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Abstract

This paper focuses on the use of feed-forward control techniques in base-isolated buildings to improve the control
performance and efficiency of active response control systems for seismic excitations. Two approaches to feed-forward
control are studied. One is optimal feedback and feed-forward control (FBFFC), which makes use of predicted earthquake
ground motion before its arrival. The other is input cancellation control (ICC), which is directly derived to cancel the
absolute displacement of a base-isolated building at every moment and does not require prediction of the input ground
motion. FBFFC is derived as an optimal control problem formulated using absolute coordinates and a control algorithm is
derived to reduce the absolute acceleration response.

It is found that the duration of the predicted seismic input motion required for FBFFC becomes shorter as control intensity
increases, while control performance and the required control force approach those of ICC. Based on these findings, a new
control algorithm that combines FBFFC and ICC is proposed. It is expected that this study will contribute to the
development of a new approach to feed-forward active control of base isolated buildings.
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1. Introduction

Since the active mass driver system was first used in an actual Tokyo building in 1989 [1], there has been a
steady increase in the number of buildings enhanced with active or semi-active response control systems in
Japan. Active response control systems, and active mass damper systems in particular, have become firmly
established as a technology that improves the habitability of super high-rise buildings during strong winds.
Active response control systems are very effective. However, they use a feedback control law and are not
suitable for fully controlling the seismic response of buildings due to limitations of control force and power. In
other words, they are limited in application to earthquakes in the small to medium range.

This paper focuses on the use of feed-forward control techniques in base-isolated buildings to improve the
control performance and efficiency of active response control systems during seismic excitations. Two
approaches to feed-forward control are studied. One is optimal feedback and feed-forward control (FBFFC),
which makes use of predicted ground motion before the arrival of an earthquake. The other is input cancellation
control (ICC), which is directly derived to cancel the absolute displacement of a base-isolated building at every
moment. With ICC, there is no need to predict the input ground motion.

FBFFC is derived as an optimal control problem formulated using an absolute coordinate system, and a
control algorithm that reduces the absolute acceleration response is derived. An empirical transfer function for
seismic waves between two points along the propagation path is used; one being the point of prediction (the
location of the control system) and the other closer to the hypocenter of the earthquake being predicted. This
transfer function, which is referred to as the prediction filter [2], is identified in the form of a state-space
equation using past earthquake observations and is then used for the real-time prediction of future ground
motions. A control algorithm that uses such predicted ground motions, of limited duration amounting to several
times the natural period of the base-isolated building, has been already presented [3]. In this work, the relation
between the required duration of the predicted input motion and the intensity of the active FBFFC is further
studied and compared with the ICC in analysis in both the frequency domain as well as the time domain.

It is found that the duration of the predicted seismic input motion required by FBFFC becomes shorter as
control intensity increases, and the control performance and required control force approach the ICC results.
Based on these findings, a new control algorithm that combines FBFFC with ICC is presented. It is expected that
this study will contribute to developing a new approach to feed-forward active control of base isolated buildings.

. )

2. Linear regulator problems with external excitations [4]
2.1 Optimal feedback and feed-forward control

In an absolute coordinate system, the state equations and the evaluation function for the objects to be controlled
are given by the equations provided below.

X(t) = Ax(t) + Bu(t) + Ey, (t) @

where A and B are nxn and nxm constant matrices, x(t) is the state vector, u(t) is the control input vector,
and y, (t) is obtained by combining the displacement and velocity of the input seismic motion.

The performance measure to be minimized is
1t
=2 jo‘ ™ (©)Qx(t) +u” ()Ru(t) it )

where Q is a real symmetric positive semi-definite matrix and R is real symmetric and positive definite. The
final time t, is fixed, x(t;) is free, and the states and controls are not bounded.

