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Abstract

In this few decades, active structural control has been studied rapidly and employed in some structures. An active
structural control method is the combination of the control engineering and structural engineering. Most studies have
used a feedback control method. The feedback control method improves the dynamic characteristics of the control
system. On the other hand, an equivalent-input-disturbance (EID) approach consists of not only the feedback controller
but also the feedforward controller. Since the feedforward controller suppresses a disturbance directly, the control
performance of the system is better than that of the common feedback control system. The EID method is extended to
suppresses not only the displacement but also the absolute acceleration, which are the most important for active
structural control for buildings. However, EID based control system includes both the feedforward control and the
feedback control. Thus, many parameters have to be tuned and trial and error method is used to design the control
system.

In passive structural-control approach, the response spectrum method, which estimates the maximum displacement,
velocity and absolute acceleration is used to design the control system.

This paper presents new the response spectrums and control force spectrum, which estimates the maximum required
control force for designing the EID based active structural control system.

Keywords: Active control, Equivalent input disturbance, Structural control

1. Introduction

I In this few decades, the number of structure that employs a passive base isolation has been
increased rapidly [1]. Furthermore, some structures use not only the passive base isolation but also
an active structural-control method. A linear quadratic regulator (LQR) is one of the most common
method to design the state feedback controller. The LQR method designs a feedback controller by
optimizing a cost function that includes the response of the structure and the control force [2]. From
stand point of protecting both the people and the building, some studies consider the kinetic energy
[3] or the absolute acceleration and the inter story drift [4]. The state feedback controller adjusts the
dynamic characteristics of the control system.

On the other hand, an equivalent-input-disturbance (EID) approach, which is devised by She et al.
has not only the feedback controller but also the feedforward controller, and the feedforward
controller suppresses the disturbance directly [5]. This method estimates an EID that outputs the
same influence of the original disturbance, and the EID estimator is plugged in the conventional
feedback control system.

Fang et al. and She et al. applied the EID for active control of a building and shows that the
control performance of the EID based active control system is better than that of the LQR and the
sliding-mode control system [6]. Miyamoto et al. show that the EID control system suppresses the

© The 17th World Conference on Earthquake Engineering - 2g-0222 -



The 17th World Conference on Earthquake Engineering

17" World Conference on Earthquake Engineering, 177WCEE
Sendai, Japan - September 13th to 18th 2020

low frequency waves, which is the most important for the structure especially for high-rise
buildings [7]. From the view point of protecting the building, Miyamoto et al. presened an extended
EID (EEID) control method that suppresses not only the displacement but also the absolute
acceleration [8].

However, since the EEID based control system contains both the feedback and the feedforward
controller, many parameters have to be tuned to design the control system, and these parameters are
decided by the trial-and-error method.

In passive structural-control approach, the reponses spectrum method, which estimates the
maximum displacement, velocity and the absolute acecleration, is one of the most common method
to design the control system.

Sato et al. extended the new response and control force spectrum that estimates the maximum
responses and the control force for state feedback control systems [9].

This study presents a new responses and control force spectrums that estimate the maximum
displacement, velocity, absolute acceleration and the maximum control force for the EEID based
control system that has both the feedback and feedforward controller.

2. EID and EEID methods

This section explains the distinction between the conventional EID method and the EEID
method, which suppresses the absolute acceleration.

2.1. Definition of EID and EEID

The equation of motion of a shear building model with active structural control is described by:
M X(t) + DsX(t) + Ksx(t) = =M {I}X, (t) + E,u(t), (¢D)

where Ms is a mass matrix, Ds is a damping matrix, Ks is a stiffness matrix, u(t) is control force and
Eu is a placement of active structural control devices. The state space representation of (1) is:

{z'(t) = Az(t) + Bu(t) + Byd(t) )
Yoy (©) =C2(1), @)
where:
| x(®) 3 0 I
0= [X(t)} ' A {— Ms'Ks - MJDJ ’
ol lute]) )
B,| |Ms'E, -{3
d(t) = %, (1).

A is the system matrix, which determines the dynamic characteristics of the system, B is the control
input matrix, Bq is the disturbance input matrix, C is the output matrix, which means the placement
and kind of censers, d(t) is a disturbance, and the z(t) is the state of the control system. The block
diagram of (2) is shown in Fig. 1. In Fig.1 s is a Laplace operator.
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F|g 1. Block diagram Of equation (2) F|g 2. Plant Wlth a disturbance input in the

control input channel.

We assume that if the disturbance inputs in the control input channel, B, the system is as shown
in Fig. 2. For Figs. 1 and 2, an EID is defined as follows:

- Definition 1: If y,,(t) =V, (t), then the de(t) is defined as an EID. That is, an EID is a signal on the
input channel that has the same effect as the original disturbance.

