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Various systems for controlling the vibrations of tall buildings subjected to earthquakes
or strong winds have been developed and applied over the past few years. This paper is
concerned with the use of a composite active—passive tuned mass damper (APTMD) system
for the vibration control of a single-degree-of-freedom tower under the along-wind and the
across-wind excitations, respectively. The effectiveness of this relatively new composite
tuned mass damper system is investigated and compared with the more well-known active
tuned mass damper system. The results show reductions in the wind-induced displacement
responses of the towers are greater with APTMD if the appropriate damper and control
parameters are selected. More importantly, these better performances may be achieved with
a relatively smaller mass for the active part of the control. Such a smaller active damper
mass is advantageous for installation purposes. The parametric studies conducted herein
also show that the APTMD system is not so sensitive to the small variations of the
structure—damper mass ratio, the frequency ratio and damping factor of the damper. These

APTMD characteristics are useful in design.
© 1998 Academic Press Limited

1. INTRODUCTION

Modern buildings and towers tend to be lighter, more slender and possess smaller natural
damping when compared to their older counterparts. These structures are thus more prone
to excessive wind and earthquake induced oscillations. One way to mitigate the vibrations
is to install damping systems. The most common damping device is the passive tuned mass
damper (PTMD) which consists of an auxiliary mass in tune with the natural period of
the buildings. Xu et al. [1] designed and tested a 1:400 scale aeroelastic model of the
CAARC Standard Tall Building with such a PTMD system in a wind tunnel. The test
demonstrated the effectiveness of the tuned mass damper system in suppressing the
dynamic response of the building. A comprehensive list of structures installed with such
dampers has been compiled by Holmes [2]. Some examples of these structures are the John
Hancock Building (Boston), the City Corp Centre (New York) and the Sydney Tower
(Sydney). However, Fukushima et al. [3] pointed out that the passive tuned mass dampers
have the following problems:

The tight restriction on the size of PTMD limits the control effect;

PTMD frequency cannot be readily adjusted when its frequency is out of tune with the
structural frequency and thus leads to a significant drop in its effectiveness in vibration
control.
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To overcome the aforementioned setbacks of the PTMD, the active tuned mass damper
(ATMD) device has been developed. This device requires a control algorithm that analyses
the dynamic structural feedbacks to create a control force that drives a mass. Extensive
investigations on the active control system covering both the theoretical and the
experimental aspects have shown that structural vibrations can be further reduced using
such a control system over the passive control system. For example, Roorda [4] found that
a more effective attenuation of the vibration responses of tall flexible structures could be
achieved in the first mode by a feedback control. Nishimura ez al. [5] developed a simplified
algorithm to optimise the feedback gains and the damper parameters for efficient control
performance of ATMD. Based on experimental and theoretical studies, Kwok and Samali
[6] found that the effectiveness of PTMD in suppressing wind-induced tall building motion
could be enhanced by the addition of an active control capacity. Suhardjo et al. [7]
proposed a frequency domain approach to optimal control of wind-excited buildings in
which the H, norm of the transfer function from the external disturbance to the regulated
output is minimised. To illustrate the methodology, a 60-storey building under an
along-wind excitation was employed to show reduction in the acceleration response of the
building. Xu [8] set up a method for selecting design parameters of the active mass dampers
and estimating motion reduction of wind-excited tall building, based on a aeroelastic
model test of uncontrolled tall building. His findings showed that the wind-induced
responses of the plain buildings (i.e., without any control device) could be substantially
reduced if acceleration sensors were used and the parameters of the active mass damper
were selected appropriately.

Recently, Nishimura et al. [9] proposed that an active TMD be attached to a passive
TMD. They claimed that such a hybrid active—passive mass damper system (APTMD) has
the following advantageous features:

Compared with other conventional ATMD system, the size of the active controller is
significantly smaller which is an advantage when installed in structures;

The required control force or power for activating the device is significantly smaller as
compared with the expected vibration control performance;

The passive TMD works as a mechanical filter to cut off the high frequency noise
vibration of the active mechanism from reaching the structure.

