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ABSTRACT: For the purpose of reducing seismic response of a high-rise building including high-
order vibrations, a plural number of ATMD's were tested to examine the practicability of a vib-
ration control system in each vibration mode. The results obtained are as follows: (1) The con-
cept of modal response control system have been clarlified. (2) The system functions properly
accoding to the control law in a function verification test of the ATMD model, and in a vibra-
tion control test up to the third vibration mode using 3 ATMD's on a building model, the syst-
em is capable of obtaining the same effect of vibration control as analysis. (3) The modal
response control method has been proved to be a highly practicable in a simulation analysisis

of an actual building which was performed to grasp the device scale, performance and power

consumption of the systenm.

1 INTRODUCTION

The seismic response of a high-rise building
generally include the response in the higher-
older natural vibration modes. In some cases
the responce in the second or third mode may
exceed that in the basic first mode. To reduce
seismic response of building, such high order
vibration modes must be controlled. For this
purpose, the mass damper system can be applied
to such a building without modifying its
structure by two methods: one is to provied
more than one passive tuned mass damper (TMD)
as tuned to each natural mode of vibration,
and the other, to provide an active mass dam-
per(AMD) that is capable of directry control-
ling random responses including the response
of higher-order vibration modes.

Both methods involve such problems preventing
their actual applications as: the former will
require a large-scale (heavier) damper mass
to have a sufficient effect on such random
forces as earthquake, etc.; and the latter,

a large-output driving device for a high-rise
building causing a large energy (power) con-
sumption. In this respect, we have studied
the practicability of a system capable of
controlling each vibration mode by applying
active tuned mass damper(ATMD)*, for higher
performance at a lower energy consumption.

*ATMD: To drive and control the tuned mass
damper (TMD). It is provided with a performan-
ce much higher than that of TMD. To a tuned
vibration mode of a structure, it will develop
a similar performance to that of the active
mass damper (AMD) and yet require a much smal-
er driving output than AMD.
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2 MODAL RESPONSE CONTROL METHOD
2.1 Separation into modal vibration systems

The concept of separation into the modal vib-
ration systems is considered in an example of
a structure or two-mass system on which 2
ATMD's are used for the first and second-order
vibrations. The vibration model in this case
is shown in Fig. 1. The structure consist of
two masses ms; and ms2, which are provided
with a first-order vibration ATMD having a
damper mass of mu;, and a secondary vibration
ATMD having mw: . The most effective location
for each ATMD is the point where the vibration
mode of the order in the structure become the
maximum, as described below in such case:
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Figure 1. Two-mass vibration control model



The equation of motion for the vibration co-
ntrol model consisting of a structure (2 mass-
es) and 2 ATMD's, as in Fig. 1 is given as:

[MHXP[CHII+[KIX)= ~[M]IE)ios (U] (1)

where
[M]= [M\ ] 4] =diag[ Msy Msz Moy Moy ]
0 [Mu ]
[Cl= | [Css] [Csu)
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= Csy*Cny 0 ~Cn 0
0 Csy+Csz+Cuy 0 ~Cna
~Cu1 Coy 0
E 0 =C b2 0 Cna
[K]= [Kss] [K:u]
[Kus] [Khu]
= ks +kn, 0 -k, 0
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-ko, 0 Kuy 0
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In the above equation,l X} is the displacement
vector, us is the ground accerelation and (U],
the control force vector. when the displace-

ment of the structure (X,! is expressed by
the linear sum of the mode vector |y.] obtai-

ned by solving Eq. (2) of the structure only,
X} can be rewritten as in Eq. (3).

w2 [Ms JXs I+ {Kas JUXsd= {0 ) (2)
Ix) = [vHL g} (3)
where [V] =[ [Y] o
0 [1]
[Yl =[ IY|1 lyz} 1= Y Yi2
NER Y22
(E' = (Qt q2 Xo Xuz' r
In Eq. (3), qi, q; are the first- and second-

order modal displacements of the structure.
Substituting Eq. (3) in Eq. (1) and multiply-
ing each term from the left by [V]", and use-
ing the orthogonality of the mode vector to
assume that structure is in proportional damp-
ing, the structure's mass, damping and stiff-
ness gatrix will be all diagonalized as:

[MOLCE) «[CH1UE I+ (K" UE 1= ~(Blipelu®)  (u)
where
{Bl = Yiims, + Yai1ms,;
YiaRsy + yaoms,
Mo,
- ¥
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[ u*l = Yirur + yaiU,
yizUi *+ yaa2u,
-u
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In Eq. (%), Ms., Cs. and Ksi (i=1,2) are the
modal mass, the modal damping coefficient and
the modal stiffness of the first- and second-
order vibrations of the structure,respectively.
The underlined terms of the damping, stiff-
ness matrix [C*], [K*] and the control force
vector | U*} are the coupled terms of the 1st-
and 2nd-order vibrations. These coupled terms
are assumed to have little effect on one anoth-
er because the natural frequency of these two
vibrations differ from each other and because
Msqi, Ms, >> Mor, Moz, Csqy, Cs, >> Cny, Co2
and Ks1, Ks2 >> koy, ko,. Ignoreing such an
effect and also yazZCux, yz,’cog, yyzzkn| and
Y21?koz of [C*] and [K*] for the same reason,
the equation of motion in a separated fornm for
each order vibration can be obtained as :

