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Abstract: Nowadays, skyscrapers are getting higher and more slender due to inner-city
concentration, which makes the structure more susceptible to dynamic excitations. The design
of super-slender skyscrapers is governed primarily by wind excitation. A traditional Tuned Mass
Damper (TMD) has been installed in many skyscrapers to mitigate wind-induced vibrations,
which has been proven to be very reliable. However, it needs large additional mass and huge
installation space near the top of the building, which makes TMD not optimal for super-
slender skyscrapers. In this paper, a semi-active distributed-Multiple Tuned Facade Damper
(d-MTFD) using movable facade elements as damping mass is investigated. The facade elements
at the upper stories of the building are parallel movable to the primary structure. Electrical
Machines (EM) as variable damper are integrated in their connections to realize semi-active
vibration control, which makes the system more effective and robust. For real application, a
practical design criterion is that the relative displacement of the facade elements cannot be too
large, otherwise it makes the occupants feel uncomfortable. Therefore, multi-objective Genetic
Algorithm (GA)-optimized on-off groundhook semi-active control is applied, where two control
objectives are optimized. One control objective is to minimize the peak top floor acceleration
and the other control objective is to minimize the maximum peak relative displacement of
all the facade elements. As a result, a Pareto Front shows that better vibration suppression
performance and smaller facade relative displacement can be achieved using the multi-objective
optimized controller.

Keywords: distributed-Multiple Tuned Facade Damper(d-MTFD), multi-objective
optimization, Genetic Algorithm(GA), groundhook semi-active control

1. INTRODUCTION

Due to significant economic benefits in dense urban land
use, more and more super-slender tall buildings are built
worldwide (Hayes, 2018). Slender skyscrapers are very sus-
ceptible to wind excitation. Tuned Mass Damper (TMD)
and distributed-Multiple Tuned Mass Damper (d-MTMD)
have been widely investigated passively and actively and
proven to be very effective solutions to mitigate the struc-
ture vibration. However, they both need additional mass
and space.

An approach using movable building cladding to isolate the
dynamic wind loads from the structural system is first pro-
posed by Kareem (1994), which is similar to the concept
of base isolation for buildings under seismic excitation.
This approach is further developed by Moon (2009) using
Double Skin Facade (DSF). The DSF outer skin can move
back and forth perpendicular to the primary structure,
to isolate the primary structure from the dynamic wind
forces. The primary structure motion can be substantially
reduced by using lower stiffness DSF connections and no

additional mass is needed. However, the excessive motion
of the DSF outer skin is a serious design limitation. To
mitigate the facade vibration, Moon (2016) further pro-
posed the TMD and DSF damping (DSFD) interaction
system, which requires relatively small additional mass
and the facade vibration becomes smaller. Zhang et al.
(2019) have also studied the energy harvesting potential
of this approach. In Moon’s approach, the wind loads
act on the movable facade and are transmitted to the
primary structure through springs and dampers. However,
if the facades are perpendicular movable connected and the
system is under seismic excitation, the seismic loads act
directly on the primary structure and are transmitted to
the movable facades. This system becomes d-MTMD with
the facade mass as damping mass. For d-MTMD under
seismic excitation, the tuning of the connection is different
from facade isolation. Many studies have been conducted
to investigate and optimize the vibration control perfor-
mance of d-MTMD using perpendicular movable facade
mass (Abtahi et al., 2012), (Fu, 2013), (Barone et al.,
2015), (Fu and Zhang, 2016), (Pipitone et al., 2018).
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In this paper, an innovative parallel movable connection
solution between the DSF outer skin and primary struc-
ture is proposed, so that the facade is fixed in the direction
perpendicular to the primary structure, but movable in the
direction parallel to the primary structure. The difference
between the parallel movable facade and the perpendic-
ular movable facade is illustrated in Fig. 1. For slender
skyscrapers under wind excitation, the most governing
design criterion is to reduce the wind-induced oscillation
in the across-wind direction due to vortex shedding. Us-
ing perpendicular movable connection, the movable DSF
outer skin on two sides begins to oscillate, then the os-
cillation transmits to the primary structure. To make the
transmission as small as possible is the design objective.
However, using parallel movable connection, the wind-
induced structure vibration causes the movable DSF outer
skin on two sides to vibrate together, which in turn damp
out the structure motion. Different from d-MTMD, facade
mass is used as damping mass, so no additional mass
is needed. Therefore, this system with parallel movable
facade connection is named as distributed-Multiple Tuned
Facade Damper (d-MTFD).

wind directionwind direction

Primary StructurePrimary Structure

0.5cf,i

0.5kf,i

0.5mf,i

DSF outer skin
DSF inner skin

Fig. 1. Concept of the parallel movable DSF outer skin
(left) and perpendicular movable DSF outer skin
(right).

