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Abstract

This paper presents new spectra of responses and control force for an active base-isolated building that uses the
equivalent-input-disturbance (EID) approach for active structural control. The EID approach estimatéscthef e
disturbances and uses it to suppress building vibrations. This system plugs an EID estimator into a conventional
state-feedback control system. Note that these kinds of disturbance-rejection systems contain both feedforward and
feedback terms from disturbances to a control output. This paper describes spectra that can handle systems with such
structure. The spectra can be used to simplify the design of an active structural control system. This paper illustrates
the use of the spectra for control-system design and presents a design algorithm for the EID-based control system. A
shear building model and 44 kinds of earthquake waves are used to demonstrate the availability of the spectra.

Keywords: equivalent input disturbance (EID), active structural control, response spectrum, control-force spectrum,
feedforward control, feedback control

1. Introduction

Base isolation has been widely used in buildings to protect people and hous&hotd om earthquakes since
the 1995 Kobe earthquake in Japan [1]. Recently, strategies of active structural control, which combine control and
structural engineering, have also been extensively studied and applied to improve control performance. Most of
control systems that used the PID control [2], the linear quadratic regulator (LQR) [3, 4, 5], and the computational-
intelligence-based control for control-system design [6, 7]. Note that there is a tifduktveeen disturbance-rejection
performance and other control performance in those control systems. This problem can be solved by using a control-
system configuration that contains a disturbance-estimation mechanism. This system enables the independent design
of input-output and disturbance-rejection characteristics.

Many methods have been proposed to estimate disturbances, for example, adaptive disturbance estimation [8], the
active disturbance-rejection control (ADRC) [9, 10], and the equivalent-input-disturbance (EID) approach [11]. The
ADRC and EID methods have faster and more satisfactory disturbance-rejection performance than adaptive control
does. A comparison between the ADRC and EID methods reveals that the EID approach has a much-relaxed re-
qguirement on a disturbance than the ADRC method does, that is, the EID approach does not reguiré(t)ns 0.

Moreover, the EID approach can be applied to a non-square plant (the numbers of the inputs and outputs are not the
same). This point is also important in active structural control because the number of the outputs is usually larger than
that of the inputs of a structure.

The application of the EID approach in structural control shows that the method greatly improves disturbance-
rejection (that is, vibration-suppression) performance in a low-frequency band [4, 12]. Since low-frequency signals
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give a large influence on base-isolated buildings due to their long natural periods, this method is particularly suitable
for structural control. The EID approach was extended to suppress both the displacement and the absolute acceleration
of a building [13].

Since an EID-based control system includes four parts: a building, a feedback controller, a low-pass filter, and an
observer; gains of the feedback and observer and parameters of the low-pass filter need to be tuned in control system
design. However, the parameters are usually determined by experience or trial and error. Furthermore, the maximum
control force, displacement, absolute acceleration, and other system responses are not the s&ererivedith-
quake waves. Thus, how to guarantee required control specifications for all possible earthquake waves is important
for system design.

The response spectrum method is used to design a passive structural-control system [14]. This method is based
on the responses of a single-degree-of-freedom model for an earthquake wave and estimates the peak value of the
displacement, velocity, and absolute acceleration of a structure. The use of the peak value of responses makes the
method easy to use. Note that the base-isolated floor of a passive-base-isolated building is much softer than the
superstructure. Such a building can be described as a single-degree-of-freedom model because the influence of the
first mode is much bigger than that of the other modes [15]. This makes the method possible to design a passive base-
isolated building control system [16, 14]. Sato et al. presented a new spectrum, called the control force spectrum, that
estimates the maximum control force and extended the response spectrum method to design an active base-isolated
building control system [17].

This study extended the control force spectrum to deal with an EID-based structural-control system. Since an EID-
based structural-control system has both feedforward and feedback terms from disturbances to a control output, we
derive a new control-force spectrum for such a system. Making use of the spectra simplifies the design of a structural
control system. We present a new design algorithm based on the spectra for the EID-based structural-control system to
illustrate this feature of the spectra. 44 earthquake waves selected from the Federal Emergency Management Agency
(FEMA) P695 [18] were used to design an active structural control system for a shear building to demonstrate the
availability of the spectra.

