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ABSTRACT

Tall and slender buildings often endure disturbances resulting
from winds composed of various mean and fluctuating
velocities. These disturbances result in discomfort for the
occupants as well as accelerated fatigue life cycles and
premature fatigue failures in the building. This work presents the
development of a smart morphing fagade (Smorphagade) system
that dynamically alters a buildings’ external shape or texture to
minimize the effect of wind-induced vibrations on the building.
The Smorphacade system is represented in this work by a series
of plates that vary their orientation by means of a central
controller module. To validate the simulation, a simple
NACAO0012 airfoil is simulated in a stream of air at a Reynolds
number (RE) of 2 million. The pressure and viscous force
profiles are captured to plot the variation of the lift force for
different angles of attack that are then validated using published
experimental airfoil data. After validation, the airfoil is attached
to a linear spring-damper combination and is allowed to translate
vertically without rotation according to the force profile captured
from the surrounding air stream. A PID controller is developed
to equilibrate the vertical position of the airfoil by altering its
angle of attack. The model and its utility functions are
implemented as an OpenFOAM® module (MSLSolid).
Thereafter, the model is expanded to handle a planar case of a
building floor carrying 4 controllable plates. The forces on the
building profile are summed at the centroid of the building and
the windward rigid body motion of the floor is estimated by
reflecting the horizontal force component on a Finite Element
(FE) model of the building. The time series information of the
force acting on the building and the resulting oscillations are
captured for exhaustive combinations of the plate angles. This
data is used to build a lookup table that gives the best plate
configuration for a given wind condition. A controller operates
in real-time by searching the lookup table using readings of the
wind condition. Preliminary results show a 94% reduction in the
amplitudes of wind-induced vibrations.
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1. INTRODUCTION
Buildings are becoming taller and more lightweight as a result of
the developments in building designs and construction materials
[1]. These materials have become lighter, more flexible and more
absorbent of energy resulting from wind-induced vibrations [2]
because of their lower damping capacity [1, 3]. In several cases,
structural damage or even collapse resulted from vibrations
occurring at low wind speeds even if the structure was designed
for much higher wind speeds (e.g., Tacoma bridge 1940) [4, 5].
This can be explained by the vortex formations in the wake of
the building due to the separation of flow around the building.
These vortices cause fluctuations in the forces affecting the
building which excites it at the vortex system frequencies which
could be close to the its natural frequencies [1]. Additionally, the
occurrence of wind gusts either in speed or direction contributes
to the severity of these oscillations in an inevitable way [6, 7].
Fagade components and building partitions may also suffer from
damage and require more frequent maintenance as a result [3, 8].
Finally, occupant discomfort is another downside of such
oscillations and the perception of accelerations resulting from
wind is evident in many cases [6, 8]. The development of
systems to mitigate wind-induced vibrations has drawn a lot of
research interest in recent years because of these concerns.
Tuned Mass Damper (TMD) systems are one of the
solutions that has been thoroughly analyzed and tested in various
deployments [9]. It involves hanging a large mass from the
building like a pendulum and attaching it to a set of dampers. By
tuning the pendulum system to absorb a large proportion of the
vibration energy from the building, the amplitudes of such
vibrations can be reduced considerably. Another similar
approach is the Tuned Liquid Damper (TLD) system [3, 10]
where a rigid water tank is placed on top of the building so as the
sloshing motion of the water will absorb the vibration energy.
TLDs operate more efficiently at higher amplitudes [10], and
require  considerable roof space. Therefore, various
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enhancements and modifications were considered to improve
their efficiency [11, 12]. However, the mass of both systems is
often high and they generally consume space at upper floors
where real estate is most expensive. Also, they are usually tuned
for white noise wind disregarding gusts and dominant vortex
frequencies [10].

Artificial Neural Networks (ANN), inspired by the human
brain [13], were shown to successfully perform cognitive tasks
that are usually performed by humans like object, speech and
handwriting recognition [14, 15]. Special ANN designs were
also shown by Kim ez al. [16] to predict the behavior of nonlinear
hysteretic systems including structural response to earthquakes.
Given a bluff body (such as a building) in a natural fluid flow
environment, the exact vortex formations around the building
along with their resulting forces and vibrations are not obviously
predictable. ANNs could be very effective at predicting wind-
induced vibration while learning from the typical response of the
building in its natural dynamic environment.

