Research and Development of
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. by Tsu T. Soong

Ahstract

Research and development of
full-scale active control systems has
been a main focus of this reseacch
project involving researchers and en-
gineers from MTS Systems Corpora-
tion of Minneapolis, the Takenaka
Corporation and Kayaba Industries of
Japan, as well as NCEER researchers
The major objective was to develop
two full-scale active systems, an ac-
tive bracing system and an active
mass damper system, so that
implementational issues could be
identified and addressed, their per-
formance under actual wind loads
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- tion

and earthquakes could be evaluated,
and design guidelines for these sys-
tems could be developed.

Through a carefully planned ana-
Iytical and experimental program,
this research effort has led to imple-
mentation of these systems in full-
scale structures. Observed perfor-
mance of these systems under actual
wind and earthquake loads shows
that the concept of active control,
originated more than 20 yvears ago,
has led to the successful develop-
ment of active devices for civil engi-
neering structural control.
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Objectives and Approach

The objective of NCEER's research pre-
gram in active control systems was to re-
search, design and implement full-scale
active bracing systems and active mass
damper systems.

The approach to this research was to
perform analyses and extensive computer
simulations. A comprehensive experimen-
tal pregram was developed, involving struc-
tures ranging from simple structural mod-
els to full-scale structures.

This research task is part of NCEER's
Building Project. Task numbers are 86-3021,
87-2001, 88-2001, 89-2201, 30-2201, 91-
5121, 92-5601, and 93-5121.

Accomplishments

Comprehensive experimental as well as ana-
lytical studies began in 1986.A series of carefully
planned experimental programs using increas-
mgly complex structural models was carried out.
As figure 1 shows, the experiments progressed
from Stage 1 with a simple structural model to
Stage 4 where a full-scale dedicated test structure
was used for testing and performance verification.
Furthermore. two systems have been installed in
actual buildings (Stage 5 in figure 1) and their
performances under actual wind and earthquake
loadings are being closely monitored and evalu-
ated.
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The model structures increased in weight and
compiexity as the experiments progressed from
Stage 1 to Stage 3 so that more control features
could be incorporated into the experiments The
mode! structure studied during the first stage was
a three-story steel frame modeling a shear build-
ing by the method of mass simulation, whose top
two floors were rigidly braced to simulate a single-
degree-of-freedom system. The model was
mounted on a shaking table which supplied the
external load. The control force was transmitted
to the structure through two sets of diagonal pre-
stressed tendons mounted on the side frame.

Several significant features of these experi-
ments are noteworthy. First, they were carefully
designed so that a realistic structural control situ-
ation could be investigated. Efforts made towards
this goal included making the model structure
dynamically similar to a real structure, working
with a carefully calibrated model. using realistic



base excitation, and requiring more realistic con-
trol forces. Secondly. these experiments permit-
-ed a realistic comparison between analytical and
experimental results, which made it possible to
perform extrapolation to real structural behavior.
Furthermore, important practical considerations
such as time delay, robustness of control algo-
rithms, modeling errors and structure-control
system interactions could be identified and real-
istically assessed (Chung et al., 1988; Chung et
al,, 1989).

Experimental results showed significant re-
duction of structural motion under the action of
the simple tendon system. For example, a reduc-
tion of over 50% of the first-floor maximum rela-
tive displacement could be achieved.This is due
to the fact that the control system was able to
induce damping 1n the svstem from a damping
ratio of 1.24% in the uncontrolled case 1o 34.0%
in the controlled case (Chung et al_, 1988).

At Stage 2, rigid bracings on the top two floors
of the model structure were removed in order to
simulate a three-degree-of-freedom system. This
multi-degree-of-freedom model provided oppor-
tunities for study and verification of a number of
control features which were not possible in the
Stage 1 study. These included modal control, time
delay in the modal space. and control and obser-
vation spillover compensation. Morcover, further
verification of simulation procedures could be
carried out, providing added confidence in the
use of sumulation for extrapolating active control
results to more complex situations. Experimen-
tal results compared favorably with analytical re-
sults obtained under the same conditions and
showed that the motion of all three floors can be
effectively controlled using a single actuator when
control design is carefully carried out.