As shown in the Fig. 1, each side of the two parallel
movable DSF outer skin at different stories weighs 0.5mf,i,
and the connection is modeled as the facade connection
stiffness 0.5kf,i and facade connection damping coefficient
0.5cf,i. i is introduced to distinguish movable facade at
different stories. Therefore, the facade weight at different
stories is mf,i ,where i = 1, 2, · · · , nf , and the connection
is modeled as kf,i, cf,i. The upper nf stories are installed
with the parallel movable facade. Fig. 2 shows the model
of a n story high building installed with parallel movable
facade in its upper nf stories. m1,m2, · · · ,mn are the
weights of the building stories and fw,1, fw,2, · · · , fw,n are
the across-wind loads acting on the corresponding stories.

Technically, the d-MTFD system is the same as the d-
MTMD system. However, the facade masses are used as
damping mass, so there are more design limitations com-
pared with d-MTMD. The relative displacement of facade
elements, i.e. facade displacement relative to its connected
story of the building, need to be restricted in a certain
range. Therefore, multi-objective Genetic Algorithm (GA)
is used to optimize the passive d-MTFD to reduce the
peak top floor acceleration and reduce the maximum peak
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Fig. 2. d-MTFD system modeling.

relative displacement of all the facades. Based on the
optimized passive system, groundhook semi-active control
is further implemented in the system. The groundhook
semi-active control is also optimized using multi-objective
GA. Displacement-Based Groundhook (DBG) control and
Velocity-Based Groundhook (VBG) control are both in-
vestigated and compared. Electrical Machines (EM) are
integrated in the facade connections as facade dampers,
whose damping coefficient can be set or controlled.

2. SYSTEM MODELING

The governing equations of a tall building installed with
d-MTFD can be described as follows:

Msẍ+Csẋ+Ksx = ηfw, (1)

in which Ms ∈ Rns×ns , Cs ∈ Rns×ns , Ks ∈ Rns×ns are
mass, damping, and stiffness matrices of the whole system,
where ns = n + nf . x = [x1, x2, · · · , xn, xf,1, xf,2, · · · ,
xf,nf

]T ∈ Rns , ẋ ∈ Rns , and ẍ ∈ Rns are the absolute
structure and facade displacement, velocity and acceler-
ation vectors, respectively. For passive d-MTFD, Cs is
time-invariant and for semi-active d-MTFD, Cs is time-
variant. fw = [fw,1, fw,2, · · · , fw,n]T ∈ Rn is the across
wind excitation vector and η ∈ Rns×n is the excitation
influence matrix.

Solving the above equations with large matrices is very
time-consuming. Therefore, modal reduction method is
adopted to derive a reduced order model without much loss
in the results’ accuracy (Preumont, 2018). Ni et al. (2011)
have conducted the modal analysis based on a benchmark
building and found that the first mode contributes to
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93.67% of the total structure acceleration. Under across
wind excitation, the high-rise building oscillates near its
first natural frequency because of vortex shedding. Hence,
all the facade connections can be tuned to the first reso-
nance frequency of the building. Then the whole system
can be reduced to a nred = nf + 5 degrees of freedom
system, which includes all the facade modes and the first
five modes of the building, which has been proven to be
accurate enough. The reduced model can be described in
the following equation:

MM z̈ +CM ż +KMz = ΦTηfw, (2)

where MM = ΦTMsΦ ∈ Rnred×nred , CM = ΦTCsΦ ∈
Rnred×nred , KM = ΦTKsΦ ∈ Rnred×nred are the re-
duced modal mass, damping, and stiffness matrices. Φ ∈
Rns×nred is the matrix of the reduced nred mode shapes.
z = [z1, z2, · · · , znred