Notation: {1} is a vector with all entries being on¥(s) is the Laplace transform of(t), avg[x(t)] is the average
of x(t), stdx(t)] is the standard deviation oft).

2. EID-based structural-control system for base-isolated buildings

The equation of motion of an-degree-of-freedom shear building with active structural control, which is called a
plant hereafter, is described by

MsX(t) + DsX(t) + Ksx(t) = —Ms{1}X4(t) + Equ(t), (1)

whereMs (€ R™") is a mass matrixDs (€ R™") is a damping matrixks (€ R™") is a stifness matrixg, (€ R") is
a matrix that indicates the placement of active structural control devif®@ge R) is a control forcex(t) (¢ R") is a
relative displacements vector, argt) (€ R) is ground acceleration.

Note that the absolute acceleration of a building is given by regrouping (1)

X(t) + {1}%(t) = —~M5'Ksx(t) — Mg Dsx(t) + M3*Euu(t). 2)
The state-space representation of the plant is (Fig.1)

{ Z(t) = AZt) + Bu(t) + Bg¥g(t), 3
y(t) = CAt) + Du(t),

where © 0 |
X(t
Z(t)z['x(t)}’ A:[—M?Ks —Mngs]’

0 By _

(4)
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Fig. 1: Plant with its output being absolute acceleration.
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Fig. 2: Plant with EID.

wherez(t) is the state of the plang is a system matrix that determines the dynamic characteristics of the syiem,
a control input matrix, an@y is a disturbance input matrix. For the outth, if we take it to be the placement,

c=[ of. p=o, (5)
the velocity,
c=[o 1]. =0, (6)
and the absolute acceleration,
C=[-Mg'Ks -Mg'Ds], D =M3'E,. 7)

The plant is called a strictly proper systenbif= 0, and a proper system[ # O.
Without loss of generality, the following assumption is made for the plant:

Assumption 1. Plant (A, B, C) is controllable and observable.

On the other hand, let the plant have a disturbance on the control input channel (Fig. 2):

{ Zt) = AZ(t) + Blu(t) + de(t)], (8)
y(t) = CZ(t) + Du(t).

An EID is defined as follows [11]:
Definition 1. If y(t) in (8) equals yt) in (3) for all t > 0, then d(t) is called an EID of the original disturbancé(t).

Itis clear from the definition of an EID that an EID is a signal on the control-input channel that has thefisonhe e
on the output as the original disturbance does.

An EID-based structural-control system (Fig. 3) contains an EID estimator that uses a low-pads(B){eio
process the information of the state obser@rin Fig. 3 is the pseudo-inverse matrix Bf

B" = (B"B) B, ©)
The state observer of the plantis
{ 2t) = A(t) + Bu(t) + Lely(t) - 9(0)],

9(t) = C2(t) + Du(t), (10)
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Fig. 3: Configuration of EID-based structural-control system.

whereLp is an observer gairz(t) andy{t) are the state and the output of the state observer. Letting
AzZ(t) = z(t) — (1) (11)

and combining (8) and (10) yield

AZ(t) = (A - LpC)AZ(t) + Bak(t),
{ AY(D) = CAZ(D). (12)
An estimate of the EID(;]e(t), is [11]
de(t) = B*LpCAZ(t). (13)

F(s) is used to select the angular-frequency band for disturbance rejection and adjust the control force. This study
used the following low-pass filter:
Ne . 1
Trs+1 © 7 Buy’

whereTE is the time constant df(s), which is used to select the frequency band for disturbance reje®jo(0 <
Nk < 1) is a gain of the filter, which is used to adjust the maximum control force [5]ghtb the largest angular
frequency for disturbance estimation and rejection. The filtered estimate of the EID is

F(s) = (14)

De(8) = F(9)De(9), (15)

whereDg(s) andD(s) are the Laplace transforms df(t) and&e(t), respectively. B
The control force combines the feedback control fotgét), and the estimated ElRl(t)

u(t) = ur (t) - de(t). (16)

The control law of the feedback control is
us (t) = Kpz(t), a7)

whereKp is the gain of the state-feedback controller, and it is

Kp = [KPl sz]- (18)



Fig. 4: Control system from ground acceleration to displacement or velocity.

