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Abstract. A hybrid control system is presented for seismic-resistant building structures with and
without soil-structure interaction (SSI). The hybrid control is a damper-actuator-bracing control system
composed of passive and active controllers. An intelligent algorithm is developed for the hybrid system,
in which the passive damper is designed for minor and moderate earthquakes and the active control is
designed to activate when the structural response is greater than a given threshold quantity. Thus, the
external energy for active controller can be optimally utilized. In the control of a multistory building, the
controller placement is determined by evaluating the optimal location index (OLI) calculated from six
earthquake sources. In the study, the soil-structure interaction is considered both in frequency domain and
time domain analyses. It is found that the interaction can significantly affect the control effectiveness. In
the hybrid control algorithm with intelligent strategy, the working stages of passive and active controllers
can be different for a building with and without considering SSI. Thus SSI is essential to be included in
predicting the response history of a controlled structure.

Key words: hybrid control; soil-structure interaction; intelligent control; shallow foundation; optimal
location.

1. Introduction

Structural control implies that performance and serviceability of a structure are controlled to
maintain prescribed limits during the application of environmental loads. Structural control is
achieved in several ways: with passive or active control devices or with semiactive or hybrid
systems. Passive devices utilize the fact that energy-dissipating mechanisms can be activated by the
motion of structure itself. Active control devices require external energy for their operation. Semi-
active devices are based on a passive device and improved by installing certain performance-
adjusting functions such as semi-active stiffness, and semi-active vibration absorbers.
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In order to gain the advantages of both passive and active devices, hybrid systems have recently
been developed. The paper presents a hybrid damper-actuator bracing system. The system is based
on a tube fluid damper (passive device) with an active controlled piston mounted on a structural
brace. Passive, active and hybrid devices can be separately installed at different floors in order to
provide both economical and effective control for a structure. Studies showed that for controlling the
same amount of allowable displacement of a structure, the active control force for a hybrid control
system can be significantly reduced in comparison with that due to active controller only. The
hybrid control is further developed as an intelligent hybrid control system in which active controller
begins to operate once maximum structural response exceeds a threshold value, and is adjusted if
the response again over cross the second threshold value. To apply the control on a multi-story
building, the optimal control location is an important issue which should be taken into account.
Therefore the optimal location index (OLI) method is employed and discussed in this paper.

Most studies of control of seismic-resistant structures were based on the assumption that structures
are fix-supported. This assumption is valid when structures are build on a rock or are not subjected
to ground motion such as wind forces or mechanical vibration. This paper also presents the SSI
effects. Both time and frequency domains are considered in the analysis. The results show that the
consideration of SSI can cause control effectiveness reduction in structural response. In addition,
SSl is also considered in the application of intelligent control algorithm.

2. Hybrid control system
2.1 Control devices and mechanics

The hybrid control system is composed of a viscoelastic damper as the passive part and a
hydraulic actuator as the active pafthey are mounted on a K-brace and connected with the
building floor as illustrated in Fig. 1. There, cylinders of the damper and actuator are connected
with the building floor and the piston bar of both is welded with the brace. T8 x,(t) —x,(t)
is the motion difference between floag(t), and bracex(t), which is the relative piston movement
of the damper and actuator pistons.

The dynamic behavior of the damper follows the constitutive relationship of viscoelastic fluids
may described by Maxwell Model (Cheragal. 1996, Chenget al 1998) as

Ao fo(t) + (1) = Colp(t) 1)

wherefy(t) and Ay(t) are the force on the damper and piston displacement, respeciiyddythe
passive damping coefficient aid is the relaxation time.

The hydraulic actuator system consists of three components: an actuator, a servo-valve and a fluid
pumping system (Chengt al 1996, Chenget al 1998). The servo-valve is described as first order
dynamic system:

re(t) +c(t) = u(y) )

whereu(t) is control command anc{t) represents servo-valve piston displacements; 1/ (2rf,)
andf, is servo-valve bandwidth.
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Fig. 1 Hybrid control system layout

The actuator is modeled as
. A2 AK
fat) = EBBA DA ) + B2 2P G )

wheref,(t) andA4(t) are the active force supplied and actuator piston displacement, respeegively.

is the fluids input pressure, which is generated by the pumping system and supposed to be a
constant.A, V, B and K, are actuator cylinder cross-section area, half cylinder volume, fluid bulk
modulus and servo-valve pressure loss coefficient, respectively.

