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Abstract

Self-sufficient semi-active vibration control of high-rise buildings under wind excitation
by moveable double-skin facades

The accelerated urbanization has led to increasing tension on urban land use. In this con-
text, more and more slender high-rise buildings are being built worldwide in pursuit of better
economic benefits. However, these structures are susceptible to wind excitation due to their
lower first natural frequency. Different passive, semi-active, and active damping systems have
been developed to reduce wind-induced structural vibration. Among them, the tuned mass
dampers are widely used and proved as a very effective method in practice. However, this
system requires a large additional damping mass. This also causes additional reinforcement,
which increases the cost and carbon footprint. A huge space near the top story of the building
is needed for the installation. In this research, a novel system named distributed-Multiple Tuned
Facade Damping (d-MTFD) system is proposed by using specially designed parallel moveable
Double-Skin Facade (DSF) outer skin as damping mass. These moveable facade elements can
be installed on the upper stories of the high-rise building. Smooth-running guide rail systems
are used to achieve the parallel moveability. Multi-objective optimization based on the Genetic
Algorithm (GA) is applied to reduce the maximum top floor acceleration (Objective I) and to re-
duce the maximum facade relative displacement (Objective II) simultaneously. The optimization
results for the passive and semi-active systems are presented in the form of the Pareto front.
The trade-off between these selected two competing optimization objectives is observed. This
approach was first validated in a simulation using a 306 m tall reference building for a wind
speed of 13.5 m/s at 10 m above ground level with a return period of 10 years. Acceptable
peak accelerations at the top story for hotel use and a maximum facade relative displacement
of less than ±0.5 m could be achieved for the benchmark building with the d-MTFD system.
For semi-active control, the variable damping coefficient can be achieved by using stepper mo-
tors in generator mode. The electrical damping coefficient can be continuously adjusted by the
developed power electronics. In addition, electrical energy can be generated and stored in a
battery. A full-scale prototype with one parallel moveable facade element was built. Based on
the prototype, the functionality of the semi-active control using a stepper motor and its energy
harvesting performance was tested by applying Hardware-in-the-Loop (HiL) simulations. Grey-
box system identification was used to estimate some parameters (spring stiffness, friction, etc.)
in the connection. The accurate system identification results ensure further validation using HiL
simulations. The HiL simulations successfully demonstrated the feasibility of a self-powered
semi-active d-MTFD system.

Keyword: moveable facade, kinetic facade, Double-Skin Facade (DSF), distributed-Multiple
Tuned Facade Damping (d-MTFD) system, energy harvesting, wind-induced vibration, semi-
active vibration control, super-slender tall building, power electronics, multi-objective optimiza-
tion, Genetic Algorithm (GA), ground-hook control, system identification, Hardware-in-the-Loop
(HiL) simulation, prototype, electric damper, resource efficiency.
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Zusammenfassung

Autarke semi-aktive Schwingungskontrolle von Hochhäusern unter Windanregung
durch bewegliche Doppelfassaden

Die beschleunigte Urbanisierung hat zu zunehmenden Spannungen über der Flächen-
nutzung in den Städten geführt. In diesem Zusammenhang werden weltweit immer mehr
schlanke Hochhäuser gebaut, um einen besseren wirtschaftlichen Nutzen zu erzielen. Diese
Strukturen sind jedoch aufgrund ihrer niedrigeren ersten Eigenfrequenz anfällig für dynamis-
che Windlasten. Es wurden verschiedene passive, semi-aktive und aktive Dämpfungssys-
teme entwickelt, um windinduzierte Strukturschwingungen zu reduzieren. Unter ihnen sind
die abgestimmten Massendämpfer weit verbreitet und haben sich in der Praxis als sehr wirk-
same Methode erwiesen. Dieses System erfordert jedoch eine große zusätzliche Dämpfungs-
masse. Dies führt auch zu einer zusätzlichen Verstärkung des Tragwerks, was die Kosten
und den CO2-Fußabdruck erhöht. Für die Installation wird ein großer Raum in den ober-
sten Stockwerken des Gebäudes benötigt. In dieser Arbeit wird ein innovatives System mit
der Bezeichnung "distributed-Multiple Tuned Facade Damping (d-MTFD) System" vorgestellt,
bei dem eine speziell entwickelte, parallel bewegliche Außenhaut der Doppelfassade (DSF)
als Dämpfungsmasse verwendet wird. Diese beweglichen Fassadenelemente können in den
oberen Stockwerken des Hochhauses installiert werden. Um die parallele Verschiebbarkeit
zu erreichen, werden leichtgängige Führungsschienensysteme eingesetzt. Eine multikriterielle
Optimierung mittels des genetischen Algorithmus (GA) wird angewandt, um gleichzeitig die
maximale Beschleunigung im obersten Stockwerk (Ziel I) und die maximale Verschiebung
zwischen der Primärstruktur und der beweglichen Außenhaut (Ziel II) zu reduzieren. Die Op-
timierungsergebnisse für die passiven und semiaktiven Systeme werden in Form der Pareto-
Front dargestellt. Der Kompromiss zwischen diesen beiden ausgewählten konkurrierenden Op-
timierungszielen wird beobachtet. Dieser Ansatz wurde zunächst in einer Simulation mit einem
306 m hohen Referenzgebäude für eine Windgeschwindigkeit von 13,5 m/s in 10 m Höhe über
Grund mit einer Wiederkehrperiode von 10 Jahren validiert. Mit dem d-MTFD System konnten
für das Referenzgebäude akzeptable Spitzenbeschleunigungen im obersten Stockwerk für die
Hotelnutzung und eine maximale Fassaden-Relativverschiebung von weniger als ±0, 5 m er-
reicht werden. Bei der semiaktiven Regelung kann der variable Dämpfungskoeffizient durch
den Einsatz von Schrittmotoren im Generatorbetrieb erreicht werden. Der elektrische Dämp-
fungskoeffizient kann durch die entwickelte Leistungselektronik stufenlos eingestellt werden.
Darüber hinaus kann elektrische Energie erzeugt und in einer Batterie gespeichert werden.
Ein maßstäblicher Prototyp mit einem parallel beweglichen Fassadenelement wurde gebaut.
Anhand des Prototyps wurden die Funktionalität der semiaktiven Regelung unter Verwen-
dung eines Schrittmotors und die Leistung der Energiegewinnung mittels Hardware-in-the-Loop
(HiL)-Simulationen getestet. Die Grey-Box-Systemidentifikation wird zur Schätzung der Param-
eter (Federsteifigkeit, Reibung, usw.) in der Verbindung verwendet. Die genauen Ergebnisse
der Systemidentifikation gewährleisten eine weitere Validierung durch HiL-Simulationen. Die
HiL-Simulationen haben erfolgreich die Machbarkeit eines autarken semiaktiven d-MTFD Sys-
tems demonstriert.
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1 Introduction

Due to the increasing global urbanization, the urban land resources for construction are be-
coming increasingly tight. Under this background, slender high-rise buildings are being built
worldwide in pursuit of better economic benefits. Different technologies have been developed
to reduce wind-induced vibrations of these wind-sensitive slender structures. In my research,
an innovative distributed-Multiple Tuned Facade Damping (d-MTFD) system is proposed and
fully investigated. In this chapter, the research background and motivation are introduced in
detail in Section 1.1. The objectives as well as the structure of this dissertation are outlined
in Section 1.2. The main contribution of this dissertation is summarized in Section 1.3, and
publications related to this dissertation are listed at the end of this chapter.
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1.1. RESEARCH BACKGROUND

1.1 RESEARCH BACKGROUND

1.1.1 Emergence of super-slender high-rise buildings

A report from the Council on Tall Buildings and Urban Habitat (CTBUH) shows that, in 2020,
the number of high-rise buildings (above 200 m) has almost tripled since the year 2010 [11].
In 2050, around 70% of the global population is estimated to live in cities [12]. With our lim-
ited ground space and always increasing population in big cities, high-rise buildings give us a
solution, which can provide more living space on a limited amount of land.

Nowadays, the new generation of skyscrapers is always getting taller and more slender. The
former World Trade Center (WTC) north tower, as shown in Figure 1.1a, used to be the tallest
building in 1971 with a height of 417 m, and the ratio of its base to height was a little less than
1:7. The recently built residential tower 432 Park Avenue in Manhattan, New York City, as shown
in Figure 1.1b, reaches a height of 426 m, which is taller than the former WTC north tower, and
its slenderness ratio is only 1:15. In Figure 1.1c, the same scale comparison is made between
these two super tall buildings. New York has the largest number of super-slender skyscrapers
[13].

(a) Former WTC1 (b) 432 Park Avenue2
(c) Same scale slenderness
comparison

Figure 1.1: Same scale slenderness comparison between former WTC and 432 Park Avenue.

Among these slender skyscrapers, the Steinway Tower, with a slenderness ratio of 1:24,
is currently the slenderest skyscraper in the world, which is located in Manhattan near central
park, as shown in Figure 1.2. Getting slender is the result of inner-city concentration, which is
now a new trend, especially in a metropolis like New York City. However, such slender buildings
bring challenges to structural engineers.

1"World Trade Center, New York City - aerial view (March 2001)" by Jeffmock, used under Creative Commons CC
BY-SA 3.0 (https://creativecommons.org/licenses/by-sa/3.0/deed.en) / adapted from original

2"432 Park Avenue from Rockefeller Center" by dconvertini, used under Creative Commons CC BY-SA 2.0 (https:
//creativecommons.org/licenses/by-sa/2.0/deed.en)
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Figure 1.2: Steinway Tower with a slenderness ratio of 1:243.

1.1.2 Vibration problem of high-rise buildings and solutions

Across-wind excitation due to vortex shedding and seismic excitation are two of the most im-
portant dynamic excitations that cause vibration problems of high-rise buildings. The induced
vibrations can damage the primary structure or the secondary components of the buildings and
can cause discomfort to the residents. The relative importance of these two dynamic loads
depends on the site location, building height, building shape, and structural system of the de-
signed high-rise buildings. For steel structures in seismically active regions, the transition from
earthquake dominant to across-wind dominant occurs when the building height reaches ap-
proximately 100 m. Concrete buildings, due to their larger mass, are controlled by seismic
excitation up to at least a height of 250 m, since the additional gravity load increases the ef-
fect of the seismic excitation [14]. For super-slender high-rise buildings, the design is primarily
governed by across-wind excitation.

Recent developments in materials science and engineering have resulted in significant in-
creases in the strength of traditional civil engineering materials such as steel, concrete, and
composite materials. Although the strength of these materials has essentially increased, the
modulus of elasticity changes very little or remains constant compared to the increase in
strength. The lag in material stiffness versus material strength also leads to problems in satis-
fying serviceability requirements for various motion parameters, such as acceleration [14]. In
consideration of human comfort, acceleration needs to be restricted. Humans begin to feel
uncomfortable when the acceleration reaches about 0.02 g. Bachmann and Ammann have
comprehensively discussed the human comfort criteria [15].

One of the widely used methods to mitigate wind-induced vibrations is to install auxiliary
damping devices. An example of this is the Tuned Mass Damping (TMD) system, which has

3"111, West 57th Street" by Gabriel Beland, used under Creative Commons CC BY 2.0 (https://creativecommons.
org/licenses/by/2.0/)
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91st Floor [309.60 m]
(Outdoor Observation Deck)

89th Floor [382.20 m]
(Indoor Observation Deck)

88th Floor

87th Floor

Figure 1.3: PTMD in Taipei 1014.

been proven to be a very reliable solution and has been applied in many completed high-
rise buildings, such as the Taipei 101 (see Figure 1.3). The Pendulum Tuned Mass Damper
(PTMD) system installed on top of the Taipei 101 can generate a horizontal force through its
relative motion that is opposite to the motion of the floor. Traditional TMD systems can reduce
the vibration response of high-rise buildings by 40% to 60% via energy dissipation. Due to
their simple implementation and effectiveness, TMD systems are widely used. However, the
conventional single TMD system has several main drawbacks: first, a large additional damping
mass weighing hundreds of tons is required; second, a huge space crossing several floors near
the top of the building is required for its installation; third, a more material-intensive support
structure is needed to carry this additional mass; fourth, the mistuning or off-optimum damping
ratio of the TMD significantly decreases its effectiveness; and fifth, there is no redundancy for
conventional single TMD systems. Due to these drawbacks, the TMD system may not be the
best choice for emerging super-slender high-rise buildings.

More damping systems have been proposed to mitigate wind-induced structural vibrations.
A comprehensive literature review has been conducted in Chapter 2.

1.1.3 Double-Skin Facade (DSF) and its potential use for vibration suppression

The Conventional Double-Skin Facade (DSF) is an efficient solution for high-rise buildings that
allows for natural ventilation and lighting. The GSW headquarters in Berlin utilizes a west-facing
DSF that acts as a thermal flue, as shown in Figure 1.4. This strategy allows the building to
be naturally ventilated for around 70% of the year, significantly reducing air-conditioning energy

4"Taipei 101 Tuned Mass Damper" by Someformofhuman, used under Creative Commons CC BY-SA 4.0 (https:
//creativecommons.org/licenses/by-sa/4.0/) / adapted from original
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usage [16]. By replacing the stationary connection of the outer skin to the primary structure with
actuators, various cavity depths can be adjusted to achieve an optimal airflow rate. Cooling and
heating seasons demand different cavity depths to reduce energy consumption [17, 18]. The
energy used for space heating, cooling, lighting, and ventilation accounts for more than 50%
of the energy consumption in buildings [19]. Recently, user comfort and interaction with the
facade have also become a design aspect. Artificial Intelligence (AI) trained with user behavior
data has been applied in the adaptive control system of innovative facades to achieve more
user convenience [20].

Figure 1.4: GSW headquarters with DSF5.

In recent decades, moveable double-skin facades are proposed to reduce wind-induced
structural vibrations. Kareem first proposed the concept of using moveable building cladding
to isolate the dynamic wind loads from the structural system [21]. Moon further developed this
approach by using the double-skin facade [22]. As shown in Concept 1 in Figure 1.5, the DSF’s
outer skin is designed to move back and forth perpendicular to the primary structure to isolate
the primary structure from the dominant across-wind excitation due to vortex shedding. By
using perpendicular connections with low-axial stiffness, the movement of the primary structure
can be significantly mitigated. However, the reduction of structural vibration is accompanied
by severe movement of the DSF’s outer skin. For practical application, excessive outer skin
movement is a critical design limitation. To reduce the facade vibration, Moon proposed the
TMD/DSF damping interaction system [23]. The TMD with a relatively small mass ratio in this
system can mitigate the facade outer skin vibration significantly, but extra damping mass is

5"GSW Building in Berlin" by Emanuele, used under Creative Commons CC BY-SA 2.0 (https://creativecommons.
org/licenses/by-sa/2.0/deed.en)
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required again. There is other research using moveable facades to reduce structural vibrations
under seismic excitation. Detailed reviews are described in Chapter 2.

Primary Structure

Wind direction

Moveable outer skin
Fixed inner skin

Wind direction

a
a

Primary Structure

Wind direction

Concept 2: Parallel Connection
(Section a-a)

Primary Structure

Moveable outer skin
Fixed inner skin

Concept 1: Perpendicular Connection
(Section a-a)

Figure 1.5: Concept of the moveable DSF using perpendicular and parallel moveable connec-
tion.

1.2 RESEARCH OBJECTIVE AND STRUCTURE OF DISSERTATION

As described in the research background, the traditional TMD system becomes not that optimal
for the emerging slender high-rise buildings to reduce wind-induced structural vibrations. The
early proposed concept using perpendicular moveable double-skin facade is practically difficult
to be realized due to its severe outer skin motion. Therefore, the concept of parallel moveable
double-skin facade is proposed [24], as shown in Concept 2 in Figure 1.5. Compared with the
perpendicular connection, the relative displacement of parallel moveable DSF’s outer skins can
be significantly reduced to achieve the same damping performance.

For skyscrapers under wind excitation, the most governing design criterion is to reduce the
wind-induced oscillation in the across-wind direction (orthogonal to the wind direction) due to
vortex shedding. By using perpendicular connections, the moveable DSF’s outer skin begins to
oscillate under wind excitation, and this oscillation is then transmitted to the primary structure.
Consequently, the design goal is to make the transmission as small as possible without exceed-
ing the allowable movement of the DSF’s outer skin. With parallel connections, the moveable
DSF’s outer skin is fixed in the direction perpendicular to the primary structure, but moveable in
the direction parallel to the primary structure. The parallel movement of the outer skin is inde-
pendent on each floor. The wind-induced structural lateral vibration causes the front and rear
parallel moveable facades on different floors to vibrate, which in turn damps the primary struc-

7
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ture’s motion. The moveable DSF’s outer skin is coupled on each side of each story and can
slide into the fixed corner of the facade. The design of the fixed corners ensures that flow sepa-
ration always occurs at these corners [25], thereby reducing the impact of the parallel moveable
facades on the vortex shedding phenomenon. These parallel moveable facades distributed over
the upper stories of the high-rise building create a damping system. Physically, this system is
similar to the distributed-Multiple Tuned Mass Damping (d-MTMD) system. However, existing
non-structure facade mass is used as damping mass, so no external mass is needed and its
installation does not occupy valuable inner space of the building. This system was named the
distributed-Multiple Tuned Facade Damping (d-MTFD) system [24].

Based on this proposed damping system, several considerations are raised:

− Smaller relative displacement of DSF’s outer skin is always desired in practice. How
to optimally design the d-MTFD system to achieve the best damping performance with
possibly small facade relative displacement?

− Whether electrical machines can be applied as adjustable damping devices for semi-
active control and simultaneously as energy harvesters to partially harvest the vibration
energy?

− How to integrate all the required components in traditional DSF to achieve parallel move-
ability of the outer skin and semi-active control of the system? A constructional design
needs to be proposed, and a prototype has been built based on the design.

− How much power can be harvested and whether it is enough for a self-sustainable opera-
tion of the semi-active control? Experimental investigations need to be conducted based
on the built prototype.

Therefore, the overall objective of this dissertation is to establish a semi-active distributed-
Multiple Tuned Facade Damper (d-MTFD) system to effectively mitigate wind-induced vibrations
of slender high-rise buildings and at the same time harvest the vibration energy efficiently. The
harvested energy is used as the energy supply for the semi-active control. It is desired to
achieve energy self-sufficient semi-active control. The whole structure of this dissertation is
illustrated in the flowchart in Figure 1.6.

The detailed research accomplished in each chapter of this dissertation can be summarized
as follows:

− Chapter 2 offers a literature survey on different vibration mitigation methods and technolo-
gies for civil structures, as well as some relevant work on vibration energy harvesting and
dual-functional dampers.

− Chapter 3 investigates and discusses the differences in the vibration control performances
and energy harvesting performances between the facade isolation concept using perpen-
dicular connections and the proposed d-MTFD system using parallel connections. Simpli-
fied two Degree-of-Freedom (2DoF) systems under harmonic excitation are used for the
analysis.

8
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2. Literature review

- Energy dissipation damping systems
- Auxiliary mass damping systems
- Vibration control using moveable facades
- Dual-functional dampers with energy harvesting

3. Conceptuell analysis (2DoF model)

- Facade isolation (perpendicular connection)
- Facade damping (parallel connection)

4. System modeling

- Structural modeling/wind modeling
- Modal reduction 

5. Passive/semi-active system optimization 

- Multi-objective Genetic Algorithms (GA)
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− Chapter 4 describes the modeling of the d-MTFD system installed on a 76-story high
benchmark building, and modal reduction is introduced to derive a reduced-order system
without much loss of accuracy. The use of a reduced-order system saves much simulation
time for further system optimization.

− Chapter 5 introduces the multi-objective Genetic Algorithm (GA) that has been used to
optimize the passive and semi-active d-MTFD system based on two objectives: first, to
reduce the top floor acceleration; second, to reduce the facade’s outer skin relative dis-
placement. Different semi-active control policies are investigated, and the influence of the
inevitable rolling friction is also considered. It is concluded that smaller rolling friction is
beneficial to the optimization results.

− Chapter 6 introduces using an electric machine together with an energy harvesting cir-
cuit (EHC) to achieve adjustable electrical damping coefficient and simultaneous energy
harvesting. The modeling of two different electric machines, i.e., DC motor and stepper
motor, is described in motor mode and generator mode. The differences are addressed.
A two-phase hybrid stepper motor with dual two-stage EHC is selected for the application
and the parameters of the motor are identified.
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− Chapter 7 presents the prototype with one full-scale moveable facade element. The com-
ponents of the prototype and test rig are introduced. The modeling of some important
components is described.

− Chapter 8 describes the steps to estimate the model parameters of the entire prototype
using grey-box system identification. High fitness values are obtained by comparing the
measured and estimated data. Hardware-in-the-Loop (HiL) simulations are performed to
validate the prototype and demonstrate the feasibility of an adjustable electrical damper
using a stepper motor. The energy harvesting performance was analyzed and it is shown
that a self-sufficient semi-active d-MTFD system can be realized.

− Chapter 9 presents the conclusion and points out the future research direction.

1.3 MAIN CONTRIBUTIONS

The contributions of this dissertation6 can be summarized as follows:

− This research is interdisciplinary as it combines structural engineering, control engineer-
ing, and electrical engineering. It connects several different fields and creates new knowl-
edge in an interdisciplinary area.

− The distributed-Multiple Tuned Facade Damping (d-MTFD) system has been proposed
by using the existing DSF’s outer skin mass as the damping mass. Compared with the
traditional solutions, the d-MTFD system requires no additional damping mass, which
minimizes the amount of building material and reduces the carbon footprint for society.

− The developed adjustable electrical damper, using a stepper motor, enables the damp-
ing device to evolve from the traditional energy dissipation strategy to the novel energy
harvesting strategy. The energy dissipation strategy has been the dominant method to
mitigate structural vibration in the past half-century. The energy harvesting strategy paves
a new way for semi-active control without an external power supply, which increases the
reliability and self-sustainability of semi-active control systems.

− Structural vibration control using moveable double-skin facades has received a lot of at-
tention from researchers in the last decade. However, all these studies are based on
theoretical analyses and numerical simulations. In this research, a prototype with a full-
scale parallel moveable facade has been developed with all the integrated components
under the support of the industry partner Josef Gartner GmbH.

− By using Hardware-in-the-Loop (HiL) simulations, the motion of the DSF’s outer skin
can be reproduced as closely as possible under across-wind excitation. Therefore, the
functionality of semi-active control and simultaneous energy harvesting can be validated

6This dissertation is in the frame of the Bundesinstitut für Bau-, Stadt-, und Raumforschung (BBSR) project (Projekt-
nummer: 10.08.18.7-18.22). The teamwork in Chapter 6 and Chapter 7 has been specified in the Author’s Contribution
at the beginning of the chapters.
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based on the prototype. The experimental validation makes the application of the system
in practice more possible.

1.4 PUBLICATIONS
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2 Literature review

High-rise buildings constructed with traditional materials such as steel and concrete have low
inherent damping. Therefore, the energy dissipated per cycle is small. When the structures are
under dynamic wind/seismic excitation, the input energy cannot be dissipated instantly, which
results in large structural vibrations. The vibrations at the resonant frequency can be 50 to
100 times larger than the static deformation, i.e., the dynamic amplification factor can reach
50 to 100. In this chapter, a literature survey of different types of structural vibration control
methods and applications is given. Auxiliary mass dampers are the main focus of the review.
In addition, a detailed review of vibration control using moveable facades is also presented.
Moreover, this review covers active control systems and dual-functional dampers that function
as both dampers and energy harvesters simultaneously.
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2.1. ENERGY DISSIPATING DAMPING SYSTEMS

2.1 ENERGY DISSIPATING DAMPING SYSTEMS

The energy dissipating damping systems are installed by highly integrating dampers within the
primary structure of the buildings to optimally control and mitigate seismic and wind-induced
vibration, as shown in Figure 2.1. The damping force is dependent upon the relative velocity.
Different types of dampers are used to dissipate vibration energy. By installing dampers at van-
tage positions (such as on the bracings, walls, joints, etc.) of the building, the overall damping
coefficient of the building can be increased, thereby reducing structural vibrations.

Figure 2.1: Energy dissipating damping system [2]7.

Energy dissipating damping systems have been widely used in many high-rise buildings
around the world. A wide variety of energy dissipating dampers, which have been developed
and installed in buildings, can be categorized into four major categories: viscous fluid damper,
viscoelastic solid damper, friction damper, and metallic damper. These four major energy dis-
sipation devices have been intensively studied and their characteristics are summarized in Fig-
ure 2.2 [3, 26].

In each tower of the former World Trade Center in New York City, more than 10000 vis-
coelastic dampers were installed in the lower chord of trusses that support the floors to reduce
wind-induced vibrations [27]. For seismic excitation, Buckling Restrained Braces (BRBs), which
belongs to metallic dampers, can be used as the seismic members, which yield first during the
earthquake to dissipate the seismic energy [28]. For the energy dissipating damping system,
the vibration energy is directly dissipated, which is different from the auxiliary mass damping
system, where a secondary mass is needed. In the auxiliary mass damping system, the vi-
bration energy is dissipated indirectly, which is through the relative vibration of the secondary
mass. Different kinds of auxiliary mass damping systems are reviewed in the following section.

7Copyright ©2019, Takagi and Wada. Under Creative Commons CC BY-NC-ND 4.0 license (https://
creativecommons.org/licenses/by-nc-nd/4.0/).
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2.1. ENERGY DISSIPATING DAMPING SYSTEMS

Figure 2.2: Summary of construction, hysteretic behavior, physical models, advantages, and
disadvantages of passive energy dissipation devices for seismic protection applications [3]8.