Based on the vibration analysis of a single-degree-of-freedom structure under harmonic
excitation, Nishimura et al. [9, 10] and Fukushima er al. [3] showed that the composite
APTMD system can produce a large improvement in the control performance over the
PTMD system.

The purpose of this investigation is to study the effectiveness of APTMD in vibration
control of towers under along-wind and across-wind excitation spectra described by an
appropriate method. As in reference [8], displacement, velocity and acceleration sensors
are first conducted to establish the most appropriate sensor for the effectiveness of
APTMD. Secondly, the influence of structural characteristics on frequency response
function of structure is considered to minimise the input of external energy into the
structure. In addition, parametric studies are conducted on the control parameters with
the view to obtain some design guidelines for such a composite tuned mass damper
system.

2. GOVERNING EQUATIONS FOR COMPOSITE MASS DAMPER SYSTEM

Consider a tower modelled as a single-degree-of-freedom structure subjected to wind
force f(¢). The structural displacement xs(z) is to be damped using the composite
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active-passive tuned mass dampers (APTMD) as shown in Figure 1. The equations of the
composite mass damper system are given by (Nishimura et al. [9])

Mg)'és + Cs)és + Ks)CS — CPXP — KPXP =f([), (1)
MP(X-S + X-P) 4+ Cpxp+ Kpxp — CyXy — Kyx4 + u(t) = O, (2)
My(Xs+ Xp+ X4) + CuXy + Kyxq — u(t) =0, 3)

where Mg, M, and M, are mass of the tower, the passive TMD and the active TMD,
respectively; Ky, Kr and K, are stiffness of the tower, the passive TMD and the active TMD
respectively; Cs, Cp and C, are the damping of the tower, the passive TMD and the active
TMD respectively; x5 is the displacement response of the tower; x», x, are the relative
displacement responses of the passive TMD and the active TMD respectively; f(¢) is the
wind force; u(¢) is the control force and the superdot denotes differentiation with respect
to time.

For analysis, the frequency domain approach will be adopted since the dynamic
behaviour of a structure can often be described more simply by the transfer function in
the frequency domain, and the excitations on a structure, such as wind loads, are often
modelled as stochastic processes characterised by their spectral density functions in the
frequency domain. Adopting this approach, (1)-(3) may be cast into

xs(1) Xs(o)

xp(2) Xr(w)

xa(t) o= 4 Xalw) pe, “)
u(r) U(w)

S(@0) F,

where Xs(w), Xr»(w), X4(w) and U(w) are the Fourier transforms of xs(¢), x»(¢), x4(¢) and
u(t), respectively; w is the frequency of the wind excitation and F, the wind force.

Servo-actuator

Controller
Mp el
ATMD|

OO
Kp HWWL Mp PTMD
Cp | O O Sensor

Figure 1. Composite active-passive tuned mass damper (APTMD) system fitted on a single-degree-of-freedom
tower.
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TABLE 1
Expressions of g and g, for different sensors

Type of Sensors g g
Displacement sensor (K. [Ks)(z][ + B) — (K, /Ks)(ze/([€ + B7])
Velocity sensor (K. /Ks)te?[e + B) (K. [Ks)te /([ + B7])
Acceleration sensor — (K. /Ks)te2 /([ + ) (K. /Ks)tep?/([€ + ]

Roorda [4] has established the following relationship between the control force U(w)
and the controlled tip displacement of tower Xs(w)

€
e+1ip

U(w) = KBy Xs(w), ®)

where

r = 0 for the displacement type sensor; 1 for the velocity type sensor; 2 for the acceleration
type sensor.