2.2 Intelligent control algorithms

The hybrid control system is targeted for using advantages of both passive and active control so
that the external energy could be saved. The intelligent control strategy is developed for this hybrid
system with three controlling stages, which are based on selected threshold values of an important
structural response. Whenever the response exceeds one of the threshold values, the control system
will be adjusted from the lower control stage to the next one. Under this control, the system is only
under passive control for the small and moderate earthquakes if ever the response is smaller than the
1% threshold value, which is called control stage 1. Whenever the response exceé&dsriehald
value, the active system is triggered and control system is in the control stage 2, in which both
active and passive controls are working. The control stage 3 is designed to generate higher
magnitude active force to resist stronger vibration when the structure response exceéfls the 2

threshold value.
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Fig. 2 Intelligent control strategy flow chart

Fig. 2 gives the flowchart of intelligent control strategy and it could be explained by the working
procedure as:

1. Determine which structural response is the most important and set two thresholds for that.

2. The system in stage 1 for small and moderate earthquakes which cause a lower response than

the first threshold.

3. The actuator starts to work whenever the response exceeds the first threshold values and the

system gets into stage 2.

4. The system moves from stage 2 to stage 3 when the response exceeds the second threshold

value. The weighting matrix value is adjusted and high active force is generated.

To execute the active control, the control command needs to be real-time supplied. For the
requirement of the intelligent control, the control algorithms need to supply an increasing peak
active force by adjust some control parameter, so that the proper parameter could then be set for
control stage 2 and control stage 3 to yield real-time control command. The splitting-weighting
control algorithm (Zhanget al. 2002) is used. The state space representations for structural system
and controller system are modeled separately. For a general building structure with earthquake
excitation and hybrid control force protection, its state space representation is

{x} = [AJ{x} + [Bral{fa(D)} + [Brpl{ fo()} +{Bg} Xy(t) (4)

where Brl, [Brl, {Bg} is the input location matrix for active force, passive force and ground
acceleration, respectivelyA] is the system matrix for structure ang} {is the structural state
vector. State representation for hybrid controller system can be obtained by combining Egs. (1), (2)
and (3) as

{2} = [AN{Z +{BJAt+{B}u(t) ()

where{z} = [f,f, c]” is the controller state vector, aAd [s the system matrix for the controller
system; 84}, {B} are the input matrices for the piston movement and control command,
respectively. In the controller system, LQR technique can be employed to determine the control
command,u, with the established fact thAt  can be treated as white noise stochastic process. The
control command is obtained when controller feedback state and LQR feedback gain are observed
or calculated. In such a way, an increasing maximum value for the active force can be yielded when
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the weighting matrix of Q and R is changing as shown later in Fig. 5. Then the algorithms supplied
an adjusting weighting matrix value to generate higher active force, which is needed in the
intelligent control strategy for higher control stage.

3. Soil-structure interaction (SSI) formulation

For SSI, there are inertial interaction and kinematic interaction. The inertial interaction is much
more significant than the kinematic interaction for shallow foundation. Thus the foundation-soil
interaction stiffness and damping characteristics are quatitified by impedance function for this study.

3.1 Frequency domain analysis
Fig. 3 illustrates how soil-structure interaction is considered in the hybrid controlled building

structure. For the SDOF building structure under ground acceleration input without control, the
transfer functionX;(s)/ Xg(s) could be expressed (Luco 1998, Setitil. 1994) as

X109 - sy ®)
Xq(S)
where
H(s) = 1/(s*+ 2Eaps + wy) @)

(9= —Kpul1S" + Kuml ®)

) Mirs'+ (I + MKy + MK )"+ KKy —H () M+ (MKyyy + MK 1)s']

mLI]
L7777 7777]

Hydraulic
Actuator

Fig. 3 SSI system with control and shallow foundation
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where the variables are shown in Fig. 3 apds the sum moment of inertia of structure and

foundation. For the passive controlled SSI system, the transfer fudGtie)y Xq(s) is derived as
Xi(s
1) < 9509 ©
Xq(S)
where
Ho(S) = (Ags+ 1)/ ((AgS+ 1)(S"+ 2Ewrs+ @) + 28wps) (10)

and§y(s) is same as(s) except forH(s), which should be replaced b(s) in Eq. (10)
The transfer functiorX,(s)/ Xq(s) for the hybrid-controlled system is also similarly derived as
X4(8)

” = Hp(S)Si(s) (11)
Xq(S)

where
Hi(s) = 1/(52 + 2& s+ w02+ 2&wys/ (Ags+ 1) + al(rs2 + s)/(rs2 +s+a,Gy)) (12)

and Sy(9) is same ass) except forH(s), which should be replaced by Eq. (12); = 2BAYV
a, = (BAK,./2P,)/V andG; is the force feedback gain.