This work proposes a novel approach to address wind-
induced vibrations by altering the vortex system frequencies and
formation locations. Different wind speeds and directions will
cause different vortex systems to be created. Therefore, the
facade of the building is to be constructed as a set of movable
louvers or plates. Measurements of the speed of the wind
attacking the building are input to a controller module that
changes the louver orientations to generate desirable vortex
shedding characteristics and hence reduce the amplitude of
building vibrations. Fluid-solid-interaction (FSI) simulations are
utilized to establish correlation between wind speed and
direction, the generated vortex system and the vibration
amplitudes. Fluid flow simulations for various plate orientations,
wind speeds and directions estimate the forces that affect the
building for each time step. These forces are reflected on a FE
model of the building to estimate the time step response of the
building and present position and velocity boundary conditions
to the fluid domain accordingly. Because of the large number of
plates and possible wind load conditions, it is impractical to run
simulations for every possible configuration. Therefore, the data
collected in this work is used to teach an ANN setup that predicts
the optimum plate configuration for a given wind condition. In
wind tunnel experiments or even after deployment, the ANN
could still be learning at a faster pace (i.e. not limited by
computational time) which will improve its performance over
time. Additionally, the erection of new buildings in the vicinity
or changes to the structure of the building could affect the typical
wind profiles, and the use of the ANN will enable the system to
adapt to such changes.

Section 2 of this work discusses the mathematical models
involved in the simulations as well as the simulation procedures.
Section 3 presents the NACAO0012 wing case for verification of
the simulation results as well as for illustrating the plate motor
controller assumptions. Section 4 discusses the studied 4-plate
and 20-plate building models, the development of the controller
and the created ANN setup suitable for online learning.

2. SIMULATION MODELING

This section presents the mathematical equations that were used
to perform the simulations as well as illustrates how the fluid and
the solid simulations interact with each other.

2.1 Fluid Model

For the wind speeds considered (less than 10 m/s), air can be
assumed to be incompressible [17]. The Reynolds averaged
Navier-Stokes (RANS) equations have been used extensively to
solve turbulent flows in similar cases in the literature [17]. The
RANS form of the momentum equation which governs
incompressible fluid flow is given by [18]:

a — —  — —
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where p is the fluid density, U is the mean velocity, Ocfy is the
effective Cauchy-Stress tensor [18]. To close the system of
equations, The k — ¢ turbulence model [19] was used because it
is known to be suitable for external flows and because of its
stability and low computational cost [20]. The standard form of
this model is given as two transport equations [19, 21] :
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where k is the kinetic energy, ¢ is its dissipation rate, g, is the
turbulent viscosity, Gj is the generation of turbulent kinetic
energy due to the mean velocity gradients and C,, Cy¢, Cy, Ok,
o, are constants of the model. The full model and the constant
values are detailed by Cabezon et al. [20]. Finally, the continuity
equation for incompressible flow gives the divergence-free
condition for the velocity U:
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Equations 1-4 are discretized using appropriate schemes for
each term on a 2D finite volume mesh created using SALOME®
[22]. OpenFOAM® [23] implementation of the PIMPLE
(PISO+SIMPLE) [18] algorithm is used for time integration as
well as pressure-velocity coupling with a dynamic time step that
changes to satisfy a certain value for the Courant number [18]. A
Courant number value of 5 showed sufficiently accurate and
stable results. ParaView [24] was used throughout this work to
visualize and analyze the results.

After the pressure and velocity fields are obtained,
MSLSolid performs a summation of the resulting pressure and
viscous forces acting on the body (building floor with plates or
airfoil) assuming a depth dimension that represents the height of
the building floor or the span of the airfoil.