]T ∈ Rnred , ż ∈ Rnred , and z̈ ∈ Rnred

represents the system modal displacement, velocity and
acceleration vector, respectively. The relationship between
x in nodal coordinates and z in modal coordinates is given
by x = Φz. The governing equation (2) can be easily
rewritten in state space form:

Ż = AZ +Bfw
y1 = C1Z +Dfw
y2 = C2Z

(3)

where the state variables Z = [zT , żT ]T ∈ R2nred are
the modal displacement and velocity of the whole system.
The performance outputs y1 = [ẍn, xf,1−xn−nf+1, xf,2−
xn−nf+2, · · · , xf,nf

− xn]T = [ẍn, xfr,1, xfr,2, · · · , xfr,nf
]T

are the top floor structural acceleration and relative dis-
placement of facade mass at each story. The measure-
ment outputs y2 = [xn−nf+1, xn−nf+2, · · · , xn, ẋn−nf+1,

ẋn−nf+2, · · · , ẋn, ẋfr,1, ẋfr,2, · · · , ẋfr,nf
]T are the struc-

ture displacement and velocity and the facade relative
velocity at the upper nf floors, which are used for the
following groundhook semi-active control.

3. MULTI-OBJECTIVE GA OPTIMIZED PASSIVE
D-MTFD

The passive d-MTFD system is first optimized using multi-
objective GA. The GA is based on the biological principle
of optimization through natural selection, which relies on
genetic operations, such as mutation, crossover, replication
and elitism. In GA, a population consisting of many system
solutions with different parameter values compete to find
the global minimum of the given cost functions (two
selected objectives), and the successful parameter values
are propagated to the future generations through a set
of genetic rules (Brunton and Kutz, 2019). There is a
trade-off between the two selected objectives. Therefore,
for multi-objective GA, a Pareto Front will be drawn to
plot all the non-inferior cost function values (Deb, 2001).
Multi-objective optimization using GA is implemented in
the optimization toolbox in MATLAB.

The two objectives selected for the optimization are
the minimization of the peak top floor acceleration (i.e.
min(||ẍn||∞)) and the minimization of the peak relative
displacement of movable facades at top nf floors (i.e.
min(||[xfr,1, xfr,2, · · · , xfr,nf

]T ||∞)). The top floor accel-
eration is the most important design criterion for the

serviceability of tall buildings under wind excitation (Sark-
isian, 2016). Although there are still no codes about the
maximum facade movement considering the comfort of the
occupants, it is desired to keep the facade motion small.

To use multi-objective GA for the passive d-MTFD sys-
tem, the optimization parameters need to be selected. To
increase the optimization speed, reducing the number of
parameters and defining reasonable parameter intervals
are necessary. As described in Section 2, the entire facade
connection is tuned to the first natural frequency of the
structure. Therefore, all the facade connection stiffness
coefficients can be calculated as follows:

kf,i = mf,i · ω2
1 i = (1, 2, · · · , nf ) (4)

where ω1 is the building’s first natural angular frequency
and the movable DSF outer skin mass mf,i at story i can
be estimated based on its area Af,i (both sides) and area
density ρA.

For the damping coefficient, the optimum damping ratio
of a single TMD system under harmonic excitation can
be used as a reference (Den Hartog, 1985), which can be
calculated as follows:

ξref =

√
3m̄

8(1 + m̄)3

m̄ =

∑nf

i=1mf,i

Meff

(5)

in which Meff is the first effective modal mass of the
structure, whose equation can be found in the reference
(Richardson and Jamestown, 2000). As known, the best
location for single TMD is where the maximum displace-
ment or acceleration occurs. For d-MTFD, the facade
masses are located vertically along the height at the up-
per floors and the building oscillation primarily follows
the first mode. Therefore, with the same damping ratio
at each floor, the maximum relative displacement of the
facade increases as the floor increases, i.e. ||xfr,1||∞ <
||xfr,2||∞ < · · · < ||xfr,nf

||∞. To make all the facade
relative displacement peaks approximately the same, i.e.
||xfr,1||∞ ∼= ||xfr,2||∞ ∼= · · · ∼= ||xfr,nf

||∞, the upper
floor damping ratios need to be increased and lower floor
damping ratios need to be decreased. Hence, the damping
ratio ξfr,1 at lowest floor and the damping ratio ξfr,nf

at
highest floor can be selected as optimizing parameters in
GA and the remaining facade damping ratios are assumed
to be linearly interpolated. The interval for ξfr,1 and ξfr,nf

can be reasonably determined based on ξref . Then the cor-
responding facade damping coefficients can be calculated
as:

cf,i = 2ξfr,i
√
mf,ikf,i i = (1, 2, · · · , nf ) (6)

Through this simplification, only two parameters that are
restricted in the interval must be optimized, which greatly
improves the speed of optimization.