3.2 Time domain analysis

The inertial interaction between soil and structure of the shallow foundation can be modeled by a
set of frequency-independent springs and dashpots. Their stiffness and damping coefficients, denoted
as Ks and C,, equal to the corresponding impedance function items evaluated at the fundamental
frequency of the SSI system (Wolf 1987). The motion equation for the hybrid controlled SSI system
(for ann-story shear building) can be:

My, O|OXO [ Cap —Col  |DXO . [ Ky Kg  |OXO
R I L . 0. Ot . . O
0 MO |-T'Cqp MMCol +CJ XD [T Kgyp T Kyl + Ky KD
- ¥ My O[]0
= | Pl -] Pl - Mo Haf‘u (13
LA ry, 0 M|l 0gy0
1.1 1.

.
wherel = { 1 } to supply the information about floor and brace heigfit={
h, ... hy hy ... hy

[l . . . .
{3} +[TI{XK} = [Xg Xo -ov Xy Xqp Xopy - - an]T+[r]§((;E, wherey, is thei floor displacementy, is

i brace displacement ang, @ are foundation horizontal displacement and rotation, respectively.
Msup Csup Ksup @re super-structure (including braces) mass, damping and stiffness mbtrices.
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0 Iy

active force and passive force inpuvector. The controllers’ location is considered by the vegtor
and ), in the equation. The whole system is input by the ground horizontal and rotational

accelerations ok, @, , and structural responses are calculated by matrix analysis (Cheng 2001).

{mo (1 andmy, |, are foundation mass and mass moment of inertia, respectiglgnd {f,} are

4. Optimal control location

For the control application on a multi-story building, there are a large number of controller
placement combinations. Due to the significant affect on control's performance from the control
placement, it is important to determine the optimal control location in order to maximally realize the
control’s function. The following optimal location index (OLI) (Pantelides and Cheng 1990)

2
n
px) = |5 Py (14)
=10 i O

is employed in this paper to determine the optimal control location. In Eq. (14), xvisetke floor
position, andn is the number of vibration modes considered based on fixed-support condition.
Ag;(x) = ¢;(X)—¢;(x_1) is the mode shape spatial difference from positjdo x -1, andY;(T) is
the spectrum value for th& mode. It is suggested that the control should be placed on the floor
location with the larger calculated OLI. The definition of the OLI for the seismic structure reflects
that an ideal location for the controller is where the displacement response of the uncontrolled
structure is the largest.

5. Sample results
5.1 One-story building

5.1.1 Structural property

A one story building structure is selected to illustrate controlled response behavior. The floor mass
is 1000 kg and column stiffness is 1.097 X NIm (period 0.6 sec. for the fixed-base condition).
The impedance functions of the rigid footing on the half-space soil medium follow the model in
Apsel et al 1987. Both frequency and time domain analyses are conducted in this sample and
intelligent control’'s applications with and without SSI are also discussed.

5.1.2 Frequency domain analysis
The frequency domain analysis is executed for the uncontrolled, passive controlled and hybrid
controlled building. The soil stiffness is changed by modifying its shear wave velocity. The floor
frequency responses under the ground acceleration input for each system are drawn in plot as Fig. 4,
X . :
where,n(dB) = 20 XH and soil becomes softer from case (1) through (3). The softer soil causes the
Xg
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fundamental frequency reduced for both with control and w/o control cases. Also note that both
passive and hybrid control effectiveness become less when the soil becomes softer.

More detailed results are listed in Table 1. There are 5 soil cases from very safts8i0 (m/s)
to the fixed-base\,;= <) and the fundamental frequency of the structure (w/o control case) is

n @B

-=- No Control (1) Fixed Base \\"n..