Copyright © 2019 ASME

6102 Jaquiadaq 90 uo Jasn uebiydl Jo Ausseaun Aq ypd-129G-610ZsISews-1 | 0BE0IL00AZ0Y6S9/L LOVEDLLOOA/LELBS/6L0ZSISYINS/APd-sBUIPea00.d/SISYINS/BI10"dWsE  uoioa||0oje)BIpawSE//:SdRY Woly papeojumoq



2.2 Solid Model

For tall buildings, bending and torsional deformations of the
building as a whole are extensively more significant than relative
single-floor deformations. Therefore, the 2D floor embedded in
the CFD mesh does not deform and only translates and rotates in
the plane as a rigid body according to a cantilever frame model
that represents the whole building. The cantilever beam is
modeled as a single FE frame element (which could become an
arbitrary multi-member frame) whose transient response is given
by:

MX+CX+KX=F (5)

where M is the mass matrix of the frame, C is the damping
matrix, K is the stiffness matrix, X is a vector of the deflection at
the nodal degrees of freedom (DOFs), X is the velocity of the
deflection, X is the acceleration and F is a vector of the forces
extracted from the CFD simulation after being scaled for the
depth. Equation 5 is solved using the Householder algorithm for
symmetric matrices [26] to provide the instantaneous values of
the DOF accelerations X which are integrated using the time step
as follows:

Xt+At = Xt + XAt (6)
Xerae = X + XAt (7

with the initial conditions X(0) = 0 and X(0) = 0. MSLSolid
synchronizes the time step At with the variable step of the CFD
simulation automatically. The derivation of the mass matrix M
and the stiffness matrix K and their transformation to the global
coordinate system are detailed by Bhatti [27]. The damping
matrix C is assumed to be a linear combination of M and K
(proportional damping) [28]:

C=aM+BK (8)

where a and 8 are determined by solving the system of equations
[28]:

G=—+—+ )

where w; are the undamped natural frequencies for the building
and {; are their damping ratios. The damping ratios are assumed
as the typical values for buildings [28]. The natural frequencies,
however, are calculated by solving the generalized eigenvalue
problem:

K¢ = w’M¢ 9
where ¢ is an eigenvector associated with arbitrary w.

2.3 Fluid-Solid-Interaction
After the instantaneous deflections X are obtained from the solid
model, MSLSolid performs the task of moving the body in the
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Fig. 1: Motion of mesh points relative to the displacement of
the moving region (R)

CFD mesh accordingly. As shown in Fig. 1, a rectangular region
R of the mesh surrounding the building and the plates is assumed
to have a constant shape so each point of it is moved according
to X. The region R typically extends for about 5 times the
building width so that the smallest cells in the mesh (adjacent to
the solid body) will not endure any volume changes.

The outermost mesh surrounding region R is the only part of
the mesh that is allowed to deform. Its cells expand and contract
up to the fixed boundary to accommodate translation and rotation
of the building. The motion of each node in this deforming mesh
region is determined via linear interpolation between nodes on
the boundary of R (full motion) and nodes on the outermost
boundary of the computational domain (zero motion). All the
mesh point motions are performed by utilizing the OpenFOAM
dynamic mesh library [29] which adjusts the mass flow through
the cell faces automatically, effectively imposing position and
velocity boundary conditions on the fluid domain for the next
time step. After the motion is performed, the CFD simulation
performs its next time step and the process repeats.

The FSI approach presented constitutes an implementation
of the widely-used partitioned procedure [25], where the fluid
model calculates the forces which the solid model uses to
calculate the deflections and generate new position and velocity
boundary conditions for the next time step of the fluid model.

3. VALIDATION AND PID CONTROL

A simple NACAO0012 airfoil was placed in a rotating mesh
bubble as shown in Fig. 2. The mesh has 25,436 nodes and
89,026 elements because it was refined to accurately represent
the edge of the airfoil and to match with experimental results.
Figure 3 shows a comparison between the generated lift force
versus experimental data compiled by Ladson [30] for the
purpose of validating the CFD simulation. The figure shows
good agreement between experimental and CFD results which
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denotes that the rotating mesh interface has a negligible
influence on simulation accuracy.