8Copyright ©2008, ASCE. Reprinted by permission from ASCE and Copyright Clearance Center (license ID
1257870-1).
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2.2 AUXILIARY MASS DAMPING SYSTEMS

For auxiliary mass damping systems, additional mass is installed in the primary structure and
tuned near the natural frequency of the primary structure. The dynamic interaction between the
primary structure and the damping mass is tailored to be out of phase to manifest structural
vibration suppression [29]. Different types of auxiliary mass damping systems are described as
follows.

2.2.1 Tuned Mass Dampers (TMDs)

Tuned Mass Damper (TMD) is the most widely used mass damper system. For TMDs, a huge
mass is attached to the building through springs and dampers near the top, whose inertia force
transmits to the building frame to reduce the motion. The frequency of the damper needs to
be tuned close to the natural frequency of the building mode of concern so that when that
frequency is excited, the damper will also resonate out of phase with the structural motion.
The effectiveness of TMD depends on the accuracy of its tuning and the frequency range of
its excitation [30]. The optimum tuning and optimum damping ratio are first derived in detail
using the fixed point method by Den Hartog [31]. For structures subjected to long-duration,
narrow-band excitation, TMD is a very efficient solution for vibration suppression.

For real applications, different kinds of TMDs have been designed. Generally, they can be
grouped into two categories: (1) translational TMDs, whose damping mass rests on bearings
that allow it to translate laterally; (2) pendulum TMDs, whose mass is hung by cables. The
damping mass usually weights around 0.25% - 0.75% of the total building mass, which is cor-
responding approximately to 1% - 2% of its first effective modal mass [32].

Figure 2.3: TMD in Citicorp Center [4]9.

9Copyright ©2019, John Wiley and Sons. Reprinted by permission from John Wiley and Sons and Copyright Clear-
ance Center (license Number 5367890092364).
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One famous application of translational TMDs is the Citicorp Center in New York. The
Citicorp TMD, as shown in Figure 2.3, installed on the 63rd floor of the building, has a huge
concrete mass of around 360 t, which is about 2% of the effective modal mass of the first mode.
This system is designed to reduce the structure vibration amplitude by about 50% with a peak
relative displacement of ±1.4 m [14]. The translational TMDs installed in John Hancock Tower
in Chicago followed the same design principle. However, in the case of John Hancock Tower,
a dual TMD system consisting of two 300 t mass blocks is used not only for lateral response
control but also for torsional control if these two mass block moves out of phase [33].

Figure 2.4: TMD in Steinway Tower10.

Figure 2.5: TMD in Rottweil Test Tower (Left: Pendulum rope supported TMD mass, Right:
Linear Motor as actuator)11.

Among the pendulum TMDs, the 37-story office building Crystal Tower in Osaka, which is the

10Reprinted by permission from SHoP Architects, WSP (Copyright ©SHoP Architects, WSP) .
11Copyright ©2017 Meinhardt, Nikitas and Demetriou. under Creative Commons CC BY-NC-ND 4.0 (https:

//creativecommons.org/licenses/by-nc-nd/4.0/) .
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2.2. AUXILIARY MASS DAMPING SYSTEMS

first high-rise building installed with pendulum TMD, is worth to be mentioned. Six ice thermal
storage tanks for air conditioning, each weighting 90 t, are used as the damping mass, therefore,
no additional mass is needed, which significantly reduces the cost. 50% of the wind-induced
vibration is reduced by this system [29]. Another recent famous example of pendulum TMD is
the case of the 438 m high super-slender Steinway Tower in New York. The slenderness of this
new iconic building reaches 1:24, which means it is very susceptible to dynamic wind excitation.
To mitigate the wind-induced motion, an 800 t mass damper is installed at the top. Due to the
narrow width of the building, the space allowed for the relative displacement of damping mass
is quite limited. Therefore, the mass damper with two masses consisting of steel plates is
proposed [34], as shown in Figure 2.4. The larger one (600 t) is suspended from the ceiling
using a series of cables. The smaller one (200 t) is supported from the floor below. These two
masses move in tandem to compensate for the tower motion. Another very unique example of
the pendulum TMD system is the case of the Rottweil Test Tower in Germany [35]. This TMD
system is a so-called Dual Use TMD, as shown in Figure 2.5. It functions as a normal passive
TMD system to reduce wind-induced structural vibrations. An active control system with a linear
motor as the actuator was applied to excite the tower artificially to test building sway-sensitive
equipment in the tower.

The classic TMD has been proven effective and has the advantages of simplicity and relia-
bility. However, the advantage is that its effectiveness is very sensitive to the tuning ratio. The
mistunning or the off-optimum damping ratio of TMD will significantly reduce its effectiveness
[36].

2.2.2 Multiple Tuned Mass Dampers (MTMDs)

Due to the above-mentioned shortcomings of classic single TMD, Multiple Tuned Mass
Dampers (MTMDs) were proposed. As its name described, MTMDs consists of a number
of TMDs which are connected to the primary structure in series or parallel [37], as illustrated in
Figure 2.6. Most of the research is about MTMDs in parallel. Therefore, parallel MTMDs will be
first introduced.

The idea of MTMDs was developed from the initial investigation of the dual tuned mass
damper. Iwananmi and Seto investigated the optimal design of a dual tuned mass damper for
the structure under harmonically forced oscillation, which shows better robustness than single
TMD [38]. However, the improvement is not that significant. The MTMDs were then first pro-
posed by Igusa and Xu [39, 40]. The performance of MTMDs with closely spaced natural fre-
quencies for a structure subjected to a wide-band random base excitation was investigated by
Igusa and Xu using the asymptotic analysis technique [41, 42]. Yamaguchi and Harnpornchai
have done a comprehensive parametric study of MTMDs for the structure under harmonically
forced excitation, which confirmed its efficiency and insensitivity to the offset in the frequency
tuning [43]. Their research was based on numerical simulation, and analytical results were not
obtained. In the study of Fujino [44], explicit closed-form formulas to estimate the effectiveness
of the MTMD subjected to harmonic forces were derived. Based on these formulas, a design
procedure for designing MTMDs was proposed. Kareem and Kline investigated the characteris-
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Figure 2.6: Different types of tuned mass damper (m: primary structure mass; m1, m2: damping
mass).

tics of MTMDs with distributed natural frequencies under narrow- and wide-banded excitations
represented by wind and seismic loads [45]. The findings of this study were generally in agree-
ment with the study by Yamaguchi and Harnpornchai [43].

Although the effectiveness and robustness of MTMDs have been investigated intensively,
the optimization of MTMDs has not been studied. In 1997, Joshi and Jangid first published a
paper about the optimization of MTMDs under white noise random base excitation [46]. Min-
imization of the Root Mean Square (RMS) displacement of the primary structure is selected
as the criterion in their work. Jangid has further optimized the MTMDs under harmonic base
excitation using a numerical searching technique [47]. In the research by Li, minimization of
the maximum Displacement Dynamic Magnification Factor (DDMF) and maximum Acceleration
Dynamic Magnification Factor (ADMF) is used as optimization criteria [48, 49]. Li and his group
have also done a lot of research about active MTMDs in the following years [50, 51, 52, 53]. By
using a simple numerical searching technique, constraints need to be given for the parameters.
In 2005, Hoang and Warnitichai proposed a new method of designing MTMDs, which uses a
numerical optimizer that follows the Davidon-Fletcher-Powell algorithm [54]. In this method,
parameters are treated as unconstrained variables. Zuo and Nayfeh proposed a very innova-
tive method [55]. They considered parameter optimization as a decentralized optimal control
problem, in which the control gain is composed of the spring stiffnesses and damping coeffi-
cients. Then the gradient-based H2 optimization is applied to minimize the RMS response of
the primary structure. Li and Ni also optimized the MTMDs using a gradient-based method, but
their optimization criterion is to minimize the maximum DDMF [56]. To optimize a large num-
ber of parameters, traditional optimization methods such as numerical searching techniques or
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gradient based methods are very cumbersome and need extensive computational resources.
Therefore, Genetic Algorithms (GA) have been used to optimize parameters of MTMDs [57].
By using genetic algorithms, all the optimization process is automatic. There is no need to de-
sign MTMDs based on tuning to the nearby frequency of a concerned mode. In their study, the
primary structure is modeled as a multiple Degree-of-Freedom (mDoF) system, which means
different modes are contained in this system. Therefore, the optimization has also considered
the influence of higher modes. For early studies [41, 42, 45, 48, 55], only the first mode is con-
sidered, so the primary structure is always simplified as a single Degree-of-Freedom (sDoF)
system. All these studies focused on single-mode vibration control. Under certain conditions,
these MTMDs are equivalent to a TMD [58].

By modeling the primary structure as a mDoF system, the MTMDs can be tuned to several
modes of structure vibration to realize multiple mode vibration control. The damping masses
can be placed at different floors, which is called distributed-Multiple Tuned Mass Dampers (d-
MTMDs). The d-MTMDs is comprehensively reviewed in Section 2.2.3.

Parallel MTMDs have been widely investigated and the parameters have been optimized
with different methods. However, there are not many studies about series MTMDs compared
with parallel MTMDs. Carneiro, et al. first proposed the so-called interconnected multiple tuned
mass dampers, which is the original name of series MTMDs. They compared the dynamic
suppression performance of parallel MTMDs with series MTMDs and close results are obtained
[59]. Zuo named this type of system as series MTMDs, or series TMDs [37]. In his paper,
decentralized H2 and H∞ control methods are adopted to optimize the parameters of series
MTMDs under random and harmonic excitation. It is found that the series MTMDs are more
effective and robust than parallel MTMDs of the same mass ratio. Tang and Zuo have also
extended their study of series MTMDs to active and semi-active approaches, and the Taipei
101 tower is simplified to a sDoF system for all the numerical simulations [60]. Ni and Zuo et
al. combined energy harvesting in a double mass series TMDs to test its vibration suppression
and energy harvesting performance. Although both have good performance, the motion stroke
is six times larger than the double mass parallel TMDs [61]. Later on, Zuo and Cui proposed
a novel retrofittable approach for dual-functional energy-harvesting and robust vibration control
by integrating the TMD and electromagnetic shunted resonant damping [62]. He further tested
the double mass series TMDs implemented with an electromagnetic shunted resonant damper,
which shows good vibration control and energy harvesting performance. Furthermore, the
motion stroke only increases by 19% instead of more than six times.

2.2.3 Distributed-Multiple Tuned Mass Dampers (d-MTMDs)

In the 1980s, the large-scale tuned mass damper has been widely investigated and has already
installed in high-rise buildings like the Citicorp Center Building in New York to reduce first mode
motion [63]. Traditional TMD was proved to be effective for reducing wind-induced vibrations
but was not recommended for reducing the seismic response of buildings [64].

In this background, the original idea of tuning d-MTMDs to different natural frequencies of
the structure was proposed by Clark to against seismic excitation. Bergmann et al. investigated
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the effectiveness of d-MTMDs under wind excitation [65]. The studies by Chen and Wu were
focued on the multistage, multimode tuned mass dampers strategy for structures under seismic
excitation [58, 66, 67]. A practical and accurate procedure has been developed to optimize the
placement of mass dampers at different floors, which can reduce floor accelerations effectively
[67]. Compared with the research of MTMDs on the same floor, d-MTMDs have been less
investigated in the 1990s and 2000s. It was not until the last decade that more and more
papers about d-MTMDs were published.

Moon designed vertically d-MTMDs for a 60-story tall building subjected to representative
dynamic wind loads [5]. These mass dampers are tuned to the first or second natural frequency
of the primary structure to reduce the first and second mode vibration passively. The installation
floors of mass dampers for each mode are determined based on the primary structure’s mode
shape, as shown in Figure 2.7.

Modal energy was also studied to find out the energy absorption of the structural system
under seismic excitation by Rahman et al. to evaluate the efficiency of d-MTMDs [68]. It is
observed that single TMD and MTMDs installed on the top floor have better performance during
the free vibration which is controlled only by the first mode after the earthquake. However,
during earthquakes, when the response is governed by a broad range of excitation frequencies,
d-MTMDs is more effective.

Figure 2.7: Vertically distributed-MTMDs based on mode shapes [5]12.

Elias et al. investigated the across wind response control of a 76-story benchmark building
with d-MTMDs [69, 70]. They controlled the first five modes in the d-MTMDs. The number
of modes is decided according to the desired total modal mass participation. The TMDs are
placed where the mode shape amplitude of the building is the largest/large in the first five
modes and each is tuned with the corresponding modal frequency. The dynamic performance
using d-MTMDs is compared with the performance of MTMDs placed on the same floor and

12Copyright ©2019, John Wiley & Sons, Ltd.. Reprinted by permission from John Wiley and Sons and Copyright
Clearance Center (license Number 5367921154086).
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the performance of a single TMD with the same mass ratio. It is concluded in their study that
the d-MTMDs is the most efficient approach to control the wind-induced vibration of a high-rise
building. Based on this 76-story benchmark model, the performance of d-MTMDs under seis-
mic excitation has also been studied [71]. Except for this benchmark model, a mDoF chimney
model with d-MTMDs is also adopted to test the performance under seismic excitation [72],
and under along wind excitation [73]. As listed above, Elias et al. have published a lot of pa-
pers about d-MTMDs in recent years. They have tested the d-MTMDs under different excitation
and used different models to prove their effectiveness. However, they focused primarily on
the multi-mode control strategy and place the TMDs where the mode shape amplitude of the
structure is the largest or larger in the concerned mode. Rahmani and Könke developed an al-
gorithm based on the Non-dominated Sorting Genetic Algorithm (NSGA-II) method to optimize
the placement and parameters of d-MTMDs under earthquake excitation [74]. The results show
that the optimum locations are related to the stories of the maximum modal displacement of the
lower modes, which is highly activated by the earthquake excitation. With the development of
artificial intelligence, many intelligent algorithms have been used to solve optimization problems
automatically. The optimum results can be easily obtained, but what’s important is whether the
results can be theoretically perfect interpreted or whether a new theory can be developed from
the results.

The idea of d-MTMDs was already proposed in the late 1980s, but as reviewed above, it
was only intensively studied in the last ten years. The d-MTMDs also need additional mass
as damping mass but the additional damping masses are distributed at different stories. Some
researchers further proposed using the mass of facade or shading fins as the damping mass,
which is reviewed in Section 2.3.3.

2.3 VIBRATION CONTROL USING MOVEABLE FACADE

2.3.1 Double-Skin Facade (DSF)

Before introducing the use of moveable facades for vibration control, a brief review of the con-
ventional Double-Skin Facade (DSF) is conducted. The original concept of DSF traces back to
the time when many houses in Europe used box windows to improve thermal insulation. The
Steiff factory hall in Giengen, Germany, which is designed by Richard Steiff in 1903, is consid-
ered the first building installed with DSF [75], as shown in Figure 2.8. DSF originated in Europe
but has gained more attention in North America and other Australasia countries in recent years
[76].

There are many types of DSF according to different ways of classifications. The cavity
ventilation mode, cavity ventilation type, and cavity partitioning are commonly used in the clas-
sification, as shown in Figure 2.9. The ventilation mode refers to the way air flows in the cavity
between the outer and inner skins. The air-tightened DSF can provide better thermal insulation
for the building to reduce heat loss in winter, while ventilated DSF can decrease heat gain in
summer [77]. Cavity ventilation types can be categorized into natural ventilation, mechanical
ventilation, and hybrid ventilation. According to the geometric structures of hot aisles in the
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double skin facades, DSFs can also be classified into box-window facade, shaft-box facade,
corridor facade, and multi-story facade [78].

Figure 2.8: Steiff factory hall13.

Figure 2.9: Differnet types of DSF according to three classification methods [6]14.

13"Denkmalgeschützte Fabrikhalle der Firma Steiff" by Zacharias L., used under Creative Commons CC BY-SA 3.0
(https://creativecommons.org/licenses/by-sa/3.0)

14Copyright ©2022, Al-awag and Wahab. Under Creative Commons CC BY 3.0 license (https://creativecommons.
org/licenses/by/3.0/).
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Energy consumption can be significantly reduced by using DSF. The use of DSF leads to
about 10-15% energy saving for cooling in the peak of summer due to heat exhausted by nat-
ural ventilation, and about 20-30% energy saving for heating in winter due to the greenhouse
effect [79]. The research by Chan et al. indicates that DSF with single clear glazing as the inner
skin and double reflective glazing as the outer skin can provide an annual energy saving of ap-
proximately 26% for building cooling, as compared to a conventional Single-Skin Facade (SSF)
with single absorptive glazing [80]. Air-tightened DSFs have good performance in reducing
heat loss during cold seasons. However, for hot and even subtropical climates, ventilated DSFs
are more appropriate to improve human thermal comfort [80, 81]. Adjustable shading devices
can be integrated as part of the DSF system to improve human thermal comfort further in hot
seasons [82]. The transparency of DSFs ensures the advantages of using DSF have been in-
vestigated from the environmental, aesthetic, and economical aspects. From the environmental
point of view, energy consumption can be significantly reduced by using DSF. The use of DSF
leads to about 10-15% energy saving for cooling in the peak of summer due to heat exhausted
by natural ventilation, and about 20-30% energy saving for heating in winter due to the green-
house effect [79]. The research by Chan et al. indicates that DSF with single clear glazing
as the inner skin and double reflective glazing as the outer skin can provide an annual energy
saving of approximately 26% for building cooling, as compared to a conventional Single-Skin
Facade (SSF) with single absorptive glazing [80]. Air-tightened DSFs have good performance
in reducing heat loss during cold seasons, but they may have the risk of overheating in summer
[83]. For hot and even subtropical climates, ventilated DSFs are more appropriate to improve
human thermal comfort [80, 81]. Adjustable shading devices can be integrated as part of the
DSF system to improve human thermal comfort further in hot seasons [82]. The transparency
of DSF ensures sufficient daylight for the interior spaces without glare, which is an important
factor of energy saving [84]. DSFs also have good performance of acoustic insulation, which
can reduce noise levels at loud locations, such as highways or airports [85]. Additionally, the
aesthetic value of DSF has attracted a lot of attention from architects, developers, and owners
[81]. Economically, DSFs have a higher initial investment cost, but this can be balanced by the
relatively lower running costs. However, DSFs have higher maintenance costs than traditional
SSFs [18].

The types and advantages of the conventional double-skin facade have been briefly intro-
duced, and the research on the use of moveable facades to reduce structural vibrations is
reviewed as follows.

2.3.2 Facade isolation

Kareem proposed the concept of using moveable building cladding to isolate the dynamic wind
loads from the structural system [21]. Using this new approach, the building facade is isolated
from the primary structure, therefore, the dynamic wind loads can be avoided to act directly on
the structure. By further spatially dividing the cladding (facade) into regular and isolated panels
over the height of the buildings, the wind load correlation can be broken up, hence the overall
load will be reduced [86].
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2.3. VIBRATION CONTROL USING MOVEABLE FACADE

Although this concept has been proposed for more than 20 years, it wasn’t until 2009 that
Moon investigated it theoretically for the first time [22]. Double-skin facade, which has obtained
a lot of attention in Europe due to its contribution to energy saving, is firstly investigated for its
vibration suppression potential. In his study, the moveable DSF outer skin is perpendicularly
connected with the building’s primary structure using low-axial-stiffness spring and damper
components so that the transmissibility of the dynamic wind loads can be reduced, as shown in
Figure 2.10. The whole system is simplified as a two Degree-of-Freedom (2DoF) system and
the dynamic wind loads are simplified as sinusoidal loads to represent the wind loads under
the vortex-shedding condition. The parametric study of this system shows that the primary
structure vibration is largely reduced using low-axial-stiffness connections but with the sacrifice
of excessive outer skin facade vibration, which is a serious design limitation. Azad et al. have
done a similar analysis, which came to the same conclusion as Moon [87].

Figure 2.10: Concept diagram of facade isolation and its simplified 2DoF system [7]15.

Because of this limitation, Moon also proposed adding vertically distributed small tuned
mass dampers within the DSF cavities [7], as shown in Figure 2.11. The DSF outer skins
are fixed to the primary structure and the small additional masses vibrate within the cavities
to dampen out the structure vibration, which functions as d-MTMDs. A big difference between
facade isolation using the perpendicular moveable connection and d-MTMDs is that by facade
isolation the wind loads first act on the moveable facade and then transmit to the primary struc-
ture, and by d-MTMDs the wind loads act directly on the primary structure as the facade is fixed
to the primary structure.

15Copyright ©2011 Published by Elsevier Ltd.. Reprinted by permission from Elsevier and Copyright Clearance
Center (license number 5367930404543).
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Figure 2.11: Concept diagram of distributed TMDs within the DSF cavities [7]16.

To mitigate the excessive vibration of the DSF outer skins under wind excitation, the tuned
mass damper (TMD) and DSF damping (DSFD) interaction system was further proposed [23].
Compared with the traditional TMD system, the TMD/DSFD interaction system requires small
additional damping mass and small installation space to achieve the same vibration control per-
formance. Compared with the facade isolation system or DSF damping system, the TMD/DSFD
interaction system has much smaller vibrations of the DSF outer skins. Therefore, this innova-
tive system combines the advantages of these two systems, which makes it more possible to
be realized.

2.3.3 Facade as damping mass

Facade isolation is proposed to reduce the wind-induced vibration of tall buildings. The dy-
namic wind loads act on the moveable facade element, then transmit to the primary structure.
However, under seismic excitation, the seismic loads act on the primary structure first and then
transmit to the moveable facade. Therefore, under seismic excitation, the facade isolation sys-
tem using the perpendicular moveable connection is equivalent to d-MTMDs with facade mass
as damping mass. The difference is that the optimum tuning of the system is different.

The moveable DSF is not the first non-structural member of the building used as damping
mass to reduce primary structure vibration. Fu and Johnson first proposed using external shad-
ing fins as damping mass [88]. A pattern search optimization method was adopted to optimize
the system that can significantly mitigate the structure vibration. However, pattern search is

16Copyright ©2011 Published by Elsevier Ltd.. Reprinted by permission from Elsevier and Copyright Clearance
Center (license number 5367930404543).
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subjected to convergence to local optimums and produces different optimum results with dif-
ferent initial values. Therefore, with this method, only near-optimal results can be found. It is
also observed that the increased performance of the primary structure comes at the expanse
of large movements of the damping mass. There is a trade-off between the structure vibration
and damping mass stroke. Fu and Johnson further expanded their research of this system
using active control [89]. LQR methodology is applied to further mitigate the structure vibra-
tion. In the same year, Fu formulated the facade damper system with different configurations
and optimized the damper parameters using the same pattern search algorithm to minimize the
structural responses to stochastic and historical earthquake excitations [90]. Same active con-
trol using LQR methodology has also been implemented in the facade damper system [8]. The
suggested perpendicular connection by Fu and Zhang is shown in Figure 2.12. Barone et al.
have also considered the flexural stiffness of the outer skin in their modeling [91]. Two global op-
timization methods, i.e., Genetic Algorithm (GA) and Particle Swarm Optimization (PSO) have
been adopted to optimize the system. The PSO optimized results show in general better perfor-
mance. Therefore, based on PSO, different objective functions are further investigated under
different seismic events by this research group [92]. An average objective function that simulta-
neously takes into account multiple earthquake records is adopted to increase the robustness
of the system.

Another similar damping system is the Hula Mass-damper System (HMS) [93], which is
developed by the Obayashi Corporation. The entire outer skins of the DSF are considered
rigid and connected to the primary structure using many compact high-damping rubbers. It has
been experimentally confirmed by the Obayashi Technical Research Institute that the system
can reduce about 20% to 30% of the seismically excited structural motion. The system has been
used in the Hanae Mori Building in Tokyo to effectively protect the structure during earthquakes
with a seismic intensity of magnitude 6 or higher [94].

Figure 2.12: Suggested perpendicular connection [8]17.

17Copyright ©2016, American Society of Civil Engineers. Reprinted by permission from ASCE and Copyright Clear-
ance Center (license ID 1257882-1).
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In all these studies, the flexibly connected facade can move back and forth perpendicular
to the primary structure. For wind excitation, it can be designed as a facade isolation system,
and for seismic excitation, it can be designed as d-MTMDs using moveable facade mass as
damping mass. The difference is the tuning of the perpendicular moveable connection. In this
dissertation, the innovative d-MTFD system using parallel moveable connections is proposed.
Physically, the d-MTFD system has no difference from d-MTMDs. However, with a specially
designed parallel connection, the system can be also used to mitigate wind-induced structural
vibration and is more practical to be realized compared with the facade isolation system us-
ing the perpendicular connection. The difference between the perpendicular connection and
parallel connection is illustrated in Figure 1.5.

2.4 DUAL-FUNCTIONAL DAMPERS WITH ENERGY HARVESTING

In the last decades, most of the research was focused on the application of harvesting energy
from high-frequency vibrations with frequencies above 10 Hz. The oscillation is on the order of
millimeters. The piezoelectric transducer is the dominant technology in these applications. The
harvested power is from the scale of microwatts to milliwatts [95], which can be used in self-
powered wireless sensors and other low-power electronics for structural health monitoring [96,
97]. Even though only quite limited energy is harvested but it is very meaningful, which brings
breakthroughs in its applications. For the traditional portable electronics and wireless sensors,
whose power supply in most cases are conventional batteries, problems occur because of the
finite lifespan of their battery. Battery replacement is often not practical out of the consideration
of high cost and sometimes inaccessible locations and so on. By harvesting waste mechanical
energy, the life of the power supply can be prolonged, and the captured energy is ideally enough
for the whole lifespan of the devices [97].