B =n/ns, ¢ = R\/2nns, T = (27n,)'So/Ry. (6a—)

In (5), the parameter K, represents a proportionality constant between the control force
and the movement of the hydraulic piston; the parameter ¢ and 7 are the normalised loop
gain and feedback gain respectively; [ is the normalised excitation frequency; n the wind
excitation frequency; ns the frequency of the tower; 1/R, the feedback gain of the
transducer in the servomechanism; R, the collective loop gain of the electrohydraulic
servomechanism and S, the proportional constant between the sensed structural response
and the output voltage from the sensor.
In view of (4)—(6), equations (1)—(3) may be expressed as

hy ho hs || X(@) F
oy hyn hs K Xp(w)y=<0%, (7
hay hy hy || X ((l)) 0

where
hy=1—p>+20GB),  ho= —pupQs — 2,2, (if), 3=0 (8a—c)
hy =g — Bue+ &G, 2= (20 — B + 2up2:Lr (1), (8d, ¢)
hy = — Q% = 24404 G), I = —g — BPua — (),  ho= —pu, (8 h)
sy = (4 — Ba + 212,04 (), (81)

HP=MP/MS, Ha = MA/MS, Qp=wp/ws, QA=U)A/COS,
{s=Cs2Msws,  (p= Cp2Mpwp, (4= Ci2Ms04,  F= F/Mso; (9a-h)

and the expressions of g, and g, are given in Table 1.
By solving (7), one obtains the following transfer functions

Hs(if) = Xs(w)/F = % Hy(iff) = Xp(0)/F = 1/hi> — (hn/h2) (0 /32), (10, 11)

H,(B) = X4/F = —hp/hohy + (hnho/hiahos — hoyJhos) g [ 12. (12)
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TABLE 2(a)

Properties of towers considered

Tower Parameter Tower A Tower B Tower C
Height H (m) 80 186 250
Mass M (kg) 6-54 x 10° 1-52 x 107 205 x 107
Frequency ws (rad/s) 2:922 1256 0-935

TABLE 2(b)
Mass damper parameters
Passive TMD Active TMD
Mass ratio () 0-04(1—a) 0-04a
Frequency ratio () 0-97 0-97
Damping factor ({) 0-0975 0-0975

Note: o is mass ratio between the active tuned mass damper and the total mass dampers.

TABLE 3

Values for wind parameters

Wind parameters Values for wind property Wind parameters  Values for wind property

ko 0-03 or 0-6
I, (m) 1200 A 20
U10 (m/s) 20 A(’ 1-26
po (kg/m?) 12 S 0-11
Co 1-2 - -
T 20
N b
@ (0) (©)
g M -
2
= il f\
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Figure 2. Effect of different types of sensor on the normalised structural displacements. (a) Displacement, (b)
velocity and (c) acceleration sensors. Key: ¢ values ----, 2; ----, 5; ——-— 10; —--—--—, 20.
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where
L1 = (hZBhSZ - h22h33)/h12, Y2 = /’121h33 — /’lz3h31 + /’111(/’123}!32 — h22h33)//’112. (133, b)

The power spectra of the displacement responses of the tower, the PTMD and the
ATMD can be, respectively, expressed as

St = Hs(B)Ser(B), Sk, = [Hp(PSre(B), S5, = [Hi(P)Sre(B), (14-16)

where Sg-(f) is the non-dimensional power spectral densities of the along-wind force or
across-wind force.

For the along-wind, the two-sided Harris spectrum is adopted. This non-dimensional
power spectral density is given by Balendra et al. [11] as

Ser(B) = (4koF*/B)p (17)
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Figure 4. Variations of normalised structural displacement, damper displacement and control force against
feedback gain for Tower A under along-wind excitation (H = 80 m, ¢ = 5, K,/Ks = 0-05). Key for o values ——,
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Figure 5. Variations of normalised structural displacement, damper displacement and control force against
feedback gain for Tower B under along-wind excitation (H = 186 m, ¢ = 5, K,;/Ks = 0-05). Key as for Figure 4.
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Figure 6. Variations of normalised structural displacement, damper displacement and control force against
feedback gain for Tower C under along-wind excitation (H = 250 m, ¢ = 5, K,/Ks = 0-05). Key as for Figure 4.