3. Description of disturbance response

To induce new spectra, this section first derives the relationship between the disturbance and the output of the
system. Since the disturbance influence on the absolute acceleration is fiaitendifrom that on the displacement
or velocity, they are discussed separately.

3.1. Disturbance influence on displacement and velocity

Redrawing Fig. 3 using (12), (13), (15), (16), and (17) yields Fig. 4 that shows the block diagram from the input
of an earthquake wave to the displacement or velocity. The control system has two controllers: feedfoga@) [
and feedback(rg(9)]

Crr(9) = By — BGg 4 (9),
{ Cra(s) = KpB, e (19)
where
G5, (9) = F(9)B"LpGaysy(S) (20)
Gayx,(S) = C[sl — (A—LpC)] ! By. (21)

The derivation ofC:¢(S) is given in Appendix A.
The transfer function from an earthquake waxgt), to the output (displacement or velocityjf) (Fig. 4) is

Gysx,(S) = CGra(S)Crr(9), (22)
where
Gra(9) = [l - (A+ BKp)] . (23)
Note thatC in (22) is given by (5) for the displacement and (6) for the velocity.

3.2. Disturbance influence on absolute acceleration
Combining (1), (16), (17) and (18) gives

X() + {LX(t) = Yes(t) - Xein(t), (24)
where
Yra(t) = Caz(t), (25)
Xe1p(t) = Bode(t), (26)
Ca=[-Mg'Kseq —Mg5'Dsed, (27)
Kseq= Ks = EyKp1, Dseq= Ds — EyKpo, (28)

5



1
H [ o .
H Low-pass I Building '
<) filter ~ 1o : :
xg(t) I de (t) _ ' Ad(t) z (t) z (t) ' yFB (t) y([)
> [BL,Gnifo) |5 O — oo
! 1 ' \ —
1 : M
i |I By II i : g (1)
HE Feedback controller ! E
e L mm: Gp(s)mmmmmmmmmmmmm e v H
H Low-pass ! Tt Cpp(s) emead :
i filter 7 [P Grg()erenemsaennancnnn '
1
|

1
| B'LpGifs) B "
i

Fig. 5: Control system from ground acceleration to absolute acceleration.

whereBs; is given in (4); andKseqand Dseqare the stiness and damping matrices with active structural control,
respectivelyCa is the output matrix for the absolute acceleration with a feedback controllekggs) is the accel-
eration caused by using the feedforward controller.

Yee(t) = Caz(t)
= L7[CaGra(9Crr(9) - Xo(9)]. (29)
where £ is an inverse Laplace transform. And combining (20) and (26) gives
Xeip(t) = Bode(t) (30)
= L7 [BaGis,(9 - Xg(9)]- (31)

Substituting (31) and (29) into (24) yields
(1) + {1 %) = L7 [CaGra(9Grr(S) - Xg(9)] - L7[BGix,(9) - %o(9)]
L7H{[CaGra(91Grr(9) — B2Gag, (9] - Xo(9)} - (32)

Therefore, the transfer function from the disturbance to the absolute acceleration is (Fig. 5)

Gurrnign(s = [X(9+11X(9] %19
CaGra(S)Grr — B2Gg,5,(9). (33)

Note thatBGgs, (s) = [BZG(? 5(9)]

Since the EID-based structural-control system contains both the feedback and feedforward controller, we need to
consider the influence of the feedforward part on the absolute acceleration.

4. Spectra of responses and control force and control-system design

This section explains new spectra for the EID-based structural-control system. Since the influence of the first
mode is much bigger than that of the others for a base-isolated building, such a building can be modeled as a single-
degree-of-freedom system (Fig. 6), thatris= 1 andE, = 1. On the other hand, The dynamics of the building
without active structural control is

MsXna(t) + DsXna(t) + KsXna(t) = _Mng(t)’ (34)

wherexq,(t) is the displacement of the plant.
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Fig. 6: Single-degree-of-freedom model: (a) without active structural control and (b) with active structural control.