The vibrations of tall buildings, towers, and long-span bridges are usually with low frequency
and large amplitude. These structures are very sensitive to dynamic loads, such as wind,
earthquake, and traffic loads. Typically, the frequency of these large-scale structure vibrations
is below 1 Hz and the potential power can reach the order of kilowatts. Thus, energy harvesting
from large-scale vibrations has attracted more attention. The electromagnetic transducer is
preferred for energy harvesting from large-scale vibration. The electromagnetic transducer also
generates electrical damping force to reduce the vibration. As a result, energy dissipation
strategies have evolved into energy harvesting strategies in structural vibration control by using
dual-functional dampers that can not only reduce structural vibration but also generate energy
[98, 99].

Electromagnetic motors have been widely used in vehicle suspensions. Because of the road
roughness, accelerations, decelerations, and unevenness of the road, the undesired vibration
will be excited. Using high-speed linear electromagnetic motors, the active-controlled vehicle
suspension system is developed by Bose Corporation, which significantly improves the comfort
of the passengers. With regenerative switching power amplifiers, the power consumption in
the active control can be reduced by 1/3 [100]. For the rotational electromagnetic motor, the
linear motion from the vibration needs to be transferred to rotational motion. The ball screw
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mechanism is traditionally used to transform rotational motion into linear motion in the linear
actuator, which can also inversely drive the rotational electromagnetic motor used as an energy
harvester. Kawamoto et al. proposed a regenerative shock absorber using a ball screw mech-
anism [101]. Rack-and-pinion mechanism is also used to realize linear and rotational motion
transform [102].

Palomera-Arias et al. studied the feasibility of passive electromagnetic dampers and pointed
out their possible semi-active operation by modifying the circuit impedance [103]. Cassidy et
al. developed an electromagnetic transducer by coupling a permanent-magnet synchronous
with a back-driven ball screw [104]. This transducer was attached to a tuned mass damper
to demonstrate its energy harvesting capacity. Different energy harvesting circuits (EHC) were
also investigated in the TMD system by many researchers to achieve better vibration mitigation
and energy harvesting performance [62, 105, 106]. Shen et al. investigated the pendulum-
type energy regenerative TMD applied to a 76-story wind-excited benchmark building with fully
considering the nonlinearities of the EM damper and EHC [107].

2.5 ACTIVE CONTROL SYSTEMS

Active control systems have been created to further enhance the structural vibration control
ability compared to passive and semi-active systems [108]. These systems are designed to
reduce the vibrations caused by different excitations, such as strong wind or seismic excitation.
Active control can be effective in suppressing vibrations through the use of actuators, sensors,
and feedback control algorithms. However, the setup and components of these systems are
complex, and they require a considerable amount of external energy to operate during natural
hazards [109]. The schematic diagram of active control is shown in Figure 2.13.

Structure

Sensors

Actuators

SensorsControl algorithm

ResponseExcitation

Figure 2.13: Schematic diagram of active control.

Active control for civil structures can be classified into two groups: active control of static
characteristics, and active control of dynamic characteristics. The control of static character-
istics involves monitoring the structure and taking corrective measures to restore it to a safe
and functional state whenever safety or functionality criteria are breached. Conversely, the con-
trol of dynamic characteristics aims to ensure safety and functionality even under conditions of
excessive dynamic excitations, such as earthquakes, wind, and environmental vibrations.

Worldwide, researchers have extensively studied numerous methods and techniques of ac-
tive control for civil structures. Several review papers have provided a comprehensive overview

30



2.5. ACTIVE CONTROL SYSTEMS

of state of the art in the development of active control methods [108, 109, 110, 111, 112]. Some
promising research, particularly conducted in Germany, is described below:

Sobek et al. conducted a study on the use of active elements with variable length and
stiffness in static indeterminate structures to control deflections and redistribute forces [113].
They presented a bridge with actively controlled elements that can reduce stress peaks and
homogenize force distribution. In another study, an actuation system was integrated into a 6-
meter-long adaptive truss at the Structures Laboratory of University College London [114]. The
aim of the system was to redirect the load path and maintain deflection limits without the need
for additional material to withstand rare but strong loading events. These adaptive systems,
which use active control, promote resource efficiency in the built environment.

The University of Stuttgart has been researching these systems for many years, culminating
in the construction of the world’s first adaptive high-rise building, the D1244 demonstrator (as
shown in Figure 2.14), for experimental testing [9]. The tower is 36.5 meters tall and has 24
hydraulic actuators integrated into its steel structure, enabling flexible testing and validation of
various technologies and materials. The ultimate goal of this research is to minimize energy
and material usage, as well as greenhouse gas emissions.

Figure 2.14: Completed adaptive high-rise building D1244 [9]18.

Bleicher constructed a stress ribbon footbridge with a span of 13 meters and a structural
height of only 1 millimeter using high-strength carbon fiber reinforced plastic in the lab of the
Chair of Conceptual and Structural Design at TU Berlin [115] (see Figure 2.15). To counteract
pedestrian-induced vibrations, an active vibration control concept was developed and imple-
mented in the footbridge. The concept incorporates sensors, closed-loop controls, and pneu-
matic muscle actuators embedded in the handrail to control the first three vertical modes of the
bridge. A model-based controller was designed and implemented, demonstrating the effective-

18Copyright ©2022, John Wiley and Sons. Reprinted by permission from John Wiley and Sons and Copyright Clear-
ance Center (license ID 5515410661993).
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ness of the multimodal active vibration control by reducing pedestrian-induced accelerations by
up to 90% [10]. Additional control for the first torsional mode was subsequently implemented
using the root locus method on a reduced-order finite element model [116].

Figure 2.15: Stress ribbon bridge with sensors, actuators and a controller [10]19.

The reliability of active control systems over the long term has been a subject of dispute,
especially for civil structures with lifetimes of a century or more and exposure to infrequent
loads. While active control systems have been successfully implemented in several structures,
particularly in Japan [117], their widespread acceptance has been restricted due to concerns
over cost-effectiveness and reliability [111].

2.6 CONCLUSIONS

In this chapter, the review starts with the general damping methods such as using integrated
energy dissipating dampers. The big category of mass dampers is then reviewed in depth. Es-
pecially, a detailed description of various Multiple Tuned Mass Dampers (MTMDs) is given from
the time they were proposed to the present research process. For all these mass dampers,
additional damping masses are needed. The research history of using moveable double-skin
facade to reduce structural vibration is also fully described, from the early facade isolation con-
cept using perpendicular moveable low-axial stiffness connections to use perpendicular move-
able facade outer skin mass as damping mass to reduce seismic excited structural motion.
As reviewed above, all the studies are based on the perpendicular moveable DSF. In this dis-
sertation, the innovative parallel moveable DSF is proposed to reduce wind-induced structural
vibration. Dual-functional damper combined with energy harvesting is reviewed, which is also
implemented in my research. But with one step further, the harvested energy is used in this

19Copyright ©2012, John Wiley and Sons. Reprinted by permission from John Wiley and Sons and Copyright Clear-
ance Center (license ID 5515421487364).
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research as the energy source for the sensors and microcontroller to achieve the self-sufficient
operation of semi-active control. At the end of this chapter, active control systems are also
briefly introduced.
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3 Conceptual analysis using a 2DoF model

In this chapter, the vibration reduction performance and energy harvesting potential of the
facade isolation concept using perpendicular connection and our proposed d-MTFD system
using parallel connection are investigated respectively under harmonic excitation based on
a simplified two Degree-of-Freedom (2DoF) system. The harmonic excitation represents the
dynamic wind excitation due to vortex shedding. Dynamic amplification factors are used to
investigate the vibration reduction performance. The dimensionless power flow is used to
investigate the energy harvesting potential. For the proposed d-MTFD system, the simplified
2DoF system is identical to the single TMD system. The different characteristics of these two
approaches can be analyzed and discussed based on the simplified 2DoF system.

Copyright Statement
Parts of the research, text, and figures of this chapter are based on or have been published

in the following article:

[118] Yangwen Zhang, Thomas Schauer, and Achim Bleicher. Assessment of wind-induced
vibration suppression and energy harvesting using facades. In 20th CONGRESS OF
IABSE New York City, pages 352–356, 201920

Figure 3.2 and Figure 3.3 have been published in [118].

20Author’s contribution: The author’s contribution to [118] includes Conceptualization, Methodology, Software, Formal
analysis, Investigation, Writing - Original Draft, Writing - Review & Editing, Visualization. No formal reuse license
required for a thesis.
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3.1 FACADE ISOLATION USING PERPENDICULAR CONNECTION

3.1.1 System modeling

Harmonic excitation, representing dynamic wind excitation, creates a condition very close to
across-wind excitation due to vortex shedding. The vortex shedding induced lock-in phe-
nomenon occurs when the vortex shedding frequency is very close to the first natural frequency
of the high-rise building, which produces the most severe vibration problems. As the first mode
of high-rise buildings is most easy to be excited, to simplify the analysis, the structure can be
reduced to only maintain its first mode. The higher mode can be reduced. Hence, the first
effective modal mass m and the corresponding stiffness k and damping coefficient c are used
to build a single Degree-of-Freedom (sDoF) system to represent the primary structure of the
high-rise building. With the attached facade mf , which represents the whole perpendicular
moveable facade mass, the facade isolation system can be simplified as a 2DoF system, as
shown in Figure 3.1.

k

G

x+xd

c
m

x

ce

mf

fw
kf

x+xf

cm

cf

Figure 3.1: 2DoF facade isolation model.

The governing equations can be written as:
mf (ẍ + ẍf ) + cf ẋf + kf xf = fw

mẍ + cẋ + kx = cf ẋf + kf xf

fw = Fw sinΩt

, (3.1)

where fw is the sinusoidal force, which represents the simplified dynamic wind excitation, Fw is
the wind force amplitude, and Ω is the angular frequency of the excitation. Electric machines
are installed in the connection between the main structure and the moveable facade, which
provide the electrical damping force with the electrical damping coefficient ce. The mechanical
damping due to viscous friction is modeled as mechanical damping coefficient cm. The total
connection damping coefficient cf is the sum of the electrical damping and the mechanical
damping coefficient, i.e., cf = ce + cm.

The mechanical power part cmẋ2
f is dissipated as heat. The power part ceẋ2

f flows to the
electrical circuit. In the circuit, part of the power is still dissipated because of the resistance.
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This part of power loss is not discussed in the analysis.

3.1.2 Parametric studies of the vibration behavior

To analyze the steady-state response of this system, the Equations (3.1) can be transformed to
the frequency domain using Laplace transform under the assumption that all initial conditions
are zero.

In the frequency domain, the dynamic magnification factors for the primary structure and the
stroke of the moveable facade mass can be derived as:

βDX = X
Xst

=
√

f 4+4ξ2
f f 2ρ2

√
(f 2−ρ2−(m+1)f 2ρ2+ρ4−4ξξf fρ2)2+(2ξf fρ+2ξρf 2−2ξρ3−2ξf (m+1)ρ3f )2

(3.2)

βDXf = Xf
Xst

= 1
m ·

√
(ρ2−1)2+4ξ2ρ2√

(f 2−ρ2−(m+1)f 2ρ2+ρ4−4ξξf fρ2)2+(2ξf fρ+2ξρf 2−2ξρ3−2ξf (m+1)ρ3f )2
(3.3)

some newly appearing notations are defined below:

Amplitude of structural vibration: X (3.4a)

Amplitude of facade relative displacement: Xf (3.4b)

Structure static deformation: Xst =
Fw

k
(3.4c)

Mass ratio: m =
mf

m
(3.4d)

Tuning ratio: f =
ωf

ω
(3.4e)

TMD natural angular frequency: ωf =
√

kf/mf (3.4f)

Structure natural angular frequency: ω =
√

k/m (3.4g)

Excitation ratio: ρ =
Ω

ω
(3.4h)

Angular frequency of fw : Ω (3.4i)

TMD damping ratio: ξf =
cf

2mfωf
= ξe(

ce

2mfωf
) + ξm(

cm

2mfωf
) (3.4j)

Structure damping ratio: ξ =
c

2mω
(3.4k)

The facade mass ratio m is realistically chosen as 1%, which represents the mass of the
whole facade system around the building. The structural damping ratio ξ taken from the bench-
mark model is 1% [119]. The dynamic magnification factor for structure motion βDX is plotted in
Figure 3.2 with ξf = 0.3, f = [0, 8] and ρ = [0, 2]. Near f = 1, the amplitude of the main structure
is amplified because of resonance. As m is given, f can be determined by the stiffness of the
facade connection kf . With large kf , the facade can be viewed as fixed facade. Using connec-
tion with small kf (i.e., small f ), the vibration of the main structure can be efficiently reduced
(see Figure 3.2a). However, the small stiffness connection brings simultaneously excessive
motion of the facade, as shown in Figure 3.2b. To better observe the variation of βDXf with the
excitation ratio ρ, Figure 3.2b is plotted using dB (decibel). The maximum βDXf (highlighted
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Figure 3.2: Dynamic magnification factor for structure motion βDX and relative facade motion
βDXf .
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with ∗) happens when ρ is a little smaller than f , which is because the defined tuning ratio f is
based on undamped natural angular frequency of sDoF system. With low f , βDXf is extremely
high. As shown in Figure 3.2b, when f = 0.3, βDXf reaches 1943 (65.77 dB). However, for the
main structure, the maximum amplitude is greatly reduced. When f = 5, βDXf goes down to
6.88 (16.75 dB), but the vibration of main structure cannot be reduced. In other words, when
f = 5, the facade system doesn’t have too much dynamic influence on the main structure, but
the facade still vibrates, which is possible for the use of energy harvesting.

Increasing the mass ratio m can effectively reduce the vibration of the facade, as shown in
Figure 3.2c (f = 0.5, ξf = 0.3, ρ = [0, 3]). When ρ is near zero, then the excitation is viewed
as static. βDXf shows then the ratio of the static relative displacement of the facade to Xst .
The static relative displacement of facade decreases greatly with the increasing m. Increasing
m not only reduces the facade vibration, but also mitigates the main structure vibration, as
shown in Figure 3.2d (f = 0.5, ξf = 0.3). Increasing facade mass mf seems to be an effective
method, but practically mf only accounts for 1% of the main structure mass. Increasing the
facade damping ratio also reduces excessive facade motion, as shown in Figure 3.2e (f = 0.5,
m = 1%). As ξf increases, the relative facade motion slowly transitions from underdamped
phase to overdamped phase, i.e., the damped natural frequency decreases from near its tuning
ratio f = 0.5 until it becomes 0. Hence, for a large ξf , the peak of βDXf caused by resonance
gradually disappears, the maximum βDXf happens when the excitation ratio is 0. However, for
the main structure, when tuning ratio f = 0.5, large facade damping ratio makes the structure
motion severe, as shown in Figure 3.2f (f = 0.5, m = 1%).

3.1.3 Parametric studies of energy harvesting

With electric machine, part of the power flow to the electrical circuit can be harvested. The
average power flow to the electrical circuit in the frequency domain is investigated. For a system
under harmonic excitation, the average power flow to the electrical circuit can be calculated as:

PAVE = (ceΩ
2Xf

2)/2 = ξefm(ρβDXf )2 · F 2
w

mω
, (3.5)

where ξe is the electrical damping ratio, which is defined in the Equtaion (3.4j). The excitation
amplitude Fw , main structure mass m and structure natural angular frequency ω are system
parameters that cannot be changed. Therefore, the dimensionless power flow Pave is used for
further investigation.

Pave =
PAVE

(F 2/mω)
= ξefm(ρ · βDXf )2

=
1
m

· ξefρ2((1 − ρ2)2 + 4ρ2ξ2)
(f 2 − ρ2 − (m + 1)f 2ρ2 + ρ4 − 4ξξf fρ2)2 + (2ξf fρ + 2ξρf 2 − 2ξρ3 − 2ξf (m + 1)ρ3f )2

(3.6)
Figure 3.3a plots Pave with m = 1%, f = 0.5, and mechanical damping ratio ξm (see

Equtaion (3.4j)) due to friction is 0.1. It is observed that the maximum Pave appears at
ξe = ξm = 0.1, and the excitation ratio ρ ∼= f = 0.5. It is well understood that the maximum
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Pave occurs when ρ ∼= f . Regarding ξe
∼= ξm, if ξ = 0, it can be strictly proved that:

dPave

dξe
= 0 → ξe = ξm (3.7)

When ξ = 1%, the influence on the results can be neglected. As shown in Figure 3.3b
(ρ = f = 0.5, m = 1%), the maximum Pave always occurs when ξe

∼= ξm. It should be noted that
this is based on that the mechanical damping coefficient is given unchanged. By changing ξe,
the facade damping coefficient ξf also changes. If ξf is unchanged, Pave and ξe exhibit a linear
incremental relationship. This relationship can also be observed in Equation (3.6), because
βDXf is only related to ξf .

Figure 3.3c shows that Pave decreases with the growth of m. The previous study shows
that the larger the mass ratio m, the better the vibration reduction performance of the main
structure and facade. Hence, there is a trade-off between the energy harvesting and vibration
suppression.
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Figure 3.3: Dimensionless power flow to electrical circuit Pave.
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3.2 FACADE DAMPING USING PARALLEL CONNECTION

For our proposed d-MTFD system using parallel connection, the moveable facade mass func-
tions as damping mass. Although the d-MTFD system is a multiple degree of freedom system,
a simplified 2DoF system is still used to analyze the system conceptually. When the system is
simplified as a 2DoF system, it is identical to a single TMD system. The damper need to be
tuned near the predominant frequency (the first natural frequency) of the high-rise building to
mitigate the structure dynamic response effectively.

The original concept of TMD system was first proposed by Frahm in 1909 [120], to reduce
the undesirable rolling vibrations in ships. However, the Frahm’s dynamic absorber is only
composed of a mass and a spring, without damping devices. Ormondroyd and Den Hartog
introduced some damping in the TMD system in 1928 [121], which significantly enhanced its
vibration control performance. The importance of their work is not only about the refinement
of the system, but also the development of a general optimization method in the frequency
domain, which is comprehensively described in Hartog’s famous book Mechanical Vibration
[31]. The proposed optimization method is still widely used by engineers to determine the
optimum parameters for the passive TMD system.

3.2.1 System modeling

The difference between the facade isolation concept and facade damping concept lies in the
location of the across wind excitation caused by vortex shedding. For d-MTFD system, the
parallel moveable facade is fixed in perpendicular direction. Therefore, the wind excitation acts
directly on the primary structure. The 2DoF system is shown in Figure 3.4.
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Figure 3.4: 2DoF facade damping system (TMD).

The governing equations can be written as:
mf (ẍ + ẍf ) + cf ẋf + kf xf = 0

mẍ + cẋ + kx − cf ẋf − kf xf = fw

fw = Fw sinΩt

(3.8)
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To further study its energy harvesting potential, electric machines are used. The total damp-
ing coefficient cf of the connection consists of electrical damping coefficient ce in the electric
machine and mechanical damping coefficient cm due to all the viscous friction in the connection,
i.e., cf = ce + cm. The mechanical power part cmẋ2

f is dissipated as heat. The power part ceẋ2
f

flows to the electrical circuit, which can be potentially harvested.

3.2.2 Parametric studies of the vibration behavior

To analyze the steady-state response of this system, the Equations (3.8) can be transformed to
the frequency domain using Laplace transform under the assumption that all initial conditions
are zero.

In frequency domain, the dynamic magnification factors for primary structure and the relative
displacement of the facade damping mass can be derived as:

βDX = X
Xst

=
√

(f 2−ρ2)2+4ξ2
f f 2ρ2

√
(f 2−ρ2−(m+1)f 2ρ2+ρ4−4ξξf fρ2)2+(2ξf fρ+2ξρf 2−2ξρ3−2ξf (m+1)ρ3f )2

(3.9)

βDXf = Xf
Xst

= ρ2√
(f 2−ρ2−(m+1)f 2ρ2+ρ4−4ξξf fρ2)2+(2ξf fρ+2ξρf 2−2ξρ3−2ξf (m+1)ρ3f )2

(3.10)

The simplified 2DoF facade damping system is physically identical to the single TMD sys-
tem. Unlike the facade isolation system, the optimum tuning and damping ratio have been
mathematically rigorously derived for the single TMD system. Den Hartog has derived the
optimum tuning ratio and damping ratio using fixed point method [31], as listed below:

fopt =
1

1 + m

ξd .opt =

√
3m

8(1 + m)

(3.11)

To better compare with facade isolation system, the moveable facade mass ratio is prac-
tically taken as 1%. Hence, the optimum tuning ratio and TMD damping ratio can be both
calculated: fopt = 0.990 and ξd .opt = 0.061. The optimum damping ratio ξd .opt from Hartog is de-
rived to achieve smallest primary structure response, but not the smallest TMD stroke response
(relative displacement of moveable facade). The TMD stroke (facade relative displacement) is
also an important design criterion. Isao Nishimura proposed the optimum TMD damping ratio
to achieve the minimum TMD stroke response [122]. The equation is listed as:

ξd .opt =

√
m

2(1 + m)
(3.12)

Therefore, with m = 1%, the optimum TMD damping ratio proposed by Isao Nishimura can
be calculated as 0.07. For reinforced concrete structure, the structure damping ratio ξ is usually
between 1% to 2%. In both mathematical derivation of Den Hartog and Isao Nishimura, ξ is
assumed as 0. The dynamic amplification factors for the structure motion and TMD stroke with
different TMD damping ratio are plotted in Figure 3.5a and Figure 3.5b.
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Figure 3.5: Dynamic magnification factor of structure motion (a) / TMD stroke (b).

As observed above, the small discrepancy between ξf (Hartog) and ξf (Nishimura) does not
significantly influence the primary structure response. The peak of the primary structure is just
a little more reduced using ξf (Hartog) rather than ξf (Nishimura), but the damping augmentation
makes the peak of TMD stroke smaller, which makes Nishimura’s optimization more favorable
from an engineering point of view.

3.2.3 Parametric studies of energy harvesting

For facade damping system, the derived equation of average power flow to the electrical circuit
in frequency domain is the same as the equation for facade isolation, as listed in Equation (3.6).
The dimensionless power flow Pave for facade damping system is further derived as below by
substituting the dynamic magnification factor:

Pave =
PAVE

(F 2/mω)
= ξefm(ρ · βDXf )2

=
ξefmρ6

(f 2 − ρ2 − (m + 1)f 2ρ2 + ρ4 − 4ξξf fρ2)2 + (2ξf fρ + 2ξρf 2 − 2ξρ3 − 2ξf (m + 1)ρ3f )2

(3.13)

The dimensionless power flows are plotted in Figure 3.6. m = 1% is used for the Fig-
ure 3.6a and Figure 3.6b. The optimum tuning damping ratio ξf is calculated as 0.07 by the
Equation (3.12) proposed by Nishimura. As the total ξf is already fixed, it can be observed that
with the increasing electrical damping ratio ξe, more power flows into the electrical circuit. In
Figure 3.6c (ξe = ξm), the dimensionless power flow Pave decreases with the growth of m.

3.3 CONCLUSION

In this chapter, based on simplified 2DoF systems, the vibration reduction performance of the
facade isolation concept using perpendicular connections and the proposed d-MTFD system
using parallel connections are investigated under harmonic excitation, respectively. By replac-
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Figure 3.6: Dimensionless Power Flow to Electrical Circuit Pave.

ing the conventional energy dissipating damping devices with electric machines, the energy
harvesting potential of both systems has also been investigated. By assuming the facade mass
ratio as 1%, the dynamic amplification factor of the structural motion can be reduced from 50
(conventional DSF) to 20. However, the dynamic amplification factor of the perpendicular fa-
cade motion reaches 700 (see Figure 3.2), which is unacceptable in practice. As a comparison,
with the same mass ratio 1%, for the simplified 2DoF system using parallel connection that
follows Den Hartog’s optimum tuning, the dynamic amplification factor of the structural motion
can be reduced to 15, and the dynamic amplification factor of the parallel facade motion is
around 100 (see Figure 3.5). This result was also confirmed by Di Giovanni and Bernardini
[123]. Therefore, our subsequent research is focused on parallel moveable facades that are
more likely to be realized in real projects. From the aspect of energy harvesting, as the opti-
mum total facade damping ratio for a simplified 2DoF facade damping system is also given by
Den Hartog, increasing the electrical damping ratio can increase the dissipated energy in the
electrical domain, which increases the potential of energy harvesting. The analysis in this chap-
ter gives us a general theoretical understanding of these two systems and provides a direction
for further investigation.
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4 System modeling

In this chapter, to better introduce the integration of the proposed d-MTFD system in the
building, the high-rise building is modeled as a multiple Degree-of-Freedom (mDoF) lumped
mass system under the assumption of a shear building model. The modeling of the system
is described in detail in Section 4.1. The governing equations of the system in the physical
and modal coordinates are expressed respectively. Modal reduction is used to reduce the
order of the system to accelerate the simulation speed without much loss of accuracy in the
results. The reduced-order state-space model is derived for optimization in Chapter 5. A
76-story high benchmark building used for further simulation is introduced in Section 4.2. The
proposed d-MTFD system is assumed to be installed on the upper stories of this benchmark
building. Three different equivalent rolling friction coefficient is assumed in the model for further
analysis. The corresponding across-wind excitation for this benchmark building is introduced
in Section 4.3.
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4.1. STRUCTURAL MODELING

4.1 STRUCTURAL MODELING

The proposed d-MTFD system is assumed to be installed on the upper nf stories of a high-rise
building. Under across-wind excitation, the front and rear parallel moveable DSF’s outer skin
at the upper stories are activated and function as damping mass. The mass of the moveable
facade outer skin on each side of the building is coupled per story. The summarized move-
able facade mass (sum of front and rear moveable facade outer skin mass) at each upper
story is indicated as mf ,i , where i = 1, 2, ..., nf . The parallel moveability is achieved by the
specially designed connections, which consist of the spring system, the guide rail system (with
rolling bearings, which brings inevitable rolling friction to the system), and the electrical damp-
ing unit. A constructional design has been proposed together with Josef Gartner GmbH, which
is described in detail in Chapter 7. The connection can be modeled by introducing the facade
connection stiffness, facade connection damping coefficient, and rolling friction. Therefore,
the corresponding summarized connection stiffness, damping coefficient and rolling friction are
indicated as kf ,i , cf ,i and ffri ,i , respectively. The facade connection damping coefficient cf ,i con-
sists of two parts: the inherent mechanical damping part cm,i due to viscous friction and the
adjustable electrical damping part ce,i realized by the electric machines.