(M%) 1E ) +[Co®ILE ) v[K. %] (£ ,)

= B lUo+ Ui® (i=1,2) (5)
where [M:*] = diag[ Ms, m,. ]
[C.*] = [Csx*Cnl ‘Cn|]
~Cui Cui
[K.#) =[K>Mkm —k...]
-Ku i Ko
l[Es) =1qi xuil 7
[Bi) =1{yiimsi+y; mep mo, )
lu*) = yoouw -y, ) v



2.2 Vibration control system

With the separated each vibration system as in
Eq. (5), the vibration control system forms an
optimal regulator consisting of state variables
of modal displacement gq:, modal velocity q:,
and displacement x».,velocity X»: of the damper
mass, and performs feedback control.

In this case, the modal compornent of each
order of the structural response to be required
is detected by the following equations.

G =lyd " [Ms %, 0/M 50 (§=1,n) (6)
q = Sgq dt, q. = fq dt (7),(8)
(%, b= UB.1- U (3=1,n) (9)
where | Xs,] is the relative accerelation of

each mass of the structure as against the gro-
und, | B, is the absolute accerelation of
each mass, and n, the number of the mass points

3 MECHANISM OF ATMD

ATMD has a damper mass suspended like a pendu-
lum. In case of a high-rise or a super high-
rise building, the first-order natural period
will generally become longer (T > 4s) requir-
ing a longer pendulum. Therefore, the damper
mass was suspended in a state of a multi-stage
pendulum so that the system would be set up at
a one-story height of a building or lower.
Fig. 2 shows a comparison bitween the simple
and the multi-stage pendulum.

The system consists of a pendulum with its
driving device installed beneath it. (Fig. 3)
It has a damper mass at the center of a mult-
iple frame, each frame of which is suspended
in turn by ropes. Each rope is provided with
a natural frequency adjuster which changes the
effective suspension length of the rope. 0il
dampers are provided between each frame to add
an optimal damping for TMD. The driving device
consists of AC servomotors, ball screws, X-Y
beams, an X-Y joint and a sliding connection

Frame

L1/3

'ANE

In the case of a three-stage pendulum, Davpar
the same period as a single pendulum mass
is obtained at one-thrid its height. .
Requred space
(b) Singie pencham

Figure 2. Concept of multi-stage pendulum

that connects the driving device with the dam-
per mass, and which forms a universal joint.

4 FUNCTION VERIFICATION TEST

A large ATMD model(damper mass weight: 3 tons)
was set on a shaking table that excites the mo-
del at a magnitude converted from that to be
applied on a super-high-rise building in storm.
Fig. 4 shows a comparison between the experi-
mental and theoretical values. The movement of
the damper mass was in good agreement between
them. Thus, it is confirmed that the operation
conforms to the control law.

5 PERFORMANCE VERIFICATION TEST
5.1 Building and ATMD model

For the purpose of controlling vibration up to
the third-order, the building model(8 m in he-
ight, 22 tons in total weight)constructed in a
5-layer pendulum of alternately combined steel
blocks and PC steel bars. The model is suspen-
ded from the top of the frame installed on a

shaking table (Fig. 5). The shaking table and

the whole frame are excited by driving a hyd-

raulic actuator. Table 1 shows the natural vi-
bratoin characteristics of the building model.

Figuru 3. Multi-stage pendulum type ATMD
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Figure 4. Result of function verification test
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Table 2. Results of seismic responce
control test
1FL
t
| PC steel bar Maximum displacement(cm)
2FL st 2nd 3rd 3FL 5FL
— Steel block mode mode mode
Uncontrolled 1.12 0.29 0.09 0.57 1.37
3FL Control led 0.83 0.17  0.07 0.32  0.90
- Steel frame Reduction ratio (0.74) (0.59) (0.78) (0.56) (0.66)
4FL
Hydraulic Maximum accerelation(cm/s’)
actuator tst  2nd 3Ird 3FLT  SFL®
5FL l node mode mode

Shaking table

Uncontrolled 22.0 18.5 10.1 216 23.6

Controlled 19.1 15.3 9.8 20.9 17.2

Reduction ratio (0.87) (0.83) (0.97) (0.85) (0‘.73)
T

* absolute accerelation
Figure 5. Structure of experimental model

6 SIMULATION ANALYSIS OF AN ACTUAL BUILDING
Table 1. Vibration characteristics of

the building model

6.1 Specifications of building and ATMD

Order of  Natural Modal mass  The lloor of The building used is a high-rise building of
vibration frequency maximum mode steel construction, about 160 m in height and
(Hz) (kg) 70,000 tons in weight, with the vibration cha-
] s - racteristics, as shown in Table 3. The damping
; ?'352 ?'gz,:g. ;gt ratio of the building is asssumed to be 2% for
3 1.73 7.89%10° VEL all vibration order. Five ATMD's for the first-

to the fifth-order vibrations are used, and
installed on the pent house, as all the natur-
al vibration modes become maximum at the top.
The damper mass weight of each ATMD's are as