3.1 PID Controller

The airfoil was assumed to have a mass m and was attached to a
spring of stiffness k and a damper with a constant c in the vertical
direction only, which gives the vertical motion y as:

my +cy + ky = L(a) (10)

where L(a) is the lift force as a function of the angle of attack «,
which is estimated in the design stage from the data compiled by
Ladson [30] (see Fig. 3). In the actual simulation, however, L(a)
is the vertical component of the force summation around the
profile of the airfoil. A PID controller was designed based on the
fit in Fig. 3 that moves the airfoil to a reference position y,.; by
giving a torque command T to a motor that has its own PID
controller to rotate the airfoil. As such, the rotation of the airfoil
a was assumed to satisfy:

jé +bda+ha =1 (11)

where j, b and h are the rotational inertia, viscous damping, and
stiffness, respectively. The parameters assumed for both the
validation and the PID control are summarized in Table 1. The
settling time for the airfoil was 21 seconds and the steady state
error was negligible.

4. FOUR-PLATE BUILDING
Figure 4 shows detailed cross-sectional views of the mesh used
to simulate a square building with a flat plate attached to each
corner. The angle of each plate relative to the x-axis is
determined by the controller while the center of mass of each
plate moves as if they are fixed to each corner of the building.
The building is assumed to be 1 X 1 m and the domain extends
in each direction for 10 m past the boundary of the building. To
ease calculations and to obtain preliminary results, the building
is assumed to be surrounded by only 4 relatively large plates (0.2
m chord length) rather than a plethora of small louvers or plates
as a real facade would typically consist of. To minimize shading
effects, the plates are placed at the corners of the building. The
plates are assumed to be rigid because the effect of their localized
deformations on the building-scale vortex formations is expected
to be much smaller than the effect of their rotations. This is
especially true in an actual deployment, where the plates would
be smaller in comparison to the building size than presented.
The 4-plate mesh has a total of 217,714 nodes and 762,011
elements. As was the case with the NACAO0012 airfoil, the plates
are placed in rotating mesh bubbles that have interpolation
interfaces with the rest of the mesh. Methods used to implement
mesh motion, boundary conditions, and mesh interfacing were
identical to those used for the airfoil case. For these cases, the
wind attacks the building in the positive x direction.

Table 1: Parameters of NACA0012 airfoil case

Parameter Value Unit
Mass (m) 5 Kg
Stiffness (k) 4 N/m
Damping (c) 9.8 N.s/m
Wind speed 51.54 m/s
Chord length 0.6 M

RE 2x10° -

Mach number 0.15

Span 0.6 M

Air density (p) 1.225 kg/m?3
PID system 0.001, 0, 0.001 -

y(0) 0 M

Yref 0.1 M
Rotational b 0.0017 N.m.s%rad
Rotational h 1.7x10* N.m.s/rad
PID motor 5,0,4

a(0) 5 Degree

Fig. 2: Computational mesh for the NACA0012 airfoil section

(a) full domain (b) rotating mesh interface detail
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Fig. 3: Validation of the lift coefficient generated from the
CFD simulation of the NACA0012 airfoil
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4.1 Frequency Matching

As discussed in Section 1, vortex shedding generates a range of
frequencies for the forces acting on the building that depends on
the geometry and the wind speed, among other factors. To study
the feasibility of the proposed system, the cantilever beam
representing the building was tuned to generate high-amplitude
oscillations for an average wind speed of 5 m/s. To do that, the
simulation is run and the time history of the forces and the
building deflection are plotted. The frequency of the building
oscillation is then adjusted to match that of the forces by
changing the material density p (to adjust M) and Young’s
modulus of elasticity E (to adjust K). The purpose of this tuning
is to magnify the wind force effects on the building in order to
underline the mitigation approach discussed in the following
sections. Figure 5 shows a typical history of wind forces and
building oscillation after tuning.