4.1. Spectra of responses and control force for velocity feedback control

The response-spectrum method estimates the maximum displacement, velocity, and absolute acceleration of the
plant (34). These spectra are called displacement-response speSis(s,[hs, X)], velocity-response spectrum
[Sv(ws, hs, %5)] and the absolute-acceleration-response spectBpfas, hs, Xg)]

[Xna(t)max = Sp ((US, hs, Xg) s (35)
|5(na(t)|max =Sv ((US’ hs, Xg) 5 (36)
[%na(t) + %g®lnax = Sa (ws, hs, %) (37)

wherews is the natural angular frequency, amglis the damping ratio of the plant and

)1/2

(na-1
ws ~ (Ms'Ks) ", 38)
hs = Ds(2Msws) ™.

Sato et al. extended these spectra for the design of active base-isolated buildings for velocity-feedback control
[17]:
u(t) = Kpx(t). (39)
Substituting (39) into (1) yields
MsX(t) + DsegX(t) + KsX(t) = —MsXq(t), (40)
whereDseqis an equivalent damping ciient given by

Dseq= Ds + Kp. (41)

The damping ratio of the building with the velocity-feedback controller is

{ hSeq= hs + hkp, (42)

hkp = Kp(2Msws) ™,

wherehs is the initial damping ratio antkp is an added damping ratio by velocity-feedback control. This equation
shows that the velocity-feedback controller improves the damping ratio of the system. Thus, the natural frequency of
the control system can be estimated using (38). As a result, the maximum displacement, velocity, and the absolute
acceleration are estimated by following spectra:

X(Olmax =Sb (ws. hseq %) » (43)
[X(Olmax =Sv (ws, s eq %) (44)
IX() + %g(D)lmax =Sa (ws, Nseq %) (45)



Since the control force is given by (39), the maximum control fotaf)|max IS estimated by the maximum
velocity response:

U®)lmax = KplX(t)max
= KPSv<ws,hSeq5<g)- (46)

A control-force spectruni) (a)s, hseq xg) that estimates the maximum control force is defined to be

U (ws. hseq %) = KpSvy (ws. Ns eq %) (47)

Sato et al. presented a normalized control force spectrum [17]

KpSy (ws, hseq Xg)
Msg
U ((US» hs eq Xg)

S W 7 48
Msg (48)

Cu (ws, hseq 5Q_z,)

whereg is the gravitational acceleration. This spectrum means the shear-fortieieot of the control force, which

is the ratio of the maximum control force to the weight of the building. Since the first natural period of a base-isolated
building is usually much longer than a time delay caused by information transmission, control-law calculation, etc. in
a system, thefeect of a time delay is small.

4.2. Spectra for EID-based structural-control system
The Laplace transform of the residual disturbance (Fig. 4) is

AD(s) = Cer(9)Xqy(9), (49)

which is the input tdGeg(s), EID-based structural-control system. Therefore, the maximum displacement and the
velocity of EID-based structural-control system can be estimated using the response spaat(8.fdhis gives the
displacement and velocity response spectra for the EID-based structural-control system

SpEID (ws, Pseq xg) =Sp (ws, hseq Ad) , (50)
SvEiD (ws, hseq xg) =Sy (ws, hseq Ad) . (51)

Note that the relationship betwe&p ((us, hseq kg) andSy (u)s, hseq xg) is

SA (u)s, hs eq Xg) =~ wssv (a)s, hs eqg Xg) . (52)

That is, the absolute acceleration of the feedback control system is

IVe(t)lmax ® wsSveip (ws, hseq Ad) . (53)

It is clear from (24) and Fig. 5 that the absolute acceleration is the sum of the feedback contrgtg{8rtand
the feedforward control parkgip(t). Yes(t) given in (53) is not enough to estimate the absolute acceleration of the
EID-based structural-control system.

In this study, we estimated the maximum absolute acceleration of the EID-based structural-control system by using
the combination of the absolute sum (ABS) and the root sum of squares (RSS) of the magdpirand Xgp (t).