Although it is important to suppress both the displacement and the absolute acceleration for
buildings, conventional EID systems do not consider the absolute acceleration.
Regrouping (1)gives the absolute acceleration of the control system:
Xy (1) +{IX(t) = —K x(t) — Dgx(t) + E u(t)
_ (4)
=Cz(t) + Du(t).

Therefore, the absolute acceleration can be represented by using the state, z(t), and the control input,
u(t). The block diagram of a system that outputs the absolute acceleration is shown in Fig. 3 and the
state space equation is (5):

2(t) = Az(t) + Bu(t) + B, d(t) .
y(t) = Cz(t) + Du(t). ©)
Figure 3 shows that this system outputs the absolute acceleration. The output of the system with the
direct-feedthrough matrix, D, is described as y(t), and the output for the EID is described as ¥(t) .
The EID of this system, de (t), suppresses the absolute acceleration and is called EEID [8].

AU
2(t) 2(1) y (@

u () B—>$—>sﬂij—>c—>o—>
A

D
Fig. 3. Plant with EEID.

2.2. Estimate of EEID
The configuration of the EEID-based active structural control system is shown in Fig. 4. In this
figure, F(s) is a low-pass filter and B* is a pseudo inverse matrix of B.

8" =(67B)'B". 6)

The state observer of the system with direct-feedthrough, (5), is:
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bserver

2(t) = AZ(t) + Bu(t) + L,CAz(t) -
y(t) = Ci(t) + Du(t),
where Z(t) is the estimated z(t) and Az(t) is an estimation error:
Gols) : ! Gx(9  Building
YA A=) L ow-pass ﬁlteri du(0) 1) )
; O —>

i Cie weZn [ Sl
| 0 i

"""""""""""""""""""""""""" Ggyp (8) == mmememme e e
a5 LA
e Crpr(5) = oo e e State feedback
() : H controller [N
------------- Cpp =--n--

Fig. 4. Configuration of EEID system
Az(t) = z(t) - 2(t) (8)
Substituting (7) and (8)into (5) yields:

Az(t) = (A—L,C)Az(t) + Bd, (t)
Ay(t) = CAz(t). ©)

Assumption 1 ensures the existence of a control input, Ad(t), that satisfies:
AZ(t) = AAz(t) + BAd(t). (10)

Equations (10) and (9) yield:

Bd. (t) = L,CAz(t), (11)
where d.(t) is the estimated EEID and it is given by:

d. (t) =d, (t) - Ad(t) (12)
(10) gives the estimated EID, de(t) , IS given by using B*:

d. (t) = B"L,CAz(t). (13)

Je(t) is filtered by a low-pass filter, F(s), and used as the control force of the system. The output of
the low-pass filter is:

. (s) = F(s)D, (s) (14)
where B, (t) is the Laplace transformed d.(t). In this paper, the following low-pass filter is used:

F(s)= Qzlif 49
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where Q is cut-off frequency and Nr is a gain of the filter such that 0<Ng <1, The maximum
control input can be adjusted by Nr, as explained in [7].

The control input,
u(t) = u, () -d, ), (16)

combines the state feedback control force, ur(t), and an inverse of the estimated EEID, Je(t) . The
control law of the state feedback control force, us(t), is:

x(t)
%(t)

The transfer function from the disturbance to the state, z(t), which consists of the velocity and the
displacement is

uf(t):[KPl sz]{ }: Kpz(t). @17

4G, (8) =G (S)Cre (9). (18)

2.3. Transfer function from disturbance to absolute acceleration
This section shows the transfer function from a disturbance to the absolute acceleration of the
EEID-based control system.
Combining (1), (16) and (17) yields:
X(1) + % (1) = =M DgX(t) = Mg K X(t) + M TE U (8) — MG TE,d (1)

=-M ngSeqX(t) -M glKSeq X(t) - X(t) EEID ! (19)
= CAch(t) - X(t) EEID

where:
De., = Ds + E,Kyp, (20)
Ko = K + E Ko, (21)
Coe =|-Ms'Dy, MKy, ], and (22)
Koo () = B,d (1) = M E,d () . (23)

Dseq and Kseq describe the damping and stiffness matrices with active control respectively, Cacc is
the matrix that outputs the absolute acceleration, and X(t)ezp is the acceleration by the feedforward
controller.

Since this system has feedback and feedforward controller, the effects of the two controllers
have to be taken into account to calculate the absolute acceleration of the EEID-based control
system.