where
~ B z 0-3
¢ = Umypll2+ @ypyr’,  U=Un/U., U.= U“’<1o> ’
Y = sl [2n*U, F= FmtloiMsz, Fy = poAs G U2, (18a-f)

TABLE 4
Minimum values of © and o for APTMD to be better than ATMD under along-wind

Damper disp for
Recommended recommended

oy, < 0% a5, < O o, < gl values values (m)
r A Al r A Al r A Al r A Al r A Al
Tower T o T o T o T o Oy Ova
A =11 =201 =5 =01 =20 =01 20 0-1 0-04 0-25
B =11 =01 =7 =02 =20 =01 20 02 0-25 0-70
C =11 =01 =8 =03 =20 =01 20 0-3 0-52 0-82
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TABLE 5
Values of © and o for APTMD to be better than ATMD under across-wind

Damper disp. for
Recommended  recommended

oy < Oy 05, < O g, < oy values values (m)
r A Al r A Al r % Al r A Al r Al
Tower T o T o T o T o O O
A =8 =01 =5 =01 =12 =01 12 0-1 0-04 0-32
B =8 =01 5-22 =02 =12 =02 12 02 0-20 0-71
C =8 =01 5-20 =03 =12 =02 12 0-3 0-50 0-75

in which k is the ground surface drag coefficient, /. the wave length, z the height of tower,
ws the circular frequency of tower, U), the mean wind speed at the reference height of 10 m.
po density of air; A4, the frontal area of tower; C, the drag coefficient, and U. the mean
wind speed at the height z.

For the across-wind, a new empirical formula for the across-wind spectra proposed by
Choi and Kanda [12] is adopted for the present study. The spectral form can be
decomposed into two parts, namely a narrow spectral peak due to the regular vortex
shedding and a wideband spectral distribution caused by vorticity in the separated shear
layer and the shear layer-trailing edge direct interaction. The non-dimensional spectra of
the across-wind force can be written as follows:

Foa; (f/k) — B) (Inf+ 0-566%\’
Ser(B) = =g~ Bide [ 7y \/27r5 Xp[_2< 5 ” )

where

Ac = AI(5:0/4)/T(4-0/4) (1-0/4),
= JL.G3){1 +(BD/5Bf}**  for D/B<30
k=158,/B/D, §=1(z/3) for D/B<10,
k=158, 6=158,/D/BI(z/3) for D/B>10
F, = poA U 2Msw}z,  fs=nlfs,  fs= SU./B. (20a—)

In Equations (19) and (20), ¢, represents the standard deviation of lift coefficient; I'( )
the gamma function; fs the vortex shedding; S the Strouhal number; /, the turbulence
intensity and B and D are the breadth and depth of the tower respectively. The parameter
A affects the energy distribution on the lower frequency range. In this study, 4 is assumed
to be 2-0. The value of A becomes 1-26.

For the purpose of quantifying the dynamic responses of the tower with and without
a damper system, the following normalised standard deviations of the displacement
responses are introduced:

For structural displacement response

ol ot = [ j RORT) d/ﬂ | / [ J XD d[)’} B @)
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For damper displacement response

o', J%, = [ f RT) dﬂ} / U S0.(8) dﬁ] : 22)

where the superscript i takes on different letters as: i = ¢ for tower with composite APTMD
system; a for tower with ATMD system; p for tower with PTMD system; o for tower
without any control system and the subscript D denotes the type of dampers, i.e., D = 4
for the active TMD; P for the passive TMD.

It is clear that the foregoing ratios will always be less than unity. The smaller the values
of these ratios, the more effective is the vibration control of the damper system.
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To ascertain the level of control force required to reduce tower motion to a particular
level when designing the damper system, the normalised standard deviation of the control

force is introduced (Xu [8])
S..(p) dﬁ] / [ J Su(p) dﬁ] 23)

e[

The foregoing integrals have upper limits of infinity. However, for calculation purposes,
this upper limit is taken as a finite value given by f,..c = M. /1, Where n,, is the frequency
at which the structural response spectra value is almost close to zero and n, is the natural
frequency of the structure.