First, we calculate the maximumrg p(t). The dynamics of the building with (39) for the EIBy(t), is

MsX(t) + DsegX(t) + KsX(t) = —de(t), (54)



where x(t) is the displacement of a building. Since the response caused by the EID is the same as the original
disturbance does, the following relationship holds for (40) and (54):

X(t) = X(t). (55)
Comparing (40) and (54) yields
MsXg(t) = de(t). (56)
de(t) is a filtered estimate of the EID fas € [0, wy]. Thus, the following is true from (14) and (56):
de(t) ~ Nede(t) = NeMsXq(t). (57)
Substituting (57) an@; in (4) into (26) yields
%10 (t) = Bode ~ NeXg(t). (58)

It is clear from the above equation, (58), that the system estimates the EID appropriately in the prescribed frequency
range for disturbance estimation and the transfer funcBigﬁHeXg(s) is approximated byg.
We define the absolute acceleration spectrum for the EID-based structural-control system to be

SAEID (ws, Nseq Xg) = ABSacc ; RSS\CC, (59)

where
ABSacc = Nel¥g(max+ wsSveip (ws, hseq Ad), (60)
RSScc = \/ [NEl%gOlmax] + [wsSveio (ws. hseq Ad)] (61)

The control force is the combination of the feedback control faugé), and the estimated Ele(t):
u(t) = us () - de(t). (62)

The control force spectrum is defined to be

UE|D(ws,hSeq *g) = m (63)
where
ABSy = |Uflmax-+ de(t)lmax
= KpSy (ws, hseq Xg) + NeIMsKg(t)lmax (64)
RSSy = ylurBa+ 0e(t) Brax
= \/[KPSV (ws, hseq Xg)]2 + [NF|Mng(t)|max]2~ (65)
The normalized control-force spectrum for an EID-based structural-control system is
Coen (ws, hseq Xg) _ Ueip (“’S, hseq Xg) (66)

Msg

The characteristics of the active structural control system are clearly described by the spectra (50), (51), (59),
and (63). Thus, a system designed based on those spectra has satisfactory control performance. The next subsection
explains how those spectra are used in the system design.
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4.3. Design of EID-based structural-control system

The EID-based structural-control system consists of the feedback and feedforward control systems. Velocity-
feedback control adjusts the damping ratio of the system.

The feedback controlleKp, is designed based on prescribed control specifications and the observerpgésn,
designed using the pole placement method.

For a selectetis ¢ the gain of the state-feedback controller is given by

Kp=[0 -Dseq+Ds|=[0 —2Msws(hseq—hs)]. (67)

Remark 1. Note that the controller gain (67) is equivalent to the gain that is designed by minimizing the following
performance index [17]

J= fo {Z'()QaY) + u"(ORUD)} dt, (68)

where
0

0
Q= [o Dseq Ds

are the weighting matrices for the state and the control force, respectively. The gain of the state-feedback controller is

],R:l (69)

Kp=-R*B'P, (70)
where P is the solution of the following Riccati equation:
AP+ PA-PBR!B'P+Q=0. (71)

Ackerman’s formula is used in the pole placement method to design the observdrgditgre specifically, for
selected eigenvalues &f— LpC,, ao = jbo, and the output matri, = [Col Cog], the observer gain is given by

Le=[[0 1]ugtel’. (72)

where
uct = [c3 ATCY (73)
O = [A-28A+ @+ . (74)

ForCy = —Ks/Mg andC02 = —-Dg/Ms, Lp is

o (fhs _

L_LP1 _ | #f2\ Ay ©
Tt i
fu

: (75)
1

where f, (= 1/T,) is the natural frequency of the building model; afadandh, are the natural frequency and the
damping ratio of the observer, respectively.

4.4. Design algorithm of EID control system

We condense the above discussion into a system design algorithm.
Algorithm of designing EID-based structural-control system

Step 1: set the limitation of the maximum displacement,{) and the limitation of the maximum shear force of the
control force (im/mg) for a model with the natural period () and the damping ratio of the structuirg}.

Step 2: Choose a set of earthquake wavgg}; and a candidate set of equivalent damping ratiessq-

10



Step 3: Calculate the velocity-feedback controller using (67).

Step 4: Choose the parameters of the low-pass fillgrbased onrup, that is usually determined taking into consider-
ation of the natural frequency of the building and the dominant componefitgloAnd choose aiNg.

Step 5: Calculate the observer gaibg, using (75), and choosi andh, such thathG&eyg(ij ~ Ng holds around
the dominant frequencies of the earthquake waves given in Step 2. Check the frequency resBg@se (d)
for all the pairs off, andh,.