The deformation of high-rise buildings under horizontal loads consists of shear deformation
and bending deformation. With the increasing slenderness ratio, the bending deformation in-
creases significantly, which cannot be ignored in the modeling [1, 125]. For super-slender high-
rise buildings, the shear bending model including the rotational Degree-of-Freedoms (DoFs)
can be more accurate for describing the dynamic structural behavior. However, in this section,
to better introduce the integration of the proposed system in the building, the tall building is
simply modeled as a multiple Degree-of-Freedom (mDoF) lumped mass system under the as-
sumption of a shear building model. Each story is modeled as a lumped mass following the
procedure in [119]. As shown in Figure 4.1, the analytical model of a n-story high building is
illustrated, whose upper nf stories are installed with parallel moveable DSF. m1, m2, ..., mn are
the lumped story masses of the building and fw ,1, fw ,2, ..., fw ,n are the across-wind loads acting
on different stories.

The governing equation of a high-rise building installed with the d-MTFD system can be
expressed as:

Msẍ + Csẋ + Ksx = ηfw + Bf ffri , (4.1)

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

T ∈ Rns

is the vector of absolute structural displacements and absolute facade displacements. fw =
[fw ,1, fw ,2, · · · , fw ,n]T ∈ Rn is the across-wind excitation vector and η ∈ Rns×n is the excitation
influence matrix. ffri = [ffri ,1, ffri ,2, · · · , ffri ,nf ]

T ∈ Rnf is the rolling friction of each story between the
moveable DSF’s outer skin and the fixed inner skin due to the guide rail system. Bf ∈ Rns×nf is
the friction influence matrix. Explicit expressions for the matrices of Ms, Cs, Ks, η and Bf are
given in the Appendix A.1. The Coulomb friction model is assumed for the rolling friction, which
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Figure 4.1: Analytical model of d-MTFD system.

can be written in the following equations [126]:{
ffri ,i = −sgn(ẋfr ,i )f̄fri ,i
ẋfr ,i = ẋf ,i − ẋn−nf +i

i = (1, 2, ..., nf ) (4.2)

Coulomb’s law takes into account only the direction of the relative velocity of the facade at
each story ẋfr ,i , not the magnitude. The direction of rolling friction is opposite to the direction
of the relative velocity ẋfr ,i . f̄fri ,i is the magnitude of the rolling friction. It includes the friction
caused by the self-weight of the parallel moveable facade and the friction caused by the along-
wind force perpendicularly acting on the parallel moveable facade. The equation can be written
as:

f̄fri ,i = µr1 · mf ,ig + µr2 · fw ,al ,i i = (1, 2, ..., nf ), (4.3)

in which µr1 is the friction coefficient of the rolling bearings used to carry the self-weight of the
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parallel moveable facade, µr2 is the friction coefficient of the rolling bearings used to withstand
along-wind forces, and g is the gravitational acceleration. The friction coefficient of the rolling
bearings depends significantly on the used rolling elements, such as balls or different kinds of
rollers. The mean along-wind force fw ,al ,i can be calculated as:{

fw ,al ,i = 1
2ρaCdAf ,iU2

i

mf ,i = Af ,i · ρf
i = (1, 2, ..., nf ), (4.4)

where ρa is the air density, ρf is the overall surface density, Cd is the drag coefficient, Af ,i is
the area where the along-wind force acts, Ui is mean along-wind speed [127]. By rearranging
the Equations (4.3) and (4.4), f̄fri ,i can be calculated by introducing the equivalent rolling friction
coefficient µr ,i , as written below:{

f̄fri ,i = µr ,i · mf ,ig

µr ,i = µr1 + ρaCd U2
i

2ρf g
· µr2

i = (1, 2, ..., nf ), (4.5)

To make the implementation of multi-objective optimization (see Section 5.1.1) efficient,
increasing the simulation speed is necessary. Across-wind loads primarily excite the lower
modes of the structure, hence, higher modes can be reduced to accelerate the simulation
speed without much loss of the accuracy of results. Modal reduction is adopted to derive
a reduced order system [128]. By introducing x = Φz, the governing Equation (4.1) in the
physical coordinates x can be transformed to the modal coordinates z as follows:

ΦT MsΦ︸ ︷︷ ︸
MM

z̈ + ΦT CsΦ︸ ︷︷ ︸
CM

ż + ΦT KsΦ︸ ︷︷ ︸
KM

z = ΦTηfw + ΦT Bf ffri , (4.6)

where MM ∈ Rnred×nred , CM ∈ Rnred×nred , KM ∈ Rnred×nred are the reduced 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 governing equation (4.6) can be rewritten in
state-space form:

Ż = AZ + Bfw + Effri

y1 = C1Z + Dfw + Fffri

y2 = C2Z ,

(4.7)

where the state variables Z = [zT , żT ]T ∈ R2·nred are the modal displacement and velocity of the
whole system. The A ∈ R2·nred×2·nred , B ∈ R2·nred×n, E ∈ R2·nred×nf matrices are:

A =

[
0 I

−M−1
M KM −M−1

M CM

]
, B =

[
0

M−1
M ΦTη

]
, E =

[
0

M−1
M ΦT Bf

]
(4.8)

The performance output y1 ∈ Rnf +1 contains relative displacement of facade mass at the nf

top stories and the top floor structural acceleration. The defined objective functions can be
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calculated based on the performance output and evaluated during the optimization. y1 can be
obtained by matrices C1 ∈ R(nf +1)×2·nred , D ∈ R(nf +1)×n, F ∈ R(nf +1)×nf , as listed below:

C1 = S1 ·

[
0 TΦI

−ΦM−1
M KM −ΦM−1

M CM

]
, D = S1 ·

[
0

ΦM−1
M ΦTη

]
, F = S1 ·

[
0

ΦM−1
M ΦT Bf

]
, (4.9)

where T ∈ Rns×ns is the transfer matrix to obtain the relative displacement, and S1 ∈ Rnf +1×2·ns

is the selecting matrix to output the values of chosen floors.

The measurement output y2 ∈ Rnsel includes the selected structural displacement and veloc-
ity, facade relative displacement and facade relative velocity, which are used in the implemented
semi-active control logic. y2 is obtained by matrix C2 ∈ Rnsel×2·nred , as presented below:

C2 = S2 ·

[
TΦI 0

0 TΦI

]
, (4.10)

where S2 ∈ Rnsel×2·ns is the selecting matrix to output the values of chosen floors.

4.2 BENCHMARK BUILDING WITH D-MTFD SYSTEM

To illustrate the effectiveness of the d-MTFD system in mitigating structural responses, the
widely used 76-story 306 m high benchmark building, proposed by Yang et al. [119], is assumed
to be equipped with the proposed d-MTFD system. This building has a square 42 m × 42 m
cross-section, hence it is slender with a slenderness ratio of 7.3, making it dynamically sen-
sitive to wind excitation. This 76-story benchmark building is modeled as a vertical cantilever
beam (Bernoulli-Euler beam). A finite element model was built by regarding the portion of the
building between two adjacent floors as a uniform thickness beam element, which leads to 76
translational and 76 rotational DOFs. The rotational DoFs are then removed using static con-
densation. The remaining 76 translational DOFs represent the displacement of each floor in the
lateral direction and form the lumped mass model, as shown in Figure 4.1. The first five natural
frequencies of this building are 0.160, 0.765, 1.992, 3.790 and 6.395 Hz. The damping matrix
of the benchmark building is calculated using Rayleigh’s approach by assuming 1% damping
ratio for the first five modes. More details about this benchmark building are described by Yang
et al. [119].

The upper nf stories of the benchmark model are assumed to be installed with the parallel
moveable DSF. The overall damping mass, which includes the mass of the moveable outer skin
on the windward and leeward sides and the mass of the guide rail system, can be approximately
estimated as 30 tons per story, i.e. mf ,i = 30 t, which corresponds to an average area density
of about 90 kg/m2. Under across-wind excitation, the high-rise building oscillates near its first
natural frequency due to vortex shedding. According to the modal analysis of this benchmark
building conducted by Ni et al. [61], the first mode contributes to 93.67% of the total structure
acceleration. Hence, it is deemed appropriate to tune all the parallel moveable facades to the
fundamental frequency of the benchmark building. The connection stiffness coefficients at all
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the upper nf stories then can be calculated as:

kf ,i = mf ,i · ω2
1 i = (1, 2, ..., nf ), (4.11)

in which ω1 is the first natural angular frequency of the primary structure. The whole system
can be reduced to a nred = nf + 5 DoF system using modal reduction, which includes all the
facade modes and the first five modes of the benchmark building. The reduced model has been
proven to be accurate enough.

The first five natural frequencies of the benchmark building without DSF and with conven-
tional DSF (fixed connected, nf = 30) are given in the Table 4.1.

Table 4.1: Natural frequency of benchmark building with/without conventional DSF.

Mode without DSF with conventional DSF

1 0.160 Hz 0.159 Hz
2 0.765 Hz 0.763 Hz
3 1.992 Hz 1.988 Hz
4 3.790 Hz 3.780 Hz
5 6.395 Hz 6.380 Hz

The rolling friction ffri ,i can be calculated based on the Equations (4.2) to (4.5). The equiva-
lent rolling friction coefficient µr ,i is dependent on the along-wind forces and the type of rolling
bearing used in the guide rail system. The mean along-wind velocity Ui can be determined
using the widely used power-law profile with the profile exponent selected as 0.3 for terrain
category IV (urban area) [127]. The reference mean wind velocity at 10 m height is set as
13.5 m/s, to keep it consistent with the wind tunnel tests for which across-wind data were ob-
tained, as described in Section 4.3. Sealed deep groove ball bearings (Type 2RS) are assumed
to be used to carry the self-weight of the parallel moveable facade. The friction coefficient for
deep groove ball bearings is given approximately as 0.0015 [129]. The sealing type 2RS with
a moulded rubber seal on both sides gives optimum protection in contaminated environments,
but causes increased friction. The seal friction normally exceeds the sum of all other sources of
friction in the bearing unit [130]. Therefore, the friction coefficient µr1 for the sealed deep groove
ball bearings can be estimated as 0.0035. For carrying the along-wind forces, sealed cylindrical
roller bearings (Type ZZ) are assumed to be used. The friction coefficient for cylindrical roller
bearings is approximately given as 0.0013 [129]. The sealing Type ZZ is a non-removable, non-
contact bearing closure with a metal seal on both sides. This type of seal has no contact with
the inner ring. Therefore, there is no major influence on rolling friction. Therefore, the friction
coefficient µr2 for the sealed cylindrical roller bearings is estimated as 0.0015. Based on this
assumption, when the upper 30 stories are assumed to be installed with the moveable facade,
the obtained µr ,i of the upper 30 stories is plotted in Figure 4.2. The difference between µr ,1

and µr ,30 is only 7.53%, which will be neglected in the following analysis. The along the height
consistent equivalent rolling friction coefficient, denoted as µr , will be used for the simulation.
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Figure 4.2: Equivalent friction coefficient µr ,i of the upper 30 stories.

The friction coefficients µr1 and µr2 based on the assumed rolling bearings can also be
varied. For example, the parallel moveability of the DSF’s outer skin can also be achieved by
using sliding bearings [131]. Sliding bearings have much higher friction in comparison to rolling
bearings. The friction coefficient can also be influenced by using different lubricants. In the case
of sealed rolling bearings (Type 2RS), the seals can also be removed to achieve lower friction.
The friction can be varied within a certain range. To determine the influence of the friction
on the damping performance, different amounts of rolling friction need to be considered in the
system modeling as well as controller design (see Chapter 5). In this research, the system is
investigated by assuming three different along the height consistent equivalent rolling friction
coefficient µr = 0, µr = 0.005, and µr = 0.01.

4.3 WIND MODELING

Due to vortex shedding, the across-wind structural response is more dominant for the ser-
viceability of the high-rise building than the along-wind structural response. Therefore, in the
design of the serviceability limit state, the across-wind excitation is critical for slender high-rise
buildings.

The across-wind loads acting on this benchmark building were determined from the wind
tunnel test based on a scaled model. The details of the wind tunnel tests are described by
Samali et al. [132]. The model to prototype scale for the building is 1:400 and the velocity scale
is 1:3, thus the time scale is about 1:133. 27 seconds of wind data were recorded in the wind
tunnel test, which corresponds to approximately 1 hour of prototype data. The reference mean
wind velocity of v10m = 13.5 m/s at 10m above ground level with a return period of 10 years
(according to AS1170.2-1989 [133], in the suburban area) represents the serviceability level
wind velocity, at which the occupants’ comfort is an important design criterion. Based on the

54



4.4. CONCLUSION AND REMARK

power law according to Hellmann with an exponent of 0.365 [134], as shown in the equation
below, the top story wind velocity of the benchmark building can be calculated as 47.25 m/s.

vtop =

(
306 m
10 m

)0.365

· v10m (4.12)
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Figure 4.3: Time histories of wind forces at different floors of the benchmark building.

To determine the across-wind force for other wind conditions, the top wind velocity vtop can
be calculated based on the current wind velocity v10m, and then the across-wind excitation
(v10m = 13.5 m/s) are scaled by the factor (vtop/47, 25)2. Thus, different across-wind excitation
can be obtained for different wind velocity. The time histories of the dynamic component of the
crosswind force at different floors of the benchmark building for v10m = 13.5 m/s are shown in
Figure 4.3. The average pressure coefficient is approximately zero. It should be noted that the
scaled across-wind force data is always site-dependent, which means it only corresponds to
the environment that same as the wind tunnel test. Therefore, the subsequent optimization of
the d-MTFD system is always under the assumed environment of the benchmark building. Ten
minutes of the across-wind excitation data is used in the further multi-objective optimization in
Chapter 5 to reduce the computational burden and improve the optimization efficiency.

4.4 CONCLUSION AND REMARK

In this chapter, the integration of the proposed d-MTFD system in the high-rise building model is
described in the structural modeling. The 76-story high benchmark building is introduced. The
d-MTFD system is assumed to be installed on the upper nf stories of the benchmark building.
By assuming that different rolling bearings are used in the guide rail system, different equivalent
rolling friction coefficients µr ,i can be possibly achieved. To further analyze the influence of
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the rolling friction on the optimized passive/semi-active system in Chapter 5, three different
equivalent rolling coefficients (µr = 0, µr = 0.005, and µr = 0.01) are assumed in the model. As
a remark, the influence of the along-wind force on the friction is also considered in the simulation
in Chapter 5. However, the along-wind forces cannot be reproduced during experimental tests.
Therefore, the part of friction caused by along-wind force is not considered in the experimental
validation using Hardware-in-the-Loop (HiL) simulation in Chapter 8.
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5 Passive/semi-active system optimization

In this chapter, the passive/semi-active d-MTFD system, which is assumed to be installed on
a 76-story benchmark building under across-wind excitation, is optimized using multi-objective
Genetic Algorithms (GA) for two defined objectives: minimizing the peak top floor acceleration
and controlling the maximum peak relative displacement of all the moveable DSF’s outer skins.
On-off groundhook control and displacement-reducing bang-bang control are used as semi-
active control strategies. The three different assumed equivalent rolling friction coefficients in
Chapter 4 are considered in the passive/semi-active system optimization, respectively. The
optimization results are presented in the form of Pareto fronts. The rolling friction caused by the
guide rail system has a considerable impact on the optimization results. Optimized parameters
can be selected to yield a good trade-off between both objectives. The passive/semi-active
d-MTFD systems can significantly improve the structural response after optimization using
multi-objective GA. The Root Mean Square (RMS) value of the top floor acceleration in
the selected passive/semi-active optimization cases can be reduced by approximately 40%
compared with the uncontrolled system. Different from the optimized passive d-MTFD system,
the use of semi-active control can also reduce the displacement of the DSF’s outer skin
significantly. Comparing the selected optimized cases with similar peak top floor acceleration,
the peak top floor facade relative displacement using displacement-reducing bang-bang control
decreases 58.3%, and the RMS value decreases 61.4%.
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5.1. METHODS

5.1 METHODS

5.1.1 Multi-objective GA optimization

Evolutionary algorithms represent an important category of machine learning techniques that
perform adaptation and optimization by mimicking the process of natural selection. Genetic
Algorithms (GA) are one of the most widely used evolutionary algorithms.

A population of individuals is called a generation. Each individual corresponds to a set of
parameters to be optimized. The initial generation is randomly populated and the performance
of each individual is evaluated according to the defined objective functions. Individuals with
lower objective values have a higher probability of advancing to the next generation. There is
a set of genetic operations that determine how individuals successfully progress to the next
generation. The genetic operations consist of elitism, replication, crossover, and mutation.
More details can be found in the reference [135]. In this research, the multi-objective GA is
implemented to optimize the d-MTFD system. The goal of the multi-objective GA is to seek a
set of optimized solutions that exhibit the best possible trade-off performance for the chosen
objectives. Non-dominated sorting is used to assign the solutions to different fronts based on
their dominance relationships. The Pareto front that plots all non-inferior results is generated.
According to the Pareto front, the designer can choose from the optimization results a possible
solution that better meets the actual requirements of the design.

The flow chart of multi-objective GA is depicted schematically in Figure 5.1. The passive or
semi-active d-MTFD system is modelled in reduced order state-space form in Simulink. The op-
timization was run using MATLAB’s function gamultiobj from its powerful Optimization Toolbox
(The Mathworks, Inc., USA).

Generate initial 
population

Objective 
function

Rank 
population

Elitism

Replication

Crossover

Mutation
Terminate?

Genetic operations

Generate 
Pareto front

No, Generation(+1)

Yes

Passive
/Semi-active 
d-MTFD
system

Start

Figure 5.1: Flowchart of multi-objective Genetic Algorithm.

To optimize the d-MTFD system, two objective functions are presented to evaluate the sys-
tem performance:
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{
J1(y1) = max(|ẍn(t)|)
J2(y1) = max(||[xfr ,1(t), xfr ,2(t), ..., xfr ,nf (t)]

T ||∞)
, t ∈ [0, T ] (5.1)

The first objective function J1 is the peak acceleration at the top occupied floor, which is an
important design criterion for high-rise buildings to ensure their serviceability under strong wind
excitation. The human inner ear is very sensitive to acceleration, thus the frequent occurrence
of high sway acceleration can cause discomfort to occupants. Table 5.1 gives the limit range of
the perceptible acceleration.

Table 5.1: Limit range of the perceptible acceleration in the design of high-rise buildings [1].

Horizontal acceleration (m/s2)

Occupancy type return wind period 1 year return wind period 10 year

Office 0.098 - 0.128 0.196 - 0.245
Hotel 0.069 - 0.098 0.147 - 0.196
Apartment 0.049 - 0.069 0.118 - 0.147

The second objective function J2 is the peak relative displacement of moveable facades at
the upper nf stories. There are currently no guidelines to define the maximum allowable move-
ment of the facade that is psychologically acceptable to occupants, as this is a new character-
istic caused by this new system. However, for constructional reasons and occupant comfort,
the maximum facade motion is desired to be as small as possible while fulfilling the damping
requirements of the building.

For the determination of these two objective functions, the high-rise building with the corre-
sponding passive or semi-active d-MTFD system is simulated for a period T = 600s under the
across-wind excitation with a return period of 10 years. The applied across-wind excitation is
introduced in Section 4.3.

5.1.2 Semi-active control algorithms

Groundhook control

The groundhook control policy is a variation of the well-known skyhook control [136]. The
original skyhook control was developed to reduce the response of vehicles in the early 1970s
[137]. Skyhook control is designed to reduce the vibration of the sprung mass, i.e. the damping
mass. Therefore, it is not suitable for vibration control in tall buildings. The groundhook control
is altered to reduce the vibration of the unsprung mass, i.e. the building structure. Groundhook
control has been applied to the semi-active TMD system to increase the effectiveness of
reducing structural response [138, 139]. On-off Velocity Based Groundhook (VBG) control and
on-off Displacement Based Groundhook (DBG) control are applied in the semi-active d-TMFD
system. The control logic can be mathematically summarized in the following equations:
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on-off VBG control

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

if ẋn−nf +i · ẋfr ,i < 0, then cf ,i = cmax,i

(5.2)

on-off DBG control

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

if xn−nf +i · ẋfr ,i < 0, then cf ,i = cmax,i

(5.3)

Displacement-reducing Bang-Bang Control

Displacement-reducing bang-bang (DBB) control can be applied to energy dissipation devices,
i.e. electric machines in our application, to improve the ability of dissipating energy compared
with conventional passive devices. The working principle of DBB control is that when the relative
displacement xfr ,i and relative velocity ẋfr ,i of the parallel moveable facade outer skin are in the
same direction, the adjustable damping coefficient of the electric machine will be set higher
to resist further increasing relative displacement. The electric machine functions like a brake.
More energy can be dissipated. And when the relative displacement xfr ,i and relative velocity
ẋfr ,i are in opposite directions, the damping coefficient decreases, so that the restriction on
relative displacement can reduce. The control logic can be captured as:

if xfr ,i · ẋfr ,i ≥ 0, then cf ,i = cmax,i

if xfr ,i · ẋfr ,i < 0, then cf ,i = cmin,i

(5.4)

The encoder can be mounted on the electric machine to measure the relative displacement
xfr ,i and relative velocity ẋfr ,i of the parallel moveable facade outer skin (see Figure 7.12a), DDB
control does not need any other sensors. For on-off VBG (cf. Equation (5.2)), inertial sensors
are required to measure the story accelerations. Based on that, the story velocity ẋn−nf +i can
be derived by numerical integration and high-pass filtering. For on-off DBG control (cf. Equa-
tion (5.3)), the story displacement is needed inside the control policy. It is practically more
difficult to measure the story displacement. Laser-based sensors might be used to measure
the building story displacement. Therefore, in practical applications, DDB control requires fewer
sensors than groundhook control.

5.1.3 Multi-objective GA optimized semi-active d-MTFD system

The architecture of multi-objective GA optimized semi-active control is shown schematically in
Figure 5.2.

This procedure has a well-defined control task, which is formulated in terms of minimizing
the two objective functions J1 and J2. The objective functions can be evaluated based on the
performance output y1. The measurement output y2 is used in the implemented control logic.
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J1, J2

ξmin,i ξmax,i,

Figure 5.2: Schematic of the multi-objective GA optimized semi-active control.

The damping ratios ξmin,i , ξmax,i , optimized by the multi-objective GA, determine the damping
coefficient cf ,i . Their relation can be calculated as:

cf ,i =

{
cmin,i = 2ξmin,i

√
mf ,ikf ,i

cmax,i = 2ξmax,i
√

mf ,ikf ,i
i = (1, 2, ..., nf ) (5.5)

The time-varying cf ,i is integrated in the system damping matrix Cs. Alternatively, the varying
damping coefficients can be taken out of the system damping matrix and calculated as the time-
varying semi-active control force u = [u1, u2, ..., unf ]

T ∈ Rnf , which can be presented as:

ui = cf ,i · ẋfr ,i i = (1, 2, ..., nf ). (5.6)

5.2 NUMERICAL SIMULATION AND RESULTS ANALYSIS

5.2.1 Optimized passive d-MTFD system

As the stiffness coefficient has been determined based on Equation (4.11), the parameters,
which can be optimized in the passive d-MTFD system, are the number of nf upper stories
installed with the parallel moveable DSF and the damping coefficient cf ,i of the corresponding
connections. The damping coefficient can be determined by the damping ratio ξf ,i .