4.2 Plate Angle Effect

Having matched the frequencies, it remains to show that
changing the plate angles can change the frequency of the wind
forces and thus the building oscillation amplitude. This was
achieved by running a series of simulations at various constant
wind speeds. Plate 3 mirrors plate 1 and plate 4 mirrors plate 2
assuming symmetry relative to the wind direction (positive x, see
Fig. 4). This effectively reduces the independent plate angles to
a; and a,, where a; is the angle of plates 1 and 3. The simulation
issues immediate (zero-time) plate angle changes to study their
effect in a shorter simulation as per the following procedure:

Run for 10 seconds to let fluid forces stabilize
Allow building motion

increment a4 byg

Run for ¢, seconds

Repeat 3, 4 until a; = gn
Increment a, byg

Repeat 3,4, 5, 6 until @, = gn
Stop the simulation

N A

The time to wait between plate changes t,, is determined
manually for each wind speed by observing the time it takes for
the transient effects to disappear. In most cases, the transients
were negligible after 15 seconds. Seven simulations were
performed for a range of wind speeds (5-9 m/s). Each simulation
utilized 24 processor cores from the Crunch computational
cluster at the Multifunctional Structures Laboratory (MSL) at
Kansas State University. Figure 6 and 7 illustrate the wind forces
and the corresponding building deflections for a wind speed of
5.5 and 9 m/s, respectively. The figures also show the scaled
mean deflection amplitude which is calculated by defining a
window of 7 seconds before each plate change and then
calculating the moving average of the vibration amplitudes
relative to that window for each data point. The choice of 7
seconds was to eliminate the transient building response from
consideration.

Fig. 4 Computational mesh for the building floor showing: (a)
the whole building (b) details of plate 1

Horlzontal Bunldlng Oscﬂlallon

NNV

200 201 202 203 204 205 206 207 208 209 210

—0.185

Deﬂecﬁon(m

Vortex Force Oscillation

200 201 202 203 204 205 206 207 208 209 210
Time (s)

Fig. 5: Time history of building deflection vs. vortex-induced
forces after matching
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4.3 Amplitude Minimization

It is evidently straightforward to pick the best plate angle
configuration for minimum amplitude from Fig. 6 or 7 for a
specific wind speed. Figure 13 plots the best plate configuration
for the range of speeds that were simulated. It can be noted that
a; (for plates 1 and 3) appears to be more sensitive to changes in
wind speed than a,. This is most likely due to the fact that plates
1 and 3 are on the windward side of the building thus
significantly influencing flow for plates 2 and 4. It is also
interesting to note that a; seems to prefer smaller angles around
45 to 70 degrees except for wind speed of 7.5 and 8 m/s. At these
two speeds, a; jumps approximately 90 degrees while a, drops
90 degrees. The exact cause of this sudden angle swap is
unknown and is currently undergoing further investigation.

4.4 Controller Development

A controller similar to the NACAO0012 airfoil controller was
developed for the 4-plate case. Instead of performing PID
actions, however, a lookup table method was used for initial
controller development. The lookup table relates wind speed to
plate angles that were previously determined to reduce building
motion based on simulation results. The controller simply
consults this lookup table for the best plate configuration using a
single-point reading of the wind velocity. A 60-second
simulation for the building with the controller installed was
performed. Table 2 lists the parameters that were assumed or
calculated for the four-plate building. Figure 8 illustrates the
response of the building equipped with 4 controllable plates. The
wind speed is set at the inlet to 5 m/s. After the fluid domain
stabilizes and the wind forces develop, a vibration of
approximately 9.8 mm amplitude is observed in the figure. When
the controller deploys the best angles for 5 m/s (/4 and 7/8 m),
the amplitudes diminish in approximately 7 seconds to 0.6 mm
(94% reduction). The major reduction in vibration amplitudes is
due mainly to the shifting of the wind force frequencies away
from the natural frequency of the building. It should be noted that
the 20 second delays are artificial and intended for the purpose
of emphasizing the plate change effects.

Table 2: Parameters for the 4-plate building

Parameter Value Unit
Tuned Cantilever
Height 30 m
Width 0.08 m
Depth 0.08 m
Density (p) 3.5 kg/m?
Modulus (E) 1800 GPa
RE 50,000 -
CFD
Width 1 m
Height 1 m
Depth 8 m
Plate length 0.1 (4 plate) m
Plate length 0.03 (20 plate) m
Air density (p) 1.225 kg/m?
Wind direction Positive x =

Wind speed = 5.5 m/s

0.2
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E
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8
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Fig. 6: Effect of plate angles on vortex-induced forces and
building vibration amplitudes at 5.5 m/s wind speed
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Fig. 7: Effect of plate angles on vortex-induced forces and
building vibration amplitudes at 9 m/s wind speed
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Fig. 8: Effect of controller action on the 4-plate building
floor vibration amplitudes at 5 m/s wind speed