Step 6: Check the responses and the shear force of the EID-based structural-control system using thS§pe§(zas, Nseq xg)

SV,EID (a)s, hgeq Xg), SA,EID (a)s, hSeq Xg), andCU,Em (a)s, hSQQ Xg) AdeSt the equivalent damplng ratiklgeq
and the low-pass filter gaitNg, to ensure that the maximum displacement and the maximum shear force of the
control force are smaller than the given limitations.

Step 7: Check if the maximum response and shear force satisfy the limitations, if all the spectra are satisfactory, and
if dg(t) is adequate. If not, go to Step 3; otherwise, finish.

5. Numerical verification

This section first verifies theffectiveness of the new spectra. Then, it uses an example to show the design
procedure based on the spectra.

5.1. Validity of new spectra
Consider a single-degree-of-freedom model:

e Mass of the modelMs = 100
e Damping ratio of the structurdis = 0.02
e The natural period of the structuré; = 0.5~ 100 s.

Note that the natural period of a base-isolated building is usually very long. However, this example uses a natural
period that covers a wide range to analyze the characteristics of the spectra.
For an EID-based structural-control system with the following parameters

Equivalent damping ratio of the feedback control systhgay= 0.4
Time constant of the low-pass filtéFg = 0.01 s

Gain of the low-pass filtefiNg = 0.5

Natural frequency of the observef; = 10 Hz

Damping ratio of the observeh, = 0.8,

we carried out the time-history analyses and shoBggip (ws. hseq %) [Fig. 8 (a)], Cugeip (ws. hseq %) [Fig.

8 (b)], Soeip (ws. hseq %) [Fig. 8 (C)], andSyeip (ws. Nseq %) [Fig. 8 (d)] for 44 earthquake. (Tabs 1 and 2).
These waves were recommended for the evaluation of vibration-suppression performance by the Federal Emergency
Management Agency (FEMA) P695 [18]. The velocity response spectra for 5% damping ratio and the average of the
44 waves are shown in Fig. 7. Moreover, velocity-response spectra for a structure with a 5% damping ratio are shown
in Appendix B (Figs. B.19-B.40).

Figure 8 (a) and (b) show that the presented method satisfactorily estimated the maximum absolute acceleration
and the maximum shear force of the control force Tgr= 0.5 ~ 5.0 s, but the errors between the estimates and
analysis results are large foy, = 55 ~ 10.0 s. The reason is explained as follows. The frequency response of
BgG&ej-(g(S) (Fig. 9) shows that the gain fdar, = 10.0 s is more than two times larger than 0.5 (the peak value is
1.1) during the frequency range, [l0] Hz. The gain estrangement from the designed value 0.5 in the frequency band
caused such errors.
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Fig. 9: Frequency response BfG&exg for Ty = 1.0, 5.5, and 10.0 s.

Table 3: Hfect of parameter tuning of natural frequency of observer.

avg [X(t) + %(1)]  avg Ju®imad  std [X(t) + %(®)]  std Ju(t)imad
fo =10 Hz 113.07 113.07 22.42 22.41
fo=3Hz 87.73 89.48 16.25 16.00

Figure 10 shows the frequency respons@ghg; (s) for T, = 10.0 s and the results of the Fourier transforms
of PEL180 and CHY101-N waves (Nos. and 12 in Table 1, respectively). Since the gEﬂGgaefXg(s) has a large
peak around the frequency 8 Hz and is about 0.5 at a frequency lower than 1 Hz, the EID estimator can satisfactorily
estimate vibrations caused by CHY101-N that has the dominant component of 0.2 Hz. However is not able to estimate
those caused by PEL180 that has a main component at around 10 Hz (Fig. 10). This result is reflected in Fig. 11 (a)
and (b). The EID for the CHY101-N was estimated with high accuracy. However, it is hard to estimate the EID for
the PEL180, and the amplitude of the estimated ELt)/m, is much higher than that of the actual EIR Xg(t). It
is clear from the above observation that the estimation accuracy for the spectra can be improved by suitably designing
the EID estimator. More specifically, the key is to design the EID estimator that ena@@eg(jwn ~ Ng in the
frequency range for disturbance estimation and rejection and if the peak is not much bigdeég than

Figure 12 shows the frequency responseBeGer(s) for T, = 10.0 s for the observer with fferent natural
frequencyf,. It shows that the largef;, is, the bigger the peak is. Since the selectiori,of 3.0 Hz for the observer
does not have a peak in 20100 Hz. Thus, we select it foF, = 5.5 ~ 10.0 s. A comparison before and after the
tuning of the natural frequency of the observer for Figs. 8 and 13 (Table 3) shows that suitable tufjiegsires
that the estimates agree with the time-history analyses roughly in the #29§6. Thus, the spectra can be used to
estimate the maximum responses and shear force for suitably designed EID-based structural-control system. On the
other hand, the spectra can be used to design a suitable EID-based structural-control system. From this viewpoint, we
presented the algorithm of designing an EID-based structural-control system in Subsection 4.4.