The absolute acceleration of the feedback control system, Grs(s), is given by substituting
Xegp (t) =0into (19):

%)+ %, (1) = C (1) (24)
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The state, z(t), is given by using (18) and the Laplace transration of the earthgake, s?X(s)for
earthquake waves obtained by using (24), is:

2(t) = L Gra (8)Ce (8)52X, (9)]. (25)

Figure 1 shows that the estimated EEID is given by using the observer, Go(s), B*, Lp and the
low-pass filter, F(s) :

d, (1) = LH{F(5)B*LpG, (5)52X 4 (5)}. (26)
Therefore, Xegp(t) is:
Reen (1) = B, (1) = L1 {B,F ()B"L,G, (8)57 X, (5)}. (27)

The block diagram of the transfer function that output the absolute acceleration is shown in Fig. 5
by using (19) and (27).

I---—'CFF(S) -------------------- : : --------------- |

! Low-pass L Building i

! filter 11 = Yu(®

I d.(d () () B N
ﬂi_‘.—)|co(s) L.B|»{F(s) |—>| B oH;» : Cace '\

i 1 I

1 ' .-

i |I By || o Crs i X (D)

N ! State feedback !

LTttt T ! controller 1

| Low-pass | : ______ 1

: filter A Grg(s)

| Lo |Gols) LrB' —>|£|—>,| .|

1

1

L Gepp () mm e

Fig. 5. Control system from EID to absolute acceleration.

3. Response spectrum and control force spectrum for EEID
This section explains the new spectrums, which estimate the maximum displacement, velocity,
absolute acceleration, and the maximum control force of the EEID control system.

Since this paper uses a response spectrum method, a SODF model with and without active control
input are considered (Fig. 6):

MgX(t) + dgX(t) + ks X(t) = —mgX, () —u(t) (28a)
And
Mg X(t) + dgX(t) + ks X(t) = —mgX, (t) (28b)
u@kz [1d
(a) (b)

Fig. 6. SDOF model: (a) without active control and (b) with active control.
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3.1. Response and control force spectrum for the feedback control system

The response-spectrum method estimates the maximum responses of buildings with the
damping ratio and the natural frequency are h and ws. The spectrums are called displacement
response spectrum, velocity response spectrum, and the absolute acceleration spectrum; and are
represented Sp (ws, h), Sv (ws, h) and Sa (ws, h):

X(t)],... =So(@s,h) (29a)
X(®)| . ~Sy (s, h) (29b)

and
X(t) + %, (t)\max ~S,(w,h), (29c)

where, ws is the natural frequency of the system and it is given by:
g = |—— (30)

This spectrum is extended for velocity feedback-control system [9].

u(t) = Kox(t). (31)
Substituting (31) into (28a) yields:
Mg X(t) + dge X(t) + kg X () = —mg X, (1), (32)
where dseq IS the equivalent damping coefficient and is given by:
Ay, = dg + Ky (33)

Thus, the feedback control adjusts the damping ratio of the control system. The damping ratio of the
control system, hseq, is given by the sum of the initial damping ratio, hs, and the added damping
ratio ,hk, by the feedback controller:

_ dS + KP
2Mgws  2Mgag

e =hg +hy. (34)
(34) indicates the responses of the active control system can be represented by using the common
passive structural-control building model, which damping raito is heq. Therefore, the responses of
the active control sytem can be estimated by using the following respomnse spectrum method.

X, ~Sol@hy) (35)
X = Sul@ihy) (36)
and
kO +%,0), =S.(oh,) (37
7
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Since the control force is given by the velocity and the feedbacl controller gain, which is shown
in (31), the control force spectrum, U(mw,heq), which estimates the maximum control force is defined
as

U(@.h, )= Kol = KpS, (@:h,) (38)
This spectrum depends on the weight of buildings. This paper uses following shear force spectrum
of the control force that does not depend on the building weigt:
K8, (@h,) Ulwh,)

Cy (a)v heq ) = me g, 1= m; geq : (39)

3.2. Displacement and velocity response spectrum for EEID control system

Section 2.3 shows the the new spectrums that estimate the maximum reponses and the control
force of active structural control systems. These spectrums consider only the system that has only
the feedbacl controller. However, as mentioned earlier above, the EEID control system has not only
the feedback controller but also the feedforward controller. This section presents new spectrums tha
are for the EEID control system.

Building
d(t) du(t) Z(1) 2(t)

—| Cre(9) ’E Gp (ST
Cre

Fig. 7. Simplification of Fig. 4.