For a single TMD system under harmonic excitation, the optimum damping ratio has been
given by Den Hartog [31], as expressed in Equation (5.7). It can be used as a reference value
to determine the searching domain of the damping ratios in the d-MTFD system. ξref =

√
3m̃

8(1+m̃)3

m̃ =
∑nf

n=1 mf ,i

Meff
,

(5.7)

where Meff is the first effective modal mass of the primary structure [140].
As the vibration of the primary structure is primarily dominated by its first mode under

across-wind excitation, the maximum relative displacement of the facade increases along the
story, i.e. ||xfr ,1||∞ < ||xfr ,2||∞ < ... < ||xfr ,nf ||∞, when the same damping ratio ξref is set for
all the moveable facades. To decrease the peak relative displacement of moveable facades at
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these nf stories, the damping ratios of the upper stories can be set higher than the damping
ratios of the lower stories, i.e. ξf ,1 < ξf ,2 < ... < ξf ,nf . To reduce optimization parameters,
only the lowest floor damping ratio ξf ,1(ξf ,s1 ), the highest floor damping ratio ξf ,nf (ξf ,sj ) and the
damping ratios of some uniformly distributed floors in between (ξf ,s2 , ..., ξf ,sj−1 ) are selected as
the optimization parameters of multi-objective GA. Linear interpolation (j = 2) or piece-wise
linear interpolation (j > 2) is used to determine the damping ratios of the stories between the
optimized damping ratios of the selected stories. All the optimization parameters required for
the passive d-MTFD system are shown in Figure 5.3.

upper 𝒏𝒇 stories with moveable facade 

𝝃𝒇,𝒔𝟏 = 𝝃𝒇,𝟏

𝑠2: round(
1

𝑗 − 1
∙ 𝑛𝑓) 𝑠𝑗−1: round(

𝑗 − 2

𝑗 − 1
∙ 𝑛𝑓)

Linear Interpolation Linear Interpolation Linear Interpolation Linear Interpolation

𝝃𝒇,𝒔𝒋 = 𝝃𝒇,𝒏𝒇𝝃𝒇,𝒔𝟐 𝝃𝒇,𝒔𝒋−𝟏

Figure 5.3: Optimization parameters of passive d-MTFD system.

Before implementing the multi-objective GA, the constraints for the optimization parameters
need to be set up. The range of nf is set between 5 and 30. The corresponding reference
facade connection damping ratio ξref can be calculated as 0.022 - 0.055 (first effective modal
mass Meff = 111715 t). The searching domain of all the selected facade connection damping
ratios to be optimized is then set between 0.004 and 0.15. The facade connection damping
ratios (ξf ,s1 , ξf ,s2 , ..., ξf ,sj ) of two, three and five uniformly distributed stories (j = 2, j = 3 and
j = 5) among the upper nf stories are selected to be optimized under three different rolling
friction conditions (µr = 0, µr = 0.005 and µr = 0.01 respectively). The population size of the
multi-objective GA is set as 150 and then evolved for 50 generations.

The optimization results are presented in the form of Pareto fronts, as shown in Figure 5.4.
A competitive relationship between the two selected objectives can be observed from all the
plotted Pareto fronts. Although the inevitable rolling friction also provides partial damping, it
has a negative impact on the optimization results. Figure 5.4d shows that, with the same
maximum peak facade relative displacement, higher rolling friction can result in a weakened
ability to mitigate peak floor acceleration. Under the same rolling friction condition, similar
optimization results are obtained by using different selected stories, as shown in Figure 5.4a,
Figure 5.4b and Figure 5.4c. With the same population size and evolving generations setting
in the optimization algorithm, selecting more uniformly distributed stories among the above nf

stories to optimize their facade connection damping ratios does not lead to better optimization
results. When the rolling friction coefficient is 0.005, the optimization results of choosing three
stories (j = 3) to optimize their facade connection damping ratios are slightly better than the
other two in a certain region. When j = 3, the nf values of all the optimized cases (cases in
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the Pareto front) are plotted in Figure 5.5 under three different rolling friction conditions. The
algorithm can freely search for the optimum number nf of upper stories to install the parallel
moveable DSF’s outer skin within the searching domain [5, 30]. As the friction coefficient µr

increases, the damping effect of parallel moveable DSF at lower stories decreases, so it is
removed by the algorithm. At lower stories, the building acceleration caused by across-wind
excitation is small, and if the friction is high, it is difficult for the parallel moveable DSF’s outer
skin to overcome the friction and consume more energy to damp the building vibrations. It is
economically also a good strategy to deactivate the moveable facade with decreased damping
effect at lower stories. Table 5.2 lists the average optimized nf . The average optimized nf for
all three selecting options (j = 2, j = 3 and j = 5) under the same rolling friction conditions are
basically the same.
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Figure 5.4: Pareto front of passive d-MTFD system.
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Figure 5.5: Optimized numbers nf of upper floors with parallel moveable DSF.

Table 5.2: Average optimized nf upper floors with parallel moveable DSF (j : Number of inter-
polation points for linear interpolation).

rolling friction coefficient selected stories nf ∈ {1, 2, ... , 30}
(j = 2) (j = 3) (j = 5)

µr = 0 30 30 30
µr = 0, 005 25 26 24
µr = 0, 01 14 13 13

5.2.2 Optimized semi-active d-MTFD system

For the on-off semi-active d-MTFD system, the stiffness coefficients can also be calculated
based on Equation (4.11). The facade connection damping coefficients cf ,i includes cmax,i and
cmin,i for all the parallel moveable DSF at each story using groundhook control or DBB con-
trol. Therefore, ξmax,i and ξmin,i at chosen stories are optimized and stories in between are
linear interpolated. Based on the optimization results of the passive d-MTFD system, when
the setups of population size and evolving generations are the same in the algorithm, select-
ing more uniformly distributed stories, i.e., larger j , among the above nf stories does not lead
to better optimization results. Therefore, for the semi-active system, only three stories of the
upper nf stories (j = 3) are selected to optimize their connection damping ratios and the rest
in between are linear interpolated, as shown in Figure 5.6. The searching domain of all the
selected facade connection damping ratios is also set between 0.004 and 0.15. The relation
between the damping states (ξmax,sj > ξmin,sj ) is defined in the optimization setup. To increase
the efficiency of the optimization, the number of upper stories nf that are installed with paral-
lel moveable facades will also no longer be used as an optimization parameter, because the
average optimized nf corresponding to different rolling friction conditions has been determined
from the passive d-MTFD system optimization results, as shown in Table 5.2. Therefore, for
the rolling friction coefficient µr = 0, µr = 0.005 and µr = 0.01, nf is chosen as 30, 25 and 14,
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respectively. For a better comparison with the optimization results of the semi-active system,
the passive d-MTFD system is also optimized again using a fixed nf under three different rolling
friction conditions. The population size of the multi-objective GA is again set as 150 and then
evolved for 50 generations.

upper 𝒏𝒇 stories with moveable facade 

𝝃𝐦𝐚𝐱,𝒔𝟏 = 𝝃𝐦𝐚𝐱,𝟏 𝝃𝐦𝐚𝐱,𝒔𝟐
𝑠2: round(𝑛𝑓/2)

Linear Interpolation Linear Interpolation

𝝃𝐦𝐢𝐧,𝒔𝟏 = 𝝃𝐦𝐢𝐧,𝟏
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Figure 5.6: Optimization parameters of semi-active d-MTFD system.

The optimization results for the semi-active d-MTFD system are presented in the form of
Pareto fronts, as shown in Figure 5.7. With the same optimization settings, the optimization
results of the semi-active d-MTFD system with on-off DBG/VBG control and DBB control are
plotted with the optimized passive d-MTFD system together. As observed in Figure 5.7a, Fig-
ure 5.7b and Figure 5.7c, under the same rolling friction condition, by using semi-active control,
both defined objectives are better optimized compared with the passive d-MTFD system. Semi-
active control using DBB control has better performance in most of the optimized cases than
using on-off DBG/VBG control. For the optimized semi-active d-MTFD system with DBB control,
the optimal results are plotted together in Figure 5.7d under three different rolling friction con-
ditions. For the optimized semi-active d-MTFD system, a larger rolling friction coefficient also
leads to unfavourable optimization results, which is the same as the results for the optimized
passive d-MTFD system under different rolling friction conditions.

Five cases are chosen from the optimization results for further comparison, as marked in
Figure 5.7. Case 3, 4 and 5 are the optimized d-MTFD system using DBB control under different
rolling friction conditions. The maximum peak facade relative displacements for Case 3 and
4 are both near 0.5 m. The peak facade relative displacements at different stories of these
three cases are plotted together in Figure 5.8a for comparison. As observed, in Case 4, when
the rolling friction coefficient µr is assumed to be 0, the peak relative displacement of all the
moveable DSF’s outer skin at the upper 30 stories of the 76-story benchmark building is around
0.5 m. For case 3 with the rolling friction of 0.005, even if only the upper 25 stories of the
benchmark building are installed with the moveable DSF’s outer skin, just half of them can
reach near the maximum peak facade relative displacement of 0.5 m. When the rolling friction
coefficient µr increases, moveable facades at lower stories have more difficulty overcoming the
friction and then damping the structural motion. Figure 5.8b shows the peak facade relative
displacement of three cases (optimized passive and optimized semi-active) under the same
rolling friction coefficient condition (µr = 0.005). The optimized passive d-MTFD systems Case
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1 and Case 2 are selected to be compared with the optimized semi-active d-MTFD system
Case 3. Case 1 has similar peak top floor accelerations to Case 3, and Case 2 has similar
maximum peak facade relative displacement to Case 3. The time course of the top floor facade
relative displacement for Case 1, Case 2 and Case 3 is plotted in Figure 5.9. It is observed
that the top floor facade relative displacement of Case 3 using DBB control is largely reduced
compared with that of Case 1, although they both achieve similar peak top floor acceleration.
The time course of the top floor semi-active control force unf for Case 3 is plotted in Figure 5.10.
The optimized parameters for Case 3 are listed in Table 5.3. Since the upper 25 stories of the
benchmark building are assumed to be installed with the parallel moveable facade, the facade
connection damping ratios of three selected stories are optimized by the algorithm, i.e., the
lowest 52nd story, the highest 76th story, and the 64th story in the middle. The damping ratios
of the other stories in between are obtained by linear interpolation.
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Figure 5.7: Pareto front of semi-active d-MTFD system.
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Figure 5.8: Peak facade relative displacement at different stories (cf. Figure 5.7).
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Figure 5.9: Top floor facade relative displacement xfr ,nf .
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Figure 5.10: Top floor semi-active control force unf (Case 3).
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Table 5.3: Optimized parameters, i.e., facade connection damping ratios, for Case 3 (cf. Fig-
ure 5.6 and 5.7b).

Optimized low/high
damping ratio

52nd story
(j = 1)

64th story
(j = 2)

76th story
(j = 3)

low damping ratio ξmin,sj 0.0046 0.0064 0.0637
high damping ratio ξmax,sj 0.0322 0.0631 0.1071

Under the same wind excitation, the uncontrolled benchmark building with conventional DSF
is also simulated and added to the comparison with the optimized passive d-MTFD system
(Case 1, Case 2) and the optimized semi-active d-MTFD system using DBB control (Case
3). The peak top floor displacement ||x76||∞, Root Mean Square (RMS) value of top floor
displacement x rms

76 , the peak top floor acceleration ||ẍ76||∞, RMS value of top floor acceleration
ẍ rms

76 , the peak top floor facade relative displacement ||xfr ,nf ||∞, and RMS value of top floor
facade relative displacement x rms

fr ,nf
are compared and listed in Table 5.4.

Table 5.4: Comparison of uncontrolled system, optimized passive d-MTFD system (Case 1,
Case 2) and optimized semi-active d-MTFD system using DBB control (Case 3).

System Uncontrolled Passive (Case 1) Passive (Case 2) Semi-active (Case 3)

||x76||∞(m) 0.349 0.298 (-14.6%) 0.325 (-6.9%) 0.321 (-8.0%)
x rms

76 (m) 0.116 0.081 (-30.2%) 0.088 (-24.1%) 0.087 (-25.0%)
||ẍ76||∞(m/s2) 0.270 0.192 (-28.9%) 0.201 (-25.6%) 0.192 (-4.5%†)
ẍ rms

76 (m/s2) 0.104 0.061 (-41.3%) 0.070 (-32.7%) 0.066 (-5.7%†)
||xfr ,nf ||∞(m) / 1.184 0.495 0.494 (-58.3%‡)
x rms

fr ,nf
(m) / 0.355 0.144 0.137 (-61.4%‡)

† reduction percentage compared with Case 2.
‡ reduction percentage compared with Case 1, other reduction percentages without footnotes are com-

pared with the uncontrolled system.

Compared with the uncontrolled benchmark building with conventional DSF (fixed outer
skin), the optimized passive and semi-active d-MTFD systems both perform much better in
reducing the wind-induced vibrations. As for top floor displacement, they all conform to the
design criteria h/500 (h = 306 m is the building height) [1], which is relatively easy to satisfy.
Therefore, compared with the top floor acceleration, the top floor displacement is not a high
priority as an optimization objective. Case 1 was specifically chosen, as it has a similar opti-
mized peak top floor acceleration to Case 3. Therefore, the focus of the comparison is on the
facade relative displacement. As calculated, compared with Case 1, the peak top floor facade
relative displacement using DBB control by Case 3 decreases 58.3%, and its RMS value de-
creases 61.4%. Case 2 is specifically chosen to have a similar maximum peak facade relative
displacement to Case 3. Hence, the focus of the comparison is on the top floor acceleration.
The peak top floor acceleration by Case 3 decreases 4.5% and its RMS value decreases 5.7%
compared with Case 2. All the reduction percentages are listed in Table 5.4. As observed,
by using semi-active control, the further reduction of building acceleration is not significant.
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However, the motion of the DSF’s outer skin can be largely mitigated, which is meaningful for
serviceability.

5.3 DISCUSSION

The benchmark building with a slenderness ratio of 7.3 is assumed to be installed with the
d-MTFD system and investigated as a case study. Newly built tall buildings have become
much taller and more slender up to a slenderness ratio of 24.3, such as the Steinway tower in
Manhattan [141]. The slenderness has an influence on the natural frequency of the structure.
With the same material, the natural frequency of a more slender structure tends to be lower.

The Strouhal number St, as expressed in Equation (5.8), gives the frequency fvs at which
vortices are shed from the side of the building, causing the periodic across-wind excitation at
this frequency.

St =
fvsL
U

(5.8)

Here fvs is the frequency of vortex shedding, L is the building width, and U is the wind speed.
For the wind flow around buildings, the Strouhal number is a constant and varies only with
the building cross-section. For buildings with a square cross-section, the Strouhal number is
around 0.13 [142]. When the natural frequency of the structure matches the vortex shedding
frequency, the across-wind structural response can be amplified due to resonance. Assuming
the building width L is a constant, if the building is taller (more slender), which brings a lower
natural frequency, resonance will occur at relatively lower wind speed. For the benchmark
building, the first and second natural frequencies are 0.160 Hz and 0.765 Hz, respectively.
The second mode of the benchmark building can hardly be excited even during strong wind
events. Therefore, the moveable facade elements installed on the benchmark building are all
tuned to the first natural frequency. However, for taller (more slender) high-rise buildings, the
wind speed increases with the height, and the second natural frequency also tends to become
smaller. Consequently, the second mode is also more likely to be excited. Multi-mode control
can be implemented in d-MTFD to reduce not only the first mode structural motion but also the
second mode. By adjusting the stiffness of the springs, the moveable facade elements at some
stories can be tuned to the second natural frequency of the building.

Semi-active control with different control strategies has been investigated. Semi-active con-
trol is a special form of passive control. In our application, the electrical damping coefficients
are adjustable, which means the energy dissipating rates are adjustable. The semi-active forces
are not active forces, but passive forces, which are always opposite to the direction of the facade
motion. Therefore, different from active control, semi-active control only dissipates energy. It
does not inject energy to shift the natural frequency of the structure to achieve vibration control
like using active control. Therefore, the spillover effect by using active control will not occur.

Different types of MTMD systems have been intensively studied and proven to have better
robustness than traditional single TMD systems [43, 44, 143]. Single TMD has only one sin-
gle mass, which can be only tuned to one frequency, which means the first natural frequency
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of the structure. Once the structural parameter changes or detuning happens, the damping
performance of a single TMD system decreases significantly. For a single TMD system, it is
narrow-band vibration control. However, for multiple masses, they can be tuned within a range,
for example, near the 5% range of the first natural frequency of the structure. Of course, it
can also be tuned to the second or third modes of the structure to realize multi-mode control.
A relative broadband vibration can be mitigated. Therefore, even if the structural parameter
changes a little bit, it is still in that range. And for the problem of detuning, if the problem of
detuning happens at one story, the other stories may still work. Of course, regular maintenance
is required to avoid detuning problems.

For the proposed system, we modified the existing conventional DSF system to be parallel
moveable. Therefore, from an economic point of view, extra initial costs arise only due to the
added components (the guide rail system, the spring system, the electrical damper, etc.). In ad-
dition, the installation and maintenance effort might be slightly higher compared with traditional
DSF. The facade mass belongs to the mass of the building. No extra material for the load-
bearing structure is necessary. As no internal installation space is required for the proposed
system, the saved space can also be used for economic purposes. For passive and semi-active
systems, there is not much difference in cost between these two solutions. Semi-active system
requires sensors and microcontrollers, but these components are inexpensive compared with
other components such as the guide rail system. For detailed investigations, a life-cycle cost
analysis is necessary.

The design limitation of this system is the maximum relative displacement of the moveable
facade outer skin. Using semi-active control, the movement of the DSF outer skin can be
reduced to a relatively small value. But whether residents can psychologically accept this level
of movement needs to be investigated.

Piece-wise linear interpolation has been applied to increase the efficiency of system opti-
mization. The higher the number of interpolation points used, the higher the order of nonlinearity
that can be considered. However, selecting all upper stories as optimization parameters would
be time-consuming. Therefore, it is necessary to provide some guidance to the algorithm. The
fundamental idea is that since the first mode is dominant under across-wind excitation, we can
manually set it so that the damping ratio at higher floors is higher than that at lower floors. This
reduces the problem to how the damping ratio increases linearly or nonlinearly from the lower
to the higher floors. Nonlinear distribution can be described using a nonlinear function or sim-
plified piece-wise linear interpolation. These methods can significantly increase optimization
efficiency. From the results, we can observe that piece-wise linear interpolation using three
interpolation points has achieved very satisfactory results.

5.4 CONCLUSIONS

Based on the obtained simulation results and discussion in the previous sections, some con-
clusions can be summarized as follows:

(1) The optimized passive and semi-active d-MTFD systems have both significantly im-
proved the structural responses under across-wind excitation compared with the uncontrolled

71



5.4. CONCLUSIONS

structure. The use of semi-active control can only slightly reduce structural vibrations com-
pared with the optimized passive d-MTFD system. With similar maximum peak facade relative
displacement of Case 2 (passive) and Case 3 (DBB control), the peak top floor acceleration of
Case 3 only decreases by a further 4.5% compared with Case 2, and the RMS value of Case
3 decreases by 5.7%. However, the movement of the DSF’s outer skin can be significantly
mitigated using semi-active control. Comparing the selected optimized cases (Case 1 with pas-
sive control and Case 3 with DBB control) with similar peak top floor acceleration, the peak top
floor facade relative displacement of Case 3 decreases 58.3%, and the RMS value decreases
61.4%.

(2) The inevitable rolling friction caused by the guide rail system has a considerable impact
on the optimization results. For both, the passive and semi-active d-MTFD system, a larger
rolling friction coefficient leads to unfavourable optimization results. When the rolling friction
coefficient µr increases, it is more difficult for the moveable facades at lower stories to overcome
the friction to damp the structural vibration. Hence, achieving a smaller rolling friction coefficient
is meaningful for the optimal design of the system. This conclusion provides a theoretical basis
for the selection and implementation of the guide rail system for the prototype (see Chapter 7).

(3) The optimization results using different semi-active control strategies show that most of
the optimized cases using DBB control have better performance than using on-off DBG/VBG
control. Simulation-based performance studies of different semi-active control strategies are
important for our final decision on which control strategy to use in the prototype. Different
control strategies have different requirements for the sensors. The control logic of the DBB
control only needs the movement information of the facade outer skin. Therefore, fewer sensors
are required for DBB control compared with groundhook control.
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6 Electric machine modeling and circuit design

In this chapter, an adjustable damping coefficient is realized by using an electric machine.
The parallel facade relative displacement is transformed to the rotation of the electric machine
through rack-and-pinion. The kinetic energy of the facade’s outer skin motion can be harvested
and stored in the battery. The electric machine functions not only as a viscous damper but also
as a generator. By controlling the duty cycle of the Pulse-Width Modulation (PWM) signal in
the specially designed power electronics, the equivalent resistance connected to the electric
machine is adjusted, which in turn generates an adjustable damping force that damps the wind-
excited structural vibration. The PWM signal is generated by a microcontroller running the
semi-active algorithm discussed in Chapter 5. The power flow and signal flow are summarized
in Figure 6.2 below:

G ~

PWM

Translation
to rotation

Electric
Machine

Power
Electronics

Battery

Micro-
controller

Sensors

Signal flow

Power flow

Figure 6.1: Power flow and signal flow of the electric machine as adjustable electrical damper/-
generator.

The electric machine and other components are integrated in the cavity of one double-skin
facade element, as illustrated in Figure 6.2. The initial sensor measures the floor acceleration,
the floor velocity is then obtained by numerical integration and high-pass filtering. The encoder
measures the facade relative displacement and the facade relative velocity. The initial sensor
and encoder are required for the VBG semi-active control algorithm running in the microcon-
troller. There is also a force sensor to measure the interaction force of the electric machine. The
measured interaction force is only used for the system identification to validate the semi-active
control (see Section 8.1).
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Figure 6.2: Components of the electric machine as adjustable electrical damper/generator.

The principle of realizing this system is described in detail in this chapter. Two types
of electric machines, i.e, DC motor and stepper motor, are analyzed respectively in motor
mode and generator mode. A two-phase hybrid stepper motor is selected for this application.
The specially designed dual two-stage power converter is applied as the Energy Harvesting
Circuit (EHC). The whole system is theoretically derived and a simulation model is also built in
Simulink. Based on the experimentally measured data, the model parameters are estimated
using the Optimization Toolbox in MATLAB. The experimental results and estimated simulation
results fit very well. The investigation in this chapter provides the prerequisites for the success
of the following experiment using Hardware-in-the-Loop (HiL) simulation in Chapter 8.
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6.1. LINEAR TO ROTATIONAL MOTION CONVERSION

6.1 LINEAR TO ROTATIONAL MOTION CONVERSION

The linear facade outer skin motion needs to be transmitted to the rotation of the motor. There
are some mechanism to realize the conversion from linear to rotational motion, such as ball
screw or rack-and-pinion [146]. Both mechanisms can be expressed as the equation below by
introducing the lead of the conversion α:

v = α · ω, (6.1)

where v is the facade outer skin linear relative velocity and ω is the rotational velocity. For
rack-and-pinion, the lead of conversion α is equal to the radius of the pinion. The mechanism
of rack-and-pinion is more suitable for our application. The radius of the pinion is 5 cm for our
selected rack-and-pinion, i.e., α = 0.05 m.

6.2 ELECTRIC MACHINE MODELING

Electric machines are the connection between the mechanical and the electrical domain. There-
fore, the dynamics of any electric machine consist of two parts: the mechanical part and the
electrical part. We focus on rotating electrical machines. For rotating electrical machines, the
mechanical part is governed by Newton’s laws relating the torque to the angular acceleration.
The electrical part is governed by Kirchhoff’s laws and can be derived by the equivalent cir-
cuit model. Modeling of two types of rotating electric machines, i.e., DC motor/generator and
stepper motor/generator, is introduced in the following subsections.

6.2.1 Modeling of DC motor/generator

DC motors or Permanent-Magnet Synchronous Motors (PMSM) are quite similar, and both are
often used as generators. When used as generators, Alternating Current (AC) can be induced
in armature conductors. Built-in commutators are applied in the DC generators to convert the
induced AC to Direct Current (DC). DC motors are mainly divided into brushed DC motors and
brushless DC motors. The difference between a brushed DC motor and a brushless DC motor
is the kind of commutator that is used. The mechanical commutator is used in brushed DC
motors, where the electrical brushes made of carbon or graphite need to be reversed through
a mechanical approach. It can cause issues such as noise, sparks, and overheating. The
mechanical commutators are consumable parts that require periodic maintenance, such as
brush replacement. Due to these disadvantages, the use of brushed DC motors is in decline
[147]. The electrical commutator is used in the brushless DC motor. Less maintenance is
required for the electrical commutator. For power conversion, due to the absence of brushes,
brushless DC motors are more efficient than brushed DC motors [148]. The use of brushes
increases the mechanical energy loss due to friction. For efficient energy harvesting, the built-
in commutator in the DC motor should be removed and replaced by a rectifier to realize AC to
DC conversion, which is introduced in Section 6.3.

Most brushed DC motors are single-phase. Brushless DC motors can be constructed with
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different numbers of phases, but three-phase brushless DC motors are the most common. The
modeling of a single-phase DC motor/generator is introduced. The equivalent dynamic model
of the DC motor in motor and generator mode can be depicted in the following Figure 6.3.
The armature coils of the DC motor can be modeled as a resistance Ra and a flux leakage
inductance La.

Ra La

vs(t) vback(t)

+

-

i(t)

TM(t)

TL(t)

+

-

(a) Motor mode

Ra La

vback(t)

+

-

i(t)

vo(t)

+

-

TM(t)

TL(t)

(b) Generator mode

Figure 6.3: The equivalent dynamic model of the DC motor in motor and generator mode.