5.2. Design example

An example for the control algorithm is shown to illustrate how the spectra are employed to select the parameters
of an EID-based structural control system. First, for a structure

T,=30s hs =0.02 (76)
set

Xim = 30 cm Ujm/mg= 0.25. (77)
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Fig. 10: Frequency responsijGaexg(s) for Ty = 10.0 s and Fourier transform of PEL180 and CHY101-N.

Considering that the natural period of the building model is 3.0 s, we chose the maximum frequency for earthquake
suppression to be
wm = 20rads, (78)

and set
Tr =100s Ng = 05. (79)

Next, we select CHY101-N for the design of the EID-based structural-control system, and the candidates for target
control performance for the velocity-feedback controller to be

hseq= 0.4, 0.6, 0.8. (80)
Calculating the velocity feedback controller using (67) yields

Kp=[0 -1592| for hseq= 0.4,
Kp = [o —2429] for hgeq= 0.6, (81)
Kp=[0 —3267] for hseq=08.

Then, we used
fo =10,30,100 HZz h, = 0.8 (82)

to construct an EID-based structural-control system.
The control performance of the control system is checked using the spectra [Fig. 14 (a)-(d)]. These spectra show
that the maximum displacement is 31.0 cm anddbes 0.145 for the selection dkeq= 0.8, that is, the displacement
is not satisfied the limitations given in (77).
The frequency responses BjG&exg(s) for
fo =10 Hz (83)

shows that the gain does not have a peak and is almost 1 for the frequency up to 10 Hz (Fig. 15).

Finally, the spectra of the designed EID-based structural-control system [Fig. 16 (a)-(d)] show that the system
satisfies all the limitations, has adequate control performance for the displacement, velocity, and absolute acceleration,
and has a small control force.

Table 4 compares the spectra and the time-history analysis. It shows that the errors between the spectra and
the time-history analyses are small and the presented spectra are able to be used to design an EID-based structural-
control system. The control result for CHY101-N earthquake wave is shown in Fig. 17. The results for the feedback
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Fig. 11: Earthquake waves and EID estimates: (a) CHY101-N and EID and (b) PEL180 and EID.

control(without EID estimator) and no control (NC) are also shown in the same figure for comparison. The control
results show that the control performance of the EID-based structural-control system, which was designed based on
the presented spectra, for the displacement, the velocity, and the absolute acceleration are all better than that of the
conventional LQR method.

Table 4: Comparison between spectra and time-history analyses (THA).
THA — Spectrum

Spectrum  Time history analysis (THA) x 100%

THA
X(t) [em] 18.6 18.6 0%
X(t) [cm/s] 34.9 34.9 0%
X(t) + {1}%y(t) [cm/s?] 226.7 204.5 10.9%
u(t)/mg 0.22 0.23 5%

6. Conclusion

This paper presented new spectra of response and control force for an equivalent-input-disturbance (EID)-based
structural-control system that contains both feedforward and feedback terms from disturbances to a control output.
While the EID approach yielded better control performance than conventional control methods, sophisticated tuning
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Fig. 12: Frequency responsijGaexg(s) for T, = 100 s.

of control parameters in the system is a hard task. The spectra were used to simplify the design of the system. This
paper clarified the following points:

¢ We derived the configuration of the system from disturbances to a control output for the EID-based structural-
control system. Then, we devised new spectra of the displacement, the velocity, the absolute acceleration, and
the control force to precisely describe such relationships.

e We illustrated how to use the spectra to simplify the design of an EID-based structural-control system, and
presented a designing algorithm based on the spectra. Design rules explained in the algorithm make use of
frequency responses. This makes the design process visible and easy to understand.

e The validity of the use of the spectra was demonstrated through the structural control of a shear building model
for 44 kinds of earthquake waves.