Figure 8 shows the simplification of Fig.5. Figure 8 represents that the approproate feedforward
controller Crr(s) suppresses the disturbance from d(t) to dn(t). dn(t) can be calculated by using the
Fourier transform of the disturbance, d(t), and the transfer function of the feedforward controller,
Crr(s). Thus the displacement and the velocity reponses spectrums for EEID control system, Sp,
eein(®s, heq) and Sv eeip(ms, heq) can be obtained easliy

3.3. Absolute acceleration and control force spectrums
The EEID-based control system adds a new term Xgp(t) to yn (t). This makes the following rule
of thumb not hold any more:

SA(a)s’h)za)sSv(a)yh)- (40)
The absolute acceleration of the EEID-based control system is given by:
X(t) + X, () = yyy (1) + Xegpp (1) (41)
The absolute sum (ABS) and root sum of square (RSS) of yn(t) and Xegp(t) are shown in (54a,b) :
ABS 5 =[Xeeip (t)|mx +|yn (t)|rmx (42a)
RSS s = y[¥eeio O . + Iy O, (42b)
8
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Since yn(t) is the absolute acceleration of the feedback control system for dn(t), the maximum
response can be estimated by using (43):

max|yN (t)| ~ a)SSV,EEID(a)S h) (43)
The equation of motion of a building when an EEID, de(t), inputs is shown in (44):
Mg X (t) + dg X(t) + kg X (t) = —d, (t). (44)

An EEID is a signal on the input channel and it has the same effect as the original disturbance. Thus,
the following relationship exists between (28a) and (28b):

x(t) = X(t). (45)
(28a), (28b) and (45) yield:
Mg Xg )= de ®. (46)
As (14) shows that the filtered EEID, d~e (t), is used and it is given by:

d, () = N d, () = Nemg g (). (47)
Substituting (47) into (27) yields the acceleration by using the feedforward controller:
Xeeip(t) = Bzae ~ NFXg (48)

This paper estimates the maximum absolute acceleration of an EEID system by using the
average of ABSacc and RSSacc:

ABS 5c +RSS pcc }
2

() +%, )] z{

2 49
{NF|xg(t)|W+|yN (t)|m}+\/{NF|Xg(t)|mx} HynOF,, (49)

2

Substituting (43) into (49) gives the absolute acceleration spectrum for the EEID control system,
Saeep(ms, h):

2

): {N F |Xg (t)|ma>< + a)SSV,EEID(a)S ' heq )}"‘ \/{N F |Xg (t)|max}2 + |a)SSV,EEID(wS ) hequax (50)
2

SA,EEID(a)S ) heq

The control force of this system consists of the two signals, namely, the feedback control input, us
(t), and the estimated EEID, d,(t) . The ABS and RSS of the maximum feedback-control input, us (t),

and Je(t) are described using (51a) and (51b):

ABSy =|us ()] +

do®)]

Sla
= KPSV(a)S,th)+ NFmS|X9(t)|nax o

and
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RSS, =\/|uf o+ Je(t)‘zm

(51b)

- \/{KPSV (a)s MNeq )}2 + {NFmS |X9 (t)|max }2 '

Therefore, a control-force spectrum that estimates the maximum control inputU(e,h,, ) is defined as:

2
{KPSV (a)s : heq)+ NFmS|Xg (t)|mx}+ \/KPSV (‘"S ' heq)+{NFm5|X9 (t)|max} (52)
> .

Ugep (a)s , heq =

Thus, the shear force spectrum for the control force, Cueein(®, heg), which indicates the ratio of the
maximum control force is

U Ny
CU,EEID(a)S ) heq): %;q)- (53)
s

4. Numerical example

This section validates our method through a numerical example. Since this paper devises new
response and control force spectrums, this paper uses a SDOF model to demonstrate the validity of
our method. The parameters of the active control system and buildings are as follows:

Damping ratio of the structure, hy: 0.02

Damping ratio of the observer, h, : 0.8

Equivalent damping ratio of the feedback control system, heq : 0.2, 0.4, and 0.6
Initial ordinal frequency of the observer, fo,: 10

Cutoff frequency, Q : 0.01

Gain of the low-pass filter, Ng: 0.5.

The feedback controller gain, Kp, is designed by minimizing the following cost function:
J =] {2()Qz" (t) + u(t)Ru(t) dt, (54)

where Q (> 0) and R (> 0) are the weighting matrices for the state and the control force. This study
uses the following weights:

00
Q= [0 q} and (55a)
R=1. (55b)
The controller gain, Kp, is given by
K,=-R™'B'P, (56)

where Q (> 0) and R (> 0) are the weighting matrices for the state and the control force, and P is the
solution of the following Riccati equation:

AP + PA—PB,RB/P +Q =0, (57)

10
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The observer gain, Lp, is designed using the pole placement method by Ackerman’s formula for
the output matrix C, =[-ks/my —dg/m]:

L, =[0 1UP(A) (582)
Ul=[CT A'C"]and (58b)
P(A) = {A2 —2a, A+ (a2 +b2)I | (58¢)

Table 1. Earthquake accelerograms list.