€
€+1p

K.GpYy

3. EFFECTIVENESS OF COMPOSITE MASS DAMPERS

Xu [8] studied the use of an active mass damper in suppressing the motion of
wind-excited tall buildings. He first investigated the effects of using different types of
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sensors and found that the acceleration sensor gave the largest building motion reduction
for a large feasible design region of control parameters ¢, 7. Based on extensive parametric
studies, the appropriate values of parameters K;, ¢ and © were established for minimising
the building responses and control forces. The values found K,/Ks = 0-05-10 , ¢ = 5-10
and t > 5. The influences of structure-damper mass ratio, the frequency ratio and the
damping factor of the damper were also examined. Here, Xu found that the active control
system is rather insensitive to small variations of mass ratios, frequency ratios and damper
damping factors.

Following along the line of Xu’s work, this paper studies the same design considerations
for the situation in which the active damper is to be used in conjunction with a passive
damper. Empirical formulae for the spectra of the along-wind and the across-wind force
are directly used for the external excitation. The effectiveness of the composite damper
control system is determined by comparing its performance with a non-composite damper
system. For the subsequent parametric studies, three towers representing short to tall
towers are considered. This properties are given in Table 2a. The towers are fitted with
a composite tuned mass damper system characterised by the parameter values given in
Table 2b. For all computations, K,/Ks;= 0-05 has been adopted. Table 3 presents the
adopted values for the wind parameters.
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3.1. EFFECTS OF SENSOR TYPES

The normalised standard deviations of displacement response to Tower B with the
composite APTMD are computed for different loop and feedback gain values, ¢ and 7
under the along-wind excitation. A mass ratio between the active tuned mass damper and
the total mass of the dampers of o = 0-2 has been assumed for the composite damper
system. Figures 2a—c show respectively the effects of using the displacement sensor, velocity
sensor and acceleration sensor (for the active part of the control system) on the variations
of the standard deviations of structural displacement responses o5, /o with respect to the
feedback gain 7 for various feedback loop values €. It can be seen that for the displacement
sensor given in Fig. 2a, the structural displacement response o5 /a%, is less than 1 when
T > 2. This means that the composite TMDs system causes greater reduction than the
passive system. And the reduction in the structural displacement decreases as the control
parameter t increases from 2 to 30. However, Figs. 2b and 2c indicate that the control
effect of using the velocity sensor or acceleration sensor is obviously better than that of
using the displacement sensor. The numerical data shows that the acceleration sensor yields
the smallest response to the along-wind excitation. The same observations are made with
the cases of Towers A and C but the results have not been presented as they are similar
in nature to those given in Figure 2. The foregoing conclusion on the most effective sensor
type for the composite damper system concurs with that stated by Xu [§] who studied a
purely active damper control system.
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3.2. INFLUENCES OF T AND 0o ON FREQUENCY RESPONSE OF STRUCTURE

The frequency response function of a structure represents its capacity of transferring
external excitation energy to the structure itself. Its magnitude is dependent on the
structural characteristics of the system. In order to minimise the input of external energy
into the structure, the ordinates of the structural frequency response function should be
small in the frequency range where external energy is large. Figs. 3(a), (b) and (c) illustrate
the influence of damper mass ratio « on the frequency response of Tower B when an
acceleration sensor is used with feedback gain t = 10, 20 and 50 respectively. It is seen
from Fig. 3(a) that for T = 10, a smaller damper mass ratio is required to avoid large values
of frequency repsonse function, i.e., the mass of active damper should not exceed 20% of
total damper mass for t = 10. Fig. 3(c) indicates that the influence of « on the frequency
response function becomes less sensitive when v = 50. By comparing Figs. 3(a), 3(b) and
3(c), it is also seen that a larger feedback gain results in greater reduction in structural
frequency response. From the above observations, it is evident that once the feedback gain
is selected the damper mass ratio must be determined appropriately to ensure that less
external energy transfers to the structure.