-60 1 ---- Passive Controlled | (2) h=5m;a=0.5m;Vs=80m/s; M
== Hybrid Controlled | (3) h=5m;a=0.5m;Vs=30nVs;

-80 L
Frequency (rad/sec) 10

Fig. 4 Frequency responses

Table 1 Frequency vs peak value)Xi(s)|/|X, (s)|by changingVs

SSI case Vs =100 m/s Vs = 80 m/s Vs =50 m/s Vs =30 m/s
Vg = a=05m a=05m a=05m a=05m
Control Response h=5m h=5m h=5m h=5m

wW/o  (a) PeakXy ()| (S)] (s€¢  0.229 0.292 0.316 0.372 0.382
Control Freq. at peak (rad/s) 10.5 9.37 8.89 7.42 541
_ (b) PeakXy(s)|/X; (S)| (s€¢  0.0447 0.0603 0.0692 0.1047 0.182
Eﬁf‘fr'gle Freq. at peak (rad/s) 10.9 9.63 9.22 7.52 5.43
(b)/(a) 19.5% 20.6% 21.9% 28.1% 47.6%
. (c) PeakXy(s)|/X; (s)| (s€  0.0178 0.0232 0.0266 0.043 0.0923
(';'é’r?trr'gl Freq. at peak (rad/s) 9.67 8.91 8.61 7.4 5.42
(©)/(a) 7.77% 7.94% 8.4% 11.6% 24.16%

Table 2 Frequency vs peak value Xif($)|/[X; (s)| by changing

SSI case V=30 m/s V;=30 m/s Vs=30 m/s V;=30 m/s

Vg=00 a=1m a=08m a=06m a=05m

Control Response h=5m h=5m h=5m h=5m
w/o  (a) PeakXu(s)|/iX; ()] (s  0.229 0.1905 0.2113 0.2851 0.382
Control Freq. at peak (rad/s) 10.5 9.0 8.08 6.5 541
~ (b) PeakXy(s)|/)X; ()] (5@  0.0447 0.0575 0.0733 0.1202 0.182
ggif:gf Freq. at peak (rad/s) 10.9 9.19 8.20 6.54 5.43
(b)/(a) 19.5% 30.2% 34.7% 42.2% 47.6%
_ (c) PeakXy(s)I/X; (s)] (s€¢  0.0178 0.0245 0.032 0.0569 0.0923
E'gﬁtr;gl Freq. at peak (rad/s) 9.67 8.61 7.93 6.5 5.42

©)/(a) 7.77% 12.9% 15.1% 20.0% 24.16%
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Table 3 Frequency vs peak valueXi($)|/[X; (S)| by changing

SSI case V=30 m/s Vs =30 m/s Vs =30 m/s Vs = 30 m/s
V=00 a=05m a=05m a=05m a=05m

Control Response h=2m h=3m h=4m h=5m
w/o  (a) PeakXu ()X (S)] (s€¢  0.229 0.2512 0.2884 0.3323 0.382
Control Freq. at peak (rad/s) 10.5 8.66 7.39 6.29 5.41
~ (b) PeakXy(s)|/iX; (S)] (s€¢  0.0447 0.0684 0.0933 0.1349 0.182
Eiﬁfr'!? Freq. at peak (rad/s) 10.9 8.84 7.56 6.34 5.43
(b)/(a) 19.5% 27.2% 32.4% 41.8% 47.6%
~ (c) PeakXa(s)|/iK; (s)] (s&¢  0.0178 0.0275 0.0417 0.0631 0.0923
gggtrr'gl Freq. at peak (rad/s) 9.67 8.42 7.35 6.3 5.42
(©)/(a) 7.77% 10.9% 14.5% 19.0% 24.16%

reduced from 10.5 rad/s to 5.41 rad/s. The magnitude d%ifs)|/[X; ()| under passive control is
changed from 0.0447 to 0.182 correspondingVte o through Vs=30 m/s. For the hybrid
controlled case, the magnitude ratky($)]/|Xg (S)| varies from 0.0178 to 0.0923 associated with
Vs= through V=30 m/s. The change of magnitude ratio can be similarly observed when
foundation dimension decreases for a given soil shear velocity and a given building height as shown
in Table 2. The trend of magnitude ratio changes is given in Table 3 for the changing building
height with a giverV; and a given foundation dimension.

