respectively. The superscript [, = 1, ..., n is the floor number of the
structural system.

J.: The error between the real and quasi-preview actions defined as
— _k -
Je = trace(EestE:erst)v Eest = Kff Zkio{wp(k) - Wp(k)}’ (15)
ky: Final sample of the simulation

where @ is the normalized feedforward gain matrix K¢ given by

N T
Kff = KffS_l, S = diag(al, . anu), a; = \/Kff(l) (Kff(l)) ) Kff(l) i-th row of Kff (16)
Jp: The penalty function to evaluate the peak control force defined as the following:

a (a=0)

17
0 otherwise (17)

Jp = T 1(Peak(u; (k) — ;). 1(a) = {
where u;(k) and u; > 0, i = 1, ..., n,, are the control force of the i-th actuator and its allowable peak control
force respectively.

For a given design parameter set, all the control signals to compute J (J, /. and J,,) are obtained with
the simulation of the structural system with and without active control for a recorded or simulated seismic
disturbance.

In this study, all the design parameters in the control system are optimized with the genetic algorithm
(GA) with the recorded seismic event(s) data by the offline manner.

6. Simulation example
4.1 Simulation setting

We use data of a recorded seismic event (Niigata Chuetsu Earthquake, M6.8: 17:56 (JST) October 23, 2004)
for the simulation study. The system arrangement of the simulation example is shown in Fig. 4.

The epicenter of the earthquake is Kawaguchi Town (Nagaoka City in the present), Niigata Prefecture.

We assume that an actively controlled structural system is located in Niigata City and the state variables
of the structural system and the seismic disturbance there are observed. The recorded acceleration of Niigata
City is shown in the lower-right part of Fig. 4. The structural system is a 3dof system with an actuator in its
base. The coefficient matrices in Eq. (1) of the 3dof system is given as follows:

2.700 -—-1.712 0
M = diag(6000,6000,6000) kg, D = |-1.712 2.796 —1.084x 10* Ns/m,
0 —1.084 1.084 |
2.359 —1.148 0 1 0]
K =|-1.148 2514 —1.366|%x10°N/m, G =—|1|,H =]0], (18)
0 —-1.366 1.366 1 11
7
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Fig. 4 — System arrangement of the simulation study

Coefficient matrices in Eq. (18) are taken from the model of the 3dof benchmark building of NCREE (National
Center for Earthquake Engineering), Taiwan[16]. As the remote seismic wave in the proposed Al-based
waveform estimation system, we employ the disturbance observed in Ojiya City (away 70km from Niigata
City) located closer from the epicenter than Niigata City. The recorded acceleration waveform of Ojiya City
is given in the upper-right part of Fig. 4. We assume the seismic waveform observed in Qjiya City is transmitted
to Niigata City where the actively controlled structure located immediately through the network. Note that at
13s of the recorded data in Ojiya City, shown in the broken line of Fig. 4, the record of the waveform in Niigata
City is started, i.e., there is a 13 seconds' gap of the onset time of recording between two cities.

4.2 Results and discussion

Under the above simulation setting, design parameters shown in the previous section are optimized with the
GA. The sampling period of the control system is T = 0.01s. In the ANN of the wave estimation system in
Fig. 3, ten samples (0.1s, n;, = n, = 10) of the seismic disturbance in both cities are taken as the input
accelerations. We set two hidden layers whose number of units are 50 and 40 respectively.

To see the effect of the preview length h,, on the performance of the control system, we consider three
different preview length h,, = 10,20,30 to form w, (k). Those three values of h,, correspond to the time
interval of the future waveform estimation 0.1s, 0.2s and 0.3s respectively.