The dynamic model of the motor mode can be explained in the electrical domain and
mechanical domain as follows:

Electrical Domain

According to Kirchhoff’s voltage law, the governing equation of the electrical part can be
written as:

Ra · i(t) + La ·
di(t)
dt

+ vback (t) = vs(t), (6.2)

where i(t) is the armature current, vback (t) is the back Electromotive Force (EMF) induced volt-
age and vs(t) is the voltage source. The back EMF induced voltage vback (t) is proportional to
the angular velocity ω(t) of the rotor in the motor, which can be expressed as:

vback (t) = ke · ω(t), (6.3)

where ke is the electrical constant. The torque constant kt (N · m/A) is theoretically equal to ke

(V · s/rad), which can be proved under conservation of power. The developed electromechani-
cal torque can be calculated as:

TM (t) = kt · i(t) (6.4)

Mechanical Domain

Under the external torque TL, the mechanical part of the DC motor is written as:

J · ω̇(t) = TM (t) − TL(t) − Tf (t), (6.5)

where ω̇(t) is the angular acceleration, J is the moment of inertia of the rotor, Tf is the friction
torque, which is usually modeled as Tf (t) = Bf · ω(t) with Bf being the mechanical or frictional
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viscous damping factor.

Based on the governing equations, the state space form can be derived as below:[
i̇(t)
ω̇(t)

]
=

[
−Ra

La
− ke

La

− kt
J −Bf

J

][
i(t)
ω(t)

]
+

[
1
La

0

]
vs(t) +

[
0
− 1

J

]
TL(t), (6.6)

where the armature current i(t) and the rotational speed ω(t) are the two states. The input
voltage vs and the external torque TL are two external inputs.

When in generator mode, the external torque becomes the energy source, and the source
voltage vs does not exist. The back EMF induced voltage ke · ω(t) is the input voltage in the
electrical part. vo(t) is the output voltage. The governing equations for DC motor in motor and
generator mode are summarized in Table 6.1 for comparison.

Table 6.1: Governing equations for DC motor in motor and generator mode.

Motor Mode Generator Mode

Electrical Domain Ra · i(t) + La · di(t)
dt + ke · ω(t) = vs(t) Ra · i(t) + La · di(t)

dt + vo(t) = ke · ω(t)

Mechanical Domain J · ω̇(t) = kt · i(t) − TL(t) − Tf (t) TL(t) = kt · i(t) + Tf (t) + J · ω̇(t)

Derivation of Electrical Damping Coefficient

The power flow is analyzed in generator mode. The equation of the power flow can be
expressed as below:

TL(t) · ω(t) = kt · i(t) · ω(t) + Bf · ω(t)2 + J · ω̇(t) · ω(t) (6.7)

In steady state, the last term J · ω̇(t) · ω(t) does not exist. As vback (t) = ke · ω(t), the equation
above can be rewritten as:

TL(t) =
ktkei(t)
vback (t)︸ ︷︷ ︸

ce,r

·ω(t) + Bf︸︷︷︸
cm,r

·ω(t), (6.8)

in which, ce,r (N · m · s/rad) is the rotational electrical damping coefficient, cm,r (N · m · s/rad) is
the rotational mechanical/parasitic damping coefficient.

In steady state, when an external load resistance Rl is connected to the terminals (see
Figure 6.4), the equation of the rotational electrical damping coefficient can be written as:

ce,r =
ktkei(t)
vback (t)

≈ kt
2

(Ra + Rl )
=

kt
2

R
, (6.9)

where kt = ke, as kt and ke are theoretically the same, R = Ra + Rl is the total resistance which
consists of the internal resistance of the motor Ra and the connected external load resistance
Rl . By varying the external load resistance, adjustable rotational electrical damping coefficient
ce,r can be realized.
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Figure 6.4: DC motor in generator mode connected to an external load resistance.

By connecting motion conversion mechanisms, the linear electrical damping coefficient
ce (N · s/m) can be derived as follows:

ce ≈ kt
2

α2(Ra + Rl )
=

kt
2

α2R
, (6.10)

where α is the lead of conversion, which is equal to the radius of the pinion for rack-and-pinion.

6.2.2 Modeling of hybrid stepper motor/generator

Stepper motors, whose rotation is divided into several equal steps, can convert electrical energy
into mechanical shaft rotation by using digital pulses. The advantages of stepper motors are
their low cost, high reliability, high torque at low speeds, and simple, robust construction that
allows them to operate in almost any environment [149]. As a generator, it can produce large
induced voltages even at low speed compared with other types of generators.

Since the most commonly used stepper motors are of the two-phase type, a two-phase
hybrid stepper motor is used as an example for the modeling. The equivalent dynamic model
of the two-phase stepper motor in motor and generator mode can be depicted in the following
Figure 6.5. Each phase of the motor has dependent coils. The coils of each phase can be
modeled as the resistance Ra and the flux leakage inductance La.

The mathematical equations for a two-phase stepper motor in motor mode are also given
in the electrical domain and the mechanical domain.

Electrical Domain
The electrical equations can be described as [150]:

va(t) = Ra · ia(t) + La ·
dia(t)

dt
+ ke · ω(t) · sin(N · θ(t))

vb(t) = Ra · ib(t) + La ·
dib(t)

dt
− ke · ω(t) · cos(N · θ(t)),

(6.11)

where va(t) and vb(t) are the source phase voltages (V), ia(t) and ib(t) are the currents of phases
A and B (A), Ra is the internal resistance of each phase (Ω), La is the inductance of each phase
(H), ke is the electrical constant (V · s/rad), ω(t) is the angular velocity of the rotor (rad/s),
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Figure 6.5: The equivalent dynamic model of the two-phase stepper motor in motor mode and
generator mode.

θ(t) =
∫ t

0 ω(t) · dt is the mechanical rotor position (rad), and N is the rotor teeth number of the
stepper motor. The terms ke · ω(t) · sin(N · θ(t)) and −ke · ω(t) · cos(N · θ(t)) are the back EMF
voltages in phase A and B, which are proportional to the angular velocity ω(t).

The torque constant kt (N · m/A) is theoretically equal to the electrical constant ke

(V · s/rad). The developed electromechanical torque can be expressed as:

TM (t) = kt · (−ia(t) · sin(N · θ(t)) + ib(t) · cos(N · θ(t))) (6.12)

Mechanical Domain

The mechanical equations can be written as:

J · ˙ω(t) = TM (t) − TL(t) − Tdet(t) − Tf (t)

= TM (t) − TL(t) − Td · sin(4N · θ(t)) − Tf (t)
(6.13)

where J is the moment of inertia of the rotor (kg · m2), Tf (t) is the friction torque (N · m), which
is usually modeled as Tf (t) = Bf ·ω(t) with Bf (N · m · s/rad) being the frictional viscous damping
factor, and TL(t) is the load torque (N · m). A big difference between DC and stepper motors is
that there is a certain level of torque called detent torque Tdet(t) due to the attraction force of
the rotor magnet. Td is the detent torque amplitude.

When in generator mode, the external torque TL(t) becomes the energy source, and the
source voltages va(t) and vb(t) do not exist. The back EMF induced voltages −ke · ω(t) · sin(N ·
θ(t)) and ke ·ω(t)·cos(N ·θ(t)) are the input voltages of the phase A and B in the electrical domain,
respectively. voa(t) and vob(t) are the output voltages of phase A and B, respectively. The detent
torque also exists even when the windings are not energized. The governing equations for the
two-phase stepper motor in motor and generator mode are summarized in Table 6.2 below.

Park transformation/direct-quadrature (DQ) transformation can be applied to transfer the
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Table 6.2: Governing equations for two-phase stepper motor in motor and generator mode.

Motor Mode Generator Mode

Electrical

Domain

va(t) = Raia(t) + La
dia(t)

dt + keω(t) sin(Nθ(t))

vb(t) = Raib(t) + La
dib (t)

dt − keω(t) cos(Nθ(t))

Raia(t) + La
dia(t)

dt + voa = −keω(t) sin(Nθ(t))

Raib(t) + La
dib (t)

dt + vob = keω(t) cos(Nθ(t))

Mechanical

Domain

J ˙ω(t) = −TL(t)− Td sin(4Nθ(t))− Tf (t)

+kt (−ia(t) sin(Nθ(t)) + ib(t) cos(Nθ(t)))

TL(t) = Td sin(4Nθ(t)) + Tf (t) + J ˙ω(t)

+kt (−ia(t) sin(Nθ(t)) + ib(t) cos(Nθ(t)))

mathematical model to a rotating coordinate system (d , q). The equations are shown as below:[
id
iq

]
=

[
cos(Nθ) sin(Nθ)
− sin(Nθ) cos(Nθ)

][
ia
ib

]
, (6.14)

where id is the direct current, which corresponds to the component of the stator magnetic field
along the axis of the motor magnetic field; iq is the quadrature current, which corresponds to
the orthogonal component. By applying DQ transformation, the governing equation can be
transformed as listed in Table 6.3.

Table 6.3: Governing equations for two-phase stepper motor in motor and generator mode in
rotating (d,q) coordinate system.

Motor Mode Generator Mode

Electrical

Domain

vd (t) = Raid (t) + La
did (t)

dt − NLaω(t)iq(t)

vq(t) = Raiq(t) + La
diq (t)

dt + NLaω(t)id (t) + keω(t)

Raid (t) + La
did (t)

dt + vod (t)− NLaω(t)iq(t) = 0

Raiq(t) + La
diq (t)

dt + voq(t) + NLaω(t)id (t) = keω(t)

Mechanical

Domain
J ˙ω(t) = kt iq(t)− TL(t)− Td sin(4Nθ(t))− Tf (t) TL(t) = kt iq(t) + Td sin(4Nθ(t)) + Tf (t) + Jω̇(t)

Derivation of Electrical Damping Coefficient

Similar to the DC motor, the power flow is analyzed for the hybrid stepper motor in generator
mode. The equation is listed as below:

TL(t) · ω(t) = kt · iq(t) · ω(t) + Td · sin(4N · θ(t)) · ω(t) + Bf · ω(t)2 + J · ω̇(t) · ω(t) (6.15)

In steady state, if both phases of the stepper motor are short circuited (vod = voq = 0), the
quadrature current iq can be derived as:

iq ≈ keωRa

La
2N2ω2 + Ra

2 (6.16)

In steady state, the last term J · ω̇(t) · ω(t) does not exist. Therefore, the rotational motor
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reaction torque can be rewritten as:

TL ≈ ktkeRa

(La
2N2ω2 + Ra

2)︸ ︷︷ ︸
ce,r

·ω(t) + Bf︸︷︷︸
cm,r

·ω(t) + Td sin(4Nθ(t)), (6.17)

in which, ce,r is the rotational electrical damping coefficient, cm,r is the rotational mechanical/-
parasitic damping coefficient.

TM(t)

L(t)

+

-

+

-

Ra

Ra

La

La

voa

vob

Rl

Rl

ia(t)

ib(t)

T

Figure 6.6: Each phase of the two-phase stepper motor in generator mode connected to a
same external load resistance Rl .

When each phase is connected to a same external load resistance Rl , as illustrated in
Figure 6.6, the equation of the rotational and linear electrical damping coefficient can be written
as:

ce,r ≈
kt

2R
(La

2N2ω2 + R2)
=

kt
2(Ra + Rl )

(La
2N2ω2 + (Ra + Rl )2)

(6.18)

ce ≈ kt
2R

α2(La
2N2ω2 + R2)

=
kt

2(Ra + Rl )
α2(La

2N2ω2 + (Ra + Rl )2)
, (6.19)

where kt = ke, as kt and ke are theoretically the same, and R = Ra + Rl . The lead of conversion
α is defined in Equation (6.1).

As observed, the electrical damping coefficient for the DC motor (see Equation (6.10)) and
the two-phase hybrid stepper motor (see Equation (6.19)) is slightly different. There is a non-
linear relationship between the rotational speed ω and the electrical damping coefficient ce of
the stepper motor. However, for small ω and small phase inductance La, the non-linear influ-
ence can be neglected, the electrical damping coefficients for DC motor and stepper motor
are approximately the same. Both ce can be adjusted by varying the connecting external load
resistance Rl .

Specially designed power electronics can be implemented to achieve the resistance emu-
lation of the variable Rl and simultaneously harvest energy, which is introduced in detail in the
following Section 6.3
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6.3 POWER ELECTRONICS FOR RESISTANCE EMULATION AND ENERGY HARVEST-
ING

The electrical damping coefficient ce for both introduced electric machines can be adjusted
by varying the total resistance R. The total resistance R consists of the fixed resistance of
the motor coil Ra and the external load resistance Rl which is possibly variable. Therefore,
the design of a connecting circuit that can emulate an adjustable equivalent resistance Rl in a
certain range is important for achieving the adjustable ce. The Energy Harvesting Circuit (EHC)
can harvest energy and store it in a battery while achieving the function of resistance emulation.

6.3.1 Design of Energy Harvesting Circuit (EHC)

Numerous studies have been conducted to harvest kinetic energy using different energy con-
version mechanisms and their associated electronics [151]. According to the different energy
conversion mechanisms, there are three major categories: electromagnetic generators, piezo-
electric generators, and electrostatic generators [152, 153, 154]. All the electric machines be-
long to the category of electromagnetic generators. The output of this category, regardless of its
type, is an AC quantity [155]. The DC generator can generate DC due to its built-in commutator.
Without the commutator, it still generates AC. Because of the low efficiency of the commutator,
it is replaced by economical rectifiers. Therefore, to generate the required DC output voltage,
AC-to-DC power conversion is required for the electromagnetic generators.

The AC-to-DC power conversion can be categorized into two types: the conventional two-
stage power conversion and the single-stage power conversion, as shown in Figure 6.7.

Rectifier Power Converter 

vO

DC 

DC 
vbat

DC AC DC 

(a) Conventional two-stage power conversion
Power Converter 

vO

AC 

DC 
vbat

AC DC 

(b) Single-stage power conversion

Figure 6.7: Block diagram of power converter for energy harvesting application.

Conventional two-stage power converters mostly consist of a rectifier followed by a buck-
boost converter. Rectifiers such as widely used bridge rectifiers are used for the conversion
of an AC input to DC output, and then the followed buck-boost converter is to convert the
DC voltage to the required DC output voltage. For low-voltage energy harvesting, the major
disadvantage in using two-stage power converters is that the diode forward voltage drop causes
a large amount of power loss, which makes the power conversion inefficient [156]. Therefore,
the direct AC-to-DC single-stage power converters that are more efficient for low-voltage energy
harvesting are proposed to address the problem [155, 156, 157, 158]. For high-voltage energy
harvesting, the influence of diode voltage drop is relatively small, so the conventional two-stage
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power conversion is widely used topology for EHC [62, 106, 107, 159].

+

-

vO

vR vbat

+

-

Rectifier
AC     DC 

Buck-boost converter
DC     DC 

MOSFET

fsw

d=0 ~ 1

Lc

Figure 6.8: The schematic of a two-stage EHC.

Shen et al. investigated the dual function (i.e., vibration control and energy harvesting) of
an energy regenerative TMD system in a high-rise building [107]. This system consists of a
pendulum-type TMD, an electromagnetic damper, and an EHC. The employed EHC has a two-
stage power conversion topology, as shown in Figure 6.8. It consists of a bridge rectifier, a fixed
duty-cycle buck-boost converter, and a rechargeable battery. The AC voltage generated by the
electric machine is converted to DC voltage through the bridge rectifier. Schottky diodes are
used in the rectifier due to their low forward voltage drop. The following connected capacitor can
smooth the DC voltage waveform before entering to the buck-boost converter. When operating
in Discontinuous Current Mode (DCM), the buck-boost converter with a fixed duty cycle d acts
similar to a constant resistor. To maintain DCM, the following equation needs to be satisfied
[160]:

vR ≤ 1 − d
d

· vbat , (6.20)

where vR is the rectified DC voltage and vbat is the battery voltage. Under this condition, the
equivalent load resistance of the circuit Rl can be calculated as [154]:

Rl =
2 · fsw · Lc

d2 , (6.21)

where Lc is the inductance of the buck-boost converter, and fsw is the switching frequency of the
Metal-Oxide-Semiconductor Field-Effect Transistor (MOSFET). When the duty cycle d is fixed
and satisfies the condition of Equation (6.20), the equivalent resistance Rl can be maintained
nearly constant. If the circuit works in Continuous Current Mode (CCM), the constant Rl can not
be maintained. Therefore, the function of the electric machine as a damper would be negatively
influenced. In the study by Shen et al., a passive system with a constant damping coefficient
was investigated, so a low-power clock oscillator IC was used to generate the Pulse-Width
Modulation (PWM) signal with a switching frequency of 32.768 Hz and a fixed duty cycle of 0.5
[107].

Therefore, the power electronic converter plays two important roles: first, to regulate the
AC input of the electronic machine to the required DC level to ensure energy harvesting; and
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second, to achieve the desired electrical damping coefficient for the vibration control purpose.
The electrical damping coefficient can be varied by changing the equivalent resistance of the
EHC through the duty cycle of the input PWM signal. Semi-active control can be achieved by
generating an input PWM signal with varying duty cycles from the microcontroller. The time-
varying duty cycle is determined by the semi-active control logic running on the microcontroller.

6.3.2 EHC for hybrid stepper motor

The most widely used hybrid stepper motor is the two-phase type. When in generator mode,
sinusoidal voltages shifted by 90◦ are induced at the windings of these two phases. A dual two-
stage EHC is proposed for the two-phase hybrid stepper motor, as shown in Figure 6.9. The
induced AC voltage of each phase is first connected to a bridge rectifier and a capacitor to obtain
a smoothed DC voltage and then connected to a buck-boost converter to obtain the required
voltage for energy harvesting. The two-stage EHC of each phase is connected in parallel to
a single rechargeable battery. To ensure the same operation behaviour as the single-phase
electric machine, the components of the power converter are the same for each phase, and the
MOSFETs of the parallel power converters are driven by the same PWM signal with the same
switching frequency fsw and same duty cycle d .

+

-

vbat

MOSFET

fsw

d=0 ~ 1

Lc

Ra La

voa
ia

vob

ib

MOSFET

fsw

d=0 ~ 1

Lc

G

Ra La

C1 C2

C3 C4

Figure 6.9: The schematic of dual two-stage EHC for two-phase hybrid stepper motor (C1 =
C3, C2 = C4).

The model of the two-phase hybrid stepper motor with dual two-stage EHC is fully built in
Simulink (The Mathworks, Inc., USA) using Simscape, as shown in Figure 6.10. Simscape
enables the rapid creation of models for physical systems within the Simulink environment.
Different types of motors and batteries are directly available as standard blocks and can be as-
sembled into schematics with other basic components such as diodes and inductors. Therefore,
different motors and power electronics can be tested based on the simulation.

The final Simulink model will be built and identified for the selected motor with the corre-
sponding EHC, and further integrated into the whole comprehensive simulation model of the
prototype with moveable facade element for the identification of other parameters (see Chap-
ter 8).
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Stepper Motor
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C3 C4

C2 vbat

Lc
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Figure 6.10: Simulink model of hybrid stepper motor with dual two-stage EHC.

6.4 GENERATOR SELECTION AND DESIGN OF POWER ELECTRONICS AND BATTERY

To select the appropriate electrical damper/generator for the moveable facade elements in our
proposed system, the expected range of rotational speed and the minimum and maximum
damping coefficient required for the optimized semi-active control provide good guidance for the
selection. Based on the simulation results in Chapter 5, the maximum speed of the generator
is about 100 rpm using a pinion with a radius of 5 cm.

In the motor structure, stepper motors have more pole pairs than DC motors. Therefore, a
stepper motor can produce much higher voltage than a DC motor at the same rotational speed,
which means the torque constant kt of a stepper motor is much higher. The speed constant
kn is also a parameter that shows their difference more directly. The relationship between the
speed constant kn and the torque constant kt can be described as:

kn =
30
π

· 1
kt

(rpm/V) (6.22)

In Table 6.4, the speed constant, torque constant, and the induced voltages at 100 rpm
are listed for different types of motors without gearbox. For the listed DC motors, the speed
constants and torque constants are given by the manufacturer. For the stepper motors, these
constants are usually not specified but can be approximately calculated according to the holding
torque and rated current given in the information of data sheet. By dividing the holding torque
to the rated current of the stepper motor, the approximate torque constant can be calculated.
Then the speed constant can be further calculated based on the Equation (6.22).

DC motors can also generate higher voltages by connecting a gearbox to increase the in-
put rotational speed. However, the attached gearbox increases additional energy loss due to
friction, which is undesirable from the energy harvesting point of view. Therefore, it is finally
decided to use a stepper motor in our application.

The required minimum and maximum damping coefficients (cmin
n−j+nf

and cmax
n−j+nf

) for the floor
j are obtained from the optimization results from Chapter 5. Since the optimized damping
coefficient consists of the electrical damping from the generator and the mechanical damping
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Table 6.4: Induced voltage at 100 rpm for different motor type (DC motor from maxon group,
stepper motor from Moons’ Electric Co,. Ltd.).

Motor type Model Number Speed constant Torque constant Voltage per 100 rpm

Brushed DC DCX 22 L 109 rpm/V 0.0876 N · m/A 0.917 V

Brushed DC DCX 35 L 129 rpm/V 0.0741 N · m/A 0.775 V

Brushless DC EC 60 65 rpm/V 0.147 N · m/A 1.538 V

Brushless DC EC frameless 90 flat 33.4 rpm/V 0.286 N · m/A 2.994 V

Stepper motor ML42HS0L4600 4.66 rpm/V 2.050 N · m/A 21.468 V

Stepper motor ML42HS0L4210 1.66 rpm/V 5.762 N · m/A 60.350 V

Stepper motor ML42HS3L4270 0.83 rpm/V 11.481 N · m/A 120.292 V

due to viscous friction, only part of the damping is electrical damping. Furthermore, each
moveable facade element is equipped with one generator. Thus, when Nd moveable facade
elements are divided for each story, Nd generators work together to achieve the optimized
damping coefficient for floor j . When the mechanical damping coefficient is known (identified)
as cm for one moveable facade element, the nominal electrical damping coefficients can be
calculated as follows:

cmin
e,n−j+nf

≡ cmin
n−j+nf

/Nd − cm = 2 · ξmin
n−j+nf

√
mf k f − cm, (6.23)

cmax
e,n−j+nf

≡ cmax
n−j+nf

/Nd − cm = 2 · ξmax
n−j+nf

√
mf k f − cm. (6.24)

As shown in the above equations, the optimized damping ratios ξmin
n−j+nf

and ξmax
n−j+nf

together
with the mass mf and the spring stiffness k f = kf/Nd of a single moveable facade element
can also be used to determine the nominal electrical damping coefficients. The determined
coefficients can then be implemented in the derived Equation (6.19) for two-phase stepper
motor as follows:

cmin
e,n−j+nf

=
k2

t (Ra + Rmax
l ,n−j+nf

)

α2[La
2N2ω2 + (Ra + Rmax

l ,n−j+nf
)2]

(6.25)

cmax
e,n−j+nf

=
k2

t (Ra + Rmin
l ,n−j+nf

)

α2[La
2N2ω2 + (Ra + Rmin

l ,n−j+nf
)2]

(6.26)

With low rotational speed, the velocity dependent term can be neglected. Therefore, the
required equivalent resistance can be easily determined. For minimum electrical damping, the
maximum equivalent resistance Rmax

l ,n−j+nf
is required, and for the maximum electrical damping,

the minimum equivalent resistance Rmax
l ,n−j+nf

is required. A fundamental principle in the selection
of stepper motor is that it should be selected so that, in the case of a short circuit (Rmin

l ,n−j+nf
= 0),
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the electrical damping coefficient must exceed cmax
e,n−j+nf

.
The final selected electrical machine for each moveable facade element is a two-phase hy-

brid stepper motor (Type ML42HS3L4270, Moons’ Electric Co,. Ltd., China). The approximate
torque constant kt of this selected stepper motor can be calculated as 11.48 Nm/A, and the
speed constant as 0.83 rpm/V. Therefore, when the stepper motor is idling with an input rota-
tional speed of 100 rpm, a peak voltage of 120.3 V can be theoretically induced. The torque
constant has also been experimentally determined by a test bench, as shown in Figure 6.11.

Buck-boost converter Rechargeable battery

Force sensor

Lever arm (1m)

Rotation coupling

Stepper motor

Asynchronous motor

Frequency inverter
Rectifier

Microcontroller

PWM

Input 
rotational

speed

Rotational speed measurement
(rotary encoder) Data transmission

Current
voltage

measurement

Force
measurement

Dual two-stage EHC

Figure 6.11: The schematic of the test bench for the stepper motor.

The rotation of the stepper motor is driven by an asynchronous motor with a constant input
rotational speed. The rotational coupling is as shown in Figure 6.12. The shaft of the generator
is rotated with a constant input rotational speed, and the amplitude of the induced sinusoidal
voltage at the terminals is measured with an oscilloscope. Four different input rotational speeds
of 25 rpm, 50 rpm, 75 rpm, and 100 rpm are tested. Based on the experiment, the average
torque constant can be determined as 7.61 Nm/A, which is about 30% smaller than the theo-
retical value, but still large enough for our application. The speed constant can be calculated as
1.255 rpm/V. With the expected maximum input rotational speed of 100 rpm, a peak voltage
of 80 V can be induced. Using an LCR meter, the internal resistance Ra and inductance La for
each phase of this stepper motor are measured as 4.2 Ω and 80 mH respectively.