The Hamiltonian is given by

H (x(t),u(t), p(t),t) = %[XT (OQX() +u" (RU(t) |+ pT (V[AX(t) + Bu(t) + Ey, (1)]. 3)
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The costate equations are

p() =~ =-Qx() - ATP(Y) 4
X
and the algebraic relations that must be satisfied are given by
O:%z Ru(t) + B'p(t); (5)
Therefore,
u(t)=-RBp(t) (6)

Let us assume that the costate is expressed by the equation
p(t) = K()x(t) +s(t) (7)
Differentiating both sides with respect to t, we obtain
P(t) = KX () + KE©)xX(t) +$(t) -
Substituting from Eq. (4) for p(t), and Eq. (1) for x(t), and using Eq. (7) to eliminate p(t), we obtain
[K(t) +Q+K({M)A+ATK(t)-K(t)BR™(t)B' K(t)]x(t) + [s(t) +As(t) - K(t)BR'BTs(t) + K(t)EyO(t)]: 0 (8)
Because this must be satisfied for all x(t) and s(t) , we obtain
K(t) =-K(t)A - ATK(t) - Q + K(t)BR'BK(t) 9)
and
3(t) =—-|AT K ®BRBJ(t) - K (t)Ey, () (10)
To obtain the boundary conditions we have, from Eq. (7),
p(t,) = K(t; )x(t;)+s(t;) =0. (11)
Since this equation must be satisfied for all x(t,), the boundary conditions are
K(t;)=0,and s(t,;)=0 (12)

In the following study, a constant matrix K, which is obtained for an infinite-time process as t, — «, is

used to determine the feedback control force. The K matrix is obtained by solving the algebraic matrix Riccati
equation

0=-KA-A"K-Q+KBR'B'K, (13)
obtained by setting K(t) =0 in Eq. (9).

The optimal feedback and feed-forward control force is the sum of the optimal feedback control force
Uy () (=-R™BTKx(t)) and the optimal feed-forward control force u (t) ( =—R™'B's(t));

u) =u, ) +u, (t)=-R'B"Kx(t) -R™'B"s(t). (14)
Substituting Eg. (14) into Eq. (1), we obtain
X(t) = A X(t) + Fs(t) + Ey, (t), (15)
where F=-R™'B and A, =A-R'B'K.

The state space equation for s(t) , which determines the feed-forward control force, is expressed by

3
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5(t) =—A,"s(t) - KEy, (1) - (16)

To predict the input base excitations, y,(t), we introduce the following identified state space equations,
named the prediction filter [2].

Z4(t) = Ayzy(t) + DWW (1) , Yo(t) =Cyz4 (1), (17)
where vu(t) is the input acceleration to the prediction filter.

Once y,(t) is predicted with the help of Eq. (17), the optimal feed-forward control force may be
calculated by integrating Eq. (16) backward in time starting from t =t, . It was generally believed that the whole
time history of the input base accelerations should be known beforehand to determine the feed-forward control

force. Various control algorithms using predicted base accelerations of limited duration have been developed [3]
and will be reviewed in the following section.

To study the frequency response characteristics of FBFFC with respect to the input accelerations to the
prediction filter, the extended state space equation is defined from Egs. (15), (16) and (17) as follows:

xt)) [A, F EC, [(x®)) (0

C

§t) |[=| 0 —A. KEC, | s(t) |+| 0 |v(t) (18)

C

z,0)) Lo o b, \z®) \D,

3. Active response control algorithms considering external excitations

To evaluate the optimal feed-forward control force in the time domain, it is necessary in general to know the
whole time history of ground base acceleration in advance [5]. A control algorithm that uses the free vibration
component, which can be predicted in advance, has previously been presented as a way to evaluate the feed-
forward control force [6]. A control algorithm that uses input accelerations of limited duration has been devised
based on the dynamic programming approach [7]. However, there appears to be no fully developed practical
control algorithm for determining the feed-forward control force in the time domain. In the sections that follow,
an optimal feed-forward control that uses the whole time history is first described. Then a practical control
algorithm that approximates the optimal feed-forward control force based on a limited part of the full base
acceleration history is explained [3].

3.1 Optimal feed-forward control with global optimization

The impulse response function of the feed-forward control force may be calculated backward in time starting
from t=t, using Eq. (16). Let us assume that the transition matrix of the state space equation (16) is ®(t). The

impulse response function h(t), which is an anti-causal function, is then obtained by

h(t)=0 for t>0}’ (19)

h(t) = -®(t)KE{L} for t<0
where @(t) is calculated from the inverse Laplace transform of the transfer function (sl + A.")™.
The feed-forward control force at time t may be given by
Uq () =-R'BTs(t, -t), (20)
where s(t) is calculated backward in time using the following equation,

S(t, ~) =®(t—t,)-s(t,) - [ h(t, ~)y,(0)dz . t, 2t20 (21)

The second term on the right-hand side of (21) is a convolution integral. Assuming the boundary condition
s(t;)=0, Eq. (21) can be simplified as
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s(t; —t) =] h(t, ~ 1)y, (0)dr (22)

b

L

As is clear from Eq. (22), the full time history of the ground base acceleration from t, to t must be
known in advance to determine the feed-forward control force at t .