The primary advantage of a lookup table is efficiency. Given
a wind speed, (and assuming the table contains accurate best
plate angle data) the controller can immediately determine plate
angles and begin positioning the plates without having to wait
for feedback. While the lookup table control method
demonstrates ability to mitigate wind-induced vibration, its
oversimplification has limitations. Perhaps the most notable
drawback of this method is the inability of the system to account
for changes in building dynamics, and flow conditions. A
potential solution to this drawback will be presented later in
Section 4.6

4.5 20-Plate Building

A real building facade will have plates that are smaller relative
to the building than what was presented in the 4-plate building
case. To investigate the feasibility of this work for larger
deployments, the controller presented in the previous section was
tested on a building surrounded by 20 smaller plates that
discretize the former 4 plates. Figure 9 shows the mesh created
for the 20-plate building case. The problem was again reduced to
only two variables a; and &, by assuming symmetry around the
x axis (wind direction is positive x) and by grouping
neighborhoods of plates to have the same angle as illustrated in
the figure. Figure 10 shows the behavior of the 20-plate building
for the same simulation length as that used for the 4-plate cases.
The performance of the controller does not seem to be greatly
affected by the discretization of the large plates into smaller ones.
This further underlines the feasibility of the system because
grouping the plate angles into variables that represent a whole
neighborhood enables the system to handle a much larger
deployment capacity. The reduction of the vibration amplitude
observed in Fig. 10 is 84% for 5 m/s wind speed. The amplitude
reduction in this case is slightly inferior to the 4-plate case
because the smaller plates do not change location, which means
that their placement automatically assumes an angle that may not
be desirable.

Fig. 9: Computational mesh forhe 20 plate bu||ding floor:
(a) top view of the floor (b) details of plate set number 1
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Fig. 10: Effect of controller action on the 20 plates building
floor vibration amplitudes at 5 m/s wind speed
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4.6 Artificial Neural Network Controller
The controller Section 4.4 considers only the wind speed v,
as an input to determine the best plate angle configurations. In
reality, several other inputs and sources of variability play a
significant role on the structural behavior of the building. The
wind direction a,, is one of the factors that, in addition to being
highly effective on its own, is especially important when
combined with wind speed changes. Turbulence characteristics
such as intensity and frequency content can also have a
significant impact on building dynamics.
Also, the controller presented is based on a lookup table
constructed from discrete plate angle changes (increments of
1m/8). Even though the table contains discrete angle data, the
actual plate angles are continuous in reality. Furthermore,
numerical interpolation of the behavior between the discrete
angles may not be sufficiently reliable because of the highly
variable nature of best plate angles for a given wind speed (recall
Fig. 13). Considering all of this, a very large number of
simulations that account for all possibilities is needed in order to
design a reliable controller. Throughout the life of a building,
environmental as well as structural changes occur that may
considerably change its dynamic behavior, thus invalidating a
predesigned controller. Floors could be remodeled or repurposed
potentially altering mass distribution. The building facade may
be redesigned for aesthetics or shading, thus altering
aerodynamics. Other structures may be erected around the
building effectively altering wind flow and turbulence
characteristics. Any of these changes could significantly modify
optimum plate configurations; therefore, a controller unable to
adapt to these changes would become invalid.
The previous points strongly motivate the use of an ANN
instead of a simple lookup table. With sufficient learning data,
an ANN was shown to be able to generalize from previously
encountered situations to unknown ones [16]. It can also use any
current experience to update the internal weights that govern its
regression to improve it [32], which gives it the ability to adapt
to changes.
Figure 11 illustrates two ANNs that can be learned after the
system has been deployed or in a wind-tunnel experiment of a
building model, which significantly reduces the system design
time by reducing the need for performing simulations. The
readings of accelerometers mounted on the building can be
integrated by a controller module to generate time series of
building deflections [33]. A mean deflection amplitude (see
Section 4.2) can then be calculated from this data for the current
plate angles. The following steps illustrate the proposed learning
process:
1. Using current data: Update ANN 1 (see Fig. 11)
assuming mean amplitude A,,,,,