4. MULTI-OBJECTIVE GA OPTIMIZED
SEMI-ACTIVE GROUNDHOOK CONTROL

Based on the optimized passive d-MTFD, groundhook
semi-active control is implemented in the system by using
EM as variable damper. Multi-objective GA is further used
to optimize the controller.
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In the early 1970s, the famous skyhook control has been
developed to reduce the response of vehicles (Karnopp
et al., 1974). Skyhook control is designed to reduce the
vibration of the sprung mass, i.e. the damping mass, so
it is not suitable for control of civil engineering struc-
tures. The groundhook control is altered from the original
skyhook control and aims to reduce the vibration of the
unsprung mass, i.e. the building structure. The application
of groundhook control has also been extended to a building
with the single TMD system (Koo et al., 2004). In this
paper, Velocity Based Groundhook (VBG) control and
Displacement Based Groundhook (DBG) control are ex-
amined and compared with each other. In the groundhook
control logic, the damper condition is examined to deter-
mine whether a high or low state of damping is required,
as illustrated in table 1.

Table 1. On-off VBG control logic.

Sign conventions Damper conditions Damping state

ẋn−nf+i > 0, ẋfr,i > 0 Extension off state (low)

ẋn−nf+i > 0, ẋfr,i < 0 Compression on state (high)

ẋn−nf+i < 0, ẋfr,i > 0 Extension on state (high)

ẋn−nf+i < 0, ẋfr,i < 0 Compression off state (low)

ẋn−nf+i represents the building velocity at story n−nf +i.
ẋfr,i represents the DSF outer skin relative velocity at the
story n− nf + i (i = 1, 2, · · · , nf ).

These four conditions can be summarized in the following
equations:

if ẋn−nf+i · ẋfr,i ≥ 0, then cf,i = clow,i

if ẋn−nf+i · ẋfr,i < 0, then cf,i = chigh,i
(7)

The on-off DBG control logic is evolved from the on-
off VGB control logic by changing the building velocity
ẋn−nf+i to the building displacement xn−nf+i. Therefore,
the on-off DBG control can be summarized as:

if xn−nf+i · ẋfr,i ≥ 0, then cf,i = clow,i

if xn−nf+i · ẋfr,i < 0, then cf,i = chigh,i
(8)

GA is applied to choose the optimal clow,i and chigh,i. In
Section 3, the passive d-MTFD has been optimized, so the
optimized passive facade damping coefficients cf,passive,i

can be further used to determine the clow,i and chigh,i.
The low/high damping coefficients of the movable facade
connections are defined as follows:

chigh,i = cf,passive,i · (1 + p1)

clow,i = cf,passive,i · (1− p2)
(9)

The parameters need to be optimized are reduced to
p1 and p2, which significantly reduces the time for the
optimization. p1 and p2 are the increasing and decreasing
percentages compared with cf,passive,i.

The overview of the multi-objective GA optimized on-off
DBG/VBG semi-active control is presented in Fig. 3. The
semi-active force u = [u1, u2, · · · , unf

]T ∈ Rnf can be
directly calculated by (10) and then act on the whole
system.

ui = cf,i · ẋfr,i (i = 1, 2, · · · , nf ) (10)

Alternatively, the time-varying cf,i can be integrated in
the system damping matrix Cs. Therefore, for semi-active
control, Cs in (1) is time-variant.

fw y1

p1 ,p2

Structure with
d-MTFD System

Multi-Objective
Genetic AlgorithmOn-off DBG/VBG

Controller

y2

u

Fig. 3. Overview of the multi-objective GA optimized on-
off DBG/VBG semi-active control.