Let us divide the time history of ground base acceleration into N blocks with each interval endpoint
denoted by t,,(i=1...,N).

The feed-forward control force for the i -th block may be calculated by

Uy (t)=—R™B"s(t, -t) (23)
where s(t, —t) is evaluated, following (21) and (22), as

S(t 1) =@(t-t)s(t, -t)— [ h(t ~2)y,()dr  t=2t=t, (24)
and

st ~t) =] h(t, ~r)y,(@)dr (25)
The feed-forward control force for the i -th block is determined by (23), which we call feed-forward control by
global optimization (GFFC).

3.2 Optimal feed-forward control with modified individual optimization

Next, let us consider the following individual performance measure:
J, :% [* e OQx®+u" ORu® et (26)

where the ground base acceleration is assumed to be zero after t, (or the boundary condition s(t;)=0 is
assumed). The optimal feed-forward control force for the i -th block may be calculated using (22):

U (t)=—R'B'S(t, -1), (27)
where

3t -ty = :h(ti —7)y,(2)dz t>t>t . (28)

The feed-forward control force for the i-th block is determined by (27), which we call feed-forward
control by individual optimization (IFFC). The GFFC is expected to perform better than the IFFC, due to the
effect of the first term on the right-hand side of Eq. (24), i.e. the homogeneous solution, which, however may be
negligible as long as |t—ti| is sufficiently large that the transition matrix @(t-t,) approaches 0.

If the homogeneous solution becomes small enough with t, —t>T, and the ground base acceleration can be
predicted for more than T, +T, seconds in advance, the IFFC value of G (t) may approximate to the GFFC
uq () for t ranging between t,, and t,, +T,. Using this principle, a control algorithm that improves the
performance of IFFC is devised, as shown in Fig. 1, where the IFFC value of G (t) for the coming T, +T,
seconds is calculated at t=t,, and is used for T, seconds; the IFFC value of G, (t) for the coming T, +T,
seconds is then calculated at t=t, (=t,,+T,) and again used for T, seconds. This procedure is iterated to

determine the feed-forward control forces, in a process that we call feed-forward control by modified individual
optimization (MIFFC).
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Fig. 1 Schematic for determining the feed-forward control force for MIFFC
3.3 Seismic input cancellation control

In control that absorbs the movement of the seismic motions in a base isolation layer with low stiffness, the third
term of Eq. (1) may be canceled out by the second term of the control force [8]. This control is referred to as
Input Cancellation Control (ICC). The control force u is obtained from the following equation in case of uni-
directional control:

u=koy, +c 0y, (29)

where k is the stiffness of the base isolation layer, c is the damping coefficient and y, and y, are the
displacement and velocity of the input seismic motion, respectively.

4. Feed-forward control of base-isolated building

Let us consider a single-degree-of-freedom building model, as shown in Fig.2. The mass, the stiffness, and the
natural circular frequency of the building model are denoted by m,, k., o, , respectively. The damping
coefficient and the corresponding damping factor are denoted by c, and ¢, . The absolute displacement of the
structure is denoted by x, . The scalar control force and the ground base excitation are given by u(t) and y,(t),
respectively.

The state space equations are given by Eq. (1), where x(t) = (x.(t), X, (t)),

0 1 0 0 k c
= = E= = = =— 30
A {— o, - Zg“sa)j B {mf] {—1} o m, ' 2 2m. o, (30)
The performance measure is given by Eqg. (2), where
Q:qu}, R=[r] (31)