2. Using the current wind data alone: get the current best
plate configuration from ANN 2

3. Using current wind data and the configuration obtained
from step 2: obtain a mean deflection amplitude A,
from ANN 1

4. if Ayq > Ane: Update ANN 2 using the current plate

configuration and wind data

Wind information
—_—

Plate configuration
— s

Wind information
—_—

ANN 1

(predictor)

Mean deflection
amplitude (4)
EEE—

ANN 2

{lookup)

Best plate

configuration
——

Fig. 11: Proposed ANN configuration for online learning
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Fig. 12: ANN prediction of mean deflection amplitude after
36000 learning iterations
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For a new deployment or experiment, the plate angles can
be varied randomly or exhaustively in a systematic manner to
effect the learning process. the ANNs can learn from an infinite
number of data points for the length of the building’s life, limited
only by the frequency at which the learning procedure can occur.
The controller needs only to consult ANN 2 to perform the plate
angle changes.

An implementation of ANN 1 using only the velocity of the
wind and two plate angles as inputs was created as a network of
two hidden layers of 10 neurons with bipolar sigmoid activation
functions. That specific setup was obtained using numerous
trials. The network was learned using backpropagation on 67%
of all the available wind speed, plate angles, mean amplitude
combinations (~340 combinations). The learning was stopped
when the network achieved sufficient prediction for the
remaining 33% of the data set. Figure 12 plots the prediction of
the network versus the actual data set. The prediction is in good
agreement which justifies using the ANNs for the developed
facade controller.

Similarly, an implementation of ANN 2 using a similar
network setup was created from the best plate angle
configurations previously obtained. Figure 13 shows a
comparison of the best plate angle configurations between the
ANN 2 implementation and the actual values for different wind
speeds. The results are in good agreement but the prediction
ability could not be demonstrated because the data set is
relatively small (only 7 distinct speeds). Generating more data
for ANN 2 is an ongoing effort of the research project, which will
enable large-scale testing of the learning and control procedure.

6. SUMMARY AND CONCLUSIONS

The development of a smart fagade controller to mitigate wind-
induced vibrations in tall buildings was illustrated in this work.
The preliminary design of the controller depends upon fluid-
solid interaction simulations where forces from the fluid domain
are applied on a solid frame representing the dynamic
characteristics of the building. The simulation methodology was
first validated using published data for the NACAQ0012 airfoil
obtaining a good agreement. A building with 4 controllable
plates attached to its corners was investigated at different plate
angles and wind speeds. It was found that the plate angle
variation shifts the frequency of the forcing vortex systems and
considerably affects the amplitude of building vibrations. For
each wind speed that was simulated, the best plate configuration
was stored in a lookup table. A controller was developed which
consults that lookup table using a point reading of the wind
speed. The controller was found to reduce the amplitude of
building vibrations by 94%. The controller was also tested for a
building with 20 smaller plates which are grouped to act like 4
large plates. The performance of the controller was only slightly
affected by this discretization, which proves the suitability of the
system being developed for real-life building facades with a
large number of plates. An ANN configuration that is suitable for
online learning was presented and the preliminary results
indicate the suitability of using ANNs as an adaptive replacement
for the lookup tables.
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NOMENCLATURE
Oeff Effective Cauchy stress tensor [Pa]
h Rotational stiffness [N.m.s/rad]
At Time step [s]

C(c) Damping matrix (scalar damping) [N.s/m]
F Force [N]

K(k)  Stiffness matrix (scalar stiffness) [N/m]

L Lift force [N]

M(m) Mass matrix (scalar mass) [kg]

Average velocity [m/s]

Rotational damping [N.m.s>/rad]
Rotational inertia [N.m/rad]

Turbulence kinetic energy [J]

Average pressure [Pa]

Angle of attack [deg]

Damping matrix constant

Turbulence kinetic energy dissipation rate [m?/s®]
Damping ratio

Dynamic viscosity [m?/s]

Kinematic viscosity [m?/s]

Density [kg/m?]

Torque [N.m]

Rotational frequency [rad/s]

Eigenvector
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