According to Equations (6.25) and (6.26), the equivalent resistance of the EHC can be first
designed to vary approximately in the range of 100 to 2000 Ω to meet the desired electrical
damping coefficient ce. The equivalent resistance is determined by the switching frequency fsw

and the inductance of the buck-boost converter Lc , and the duty cycle d (see Equation (6.21)).
The switching frequency fsw , the inductance Lc are selected as fixed values, while the duty cycle
d is a variable input from the microcontroller. The switching frequency needs to be above 20
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Figure 6.12: Fixed coupling between the asynchronous motor and the tested stepper motor
(Source: Thomas Schauer, Technische Universität Berlin).

kHz so that it is not audible and below 100 kHz due to the technical limitation of the microcon-
troller. Due to the limited size of the circuit board, the choice of inductance is also restricted.
Furthermore, the allowed range of the duty cycle should be as large as possible to have little
quantization in the realization of the resistors (the duty cycle can be adjusted with an accuracy
of 1% in the later realized system). The range of the duty cycle is restricted by the maximum
duty cycle due to the required condition of Discontinuous Current Mode (DCM). A higher bat-
tery voltage can increase the allowed maximum duty cycle (see Equation (6.20)). Simulations
based on the developed Simulink model (see Figure 6.10) provided important instructions for
the final decision of all the components that are applied in the dual two-stage EHC. The final
used switching frequency fsw is 100 kHz, the inductance Lc in the buck-boost converter is 22
mH, and a rechargeable 24 V lead-acid battery is applied.

The duty cycles dmin
n−j+nf

and dmax
n−j+nf

to obtain the corresponding equivalent resistance
Rmax

l ,n−j+nf
and Rmin

l ,n−j+nf
can be calculated by the following equations:

Rmax
l ,n−j+nf

=
2 · fsw · Lc

(dmin
n−j+nf

)2
(6.27)

Rmin
l ,n−j+nf

=
2 · fsw · Lc

(dmax
n−j+nf

)2 (6.28)

Under different duty cycles and different input rotational speeds, the experimentally obtained
and estimated electrical counter torques Me and the resulting electrical damping coefficient ce

generated by the stepper motor are plotted in Figure 6.13 and Figure 6.14 respectively. The
estimated plot is obtained by fitting the measured values using the Optimization Toolbox in
MATLAB (The MathWorks, Inc., USA). The identified parameters are kt = 8.38 Nm/A and
La = 155 mH.

As shown in Fig. 6.14, the experimentally determined electrical damping coefficient shows
deviations when the rotational speed is below 20 rpm. The reason is due to the detent torque
Tdet in the stepper motor. The detent torque during the rotation is a sinusoidal torque, whose
frequency is proportional to the rotational speed ω. At low speeds, the expected average of
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zero for the detent torque cannot be accurately determined, and affects the measured average
counter torque negatively.
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Figure 6.13: Measured and estimated electrical counter torque Me of the stepper motor in
generator mode for different duty cycles and corresponding emulated resistances (R = Ra +
Rl (d)).
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Figure 6.14: Measured and estimated electrical damping coefficient ce of the stepper motor
in generator mode for different duty cycles and corresponding emulated resistances (R = Ra +
Rl (d)).
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6.5 ELECTRONICS OF THE DAMPER

The entire electronics for achieving the adjustable electrical damping and energy harvesting
works as a unit named as IVE - Intelligent Vibration control and Energy harvesting unit. All
the electronic components are housed in the IVE-box. The key components are the devel-
oped dual two-stage power converter, a microcontroller board, two sensor shields, and two
series-connected 12 V rechargeable batteries. In addition, a galvanically isolated USB to
RS232/RS485/TTL converter is also located in the IVE-box, enabling the bidirectional serial
communication via USB with the Simulink interface on the computer. The front and rear views
of the IVE-box are as shown in Figure 6.15.

(a) Front view of the IVE-box (b) Rear view of the IVE-box

Figure 6.15: The front and rear view of the IVE-box (Source: Laurenz Wernicke, Technische
Universität Berlin).

There are four LEDs on the front of the IVE-box (see Figure 6.15a). The function of each
LED is explained below:

• Yellow (SYS. STATUS) → Flashes with a frequency of 0.5 Hz when electrical damping is
activated

• Green (HARVESTING) → On when a positive current is flowing into the battery

• Red (BAT. LOW) → On when the battery voltage is low
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• Blue (BAT. FULL) → On when the battery is fully charged

There is a switch with three positions on the top right of the front IVE-box. In position 0
(OFF), the battery is disconnected and the device is turned off. Position II (DAMPING ACTIVE)
is when the system is in operation, i.e., the power electronics and all sensors are activated.
Position I (EXT. BAT. CHARGING) is when the battery is externally charged by connecting
the charging socket on the rear side of the IVE-box (see Figure 6.15b). Below this switch is
two sockets. On the left is a 5-pin socket (ENCODER) for the rotary encoder to measure the
relative motion of moveable facade outer skin, and on the right is a 4-pin socket (GENERATOR)
to connect the generator (two-phase hybrid stepper motor). There is also a USB-A socket (EXT.
PC INTERFACE) on the lower left side of the front IVE-box, which enables serial communication
with the Simulink interface on the computer through USB. On the left side of the mentioned
charging socket on the rear IVE-box (see Figure 6.15b), there are two 4 mm lab jacks that
can be connected with an external 25 Ω load resistor to discharge the battery if necessary (the
battery is full). A USB-B socket is also on the rear of the IVE-box, which can be connected to the
PC to update the firmware of the microcontroller. During the firmware update, the slide switch
above the USB-B socket needs to be set to the ON position. When the update is complete, it
needs to be switched back to the OFF position.

Figure 6.16: Side view of the opened IVE-box (left is the rear view, right is the front view)
(Source: Laurenz Wernicke, Technische Universität Berlin).
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(a) Power electronics board (b) Power electronics board (3D rendering)

Figure 6.17: Top view of the power electronics board (real and 3D rendering) (Source: Laurenz
Wernicke, Technische Universität Berlin).

Figure 6.16 shows the side view of the opened IVE-box. Two 12 V batteries with a capacity
of 2.9 Ah (Type 12LS-2.9, AKKU SYS Akkumulator und Batterietechnik Nord GmbH, Germany)
are placed at the upper part of the box. They are connected in series to achieve a 24 V nominal
voltage. The batteries are protected by a Medium Acting 250 V/3.15 A fuse. The black box
on the lower right side is the TTL/USB converter from the company Waveshare. As shown
in Figure 6.16, the power electronics board is disassembled from the housing, and it can be
screwed to the IVE-box.

Figure 6.17 shows the top view of the power electronics board (real and 3D rendering).
In addition to a microcontroller board, the power electronics board also contains a three-axis
acceleration sensor (LIS3DH, STMicroelectronics, Switzerland) and a sensor for measuring the
current and voltage of the battery (INA226, Texas Instruments, USA). They are all designed as
shields (plug-on components) so that they can be easily replaced in case of failure. On the real
power electronics board, they are shown in the lower left area of the board (see Figure 6.17a).

An isolation concept is implemented on the power electronics board to protect the appli-
cation. The board is spatially separated into two areas, i.e., high voltage (HV) area, and low
voltage (LV) area. On the HV area, voltages up to 100 V induced by the generator can be ap-
plied. The LV area contains the microcontroller, sensors, and all low-power connectors such as
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Figure 6.18: Isolation concept for the power electronics board.

the encoder and UART communication via TTL/USB interface. The overview of all the electrics
components marked with their voltage level is shown in the isolation concept in Figure 6.18.

To ensure a self-sufficient operation of the system, the microcontroller (STM32 NUCLEO
L432KC, STMicroelectronics, Switzerland) is selected due to its low power consumption. The
sensors are read with a frequency of 100 Hz. The duty cycle of the PWM signal that determines
the electrical damping coefficient is adjusted by the microcontroller based on the movement of
the building and facade element. FreeRTOS is used as the operating system of the microcon-
troller to meet the real-time requirements of our application. The relative displacement of the
moveable facade outer skin is measured by the encoder on the stepper motor (E3 Optical Kit
encoder, US Digital, USA), and its relative velocity is numerically derived. The acceleration
sensor measures the story acceleration of the building, so the IVE-box should be attached to
the fixed inner skin or the building structure. The acceleration sensor is quite sensitive, so the
measured data is processed with a high-pass filter before it is used as an input signal to the
microcontroller. Through the bidirectional serial communication, the measured data of sensors
can be transmitted to the computer with a frequency of 100 Hz. Meanwhile, the operation mode
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of the IVE-box (e.g. passive or semi-active damping, encoder reset, activation of battery dis-
charge, etc.) or the system parameters can be changed in the developed Simulink interface in
the computer.

6.6 SUMMARY AND CONCLUSIONS

In this chapter, the theoretical electrical damping coefficient of a two-phase hybrid stepper motor
is derived and compared with that of an ordinary DC motor. A dual two-stage EHC is proposed
to realize adjustable electrical damping through resistance emulation, and to simultaneously
harvest energy. A test bench has been built to test the adjustable electrical damping of a se-
lected two-phase hybrid stepper motor with the dual two-stage EHC. The whole dual-functional
damper was modeled in Simulink. Based on the experimentally measured data, the parameters
in the model have been estimated using the Optimization Toolbox in MATLAB. The experimental
results and estimated simulation results fit very well. The electronics to realize this system has
also been introduced. Two conclusions can be summarized as follows:

(1) Since stepper motors have more pole pairs than DC motors, dual-functional dampers
using stepper motors inherently have higher damping density than those using DC motors, i.e.,
higher torque constant, higher induced voltage, and higher electrical damping coefficient. Also,
due to the construction of stepper motors, the sinusoidal detent torque is a unique feature of
stepper motors. However, in many applications, its influence can be neglected, or avoided
during the design stage.

(2) The theoretical equation for the electrical damping coefficient of two-phase stepper mo-
tors has been derived and experimentally validated. The nonlinear relationship between the
rotational speed and the electrical damping coefficient can be well revealed in the derived equa-
tion. The electrical damping coefficient of stepper motors is approximately linear at relatively
low duty cycles (corresponding to high emulated resistances), or at low rotation speeds.

The tested two-phase hybrid stepper motor in this chapter has been integrated in the cavity
of the moveable DSF. The feasibility of adjustable electrical damping and energy harvesting has
been tested using Hardware-in-the-Loop simulations in Chapter 8.
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7 Prototype

This chapter presents the constructional design of a parallel moveable Double-Skin Facade
(DSF) system and the construction of a prototype with one full-scale moveable facade element.
A general description of the parallel moveable facade damping system is given in Section 7.1.
The constructional design of this system is developed together with Josef Gartner GmbH.
The important components of the prototype are then described specifically in two parts. The
first part (Section 7.2) introduces all the main components of the moveable facade element
in detail, such as the spring system, the guide rail system, and the electronically controlled
damper using a stepper motor. The modeling of these components is also introduced, which
is the basis for the grey-box system identification in Chapter 8. The second part (Section 7.3)
describes the components of the prototype test rig, such as the test rig actuator, test rig spring
system, etc. These components are not part of the moveable facade system itself, but are
essential for the implementation of the Hardware-in-the-Loop simulations in Chapter 8.
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7.1. INTRODUCTION OF THE PROTOTYPE

7.1 INTRODUCTION OF THE PROTOTYPE

Together with Josef Gartner GmbH, the constructional design of a parallel moveable Double-
Skin Facade (DSF) is proposed for the d-MTFD system based on the concept of the Open
Cavity Facade (OCF), as shown in Figure 7.1 Section B-B.

A

A

B

B

Fixed inner skin of DSF

Stepper motor
(Damper / Generator)

Moveable outer skin of DSF
(see. Prototype)

Section A-A

Section B-B

B
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DSF outer skin motion

Structural motion

Fixed inner skin Moveable outer skin

Upper guide rail with rolling bearing

Lower guide rail with rolling bearing
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Laminated safety glass (21 mm)
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Facade element below
vertically not coupled, but can be coupled

Motion converter

Stepper motor (Damper / Generator)

Structural motion

wind direction

Figure 7.1: Proposed constructional design of the parallel moveable Double-Skin Facade
(DSF).

The inner skin facade elements made of three-pane insulating glass are fixed to the building
structure. The parallel moveable outer skin facade elements are made of 21 mm thick laminated
safety glass (VSG 1010.4 – 10 mm glass + 10 mm glass + 4×0.38 mm folio) and are marked
in green in Figure 7.1. The moveability is achieved by mounting the facade outer skin on
the guide rail system consisting of upper/lower guide rails. The spring system connecting the
facade outer skin and inner skin is tuned to the first natural frequency of the building structure.
The stepper motor installed in the cavity functions as an adjustable damper and also as a
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generator. The blind is installed in the cavity by connecting it to the fixed inner skin to cover the
relative movement of the outer skin during strong winds. This design reduces the disturbance
of the moveable outer skin to the residents. The facade outer skin also provides protection
to all the components located within the cavity. To ensure the high precision of the electrical
dampers/generators, the future moveable DSF elements will be completely prefabricated in the
factory and assembled on-site as a unit.

These moveable facade outer skins are installed at the upper stories of the buildings. All
moveable facade elements are horizontally coupled to each other at each story. The wind-
induced structural lateral vibration causes the front and rear parallel moveable facades on dif-
ferent floors to move synchronously, which in turn damps the primary structural motion (see
Figure 7.1 Section A-A). The moveable facade elements can also be vertically coupled to re-
duce the number of the components, such as damper/generator units, motion converters, etc.
The reverse motion of the moveable facade can also counteract the torsional vibrations of the
structure. The vertically coupled system and torsional vibration control is not studied in this
research.

Based on this design, a full-scale parallel moveable facade element (2.8 m × 2.6 m) has
been constructed for further experimental validation using Hardware-in-the-Loop (HiL) simula-
tions [162, 164]. Figure 7.2 shows the rendering of the developed DSF prototype and test rig.
Figure 7.3 shows the overview of the completed DSF prototype and test rig. Figure 7.4 shows
the prototype on the actuated test rig during the HiL simulations. The Details and dimensions
are illustrated in the technical drawings in Figure 7.5 to Figure 7.7.

Upper guide rail of DSF
Spring system of DSF
Cavity of DSF
Moveable outer skin

Stepper motor (damper/generator)

Test rig actuator
Test rig spring system
Base frame

Lower guide rail of DSF
Fixed inner skin

Building frame

Embedded control system, power 
electronics, battery

Prototype

TeTeT st rig

Figure 7.2: Rendering overview of prototype and test rig (Rendering by Therese Schmidt,
Chair of Hybrid Structures - Structural Concrete, BTU Cottbus-Senftenberg).

This test rig consists of two main parts: the base frame, and the building frame, as illustrated
in Figure 7.7. The building frame, representing the building structure, can slide on the base
frame through the test rig guide rail system. The test rig actuator and the test rig spring system
work together to drive the movement of the building frame, accurately reproducing the selected
story motion of the benchmark high-rise building under wind excitation. The DSF prototype is
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Figure 7.3: Overview of the completed prototype and test rig (Source: Ralf Schuster, BTU
Cottbus-Senftenberg).

rigidly attached with the facade’s inner skin to the building frame. The moveable outer skin is
connected to the inner skin by using upper and lower guide rails and the DSF spring system.
Based on this detailed design, the mass of the moveable facade outer skin with a guide rail
system is expected to be around 640 kg. The maximum allowed parallel movement of the outer
skin that can be achieved on the prototype is ±500 mm. The hybrid stepper motor, together with
the corresponding microcontroller, power electronics and the battery, functions as an adjustable
electrical damper and energy harvester simultaneously.

The major components of the prototype and test rig are introduced in the following sections.
The components that connect the moveable outer skin and fixed inner skin, i.e., the spring
system, the guide rail system, and the electronically controlled damper, are highlighted, and
their accurate modeling is essential for the following grey-box system identification in Chapter 8.
Components of the test rig, such as the test rig actuator, the test rig spring system, etc., are
also briefly introduced. They are also essential for the implementation of the HiL simulations.

7.2 COMPONENTS OF THE PROTOTYPE

7.2.1 Spring system

The spring system of the moveable DSF is as shown in Figure 7.8. The applied springs are
specially manufactured by the company Gutekunst Formfedern GmbH, Germany. The stiffness
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Figure 7.4: Prototype on the actuated test rig during an experimental investigation (Source:
Thomas Schauer, Technische Universität Berlin).
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Figure 7.5: Top view of the prototype.
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Figure 7.6: Front view of the prototype.

of each spring is approximately 81 N/mm. All the springs are fixed to the inner skin at one end
(left/right side of the inner skin) and the moveable outer skin at the other end (middle of the
outer skin). Eight springs are arranged to achieve the total stiffness k f of 644 N/m. This value
of k f is intended to tune the moveable facade element (designed as approximately 640 kg) to
the first natural frequency of the benchmark building. The spring system is modeled as a linear
spring. The total stiffness k f is modeled as a constant. The final value of the stiffness k f is
determined by system identification.

7.2.2 Guide rail system

As shown in Figure 7.9, the guide rail system consists of an upper guide rail and a lower guide
rail with their corresponding rolling bearings (two for the upper guide rail, and two for the lower
guide rail), which enables the parallel movement of the facade outer skin. The guide rails are
made of precision U-profiles (Type PR 3 NbV, Winkel GmbH, Germany). Both the upper and
lower guide rails are open downwards to avoid dirt accumulating on the running surface from
affecting the moveability of the outer skin. Furthermore, the running surfaces of the guide rails
were re-milled by the manufacturer to achieve a roughness of Rz ≤ 16. Rz is the ten-point
mean roughness, which is defined as the average value of the absolute values of the heights
of five highest-profile peaks and the depths of five deepest alleys within the evaluation length.
Heavy Duty Precision Bearings (Type PR 3.058, Winkel GmbH, Germany) (see Figure 7.10a)
are used as the rolling bearings for the upper guide rail. Precision radial Bearings (Type PR
2.058, Winkel GmbH, Germany) (see Figure 7.10b) are used as the rolling bearings for the

103



7.2. COMPONENTS OF THE PROTOTYPE
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Figure 7.7: Side view of the prototype on the test rig with details (the moveable part of the
prototype is marked in green).

lower guide rail. Rolling bearings ensure not only the moveability but also the load-bearing
capacity.

Since Chapter 5 shows that lower friction gives better optimization results, the sealing friction
of the rolling bearing can be enormously decreased by replacing the standard lip seals with
gap seals. The applied rolling bearings were disassembled, degreased, and reassembled with
new gap seals. The lubricating grease was also replaced by the non-resinous smooth-running
oil (BALLISTOL GmbH, Germany) with good adhesion. After these modifications, the rolling
friction decreased significantly.

The entire guide rail system can be described by a friction model, which is a function of the
relative velocity of the moveable outer skin facade vfr . The friction force of the guide rail system
f fs,r is the sum of the Stribeck friction f fs,Str , Coulomb friction f fs,Col and viscous friction f fs,Vis

[165], as shown in Figure 7.11. Stribeck friction f fs,Str is the negatively sloped and nonlinear
friction-velocity characteristic occurring at low velocities, which is important for stick-slip (an
alternation between sliding and sticking due to static friction). Coulomb friction f fs,Col results in
a force of constant magnitude f C,fs, acting in the direction opposite to motion. For the guide rail
system, Coulomb friction is mainly caused by rolling friction. Viscous friction f fs,Vis is a resistive
force that is directly proportional to the relative velocity. The sum of the Coulomb and Strebeck
friction near-zero velocity is often referred to as the breakaway friction f brk ,fs. The friction of the
guide rail system can be written as the following equations:
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Figure 7.8: Spring system of the moveable DSF (Source: Ralf Schuster, BTU Cottbus-
Senftenberg).

(a) Upper guide rail system (b) Lower guide rail system

Figure 7.9: Upper/lower guide rail system (Source: Yangwen Zhang, BTU Cottbus-
Senftenberg).
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(a) Heavy Duty Precision Bearing (Type PR
3.058, Winkel GmbH, Germany)

(b) Precision radial Bearings (Type PR 2.058,
Winkel GmbH, Germany)

Figure 7.10: Rolling bearings used in the prototype (Source: Yangwen Zhang, BTU Cottbus-
Senftenberg).



f fs,r = f fs,Str + f fs,Col + f fs,Vis

f fs,Str =
√

2e · (f brk ,fs − f C,fs) · exp (− vfr
vst

)2 · vfr
vst

f fs,Col = f C,fs · tanh( vfr
vCoul

)
f fs,Vis = cm,fs · vfr

vst = vbrk ·
√

2
vCoul = vbrk/10,

(7.1)

where vbrk is the breakaway friction velocity, vst is the Stribeck velocity threshold, vCoul is the
Coulomb velocity threshold. cm,fs is the viscous friction coefficient of the whole guide rail system
(upper and lower). e is Euler’s number.

fbrk,fs

ffs,Vis

ffs,r

vfr

ffs,Str

ffs,Col

Figure 7.11: Friction model.

7.2.3 Electronically controlled damper

The electronically controlled damper is composed of the selected two-phase NEMA42 hybrid
stepper motor (Type ML42HS3L4270, Moons’ Electric Co,. Ltd., China), as shown in Fig-
ure 7.12a, and the IVE-box mounted on the building frame, as shown in Figure 7.12b. The
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selection of this stepper motor has been described in detail in Section 6.4. All other electronic
components, such as the power electronics, the microcontroller, the sensors and the battery,
are housed in the IVE-box described in the Section 6.5. A force sensor (Type KD60 100,
ME-Meßsysteme GmbH, Germany) is also mounted to measure the motor reaction force. For
semi-active control, it is not required. The installed force sensor is powered directly by the con-
nected computer, and the measured motor reaction force is only used for system identification
to further validate the semi-active control (see Section 8.1).

Encoder

Rack-and-pinion

Hybrid stepper motor

(a) Two-phase hybrid stepper motor (b) IVE-box

Figure 7.12: Electronically controlled damper consisting of selected two-phase stepper motor
and the IVE-box mounted on the building frame ((a) Source: Ralf Schuster, BTU Cottbus-
Senftenberg, (b) Source: Yangwen Zhang, BTU Cottbus-Senftenberg).

The equation of the motor reaction force f sm can be written as follows:

f sm = f sm,e + f sm,det + f sm,ace + f sm,r

f sm,e = ce · vfr

f sm,det = Td ·sin(4Nθ)
α

f sm,ace = J
α2 · v̇fr

f sm,r = f sm,Str + f sm,Col + f sm,Vis ,

(7.2)

where f sm,det is caused by the detent torque in the stepper motor [166], which always exists
even when the stepper motor winding is not energized. In our application, the effect of this term
is mostly in the high-frequency region. Therefore, it has a very limited impact on the system.
f sm,ace is due to the acceleration of the motor rotor, in the steady state, this term doesn’t exist. In
our application, vfr varies continuously, however, the rotor inertia J is quite small, so the effect
of this term is also minor. f sm,r refers to the mechanical frictions in the stepper motor or in the
connection of the force sensor. The modeling of the friction term also includes Stribeck friction
f sm,Str , Coulomb friction f sm,Col and viscous friction f sm,Vis = cm,sm · vfr , which is equivalent as
the guide rail system, as presented in Equation (7.1).

The electrical damping force f sm,e is the most important term in our application, which makes
adjustable damping possible. As described in the modeling of the two-phase stepper motor in

107



7.3. COMPONENTS OF THE TEST RIG

Chapter 6, the electrical damping coefficient ce [N · s/m] for two-phase stepper motor can be
derived in Equation (6.19). There is a nonlinear relationship between the rotational speed ω and
the electrical damping coefficient ce of the stepper motor. However, for small ω and small phase
inductance La, the nonlinear influence can be neglected, the electrical damping coefficients for
DC motor and stepper motor are approximately the same [107]. ce can be adjusted by varying
the connecting equivalent resistance Rl .

When operating in Discontinuous Current Mode (DCM), the buck-boost converter with a
fixed duty cycle d is similar to a constant equivalent resistor, as seen in Equation (6.21). To
maintain DCM, the Equation (6.20) needs to be satisfied. By varying the PWM signal, the
equivalent resistance Rl can be varied, hence the electrical damping coefficient ce can be ad-
justed. Meanwhile, the kinetic energy can be converted into electrical energy to power the
embedded control system (microcontroller), the motion sensors, and to generate PWM signals.
The remaining electrical energy is stored in the rechargeable battery. The power electronics to
realize the adjustable damping and energy harvesting is shown in Figure 7.13. All the param-
eters of the selected stepper motor and EHC are listed in Table 7.1, which are further used for
the identification of other parameters of the prototype.
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Figure 7.13: The schematic of EHC.

7.3 COMPONENTS OF THE TEST RIG

7.3.1 Spring system

As shown in Figure 7.14a, the test rig spring system between the base frame and the building
frame consists of the same basic springs as used for the moveable DSF. With a symmetrical
arrangement of 5 springs per side, a total of 20 springs are connected in parallel, resulting in a
spring stiffness of 1620 N/m.
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Table 7.1: Parameters of stepper motor and EHC.

Variable Description Identified Value Data Sheet Value

αs Step angle / 1.8◦

N Rotor teeth number / 50
J Stepper motor rotor inertia / 0.00162 kg · m2

Td Detent torque amplitude / 0.8 Nm
kt (ke) Torque constant (electrical constant) 8.38 Nm/A (V/(rad/s)) /
La Stepper motor winding inductance 155 mH /
Ra Stepper motor winding resistance / 4.2 Ω
C1, C2, C3, C4 Buck-boost converter capacitance / 1 µF
Lc Buck-boost converter inductance / 22 µH
fsw MOSFET switching frequency / 100 kHz
vbat Rechargeable batteries nominal voltage / 24 V

(a) Test rig spring system (b) Test rig guide rail system

Figure 7.14: Spring system and guide rail system of the test rig ((a) Source: Ralf Schuster,
BTU Cottbus-Senftenberg, (b) Source: Yangwen Zhang, BTU Cottbus-Senftenberg).
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Figure 7.15: Installed NiLAB controlled electric drive of type LM075P (Source: Ralf Schuster,
BTU Cottbus-Senftenberg).