3.3. PERFORMANCE OF APTMD AS COMPARED TO ATMD

To study the effectiveness of the present composite APTMD over the ATMD, the three
towers were analysed under the along-wind and the across-wind excitations, with different
damper mass ratios o = 0-1, 0-2, 0-3 and 1:0. The acceleration sensor was used with
K,/Ks = 0-05 and loop gain ¢ = 5.

Figures 4-6 show the structural displacement, damper displacements and the control
force for the three towers, normalised respectively by the structural displacement of the
PTMD system, maximum permissible damper movement (taken to be 1 m, Kwok et al.
[6]) and wind force. It is seen from Figures 4a, 5a and 6a that the composite APTMD
performs better than the ATMD (a = 1) when an appropriate feedback gain is chosen.
However, it is evident from Figures 4b, 5b and 6b that the damper motions for APTMD
is larger than that of ATMD. Nevertheless, by choosing an appropriate damper mass ratio
and feedback gain, it is possible to maintain the movement of the damper within the
permissible range. From Figures 4c, 5c and 6c¢, it can be seen that the control force required
in the APTMD system under the along-wind excitation is less than that of the ATMD
when the feedback gain 7 > 20.

Table 4 summarises the range of v and o for APTMD to be better than ATMD under
along-wind excitation. The recommended values for each tower given in the same table
indicate that larger damper mass is required for taller structures. The displacements of both
passive and active dampers for the recommended values of t and « are well within the
allowable limit as indicated in this Table. The corresponding results for the across-wind
excitation are presented in Table 5. It is to be noted that unlike in the cases of along-wind,
for the across-wind the feedback gain is bounded for Towers B and C. The lower limit
7 is to ensure a stable system response whereas the upper limit restricts the motion of the
active damper within permissible limit. For instance, in the case of Tower B, Figure 7
illustrates why the response of the active damper is quite large at © = 25 compared to
T =12 and t = 5 for across-wind excitation. The normalised variation of displacement of
the active damper for t =25 is 1-06 while 0-49 for v =12 and 0-20 for T = 5. The
corresponding curves with 1 = 25 and t = 20 are plotted in Figure 8 for along-wind. The
related variation is 0-56 for 7 = 25 and 0-49 for © = 20.

The advantage of using the APTMD is that the active mass damper component may
be of relatively smaller size when compared to that employed in a purely ATMD system.
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A smaller active mass damper enables easy installation. In order to fine tune the
recommended mass ratios given in Tables 4 and 5, Figure 9 and 10 are plotted for along
and across wind excitation respectively.

Figures 9 and 10 present the normalised structural displacement, damper displacements
and control force as the damper mass ratio « changes from 0-05 to 0-30. The feedback
gain 7 is set to be 20 for along-wind excitation and 12 for across-wind excitation. In
Figures 9(a), (b) and (c), it is seen that under along-wind excitation the best damper mass
ratio o should be 0-225 for Tower A, Tower B, and 0-26 for Tower C. When these damper
mass ratios are adopted, the structural displacement with APTMD is less than that with
ATMD; the control force is more or less the smallest; and the damper displacements are
within the maximum permissible range. Similarly for across-wind, Figures 10(a), (b) and
(c) show that the optimum damper mass ratios are 0-18 for Tower A, Tower B, and 0-25
for Tower C.

3.4. SENSITIVITY STUDY

The structural characteristics of a building or a tower, such as mass, stiffness and
damping, cannot be determined accurately. In order to investigate the influences of the
structural characteristics on the performance of APTMD, a sensitivity study of the
normalised structural response to the total mass damper ratio p, the frequency ratio Qp,
@, and the damping ratio {», {4 of dampers is conducted. The recommended values of ©
and o in Tables 4 and 5 are used for each case. The results are shown in Figures 11a—11e
for along-wind excitation and Figures 12a—12¢ for across-wind excitation. It is clear from
Figures 11a—11e that the structural responses under the along-wind force are not sensitive
to the total damper-structure mass ratio, damper-structure frequency ratios and damping
ratios of the dampers. Also, Figure 12a—12¢ indicate that the normalised structural
displacements are not affected by the total mass ratio, the damper—structure frequency
ratios and the damping ratios of dampers within a considerable range. The performance
of APTMD system, not being sensitive to the small variations of the structural
characteristics, is very useful in practice.