5.1.3 Time domain analysis

For the time history analysis, the foundation is 4 m x 4 m square and the floor height is 10 m. The
system is subjected to ElI Centro earthquake (NS component, 50% magnitude) input and protected
by the hybrid control system. As shown in Table 4, there are four kinds of supporting conditions as
fixed-base Ys=o°) and three different soil8/{= 150 m/s, 80 m/s, and 50 m/s) considered. For each

Table 4 SSI influence on hybrid control effectiveness

SS| Fixed-base Soil Condition 1 Soil Condition 2 Soil Condition 3

a=2m;h=10 m; a=2m;h;=10 m; a=2m;h, =10 m;
Vg =0 Vs = 150 m/s Vs =80 m/s Vs =50 m/s
B xaem)  xaem)  xglem)  xm)  xs(m)  x(em)  xs(cm)
Control (Ratio) (Ratio) (Ratio) (Ratio) (Ratio) (Ratio) (Ratio)
W/O 4.20 418 4.20 411 4.19 3.98 416
Control  (Ref. number)(Ref. number)(Ref. number)(Ref. number)Ref. number)Ref. number)Ref. number)
Control 2.16 2.17 2.18 2.17 2.22 2.19 2.30
Case 1 (51.4%) (51.8%) (51.9%) (52.8%) (53.0%) (54.9%) (55.4%)
Control 1.53 154 1.55 1.55 1.58 1.57 1.66
Case 2 (36.4%) (36.8%) (36.9%) (37.6%) (37.8%) (39.4%) (39.9%)
Control 0.71 0.72 0.73 0.73 0.75 0.75 0.82

Case3  (17.0%)  (17.2%)  (17.3%)  (17.8%)  (18.0%)  (18.9%)  (19.7%)
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Influence of LQR Weighting Matrice Value
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Fig. 6 Time history responses

supporting case, the floor responsexpfand xs;;are listed for W/O control case and three control
cases. Three control cases are based on three different Q(1,1)/R values to present three response
ratios as demonstrated in Fig. 5. For instance, in soil conditiafy 2 §0 m/s), the ratio between
displacement with SSI and the displacement with SSI but W/O control is 52.8% when Q(1,1)/R is
set as 10; the same Q(1,1)/R is used to calculate the ratio between fixed-base displacement with
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control and the displacement without control. Table 4 shows a complete ratio comparison, in which
x; is relative floor displacement andg is displacement between floor and column support as
illustrated in Fig. 6. The uncontrolled response is set as a reference number and response ratio is the
controlled displacement divided by the reference number as shown in the bracket for each case. For
instance, in soil condition 2/{= 80 m/s) at control case 1, the displacement rati (bked-base)

is 51.4%, which is smaller than the ratios in terms of eit@vith soil), 52.8% orxs, 53.0%,
respectively. This can be observed from Fig. 6. It is apparent that the control effectiveness was
reduced when the SSI is considered. If the other two soil conditions are also compared, the larger
ratio may be observed when the soil becomes softer. Thus it can be concluded that the control
effectiveness becomes less when the soil is softer as evidenced by both time history and frequency
domain analyses.

5.1.4 Intelligent control with and without SSI

In this study, SSI influence is discussed when the intelligent control strategy is employed in the
hybrid control's application. The threshold quantities are assigned for the floor's displacement
response, which ig; for fixed-base case angfor soil case. The first and second threshold values
are set as 3.0 cm and 4.0 cm, respectively. Two cases of examples are supplied here with different
input ground motion magnitude. One is El Centro Earthquake with the reduced magnitude as 62%
of the original and the other is 95% in order to yield the response with SSI at stage 2 and stage 3,
respectively.

Case 1. Sixty-two percentile (62%) magnitude El Centro

Two hybrid controlled systems are simulated in this case. One is fixed-base (System-1) and the
other is supported on the soil with shear wave velocity of 80 m/s (System-2). In both systems, the
intelligent control strategy guides hybrid control's operation. Fig. 7 shows the displacement and
force response time history of System-1. In the 10 second duration of vibration, the hybrid system
keeps working in the stage 1 because the displacement (maximum 2.98 cm at point B and/or C) is

50F T T —— T i — 4] T T I T
€ £ A iz Ibreshqld sl - - No control Max 5.172 at A
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Fig. 7 Intelligent control under 62% EI Centro (fixed-base)
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Fig. 9 Intelligent control under 95% EI Centro (fixed-base)

always below the *ithreshold. But in the time history of System-2 as shown in Fig. 8, the response
goes into stage 2 at 2.13s and the actuator begins to work. As to force response, in System-1, the
active force is always zero and the passive force is the total force with the maximum value of
1334.0 N at point X and/or Z in Fig. 7; in System-2, active force is generated in stage 2 with
maximum 510.9 N at point Y and maximum total force with 1710.0 N at point Z in Fig. 8.