As a further step in this direction, a substan-
tially larger and heavier six-story model structure
was fabricated for Stage 3 of this experimental
undertaking. It was also a welded space frame
utilizing artificial mass simulation (Reinhorn et
al., 1989).

Multiple tendon control was possible in this
casc and the following arrangements were in-
cluded in this phase of the experiments.

W A single actuator was placed at the base with
diagonal tendons connected to a single floor.

M A single actuator was placed at the base with
tendons connected simultaneously to two floors,
thus applying proportional control to the struc-
mre.

B Two actuators were placed at different loca-
tions on the structure with two sets of tendons
acting independently.

Another added feature at this stage was the
testing of a second control system, an active mass
damper, on the same model structure, thus allow-
ing a performance comparison of these two sys-
tems. Furthermore, control requirements and
control efficiencies realized in this series of ex-
periments were extrapolated to the full-scale case,
leading to a preliminary design of the full-scale
active bracing system and simulation study in or-
der to assess its performance capabilities when
installed in an actual structure (Soong et al., 1991).

Stage 4

Full-scale test structure

A dedicated full-scale test structure was
erected for performance verification of an active
mass damper and an active bracing system under
actual seismic ground motions. Located in Tokyo,
Japan, the structure was a symmetric two-bay six-
story building as shown 1n figure 2. It was con-
structed of rigidly connected steel frames of rect-
angular tube columns and W-shaped beams with
reinforced concrete slabs at each of the floors.
Having rectangular columns, the two orthogonal
directions were not structurally identical. Weigh-
ing 600 metric tons, the structure was designed
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Full-scale structure

as a relatively flexible structure with a fundamen-
tal pertod of 1.1 seconds in the strong direction
and 1.5 seconds in the weak direction, in order
to simulate a typical high-rise building The struc-
ture was constructed without claddings except
for the top story (sixth floor), which housed the
active mass damper. Due to lack of cladding and
simple connections, the structure has very low
damping in the dominant modes (between 0.5%
and 1% of critical).

Active Bracing System [ABS]

As shown in figures 2 and 3, the active brac-
ing system (ABS) consisted of solid diagonal tube
braces attached at the first story of the building.
The control system enabled longitudinal expan-
sion and contraction of the braces by means of
hydraulic servocontrolled actuators, inserted be-
tween the brace elements and forming an inter-
nal part of the bracing system. The control sys-
tem also included a hydraulic power supply, an
analog and digital controller, and analog sensors.
Servovelocity seismometers were installed in each

principal direction of the building with an out-
put range of £100 cm/sec. The velocity sensors
were located on the ground, at the first, third,
and sixth floors of the building. These same sen-
sors could provide acceleration information up
to 1000 cm/sec’, Additional transducers were
mounted at each floor to monitor building be-
havior. Each actuator was equipped with a dis-
placement transducer (LVDT) which was used to
adjust the length of the brace via the servovalve
loop. A more detailed description of the active
bracing system can be found in Soong et al.(1991)
and Reinhorn et al. (1993)

Several important issues had to be addressed
in order to ensure safe and efficient operation of
the system; one of which dealt with automated
control operation. The hydraulic power for the
active bracing system needs to be continuously
available, yert it is not practical to have the hy-
draulic system operating constantly. For this rea-
son, the system had to be designed in such a way
that the hydraulic system remained in a ready, but
dormant state, with the control software capable
of bringing the system to full operation. To ac-
complish this, the control software had to be able
to monitor the status of the control hardware,
and adjust the state as necessary. In addition, the
hydraulic system had to be capable of almost in-
stantly supplying full power to the active braces.

These requirements led to special modifica-
tions of the standard control hardware as well as
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the addition to the control program of subrou-
tines with the logic for starting, stopping, and
monitoring the status of the system. A simplified
block diagram of the control system hardware is
shown n figure 4.The hydraulic power required
for rapid starts was stored in the accumulators,
which could supply enough power to allow the
hydraulic pump to reach full pressure operation
The accumulators could also drive the actuators
for approximately one minute, longer than most
major carthquakes, in the event of a power fail-
ure. The ability of the computer to regulate the
system was provided through a series of digital
connections between the computer and the ana-
log controller. Digital communications allowed
the computer to control the hydraulic system,and
to monitor the status of the system hardware,

Another important issue is system reliability.
In order to properly protect the system and the
structure from damage in the event of a full or
partial failure of the control system, a number of
fail-safes were added to both the hardware and
the software.