4. CONCLUSIONS

The effectiveness of using composite active—passive tuned mass dampers for controlling
vibration in towers due to random wind excitation has been studied. It is found that among
displacement, velocity and acceleration sensors, the acceleration sensor is the most effective
for obtaining the greatest reduction in structural displacement. The investigation on
structural frequency response function shows that the system parameters must be selected
appropriately to ensure that less external energy transfers to the structure. The study on
the performance of APTMD indicates that such an APTMD further reduces the structural
displacements when compared to its equivalent ATMD by using the appropriate feedback
gain. Here the term “equivalent” implies that the total mass for the dampers in the
APTMD is kept the same as the mass for the active damper in the ATMD. Although the
damper displacements are larger in the APTMD system, they are still within permissible
limit if feedback gain and damper mass ratio are chosen appropriately. The best values
for feedback gain and damper mass ratio are given in this paper for different tower heights
under along-wind and across wind excitation. It is found that larger damper mass ratio
is needed to taller towers. The control force is somewhat the smallest when the optimum
values of feedback gain and damper mass ratio are used. Through the sensitivity study,
it is found that APTMD is not sensitive to the uncertainties of structure and damper, such
as total mass ratio, frequency ratios and damping ratios of dampers.
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A designer may opt for the composite APTMD system, because it requires a smaller

active tuned mass damper size which is advantageous for installation purposes. The other
practical advantage is that such composite active-passive mass damper system is not
affected by the small variations of the structure-damper system.
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APPENDIX: LIST OF NOTATION

A parameter of affecting energy distribution on lower frequency range
Ay frontal area of tower

B breadth of tower

Gy drag coefficient which is taken to be equal to 1-2

Cs, Cp, Cy damping of tower, passive TMD and active TMD, respectively
D depth of tower

1) along-wind force

1 frequency of vortex shedding

G(w) control gains in frequency domain

1, turbulence intensity

K, K, K, stiffness of tower, passive TMD and active TMD, respectively
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proportional constant between the control force and the movement of the hydraulic
piston

ground surface drag coefficient which is taken to be equal to 0-03

wave length which is taken to be equal to 1200 m

mass of tower, passive TMD and active TMD, respectively

frequency of tower

feedback gain of the transducer in the servomechanism

collective loop-gain of the electrohydraulic servomechanism

Strouhal number

proportional constant between the sensed structure response and the output voltage
from the sensor

power spectral density of wind force

power spectral density of tower, passive TMD and active TMD with composite
control, respectively

power spectral density of tower without any control

displacement response of tower in frequency domain

displacement response of tower in time domain

relative displacement responses of passive TMD and active TMD in frequency
domain, respectively

relative displacement responses of passive TMD and active TMD in time domain,
respectively

mean wind speed at the reference height, 10 m

mean wind speed at height z

control force in frequency domain

control force in time domain

height of tower

damper mass ratio

normalised frequency ratio

normalised loop gain

damping factor of tower, passive TMD and active TMD, respectively

mass ratio of passive TMD and active TMD over tower, respectively

density of air which is taken to be equal to 1-2 kg/m?

standard deviation of along-wind force

standard deviation of lift coefficient

standard deviation of maximum permissible value of damper movement

standard deviation of displacement response of tower without any control
standard deviation of displacement response of tower, passive TMD and active TMD
in composite APTMD system, respectively

standard deviation of displacement response of tower with PTMD system
standard deviation response of control force

normalised feedback gain

frequency ratio of passive TMD and active TMD over tower, respectively
circular frequency of along-wind excitation

circular frequency of tower, passive TMD and active TMD, respectively