The reason for two system’s different process is due to the larger displacement regp@vitie
soil) thanx, (fixed-base). It happens at the condition thais below the ¥ threshold value but;
is over that value as in this case.
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Fig. 10 Intelligent control under 95% EIl Centro (with soil)

Case 2. Ninety-five percentile (95%) magnitude EI Centro

Fig. 9 is the response history of System-1 under the higher magnitude ground motion input. The
response passes stage 1 and then reaches the stage 2 threshold at 1.81s. The actuator starts to work
at that instant and its maximum peak value is 707.4 N at point Y. The passive and hybrid total
forces have their maximum peak values of 1718.9 N and 2354.1 N at point X and Z, respectively.

For System-2, the response goes into stage 3 at 2.2s but System-1 doesn’t because SSI is
considered in former as shown in Fig. 10. When the System-2 is at stage 3, more weighting is set
on the active system and then higher active force is generated. Therefore, the maximum active force
and total hybrid force go up to 3559.5 N and 4567.7 N at point Y and Z, respectively. They
consequently yield more reduction in displacement.

For the application of the intelligent strategy in the structural system with and without considering
SSI, a different process appears in response history and control's operation. In case 1, actuator is
operated in System-2 but never be used in System-1. In case 2, higher active force is generated at

stage 3 and then more displacement is reduced for System-2 in comparison with the displacement
and force response of System-1.

5.2 Three-story model building

5.2.1 Structural property

A three-story steel model building is employed in this example (Ckerd 1994). This model,
1/4 size of the full-scale structure, is 2.54 m high, 1.22 m long and 0.61 m wide. The floors’ mass
are 593.8 kg, 590.2 kg, and 576.6 kg, for the first, second and third floors, respectively. The
structure has frequencies of 2.622, 9.008, and 17.457 cycle/s (note that the time scale factor is 1:2
and makes the natural frequency of a model two times as the prototype structure). The damping
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ratios are 0.364%, 0.354% and 0.267% for the 3 modes, respectively. The K-brace stiffness is 1549
kN/m and the damping ratio is 0.1%.

5.2.2 Intelligent control without SSI

In the example, the top floor displacement is taken as most important response; first and second
threshold values are set as 1.2 cm and 1.6 cm, respectively. The El Centro Earthquake record with
time scale 1:2 is used as ground motion input. To demonstrate the different possible hybrid system
working status, three cases of control process are given below with the increasing input ground
accelerating magnitude.

Case 1. Fifty percentile (50%) magnitude of original El Centro record

In this case, the El Centro record magnitude is set as 50% of the original. In six seconds of
response time history (Fig. 11), the control system keeps working in stage 1 because the controlled
peak top-floor displacement is 1.05 cm (< first threshold). In this stage there is only passive damper
working and the active force is always zero, shown in Fig. 13(b).

Case 2. Seventy-five percentile (75%) magnitude of original El Centro record

In Fig. 12, we can see the control system goes into stage 2 at 0.95 s and then keeps working in
stage 2. In Fig. 12(b), the active force is zero before that time instant and with a peak value of
413.3 N in its whole working process. The passive control force’s peak value is 1388.3 N, which is
higher than the peak value of the active force. In intelligent control, we usually set a relatively
smaller active force than the passive force in stage 2 and let passive system still take dominant rule
in stage 2.
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Fig. 11 Intelligent control results for Case 1 (a) Top floor displacement (b) Control force
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Fig. 13 Intelligent control results for Case 3 (a) Top floor displacement (b) Control force

Case 3. Hundred percentile (100%) magnitude of original El Centro record

The time history responses for this case are given in Fig. 13. The control system skipped from
stage 1 into stage 2 at time 0.9 s due to the over-crossing of passive controlled response from the
first threshold; and skipped from stage 2 into stage 3 at time instant 2.65 s, where the controlled
response (in stage 2) exceeds the second threshold.