. . . . . k,, k
The solutions of the matrix Reccati equations are given by K = {k“ k”} :
12 22

where ky, = 28 .k, + 0, Ky, + KoKy, I(M ), Ky =—m ro,? +\/ms4r2a)s4 +m_’rg, and

I(22 = _stzrgsws +\/4m54r2452w52 + (2k12 + qz)mszr

Next, the prediction filter in this study is simplified as a band pass filter, of which the transfer function is
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Z,(s) w,’ 52

b

L

= . . 32
W(s)  s*+2,0,5+ @, SE+20,0,8+ (32
The corresponding state space equation is given by Eq. (17), where
0 1 0 O 0 ol ,
0O 0 1 0 0 0 z
A, = , D, = , C, = 2, =|.° 33
‘o 0 o0 1 ‘1o ‘1 g, (33)
-a -b -c -d w,’ 0 7

a= wdza)hz y b=2wy0,(040, +¢,0,) , €= de +4¢,¢,04, +wh2 , 0 =2(5y0, +5y0,) -
The parameters for the building model are as follows: the natural period of the building is 0.25s and the
corresponding natural circular frequency o, =27/0.25rad/s, ¢,=0.10, and m,=1.0x10°kg. The parameters for

the prediction filter are; w, = w, /10, ¢, =0.70, o, =10x®,, and ¢, =0.707. Fig. 3 shows the frequency response
function of the prediction filter.

dB
L ms 10 ‘
0 UL —
yO ks |::| Cs 10 b f e N\
T -20 \ \ \
\\ 001 01 1 10 100 @/
Fig. 2 A single-degree-of-freedom building model Fig. 3 Frequency response function of prediction filter

4.1 Optimal feedback and feedforward control
4.1.1 Control performance in frequency domain

The frequency responses of the optimal feedback and feed-forward control (FBFFC), as well as those of the
optimal feedback control (FBC), with respect to the input acceleration w(iw) are calculated from the Fourier

transform of Eq. (18). Figure 4(a) shows the frequency responses of the building acceleration per unit input
acceleration with the FBC. The dimensionless weighting parameters for the control are defined as r
0, =0, /(m w,'r), and @, =q, /(m,*»,’r) . The frequency responses are calculated for increasing g, =, =0.2, 0.5,
2.0, and 6.0 with r= 1.0 fixed. The equivalent modal damping factors increase as 31%, 44%, 71%, and 93% in
accordance with the respective weighting coefficients. The corresponding frequency responses of the control
force normalized by the building mass are shown in Fig. 4(b). The frequency response of the ICC control force
given by Eq. (29) is also illustrated by the solid red line. The ICC control force seems to envelop the frequency
response of the FBC control force. In the low-frequency region below the natural frequency, the control force
increases rapidly. The FBFFC results are shown in Fig. 5. The control force is lower above the natural frequency,
while the acceleration response is remarkably reduced at and below the natural frequency. In particular there is a
significant reduction in acceleration response in the vicinity of the natural frequency, confirming the
effectiveness of feed-forward control in reducing resonance response. Note that in this case also the ICC control
force is shown as the envelope frequency response of the FBFFC control force.
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Fig. 4 Comparison of frequency response (FBC)
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Fig. 5 Comparison of frequency response (FBFFC)

4.1.2 Control performance in time domain

The time domain performance of FBFFC and ICC are compared in this section. The NS component of the El
Centro 1940 waveform is used as the seismic input acceleration for the prediction filter, Eq. (18). The maximum
filtered acceleration is normalized to 1.0m/s?. The time history of the FBFFC force and acceleration response for
the weighting coefficients (g, =g, = 2.0 and 6.0) are plotted and compared with ICC in Fig. 6. The time delay of
the control force due to the sampling time interval of 0.005s is considered in ICC. ICC performs better than any

other FBFFC at the cost of larger control force. The ICC control force seems to be obtained as the limit case of
FBFFC control force.

0.05
0.025

FBFFC (T =0,=2.0)
FBFFC (T, =0,=6.0)
Icc

-0.025
-0.05

0 5 10 15 20 s, 25 30

(a) Acceleration response



q’u;ﬁ 16" World Conference on Earthquake, 16WCEE 2017
LCHILE u.-, — . .
‘; ';C Santiago Chile, January 9th to 13th 2017

250 KN

= 1T T T LI T 1T T T T T 7 T 17T 1T T T

125 ... R S R S ] FBFFC (T, =7,=2.0)

0 b~ L ™ FBFFC (T, =8,=6.0)
25 [ ' : ' ; : Icc

-250 L {1 I T T AT T I NN NI
0 5 10 15 20 s 25 30

(b) Control force

Fig. 6 Comparison of time history response

4.2 Development of feedback and input cancellation control

The results obtained in Section 4.1 indicate that ICC may be obtained as the limit case of FBFFC. To implement
feed-forward control, some duration of predicted seismic input excitation is generally required for MIFFC, as
explained in Section 3.2. However, as the control intensity increases, the required duration of the prediction may
be reduced as investigated in the following.