No. M Year Record No. | Lowest freq. (Hx)| Component 1 | Component 2 | PGA max (g) I PGV max(cm/s)
1 6.7 1994 953 0.25 NORTHR/MUL009 NORTHR/MUL279 0.52 63
2 6.7 1994 960 0.13 NORTHR/LOS000 NORTHR/LOS270 0.48 45
3 7.1 1999 1602 0.06 DUZCE/BOL000 DUZCE/BOL090 0.82 62
4 7.1 1999 1787 0.04 HECTOR/HEC000 HECTOR/HEC090 0.34 42
5 6.5 1979 169 0.06 IMPVALL/H-DLT262 IMPVALL/H-DLT352 0.35 33
6 6.5 1979 174 0.25 IMPVALL/H-E11140  IMPVALL/H-E11230 0.38 42
7 6.9 1995 1111 0.13 KOBE/NIS000 KOBE/NIS090 0.51 37
8 6.9 1995 1116 0.13 KOBE/SHI000 KOBE/SHI090 0.24 38
9 75 1999 1158 0.24 KOCAELI/DZC180 KOCAELI/DZC270 0.36 59
10 75 1999 1148 0.09 KOCAELI/ARC000 KOCAELI/ARC090 0.22 40
11 7.3 1992 900 0.07 LANDERS/YER270 LANDERS/YER360 0.24 52
12 7.3 1992 848 0.13 LANDERS/CLW-LN LANDERS/CLW-TR 0.42 42
13 6.9 1989 752 0.13 LOMAP/CAP000 LOMAP/CAP090 0.53 35
14 6.9 1989 767 0.13 LOMAP/G03000 LOMAP/G03090 0.56 45
15 7.4 1990 1633 0.13 MANJIL/ABBAR--L MANJIL/ABBAR--T 0.51 54
16 6.5 1987 721 0.13 SUPERST/B-ICC000  SUPERST/B-ICC090 0.36 46
17 6.5 1987 725 0.25 SUPERST/B-POE270 SUPERST/B-POE360 0.45 36
18 7 1992 829 0.07 CAPEMEND/RIO270  CAPEMEND/RIO360 0.55 44
19 7.6 1999 1244 0.05 CHICHI/CHY101-E CHICHI/CHY101-N 0.44 115
20 7.6 1999 1485 0.05 CHICHI/TCUO045-E CHICHI/TCU045-N 0.51 39
21 6.6 1971 68 0.25 SFERN/PEL090 SFERN/PEL180 0.21 19
22 6.6 1976 125 0.13 FRIULI/A-TMZ000 FRIULI/A-TMZ270 0.35 31

Figure 8 compares SaEeein(ws, heg), which estimates the maximum absolute acceleration of the
EEID control system, and the time history analysis; and Fig. 9 compares Sc.eeip and the time history
analysis for 44 earthquake waves.

|Oheg =02 Oheqg=0.4 ®heq=06 |

Oheq =0.2 Oheg =0.4 @heg =06 |

1000 0.8
U 800 0.6 1
5 600} g
= ryy 04
o 400 |
g
< 200 0.2
0 S —— 0 . . |
0 200 400 600 800 1000 0 02 04 06 08
2
AcC. pia [cm/s”] matt (t)/mg

Fig. 9. Comparison of estimation and
analysis for maximum control force.

Fig. 8. Comparison of estimation and

analysis for maximum absolute
acceleration.
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Figures 8 and 9 show that our method satisfactorily estimated the maximum absolute acceleration
and the maximum shear force of the control force for Ty = 0.5-5.0 s models.

5. Conclusion

This paper extends the response and control forcespectrum method for the EEID control system,
which contains both the feedforward and feedback controller. The new method makes it easy to
design the EEID based active structural control system. Usually, the absolute acceleration response
spectrum can be estimated by using the velocity response spectrum and the natural frequency.
However, since to consider the effect of using the feedfoward controller, the absolute acceleration
response spectrum cannot be given by multiplying the velocity response spectrum and the natural
frequency of the system.

The absolute acceleration spectrum is given by considering the common absolute acceleration
spectrum and the effect of EEID, and the maximum control force can be estimated by using the
absolute sum (ABS) and root sum of square (RSS).
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