The long term maintenance of the system is
also an important consideration. If strict toler-
ances are not met, the continuous wear can lead
to degradation in the system performance, and
even to failure. The standard maintenance must
include manual inspection and verification of the
system components on a regular basis.

The structure has been subjected to several
recent earthquake motions and its response was
recorded while the ABS system was automatically
activated during each of these episodes. The

ground motion was simultaneously recorded and
was used with an analytical model to estimate the
probable response of the structure in the uncon-
trolled mode. The responses at several locations
of the structure during two recent earthquakes
show that the ABS was able to produce a some-
what uniform reduction of modal responses as
indicated in the transfer functions shown in fig-
ure 5. The controlled response has lower peaks
and wider distributions around the peak, indicat-
ing damping increase

To validate the analytical procedures used for
predicting actual system performance, the ob-
served response was compared with that esti-
mated using the time step analysis and the identi-
fied properties of the system.The control forces
were estimated using the uncompensated gains.
Results show that the differences in the peaks
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Acceleration transfer function at sixth floor (April 14, 1992)
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arec less than 10%, while the RMS differences are
iess than 2%. Considering inherent imperfections
in the structural system, the analytical predictions
seem to be adequate for interpreting the struc-
tural responsc and for designing new systems.

Active mass damper (AMD]

The active mass damper (AMD) was housed
in the enclosure on the sixth floor. An outline of
this device is shown in figure 6, which consisted
of a suspended six-ton mass capable of respond-
ing instantaneously to structural vibrations in-
duced by wind or earthquakes. A complete de-
scription of the AMD system and some observed
results are given by Aizawa et al.(1990). The struc-
tural response could be controlled 1n two direc-
tions by two electrohydraulic servoactuators,
which were installed along orthogonal directions

While both the ABS and AMD were installed
in the same structure, structural control was per-
formed by only one system at a time, The control
effect of the AMD system was cxamined during
the 1zu-Oshima earthquake on October 14, 1989
and on February 20, 1990. An example of the
structural response in the frequency domain is
shown in figure 7, where the transfer function
recorded on Qctober 10, 1989, is used as an un-
controlled reference.
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Acceleratign transfer function at sixth floor

Summarnzing the observation results for both
control systems, a rough root-mean-square per-
formance comparison of AMD and ABS is shown
in table 1. Note that the AMD system has a better
reduction of displacement response and a lesser
reduction of accelerations. This implies a more
comfortable response using the ABS and lesser
base shear using the AMD, The maximum actua-
tor movement 15 an indicator of the requirced in-
put energy. It is very large for the AMD system
and is quite small for the ABS, indicating substan-
tially less energy needed by the ABS. Comparing
the response transfer functions shown in figures
5 and 7,itis noted that the AMD reduces the struc-
tural response primarily in the lower modes while
the ABS system reduces the structural response
in all modes, as can be observed in figure 5. The
ABS appeared to perform better in redistributing
earthquake energy in higher modes and suppress
their influence

AMD ABS
RMS Reduction of Peak Response.
- Displacement 56% 29%
- Acceleration 22%  26%
Maximum Actuator Movement (cm) 1051 0.194

W Table 1
Comparison of AMD and ABS
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Building

An active tuned mass
damper system was in-
stalled in the Sendagava
INTES building in Tokyo in 1991.As shown in fig-
ure 8, the AMD was installed atop the 11th floor
and consists of two masses to control transverse
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introduced. The masses are supported by multi-
stage rubber bearings intended for reducing the
control energy consumed in the AMD and for in-
suring smooth mass movements (Higashino and
Aizawa, 1993).