5. RESULTS ANALYSIS

In this paper, a 76-story 306 m benchmark building with
an aspect ratio of 7.3 is considered for analysis. Due
to its slenderness, it is very wind sensitive. Yang et al.
(2004) described all the details and the mathematical
model of this benchmark building. In this model, the
rotational degrees of freedom have been removed by static
condensation and the remaining 76 translational degrees of
freedom represent the displacement of floors in the lateral
direction. The first five natural frequencies of the building
are 0.16, 0.765, 1.992, 3.790 and 6.395 Hz. 1% damping
ratio for the first five modes are assumed using Rayleigh’s
approach. The across-wind loads acting on the benchmark
building are determined from wind tunnel test using a 76-
story scaled building model (Samali et al., 2004).

Based on the benchmark model, the upper 30 stories are
installed with the parallel movable DSF. The weight of
parallel movable DSF outer skin on both sides of each
floor can be calculated as: mf,i = Af,iρA. The DSF
outer skin area on both sides can be estimated to be
320 m2 at each story, and the area density is estimated
as 0.0781 t/m2. Hence, mf = mf,1 = mf,2 = · · · =
mf,30 ≈ 25 t is approximately determined. Because all
these 30 connections are tuned to the structure’s first
natural frequency, all the 30 stiffness coefficients can be
calculated using (4). The facade damping ratio at the
lowest story and top story are selected as optimizing
parameters for GA. According to the calculated reference
damping ratio ξref = 0.05 (the first effective modal mass
Meff = 111715 t), the lower boundary and upper boundary
for both parameters are respectively set to 0.03 and 0.2.
The population size is set to 200 and then evolved for 30
generations. The optimized results are presented in the
form of Pareto Front, as shown in Fig. 5.

Currently, there are no codes for the allowable relative dis-
placement of movable facades, so ||[xfr,1, xfr,2, · · · , xfr,30]T

||∞ ≤ 0.5 m is chosen for the further investigations. When
||[xfr,1, xfr,2, · · · , xfr,30]T ||∞ = 0.498 m, the peak top
floor acceleration ||ẍn||∞ is reduced to 0.183 m/s2. In this
chosen case (Case 1, as marked in Fig. 5), the optimized
damping ratios are ξfr,1 = 0.0575 and ξfr,30 = 0.1482.
The remaining damping ratios from ξfr,2 to ξfr,29 are
linearly interpolated. With linearly interpolated damping
ratios along the height, the difference between each floor’s
peak facade relative displacement is very subtle and can
be neglected, which also proves that the assumption using
linear interpolation is reasonable, as shown in Fig. 4.
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Fig. 4. Peak facade relative displacement at different
stories.

Based on (6), the passive facade damping coefficients at
each story can be calculated, which will be further used in
(9) to determine the optimal low/high damping coefficients
for the groundhook semi-active control. The range for
the parameter p1 is limited between 0 to 50%, which is
assumed to allow maximum 50% increment for the high
damping coefficient, and the range for the parameter p2

is limited between 0 to 100%, which is assumed that the
minimum low damping coefficient can be reduced to 0.
The population size is set to 150 and then evolved for
30 generations. The Pareto Front using DBG and VBG
control are plotted in Fig. 5 for comparison. By using
groundhook semi-active control, both defined objectives
can be better optimized compared with the passive d-
MTFD system. However, it can be observed that no matter
passive or semi-active, the trade-off phenomenon always
exists. Under the same boundary conditions, the DBG
control is better than the VBG control.
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Fig. 5. Pareto Front of multi-objective GA optimized
passive and semi-active d-MTFD system.

The Case 2 (p1 = 0.3801, p2 = 0.4172), as marked in
Fig. 5, is chosen from the optimized results using DBG
semi-active control to compare with Case 1 and uncon-
trolled structure with fixed facade. The time courses of the
top floor displacement x76, top floor acceleration ẍ76 and
top floor facade relative displacement xfr,30 are plotted in
Fig. 6 for a wind excitation caused by the reference mean

wind speed of 13.5 m/s at 10 m above ground level with a
return period of 10 years. The peak top floor displacement
||x76||∞, Root Mean Square (RMS) value of top floor
displacement xrms

76 and the peak top floor acceleration
||ẍ76||∞, RMS value of top floor acceleration ẍrms

76 and
the peak top floor facade relative displacement ||xfr,30||∞,
RMS value of top floor facade relative displacement xrms

fr,30

are listed in table 2.
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Fig. 6. Time courses of x76, ẍ76 and xfr,30 for the structure
with fixed facade, Case 1 (Passive) and Case 2 (DBG).