The augmented state feedback gain matrix K, = [Krs  Krp] in Eq. (8) is obtained as
Ko = (BiuXBay + Rj,Ry) ™ By XA, (19)
where X € R(tp+2n)x(hp+2n) jg the positive semi-definite solution to the algebraic Riccati equation given by
ATXA, — X — ALXB,, (BL,XBy, + RLR,)'BL XA + QLQ,, = 0. (20)
The upper-bound of the control input u in the penalty function J,, in Eq. (17) is & = 4500N.

For three values of the preview length, h,, = 10, 20, 30, design parameters in Section 3 are optimized
with GA. The optimized values of the objective function J are summarized in Table 1. Although the obtained
values are locally optimal by the property of the objective function J and the stochastic GA optimization, the
result indicates that there exists a reasonable preview length in the formulated design problem involving the
quasi-preview action in Eq. (10).

Also, for comparison purposes, the LQ optimal state-feedback control law is obtained. The weighting
factors are defined similar to Eq. (11) and they are optimized so that the objective function

]fb =pdc+ p3]p (21)
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Table 1 — Values of the objective function J for tested preview lengths
h, 10 20 30
Ji 1093 | 561 | 6.94
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Fig. 5 — RMS and peak values of lr(k) and la(k), [ = 1,2,3, where Passive off, LQ feedback control and
Active preview control are cases without control, optimized LQ state-feedback control, and the proposed
quasi-preview control, respectively (h,, = 20). The amount of the performance improvement (in percent) of
the proposed quasi-preview control compared to the LQ feedback case in each item is also depicted.

where ], and ], are defined in the previous section is minimized with the GA.

In the following, we show the result in the case of h, = 20. The results of the optimization are
summarized in Fig. 5. The preview control with the waveform estimation system shows the best result. About
10-20 % improvement of the control performance is achieved in the proposed method, in the sense of the
averaged RMS and peak values of the relative displacement ‘r(k) and the absolute acceleration ‘a(k), | =
1,2,3 over the optimized LQ state-feedback control law.

Moreover the peak value of the control input denoted by Peak(u) of the proposed preview method is
almost same as that of the optimized LQ state-feedback control because the both performance indices J in Eq.
(13) and J£,, in Eq. (21) contains the penalty function J,, to regulate the peak value of the actuator force. In
summary, the proposed preview control method with the Al-based waveform estimation system accomplishes
the fairly good control performance compared with the optimized LQ state-feedback control which is one of
the most popular and frequently used method for active vibration control.

To see the performance of the waveform estimation system, the time histories of the quasi-preview
action using the estimate of the predicted seismic disturbance and the real one using the recorded waveform
are shown in Fig. 6. The form of the quasi-preview action with the estimated seismic waveform captures
general waveform of the the real preview action. Therefore, the Al-based waveform estimation system
proposed in this study works well to realize the quasi-preview action.

7. Conclusion and future research subject
In this study, a new structural vibration control system that consists of the preview control law and
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Fig. 6 — Feedfroward control input usf(t) in cases of the quasi and real-preview actions.

the Al-based waveform estimation system is proposed. With the quasi-preview action using the of
the performance improvement becomes possible. A GA-based optimization method of the design
parameters in the preview control law and the waveform estimation system is proposed. A small scale
estimate of the predicted future seismic disturbance, the preview control that achieves a large amount
simulation example with a recorded seismic event in Japan is carried out. The preview length is
optimized in the simulation. The proposed control system with the preview control and the Al-based
waveform estimation system achieves fairly superior control performance over that of not only the
case of the without control, but also the conventional LQ state-feedback control with the weighting
factor optimization.

Future research subjects are as follows:
® Feasibility of the wave transmission network with exiting Internet protocol should be examined

® Parameter search of the ANN to achieve the best performance, e.g., the number (samples) of input signals
and the output signal (length of the prediction), the number of hidden layers and units in each layer
including the structure of the ANN, must be carried out.

® Extension of the present approach to the semi-active control, e.g., [17], or the passive control with
adjustable devices having slow dynamics. It is quite important in applying the proposed method to wide
range of existing buildings under control.
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