Sufficient data were obtained for evaluation
of the AMD performance when the building was
subjected to strong wind on March 29,1993 with
peak instantancous wind speed of 30.6 m/second.
An example of the recorded time histories is
shown in figure 10, giving both the uncontrolled
and controlled states. The Fourier spectra using
samples of 30-second durations are shown in fig-
ure 11, again showing good performance in the
low frequency range but not in the region exceed-
ing 3 Hz. The re-
sponse at the funda-
mental mode was re-
duced by 18% and
28% for translation
and torsion, respec-
tively. Similar perfor-
mance characteristics
were observed during
a series of earth-
quakes recorded be-
tween May, 1992 and
February. 1993.
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Hankyu Chayamachi Building

The 160-meter 34-story Hankyu Chayamachi
building, as shown in figure 12, is located in
Osaka, Japan,where an AMD system was installed
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in 1992 for the primary purpose of occupant com-
fort control. In this case, the heliport at the roof
top is utilized as the moving mass of the AMD.
which weighs 480 tons and is about 3.5% of the
weight of the tower portion. The heliport is sup-
ported by six multi-stage rubber bearings. The
natural period of rubber and heliport system was
set to 3.6 seconds, slightly lower than that of the



building (3.8 seconds). The AMD mechanism used
here has the same architecture as that of
Sendagaya INTES, namely, scheme of the digital
controller, servomechanism and the hydraulic
design, except that two actuators of 5-ton thrusts
are aitached in horizontal orthogonal directions.
Torsional control is not considered here.

Acceleration Fourier spectra during a recent
typhoon are shown in figure 13. Since the build-
ing in this case oscillated primarily in its funda-
mental mode, significant reductions in accelera-
tion levels were observed.

Gonclusion

An important observation to be made in the
performance observation of these control systems
is that efficient active control systems can be
implemented with existing technology under
practical constraints such as powcer requirements
and stringent demand of reliability. Thus, signifi-
cant strides have been made considering that se-
rious implementational efforts began less than ten
years ago.

The active mass dampers developed for
Sendagayva INTES and Hankyu Chavamachi build-
ings were designed primarily for responsc con-
trol due to wind and moderate earthquakes. An
outstanding issue that needs to be addressed is
whether such systems, with limited control re-
sources and practical constraints such as mass
excursions, can be made effective under strong
earthquakes One possible direction is to explore
new control algorithms, such as nonlinear con-
trol laws, which may be more efficient under
energy and other limitations. Reliability is another
important consideration, particularly when an
active control system designed for strong earth-
quakes must endure long dormant periods.

Technical References

Aizawa, §., Hayamizu, Y, Higashino, M , Soga, Y., and
Yamamoto, M ,“Experimental Study of Dual Axis Active Mass
Damper” Ed. GW. Housner and S.F Masri, Structural Re-
search, Los Angeles, USC, 1990, pp. 6873.

Chung, L1, Lin, R.C., Soong, T'I, and Remnhorn, A.M., “Ex-
perimental Study of Acuve Control for MDOF Seismic Struc-
tures,” ASCE, Journal Engineering Mechanics Division, Vol.
115, No.8. 1989, pp. 1609-1627.

Chung. LI, Remnhorn, A M,, and Soong, TT, “Experiments
on Active controt of Seismic Structures,” ASCE, Journal Engi-
neering Mechanics Division, Vol 114, No. 2, 1988, pp. 241-
256

Higashino, M, and Aizawa, S , “Application of Active Mass
Damper System in Actual Builldings,” Ed. G W Housner and
S.F Masri, Proceedings, International Workshop on Structural
Control, Los Angeles. USC, 1993, pp 194-205.

Reinhorn, A.M , Scong, T.T., Riley, M.A., Lin, R.C., Aizawa, § |
and Higashing, M.,“Full Scale Implementation of Active Con-
trol, 11" ASCE, Journal of Structural Engineering, Vol. 119,
1993, pp. 1935-1960.

Soong, TT, Reinhorn, A M., Wang, Y.P, and lin, R.C., “Full

Scale Implementation of Active Control, I, ASCE, Journal of
Structural Engineering, Vol. 117, 1991, pp 3516-3536.

Publications
Book

Soong, TT, Active Structural Control Theory and Practice,
Longman, London and Wiley, New York, 1990, 207 pages

Journal Papers

Soong, TT and Manols, G.D., “Active Structures,” Journal of
Structural Engineering, ASCE,Vol. 113, 1987, pp. 2290-2301.