In Fig. 13(b), the active force is zero when the system is in the stage 1. In the second stage,
passive force is with the peak value of 1375.88 N, which is larger than active force. When the
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system gets into stage 3, relatively larger active force is generated than in stage 2 and its peak is
1175.56 N, which is larger than passive force in stage 3. Thus the intelligent control can sufficiently
use passive part in lower stage and let the active part be dominant at higher response stage.

5.3 Ten-story building

5.3.1 Structural property

The 10-story building has height, mass and column stiffness for each floor as 3.75 m,*1k@,x 10
1.0 x 10 N/m, respectively. Fundamental frequency is 4.73 rad/s. The damping ratios for the first
four modes are assumed to be 2%. The foundation is 6 m x 6 m square with magskg afh@
mass moment of inertia 6 x 1Ky-n?. The soil media has the following characteristics: Shear wave
velocity = 150 m/s, shear modulus = 4.5 ¥ MYm? and Poisson’s ratio =0.333. The impedance
functions are based on Apslal 1987.

5.3.2 Determination of OLI for six earthquake sources

To decide where the hybrid control devices should be installed, OLI is calculated for this
structure. The spectra of five different earthquake records, El Centro 1940, Kobe 1995, San
Fernando 1971, Northridge 1994, artificial; along with Newmark design spectrum are employed.
Spectral displacement§(T) are shown in Fig. 14. The OLI values are illustrated in Fig. 15 and the
two floors with higher OLI for each case are labeled as | and Il. Note that the indices at the first
and second floors are higher than other floors, which suggest that controllers should be installed on
these floors.
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Fig. 14Y;(T) for six earthquake spectra
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Fig. 15 Optimal location index (OLI)

5.3.3 Response comparison with and without SSI

In the time history analysis, both fixed-base and SSI cases are conducted with and without
control. In Fig. 16, the Q(1,1)/r influence curves are illustrated. By setting the allowable
displacement of the ¥0floor as 13.5 cm, Q(1,1)/r values are then chosen for both fixed-base and
SSI cases. The responses history of tHeflidr displacement and control force at tieflbor for
both cases are shown in Fig. 17, and Fig. 18 shows the foundation responses history with and
without control, under the El Centro earthquake (NS component) input. The maximum displacement
of the fixed-base case is smaller than that of the soil case (at point A and C in Fig. 17), which is
due to the foundation rotation response with the maximum 6.4*dd at point X in Fig. 18.
When 10" floor displacements of both cases are controlled to 13.5 cm as point B and D in Fig. 17,
the fixed-base case needs maximum control force of 4.2 &0 the first floor (point X in Fig. 17),
but 5.7 x 10N for the SSI case (point Y in Fig. 17). It needs higher control force for SSI system to
yield the same maximum top floor displacement in comparison with the fixed-base system.
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Fig. 16 Maximal control force and maximal reduced displacement
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Fig. 18 Hybrid controlled foundation responses

6. Conclusions

» The hybrid control system with intelligent control strategy can significantly increase control
effectiveness. The passive damper is designed for minor and moderate earthquakes and actuator
begins to work when passive capacity could not satisfy the prescribed requirement under larger
earthquakes. Thus both advantages of passive and active devices can be fully utilized and the
external energy can be consequently saved.

» SSI can decrease control effectiveness. In comparison with fixed-base shallow-foundation case,
when the soil becomes softer, both passive and hybrid control effects become less as shown in
both frequency and time domain analyses. As reflected in the SDOF sample, the ratio of
controlled displacement with the displacement of uncontrolled structure is 51.4% for fixed-base
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case, but the ratio goes up to 53.0% when SSI is considered for both controlled and uncontrolled
systems.

« Higher control force is needed for the building on soil than on the fixed-base to yield the same
maximum displacement response. For instance, in time history analysis of the ten-story building,
5.7 x 1@ N of the first floor control force is needed to control" fdor’'s displacement to 13.5
cm for SSI (Vs =150 m/s), but it only needs 4.2 £M0f the structure is considered as fixed-
base.

» Optimal location index (OLI) is a useful technique in determining controllers’ placement for
multi-story building as shown in the example presented.

* In order to achieve the control effectiveness of a structure, it is recommended to consider SSI
and intelligent control strategy for properly predicting the working stages of passive and active
controllers along with structural response history.
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