Table 2. Comparison of structure with Fixed
facade, Passive (Case 1) and DBG (Case 2).

System Fixed facade Passive (Case 1) DBG (Case 2)

||x76||∞(m) 0.349 0.296(-15.3%) 0.303(2.6%)
xrms
76 (m) 0.116 0.081(-30.5%) 0.083(2.4%)

||ẍ76||∞(m/s2) 0.270 0.183(-32.2%) 0.174(-5.2%)
ẍrms
76 (m/s2) 0.104 0.060(-41.8%) 0.062(2.0%)

||xfr,30||∞(m) / 0.498 0.384(-22.9%)
xrms
fr,30(m) / 0.178 0.144(-19.1%)

As shown in Fig. 6, the optimized passive and semi-active
d-MTFD system both achieve better vibration suppression
performance compared with the uncontrolled structure
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with fixed facade. For top floor displacement, they all meet
the design requirement h/500 (h = 306 m is the building
height), which is relatively easy to satisfy. Therefore,
the top floor displacement is not used as a optimization
objective. Comparing Case 1 with Case 2, it can be
observed that even though the peak top floor acceleration
decreases about 5.2% using DBG semi-active control,
the RMS value increases only by 2.0%, which is almost
unchanged. However, the facade relative displacement can
be significantly reduced. The peak top floor facade relative
displacement decreases 22.9% and its RMS value decreases
19.1%. Smaller facade vibration is always better for the
serviceability of the building. Because of the trade-off
phenomenon, the maximum building acceleration can be
further reduced with the sacrifice of the vibration of
facade. Nevertheless, the reduction of building acceleration
is relatively subtle. Therefore, it is more meaningful to use
semi-active control to reduce the facade motion.

6. DISCUSSION AND CONCLUSION

In this paper, the innovative d-MTFD is studied using
optimized passive control and on-off groundhook semi-
active control. Multi-objective GAs are used to find the
optimum parameters to reduce the building acceleration,
which is an important design criterion for the occupants’
comfort, and to reduce the maximum relative displacement
of all the parallel movable facades. With this optimization
approach, the passive d-MTFD has already shown good
performance and the maximum relative displacement of all
the facades are kept approximately the same, which takes
full advantage of the damping potential of the facade at
the lower stories. DBG control and VBG control are both
tested and DBG control shows slightly better performance
under the same boundary conditions. Using groundhook
semi-active control, the facade vibration can be effectively
mitigated, which is meaningful for the practical use. The
building motion can also be reduced further, but with the
sacrifice of more sever facade motion, which is not desired.
The realization of the variable damping by EM will be
investigated in the next step. A self-contained generator
operation is foreseen.
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design of double-skin façades as vibration absorbers.
Structural Control and Health Monitoring, 25(2), e2086.

Preumont, A. (2018). Vibration control of active struc-
tures: an introduction, volume 246. Springer.

Richardson, M.H. and Jamestown, C. (2000). Modal
mass, stiffness and damping. Vibrant Technology, Inc.,
Jamestown, CA, 1–5.

Samali, B., Kwok, K., Wood, G., and Yang, J. (2004).
Wind tunnel tests for wind-excited benchmark building.
Journal of Engineering Mechanics, 130(4), 447–450.

Sarkisian, M. (2016). Designing tall buildings: structure as
architecture. Routledge.

Yang, J.N., Agrawal, A.K., Samali, B., and Wu, J.C.
(2004). Benchmark problem for response control of
wind-excited tall buildings. Journal of Engineering
Mechanics, 130(4), 437–446.

Zhang, Y., Schauer, T., and Bleicher, A. (2019). Assess-
ment of wind-induced vibration suppression and energy
harvesting using facades. In 20th CONGRESS OF
IABSE New York City 2019 - The Evolving Metropolis,
352–356.

Preprints of the 21st IFAC World Congress (Virtual)
Berlin, Germany, July 12-17, 2020

8502