To calculate the feed-forward control force for the analyses model, the transition matrix of the state space
of Eq. (16) is expressed as

2

ho, . o, .
cosat — sinat sin at
@(t) =" a a
. h.o, .
——sinat cosat + sin at
a a (34)

k k
?+—2_and 2h,w, =2h.0, +—2-.
m,r m,r

S S

where a =w1-h? , 0" =

The value of h.w, in Eq. (34) increases to infinity as the control intensity increases. The feed-forward
control force for the i-th time block is expressed by Eq. (24) and the homogeneous solution may become
negligible immediately because the transition matrix ®(t—t;) approaches 0 for t<t, . The impulse response

function h(t) expressed by Eqg. (19) would increase at t=t, . However, it would also converge to zero
immediately for t <t,. Thus ICC may be obtained as the limit case of FBFFC.

The performance of ICC is extreme because the input seismic excitation is cancelled. However, the
required control force may become very large. On the other hand, ICC has the great advantage that it does not
require prediction of the seismic motion.

ICC could be used to cancel a part of the seismic input and combined with FBC. This method of control is
referred to as feedback and input cancellation control (FBICC). Figure 7 shows the results of FBICC in which
the input was reduced by 50% using ICC and then combined with FBC (g, =g, = 2.0). The results obtained with

FBC and FBFFC for the weighting coefficient (g, =g, = 2.0) are also plotted in Fig. 7. FBICC improves control

performance of FBC over the whole frequency range. Particularly in the range above the natural frequency, such
an improvement is not attainable by FBC only, as indicated in Fig. 4. The required control force with FBICC,
however, is more than that of both FBC and FBFFC, but is less than that of ICC.

As noted above, FBFFC is remarkably effective at reducing the resonance response. If predictions of
seismic motion are available, FBFFC should be used so as to reduce the resonance response effectively. In other
cases, FBICC may be used to improve on the control performance of FBC. ICC may be used to achieve the best
performance if the control force required to cancel 100% of the seismic input is available.
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Fig. 7 Comparison of frequency response (FBC, FBFFC and FBICC)

The time domain performance of FBICC is compared with FBC and FBFFC for the weighting coefficients
(g,=q, = 2.0) in Fig. 8. The NS component of the El Centro 1940 waveform is used as the seismic input

acceleration for the prediction filter, Eq. (18). The maximum filtered acceleration is normalized to 1.0m/s%. The
input excitation for FBICC was reduced by 50% by ICC and then combined with FBC (g, =g, = 2.0). FBICC

performs better than FBC and achieves almost the same performance as FBFFC.

111,-"52
01 _I T T T | T T TT T T 1T T T 1T T T T 1 | T T T ]
0.05 : ; FBC (G, =0,=2.0)
OR ; FBFFC (8, =1,= 2.0)
-0.05 — . | , FBICC
01 Lo v o oo o b v s b by oy
0 5 10 15 20 s, 25 30
(a) Acceleration response
250 KN
T T T 1T T T T 17T T T T T T | T T 1T | T T T T ———
125 [ ! . | T FBC (Gy=0,=2.0)

FBFFC (T, =0,=2.0)

.. iy AN ! 4 i ' -_- ________ - . FBICC
125 L MONARQ e N
2250 L1 TR BT AN RN ENETATE AT

0 5 10 15 20 s, 25 30

(b) Control force
Fig. 8 Comparison of time history response

5. Conclusions

As control intensity increases, the duration of the predicted seismic motion that is required as an input by
feedback and feed-forward control (FBFFC) becomes shorter, while the control performance and required
control force approach those of input cancellation control (ICC). Based on this finding, a feedback and input
cancellation control (FBICC) algorithm that combines feedback control (FBC) and ICC is proposed. The control
force required for FBICC may be larger than for FBC and for FBFFC, but is smaller than required for ICC. The
great advantage with FBICC is that the prediction of seismic input excitation is not needed. If predictions of
seismic motion are available, FBFFC should be used to reduce resonance response effectively. Otherwise,
FBICC may be used to improve the control performance of FBC. ICC achieves the best performance if sufficient

10
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control force required to completely cancel the seismic input is available. It is expected that this study will
contribute to the development of a new approach to feed-forward active control of base isolated buildings.
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