Chung, L.L., Remhorn. A.M., and Soong, T1., “Experiments
onActive Control of Seismic Structures,”Journal of Engineer-

g Mechanics, ASCE, Vol. 114, 1988, pp. 241-256.

Soang, TT, “Active Structural Control in Civil Engineering,”
Engineering Structures, Vol. 10, 1988, pp. 74-84.

Researck ACCOMPLISHMENTS

"



M Bunoives ann NonsTaucTurar GoMPONENTS

Yang, J.N.. and Soong, T.T.."Recent Advances in Active Con-
trol of Civil Engineering Structures,” Journal of Probabilistic
Engineering Mechamcs. Vol. 3, No. 4, 1988, pp. 179-188.

Chung, L.L . Reinhorn, A M., Lin, R.C,, Soong, T.T,, “Experi-
mental Study of Active Control for MDOF Seismic Structures,”
Journal of Engineering Mechanics,ASCE, Vol 115, 1989, pp.
1609-162~

Soong, TT.. Reinhorn, A.M., et al , “Full-Scale Implementa-
tion of Active Structural Control Under Seismuc Loads, I: Sys-
tem Design and Simulation Results,” Journal of Structural En-
gmeering. ASCE . Vel 117, No 11, 1991, pp. 3516-3536

Soong, T.T.. Masri, 5.F, Housner, G.W, “An Overview of Ac-
tive Structural Control Under Seismic Loads,” Earthquake
Spectra, Vol 7, No. 3, 1991, pp. 483-505.

Wang, Y.P Reinhorn,A.M. and Scong, T.T., “Development of
Design Spectra for Actively Controlled Wall Frame Buildings,”
Journal of Engineering Mechanics, ASCE, Vol 118 No 6,1992,
pp. 1201-1220

Reinhorn, A M . Soong, TT., et al, “Full Scale Implementa-
tion of Active Control, II: Installation and Performance,” Jour-
nal of Structural Engineering, ASCE, Vol. 119, No 6, 1993,
pp 1935-1960.

Reinhorn, A.M , and Soong, T.T,, "Active Bracing Systems,”
Modern Steel Construction, Vol. 33, No. 5, 1993, pp 28-33.

Soong, T.T and Remnhorn, A M.,"An Overview of Active and
Hybrid Structural Control Research in the U S [ Journal of
Structural Design of Tall Buildings, Vol. 2, 1993 pp.193-209

NCEER Reports

Lin, R C, Soong, TT., and Rewnhorn, A M , “Experimental
Evaluation of Instantaneous Optimal Algorithms for Struc-
tural Control” Technical Report NCEER-87-0002, National
Center for Earthquake Engineering Research, University at
Buffalo April 20. 1987

Soong, TT.,“Active Structural Control in Civil Engineenng.”
Techmical Report NCEER-87-(3023, National Center for Earth-
quake Engineering Research, University at Buffalo, Novem-
ber 11, 1987,

Chung, L.L, Lin, R C, Soong ,TT, and Reinhorn, A.M., “Ex-
perumental Study of Active Control of MDOF Structures Un-
der Seismic Excuarions,” Techmcal Report NCEER-88-0025,
National Center for Earthquake Engineering Research, Uni-
versity at Buffalo, July 10, 1988

Tt

Reinhorn, A.M.,, Soong, T.T, Lin, R.C_, Yang, Y.P, Fukao, Y.,
Abe, H . and Nakai. M., “1:4 Scale Model Studies of Active
Tendon Systems and Active Mass Dampers for Aseisouc Pro-
tection,” Technical Report NCEER-89-0026, National Center
for Earthquake Engineering Research, University at Buffalo,
September 15, 1989.

Rewnthorn, A.M., Soong, T.T., Lin, R.C , Riley, M.A,, Wang, YP,
Aizawa, § and Higashino, M ,“Active Bracing System. A Full
Implementation of Active Control,” Techmcal Report NCEER-
92-0020, National Center for Earthquake Engineering Re-
search, Umversity at Buffalo, August 14, 1992