Note that the spectra were used in the design of an EID-based structural-control system in this study. It can be
applied directly to other disturbance-rejection methods that contain disturbance-estimation mechanisms, such as the
disturbance observer and the active disturbance-rejection control.

In addition, although the response spectrum method easily estimates the peak value of the response of a linear
system, most structures contain nonlinearities. Investigation of the influence of nonlinearities is of great importance
and can provide a theoretical guarantee of the control performance of a designed system, and will be carried out in the
future.

This study dealt with an SDOF model. In the next stage of our research, we planned to apply our method to an
MDOF model.

Appendix A. Derivation of transfer function Cgg in (19)

(3) and (10) yield
AZ(t) = (A- LpC)AZ(t) + BaXg(t) A.l
Ay(t) = CAZ(Y). D

The transfer function from(t) to Az(t) is

_AZ(9)

Gays, = % = C(sl - A+ LpC) !By, (A.2)
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Fig. 13: Estimation vs. analysis for (a) maximum absolute acceleration, (b) max@puiNg = 0.5), (c) displacement, and (d) velocity foy = 3
Hz.

19



S, [em]

600

S, [em/s?]

100

heg =06 — — — hpy=08

(@

80
60 t -
a0}

20t e

T, [s]
©

‘\
\
\
S, [em/s]

0.35
03 r

0.25 1

10

120
100 -
80
60
40 /

20t

T, Is]
(d)

Fig. 14: Response spectra of (a) displacement, (b) velocity, (c) absolute acceleration,@nd (d)

2.0
£,=100 Hz
7N
15t \
% ’/4"\ . \
B - _ \\
= 10 /,=30Hz \ i
Py \\
pC
2 £=10Hz ‘\\
0.5 CHY101-N
0 1 ‘0 1 .2
107 10 10 10

10

Frequency [Hz]

Fig. 15: Frequency responsesm&exg(s) for (82).

20



10

0 .
0 2 4
(@)
100 : .
80 f
5 60t
t/JQ
40
20t
0 .
0 2 4 10
T, [s]
(©

Fig. 16: Response spectra for EID-based structural-control system: (a) displacement, (b) velocity, (c) absolute accelerati@qg,.and (d)

21

S, [cm/s]

0.05 |

120

100 |

80

60 |

40 ¢

20 3




x(7) [em]

0 50 100 150

100

50

X (1) [cm/s]

0 50 100 150

400 — T

[\
[
S

X (t) +3g(f) [em/s?]
(e}

-200

-400 L |
0 50 100 150

Time [s]

(©

Fig. 17: Time responses for EID, LQR, and NC: (a) displacement, (b) velocity, and (c) absolute acceleration.

22



LQR ——EID

Design limits (0.25)

u (t) maa:/mg
[w]
4

Design limits (0.23)

0 50 100 150
Time [s]
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WhereXg(s) andAZ(s) are Laplace transform o§ andAz(t) respectively. Combining the (A.2), (15), and the Laplace
transform of (13) yields the estimated EMy(s):

De(S) = F()B* LpGays, (9 Xg(9). (A3)
On the other hand, combining the equations (3), (16), and (17) gives
2(t) = (A + BKp)z(t) + Bysy(t) — Bd(t). (A.4)
The Laplace transform of (A.4) yields
SZ(9) = (A+ BKp)Z(9) + BaXy(S) — BDe(S). (A.5)
Substituting (A.3) into (A.5), we have
SZ(S) = (A+ BKp)Z(9) + (B — F(B* LpGayi, ) Xg(9). (A.6)
The transfer function frorv'Kg(s) t0 Z(s), G,(9) is

29
Xq(9)
(sl — A= BKp) (Bg — F(S)B"LpGays, (9)). (A.7)

Gz, (9)

Then,By — BF(S)B"LpGaysx, (9) is the transfer function of the feedforward ter@xg(s).

Appendix B. Velocity response spectra of FENA waves
The velocity response spectra for 5% damping ratio of the earthquake waves in Tabs. 5.1 and 5.1 are shown (Figs.

B.19-B.40). These figures show that these waves cover a wide range of frequency band.
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