Three ATMD models are used which have been

tuned to the frequencies of the first- to the

follows:

third-order vibrations of the building model, * 1st order vibration : 150 tons
respectively. The weight of damper mass and - 2nd order vibration : 100 tons
the location of each ATMD are, as follows: * 3rd order vibration : 120 tons

+ 1st-order vibration : 50 Kg on 5FL * Uth order vibration : 120 tons

- 2nd-order vibration : 94 Kg on 3FL * 5th order vibration : 120 tons

* 3rd-order vibration : 56 Kg on UFL The total weight ratio of the SATMD's to the

The effective weight ratio to the modal mass
of building model are all about 0.8%, respec-
tively.

5.2 Results of experiment

An example of the results of the experiment

building is 0

-9%.

Table 3. Vibration characteristics of

the building

of study

Order of
vibration

Natural

requency

Modal mass

The floor of
maximum mode

of an uncontrolled and a controlled ATMD per- (Hz) (ton)

formed, exciting the shaking table by the sca- .1at

led El Centro NS wave, is shown in Fig. 6, ; g:ﬁ; ::gg.:g- tzg
includng the modal acceleration in each vibra- 3 1.02 1.56*10" top
tion order, and the displacement and the iy 1.37 1.02*10" top
acceleration of the 3rd and Sth floors of the 5 1.76 1.3u%10* top

building model.

This figure also indicate the results of simu-
lation analyses performed for each vibration,
and also the response of 3rd and Sth floors
superposed on the result of each vibration
mode. Table 2 shows the maximum values of each
response and the ratio of the controlled case
to that of the uncontrolled case. Both values
of the experiment and the analysis are almost
in agreement with each other, confirming that
the actual response control performance is
exactly asestimated theoretically.

6.2 Results of simulation analysis

Table 4 and Fig. 7 show the responses to the
input of the maximum velocity taken as 10 cm/s
of the El Centro NS wave and the TAFT EW wave.
The reducing ratios of the individual modal
compornents in controlled are scattered accor-
ding to the displacement, the relative accele-
ration and the seismic waves, and the vibra-
tion control effects are not clear.
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Figure 6. Results of modal responce control test

In the response of the building superposed the displacement is not so large (0.59~0.8U) but the
1st- to Sth-order vibrations, the reduction in absolute acceleration is reduced to as low as
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Figure 7. Response by symulation analysis ( TAFT

Table 4. Result of the simulation analysis
for control effectiveness

Haxinum displacement. {ca)

El Centro N3 TAFT EW
Order of  Un- Reductlon  tin- Reductfon
vibration controlled Contralled ratio eontrolled Controlled ratio
1 10.50 9.05 (0.90) .22 B.47  ( 0.6D0 )
2 3.93 3.10 (0.79) 7.03 370 (0.53)
3 3.08 1.72 ( 0.56 ) 1.6 1.3 (0.82 )
4 1.36 1.00 (0.76) 0.98 0.77 {0.79)
5 123 0.98 (0.80) 0.96 0.56 {0.58 )
T (1-5) 13.01 10.37 (0.8 ) 18.23 10.71 (0.59 )
Haximuw accerelation (em/s?)
Kl Centro NS TAFT EV
Order of  Un- Reduction  Un- Reduct.ion
vibralion coatrolled Centrolled ratio controllad Controlled ratia
1 m7.2 [CA] (1.00) 172.0 1735 (1.01)
2 19,6 VRS (0.99) e 3 116.5  (0.79 )
3 171.9 99.9 (0.58) 95.2 81.0 (0.85)
. 108.6 109.4 (1.0) 8.1 76.3  (0.89)
5 186 5 1500 {0.83) 1310 81.9  ( 0.63)
I (1~5) 306,8 192.8 (0.63) 29.5 150.3 (050 )
L(15)* 267.7 1218 {0.45) 215.7 03.0  (0.0n )

* absolute accerslation

0.45, indicate a large vibration control effect.
At this time, the power consmption for 1-minute
duration of earthquake is only 1.5~2 kwh.

This means ‘that a little power will be required

EW 10 cm/s )

even if an earthquake at 25 cm/s level.
Therefore, the existing motorcapacity and emer-
gency power facilities will be sufficiently
within a range of practical applicability.

7 CONCLUSIONS

For the purpose of controlling seismic respon-
se of a high-rise building, a modal vibration
control method was examined for practical app-
lication. The following results were obtained:
(1) The modal vibration control system has been
clarified. (2) ATMD has function accrding to
the control law and proved that it is capable
of obtaining the same vibration control effect
as estimation by theory. (3) From a simulation
analysis of a high-rise building, it has been
made clear that this vibration control method
is effective for controlling seismic response
and- also highly practicable from the phase of
its driving device and power consumption.
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