7.3.2 Guide rail system

The guide rail system of the test rig consists of the same guide rails and rolling bearings as
for the upper guide rail system of the moveable facade element and differs only with regard to
the installation position. The guide rail system of the test rig is as shown in Figure 7.14b. The
guide rails on the base frame are open towards the inside so that the weight is supported by
the large rollers. The small rollers are used for lateral guidance. The large and small rollers are
as shown in Figure 7.10a.

7.3.3 Actuator system

The controlled electric drive (Type LM075P, NiLAB GmbH, Austria) is applied to reproduce the
selected story motion of the benchmark building under wind excitation. The linear actuator is
fixed to the building frame, and connected to the basis frame through two tie rods, as shown in
Figure 7.15. The actuator is controlled by the servo drive (Type MBD12, NiLAB GmbH, Austria),
which provides a corresponding CAN bus interface.

7.3.4 Electrical enclosure with electrical supply and safety sensor system

The electrical enclosure designed for the prototype’s test rig fulfills several purposes. On the
one hand, it ensures an electrically safe housing for all current-carrying components, in par-
ticular the servo drive, which is supplied with high-voltage current. Furthermore, the electrical
enclosure serves as a control unit for switching the entire test rig on and off. It is also used
as a monitoring unit for its safe operation. For this purpose, the electrical enclosure contains
a relay logic that allows both immediate shutdown and safe restart after a fault has occurred.
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During operation, the relay logic also monitors end position sensors for the building frame and
the moveable facade element. The components of the electrical enclosure are as shown in
Figure 7.16b.

(a) Closed electrical enclosure (b) Opened electrical enclosure

Figure 7.16: Electrical enclosure for the prototype test rig (Source: Yangwen Zhang, BTU
Cottbus-Senftenberg).

7.3.5 Desktop PC with GUI for configuration, monitoring and HiL simulations

A desktop PC with Linux (Ubuntu 18.04) and MATLAB/Simulink 2020b is used for configuration
and monitoring of the electrical damper as well as the HiL simulations. The 76-story high
benchmark building is simulated in real-time with a sampling time of 8 ms. Through CAN bus
using a USB-CAN converter (Kvaser Leaf Light HS v2, Kvaser, Schweden), the selected story
motion of the benchmark building is transmitted as the target position to the control unit of the
test rig actuator for position control. The measured internal signals of the electrical damper
(e.g., current and voltage at the battery, relative displacement of the facade inner and outer
skins, etc.), as well as the target position and measured position of the building frame, are
displayed in real-time on the PC during the test. The entire Graphical User Interface (GUI) is
created using the Simulink Dashboard Block Library, as shown in Figure 7.17.

To ensure the real-time of the HiL simulations, the corresponding Simulink diagrams run in
the so-called external mode. For this purpose, a real-time executable program in C++ code is
generated from the Simulink diagram with a Linux target for the Mathworks Simulink Embedded
Coder. Then, this program can be executed and supports the external mode of Simulink with
XCP protocol for signal monitoring and online parameter updates. All measured values and
interactions are logged automatically and can be viewed, evaluated, and exported in Simulink’s
Data Inspector after the completion of an experiment. For the acquisition of the force at the gen-
erator, the measured signal is analog-digital converted using a data acquisition card (MF634
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(a) Desktop PC

(b) GUI in Simulink

Figure 7.17: Desktop PC and Simulink GUI for configuration of the electronically controlled
damper and testing of the prototype ((a) Source: Ralf Schuster, BTU Cottbus-Senftenberg).
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PCI Express, HUMUSOFT s.r.o., Czech Republic). The embedded control system of the con-
trolled damper can receive/send signals from/to Simulink via USB. The corresponding block in
Simulink is programmed in C++.

7.4 SUMMARY

In this chapter, the prototype of the moveable DSF with one full-scale moveable facade ele-
ment is presented from the proposal of the constructional design to the final completion. This
moveable DSF is placed on the test rig for experimental tests. All the main components of
the test rig are introduced. The components that realize the moveable connection between
the facade outer skin and the fixed inner skin, i.e. the spring system, the guide rail system,
and the adjustable electrical damper using a stepper motor, are introduced in particular. The
modeling of these components is described in detail. A precise mathematical description of
these components is essential for the successful grey-box system identification conducted in
Chapter 8.
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8 Experimental verification using Hardware-in-

the-Loop simulations

In this chapter, Hardware-in-the-loop (HiL) simulations were performed to validate the proto-
type and prove the feasibility of the dual-functional damper using a stepper motor for energy
harvesting and semi-active vibration control. A virtual moveable facade element is removed
from the simulated d-MTFD system and replaced by the hardware, i.e., the prototype described
in Chapter 7. Actuators and sensors enable communication between the simulation part and
the hardware part. The actuator located between the base frame and the building frame of the
test rig is applied to reproduce the movement of selected floors on the building frame. The
interaction force between the moveable facade element and the building’s main structure is es-
timated based on the measured force using the force sensor and fed back to the simulation.
To precisely conduct the HiL simulations, the grey-box system identification is applied to esti-
mate the parameters of the prototype (see Section 8.1). Then, the simulation part needs to
be updated with the estimated parameters to ensure that the same connections as the pro-
totype are used. The whole passive/semi-active d-MTFD system was optimized again using
the multi-objective GA (see Section 8.2). The optimized parameters of the selected case were
configured in the simulation part and the hardware part (see Section 8.3). HiL simulations are
performed when the prototype is connected to five different selected floors under across-wind
excitation with a return period of 10 years. The experimental data were analyzed in Section 8.4.
The following questions will be discussed and answered:

• Are the facade relative displacements measured at the prototype consistent with the sim-
ulated facade relative displacements of other moveable facade elements at the same
selected story? How good is their fitness value?

• Can the required electrical damping force be generated by the stepper motor?

• Is it possible to generate sufficient energy during semi-active damping to ensure the self-
sufficient operation of the system?
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8.1. SYSTEM IDENTIFICATION

8.1 SYSTEM IDENTIFICATION

Since the mathematical model of the system has been developed, grey-box system identifica-
tion is used to identify the system. The parameters of the stepper motor, listed in Table 7.1, are
used in the model to further identify other parameters of the prototype, i.e., friction, mass, and
spring stiffness. There are two stages to identify the defined parameters of the prototype, as
shown in Figure 8.1. The input/output data for both stages of system identification are collected
in a single experiment in which a constant electrical damping coefficient is realized by the step-
per motor with a fixed duty cycle d = 11.5%. The input signal xbf is taken from the top floor
vibration of a benchmark building installed with the d-MTFD system (using assumed friction)
under across-wind excitation.

Building frame

Moveable outer skin

Fixed inner skin

(Input signal)

(Output signal)

G

kf

xbf

cm

xbf+xfr

fr

mf

fsm,e

μr

(a) System identification stage 1

Moveable outer skin

(Output signal)

Building frame

Fixed inner skin

(Input signal)

G

kf

xbf

cm,fs

xbf+xfr

ffs,r

mf

fsm,e
Force sensor

cm,sm

fsm,r

fsm

(b) System identification stage 2

Figure 8.1: Stages for system identification.

8.1.1 Stage 1

The frictions caused by the guide rail system and the stepper motor are lumped as total friction
between the fixed inner skin and the moveable outer skin of the prototype in stage 1. The
equations of total friction are expressed as follows:

f r = f fs,r + f sm,r = f r ,Str + f r ,Col + f r ,Vis

f r ,Str =
√

2e · (f brk − f C) · exp (− vfr
vst

)2 · vfr
vst

f r ,Col = f C · tanh( vfr
vCoul

) = µr mf g · tanh( vfr
vCoul

)
f r ,Vis = cm · vfr

, (8.1)
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where cm = cm,fs +cm,sm is the sum the of viscous friction coefficient of the guide rail system and
stepper motor; f C = f C,fs + f C,sm = µr mf g is the sum of Coulomb friction magnitude, where µr

is the equivalent friction coefficient, mf is the facade outer skin mass, and g is the gravitational
acceleration; f brk = f brk ,fs + f brk ,sm is the sum of breakaway friction. The relationship between
vbrk and vst , vCoul are defined in Equation (7.1).

In stage 1, the building facade displacement xbf is measured by the test rig actuator and
used as the input signal of the system for the estimation. The relative displacement of the
moveable facade outer skin xfr is measured by the encoder and used as the output signal of the
system, as shown in Figure 8.1a. The whole system is built in Simulink. The mass of the facade
outer skin mf , the stiffness of the spring system k f , the total Coulomb friction magnitude f C, the
total Breakaway friction f brk and the breakaway friction velocity vbrk will be estimated by using
the Parameter Estimator APP from Simulink Design Optimization. The estimated parameters
are listed in Table 8.1. The equivalent friction coefficient µr can be then calculated as 0.0022.
The comparison of the measured and estimated facade outer skin relative displacement is
plotted in Figure 8.2. The NRMSE (Normalized Root Mean Squared Error) fitness value of the
estimated model is calculated as 92.1%

Table 8.1: Estimated parameters of stage 1.

Parameters Description Value

mf Facade outer skin mass 611.61 kg
k f Stiffness of the spring system 645.91 N/m
cm Total viscous friction 46.00 N · s/m
f C

† Total Coulomb friction magnitude 13.09 N
µr

† Equivalent friction coefficient 0.0022
f brk

† Total breakaway friction 17.99 N
vbrk Breakaway friction velocity 0.051 m/s
vst

† Stribeck velocity threshold 0.072 m/s
vCoul

† Coulomb velocity threshold 0.005 m/s
† parameters being further used in the friction modeling of the d-MTFD system (see Equa-

tion (8.2)).

8.1.2 Stage 2

In stage 2, the interaction force measured by the force sensor connected to the stepper motor
f sm is used as the output signal of the system, as shown in Figure 8.1b. The early estimated
parameters from stage 1 are further implemented in stage 2. Therefore, the sum of the Coulomb
friction and viscous friction stay unchanged. Based on the measured stepper motor reaction
force, the corresponding proportions of friction caused by the guide rail system and stepper
motor can be determined. The Coulomb friction inside the stepper motor f C,sm, the breakaway
friction of the stepper motor f brk ,sm and the viscous friction coefficient of the stepper motor cm,sm

are identified by using the Parameter Estimator APP from Simulink Design Optimization. The
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Figure 8.2: Measured/estimated relative displacement of facade outer skin.

estimated parameters are listed in Table 8.2. The comparison of the measured and estimated
stepper motor interaction force is plotted in Figure 8.3. The NRMSE (Normalized Root Mean
Squared Error) fitness value of the estimated model is calculated as 82.55%.

Table 8.2: Estimated parameters of stage 2.

Parameter Description Value

cm,fs Guide rail system viscous friction coefficient 34.00 N · s/m
cm,sm Stepper motor viscous friction coefficient 12.00 N · s/m
f C,fs Guide rail system Coulomb friction 6.25 N
f C,sm Stepper motor Coulomb friction 6.84 N
f brk ,fs Guide rail system breakaway friction 11.15 N
f brk ,sm Stepper motor breakaway friction 6.84 N

8.2 SEMI-ACTIVE D-MTFD SYSTEM OPTIMIZATION BASED ON IDENTIFIED PROTO-
TYPE

Based on the newly identified parameters, our proposed d-MTFD system installed on the 76-
story high benchmark building can be updated. The identified friction model of the prototype,
including Stribeck friction, Coulomb friction, and viscous friction, was integrated into the model-
ing of the friction for each story with the parallel moveable facade. Viscous friction is a viscous
force. The viscous coefficient can be considered as the mechanical damping coefficient due
to the friction and considered together with the electrical damping coefficient. Therefore, the
facade connection friction fr ,i concludes only the Stribeck friction and Coulomb friction, whose
equation can be written as below:
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Figure 8.3: Measured/estimated stepper motor interaction force.





fr ,i = fStr ,i + fCol ,i

fCol ,i = µr mf ,i g · tanh( vfr ,i
vCoul

)

fStr ,i =
√

2e · ( f brk

f C
− 1) · µr mf ,i g · exp (− vfr ,i

vst
)2 · vfr ,i

vst

i = (1, 2, ..., nf ), (8.2)

where vfr ,i is the relative velocity of the parallel moveable facade with respect to the connected
floor, where i = 1, 2, · · · , nf is used to distinguish parallel moveable facade installed on different
floors. The upper nf = 20 stories are assumed to be installed with moveable facade element.
i = 20 corresponds to the top floor. The activated damping mass mf ,i is assumed as 30 tons per
story. The corresponding facade connection stiffness kf ,i can be obtained by tuning the damping
mass to the first natural frequency of the benchmark building, namely ω1 = 1.0053 rad/s [119].
Based on the identified moveable facade outer skin mass mf and the identified stiffness of the
spring system kf , the achieved tuned natural frequency ω1 can be calculated as 1.0276 rad/s,
which has a difference of 2.2%. As a remark, the friction, caused by the along-wind force
described in Chapter 4, cannot be experimentally realized in the prototype, therefore, it is not
considered in the simulation.

The facade damping coefficient cf ,i consists of the mechanical damping coefficient cm,i due
to the viscous friction, and the adjustable electrical damping coefficient ce,i by using stepper
motor as electronically controlled damper. The damping coefficient can be calculated by the
corresponding damping ratios ξf ,i , ξe,i , and ξm,i . The equation is written as follows:

cf ,i = cm,i + ce,i

= 2 · ξf ,i ·
�

mf ,i · kf ,i

= 2 · (ξm,i + ξe,i ) · ω1 · mf ,i

i = (1, 2, ..., nf ) (8.3)

By using semi-active control, the facade damping coefficient cf ,i switches between cmin
f ,i and

cmax
f ,i . According to Equations (6.25) and (6.28), the electrical damping coefficient of the stepper

motor is adjustable by varying the duty circle d in the connected EHC, which makes the semi-
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active d-MTFD system possible. The on-off Velocity Based Ground-hook (VBG) control is used
as the semi-active control algorithm for the experimental tests, which can be summarized in the
following equations:

if ẋj · vfr ,i ≥ 0, then cf ,i = cmin
f ,i = 2 · ξmin

f ,i · ω1 · mf ,i

if ẋj · vfr ,i < 0, then cf ,i = cmax
f ,i = 2 · ξmax

f ,i · ω1 · mf ,i
, (8.4)

where ẋj is the velocity at the story j of the 76-story benchmark building connected with the
moveable facade i (j = 56 + i).

The damping ratio is a dimensionless parameter. The facade damping ratios were optimized
using multi-objective Genetic Algorithms (GA) from the Optimization Toolbox of MATLAB (The
MathWorks, Inc., USA). Two objectives are defined to optimize the d-MTFD system. The first
objective J1 is to reduce the peak acceleration of the top floor. The second objective J2 is to
reduce the peak relative displacement of all the moveable facades at the upper nf stories. The
details of the multi-objective optimization are described in Charpter 5. The optimized results
are presented in the form of a Pareto front, as shown in Figure 8.4.
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Figure 8.4: Pareto front for the optimized passive and semi-active system.

Two optimized cases are selected for the passive and semi-active system, as marked in
Figure 8.4. Since a larger facade movement leads to better structural vibration mitigation, Case
1 is selected for the passive system with a maximum facade relative displacement of 0.496 m,
which almost reaches the design limit (±0.5 m). The maximum top floor acceleration for Case 1
is 0.195 m/s2, which has been reduced by about 30% compared with the uncontrolled bench-
mark building (0.269 m/s2). Case 2 is selected for the semi-active control, which achieves the
same maximum top floor acceleration as Case 1. Both cases have achieved the serviceability
requirement for the use of hotel (0.147 − 0.196 m/s2) [1]. With semi-active control, the max-
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imum facade relative displacement can be significantly reduced by 34% to 0.330 m. The use
of semi-active control is limited in further reducing structural vibrations compared with the opti-
mized passive control. However, the facade outer skin motion can be significantly reduced by
using semi-active control.

The selected semi-active Case 2 is further investigated using Hardware-in-the-Loop simu-
lation in the following Section 8.3.

8.3 HARDWARE-IN-THE-LOOP (HIL) SIMULATION

Hardware-in-the-Loop (HiL) simulations are applied to prove the feasibility of the semi-active
control and the energy harvesting performance of the d-MTFD system under across-wind ex-
citation. As an example, the previously selected Case 2 using semi-active control is further
investigated. For Case 2, the upper 20 stories (nf = 20), i.e., from 57th story to 76th story
of the benchmark building, are assumed to be installed with the proposed moveable facade
elements. To implement in the HiL simulation, the selected Case 2 needs to be rebuilt in the
simulation part and the hardware part. The simulation part is the virtual 76-story benchmark
building installed with the d-MTFD system under across-wind excitation, with one piece of miss-
ing moveable facade element on the selected story j . This missing moveable facade element is
physically realized as our prototype representing the hardware part of the HiL simulation.

The diagram of the HiL simulation is illustrated in Figure 8.5. Actuators and sensors enable
communication between the simulation part and the hardware part. The test rig actuator located
between the base frame and the building frame is used to reproduce the movement xj of the
selected floor j = (57, 58, ..., 76) on the building frame. The target position of the selected floor
xj generated from the simulation part and the measured position xbf from the hardware part are
the input variables for the position controller to ensure real-time generation of the selected floor
motion under wind-excitation. Since the position control has a sufficiently high bandwidth, the
building frame can follow the target position xj without significant delay. The encoder connected
with the stepper motor measures the relative displacement xfr ,i of the facade outer skin, where
i = j − 76 + nf = j − 56. A force sensor measures the force of the stepper motor f sm. The
interaction force f int between the prototype and the virtual benchmark building can be calculated
based on the measured data and the identified parameters, as shown in the following equation.

f int = f sm + k f · xfr ,i + f fs,r (vfr ,i ), (8.5)

where the facade relative displacement xfr ,i and the facade relative velocity vfr ,i = ẋfr ,i are ob-
tained from the measured data of the encoder.

According to the selected story j for the prototype, the minimum and maximum damping
ratios determined in the chosen Case 2 need to be set on the adjustable electrical damper. The
minimum and total facade damping coefficient can be first calculated depending on the mass
mf and the spring stiffness k f of the prototype, then the minimum and maximum electrical
damping coefficient can be calculated by subtracting the identified total mechanical viscous
damping coefficient cm. The equation is shown as follows:
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Simulation Part: Building simulation with semi-active d-MTFD system
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Figure 8.5: Hardware-in-the-Loop (HiL) simulation.

{
cmin

e,i = 2 · ξmin
f ,i · ω1 · mf − cm

cmax
e,i = 2 · ξmax

f ,i · ω1 · mf − cm
(8.6)

The corresponding duty cycles dmin
i and dmax

i of the PWM signal to generate cmin
e,i and cmax

e,i

can be calculated based on the derived Equations (6.25) to (6.28) from Chapter 6.

During the HiL simulation, the current and voltage at the input of the battery are measured
by the applied INA226 current voltage sensor to determine the harvested power. The average
harvested power Ph can then be calculated. The energy harvesting efficiency ηle of the power
electronics can be calculated as follows:

ηle =
Ph

Psm,e
, (8.7)

where Psm,e is the average dissipated energy due to time-varying electrical damping of the
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stepper motor, which can be calculated as:

Psm,e =
1
T

T∫
t=0

ce,i (t) · v2
fr ,i (t)dt (8.8)

With consideration of all the power loss in the connection, the total efficiency of energy
harvesting η can be calculated as:

η =
Ph

Psm,e + Pp
, (8.9)

in which Pp is the average power loss due to parasitic damping, i.e., inevitable friction in the
stepper motor and the guide rail system. Pp can be calculated as:

Pp =
1
T

T∫
t=0

[
f r ,i (t) · vfr ,i (t) + cm,i (t) · v2

fr ,i (t)
]

dt , (8.10)

in which f r ,i is equivalent to Equation (8.2), but calculated with the estimated facade outer skin
mass mf .

The total energy harvesting efficiency describes the ratio of harvested electrical power in the
battery and total dissipated mechanical power in one moveable facade element. This efficiency
can be increased by using more efficient power electronics (increasing ηle) or by reducing par-
asitic damping losses (reducing the friction of the guide rail system).

The semi-active control requires a constant basic power consumption Pg of 0.61 W, which
includes the power consumption of the required power electronics, microcontroller and all the
sensors. To ensure the self-sufficient operation of semi-active control, the following condition
needs to be met:

Ph ≥ Pg = 0, 61 W. (8.11)

8.4 EXPERIMENTAL RESULTS ANALYSIS

The prototype was tested respectively on five evenly distributed stories of the benchmark build-
ing, namely the 57th, 62nd, 66th, 71st, and 76th story. The optimized damping ratios (ξmin

f ,i , ξmax
f ,i )

are given for Case 2. The corresponding optimized electrical damping coefficients (cmin
e,i , cmax

e,i ),
equivalent load resistances of the EHC (Rmin

l ,i , Rmax
l ,i ), and the input duty cycles (dmin

i , dmax
i )

are listed in Table 8.3. HiL simulation was configured according to the calculated duty cycles
for each tested story. Five HiL simulations were conducted to investigate the functionality of
the semi-active control by using the stepper motor as an electronically controlled damper and
its energy harvesting performance. The results are analyzed and discussed by the following
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aspects.

Table 8.3: HiL simulation setup for five different selected stories according to the optimized
Case 2.

Story number j min max

ξmin
n−j+nf

cmin
e,n−j+nf

Rmin
l ,n−j+nf

dmin
n−j+nf

ξmax
n−j+nf

cmax
e,n−j+nf

Rmax
l ,n−j+nf

dmax
n−j+nf

57 0.109 90.99 304.27 11.94% 0.120 104.31 264.85 12.78%
62 0.112 95.16 290.74 12.21% 0.157 151.50 180.97 15,41%
66 0.115 98.50 380.75 12.41% 0.187 189.26 143.98 17.22%
71 0.144 131.85 208.60 14.37% 0.215 220.34 123.04 18.58%
76 0.168 165.20 165.59 16.09% 0.237 251.42 107.28 19.85%

8.4.1 Comparison of simulated and measured facade relative displacement

The entire Simulink model used for system identification can be updated with all the newly es-
timated parameters listed in Table 8.1 and Table 8.2. The same settings as for the HiL test
can be configured in the Simulink model for each tested story. The simulated facade relative
displacement can be compared with the measured facade relative displacement of the proto-
type at the five selected stories. As an example, the simulated and measured facade relative
displacements for the 76th story are plotted in Figure 8.6. Both time courses match very closely
with each other.
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Figure 8.6: Comparison of simulated and measured facade relative displacement.

The NRMSE (Normalized Root Mean Squared Error) fitness value and NMSE (Normal-
ized Mean Squared Error) fitness value are calculated for each tested story, as shown in Ta-
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ble 8.4. The average NRMSE fitness value reaches 86.87%, and the average NMSE fitness
value reaches 98.15%. Such high fitness values indicate that the estimated parameters are
highly accurate.

Table 8.4: NRMSE/NMSE fitness value of the facade relative displacement based on the
identified model.

Story number j NRMSE fitness value NMSE fitness value

57 91.14% 99.21%
62 87.24% 98.37%
66 82.87% 97.07%
71 85.23% 97.82%
76 86.88% 98.28%

8.4.2 Realization of the desired damping coefficients with the stepper motor

The recorded electrical damping force on the prototype can be determined based on the mea-
sured stepper motor forces and the identified parameters. The time course of the actual
recorded electrical damping force on the prototype for the 76th story is plotted together with the
time course of the desired ideal electrical damping force, as shown in Figure 8.7. As observed,
the electrical damper using stepper motor behaves mostly according to the requirements. The
NRMSE fitness value achieves 80.36%, and the NMSE fitness value achieves 96.14%. The
NRMSE fitness value and NMSE fitness value are also calculated for each tested story, as
shown in Table 8.5.
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Figure 8.7: Comparison of the desired and recorded actual damping force.
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The relationship between the electrical damping force with the facade relative velocity vfr ,i

is exemplary plotted in Figure 8.8. It can be easily observed that the semi-active system is
designed to switch between two designed damping coefficients (the slopes of the two straight
lines), i.e., the desired minimum and desired maximum damping. For stepper motor as an
electrical damper, the rotational speed, i.e., the facade relative velocity, has an influence on
the electrical damping coefficient. For lower rotational speed, the influence can be neglected.
When at higher rotational speeds, significant deviations between the desired ideal electrical
damping coefficient and the actual recorded electrical damping coefficient can be observed.
This can be possibly remedied by a duty cycle that depends on the speed. The theoretical
damping for stepper motor, which considers the influence of rotational speed, is also plotted
in Figure 8.8. It matches well with the recorded damping on the prototype, which verifies the
accuracy of the identified model.

Table 8.5: NRMSE/NMSE fitness value of the electrical damping force based on the identified
model.

Story number j NRMSE fitness value NMSE fitness value

57 82.94% 97.09%
62 84.82% 97.70%
66 85.41% 97.87%
71 84.12% 97.48%
76 80.36% 96.14%

Figure 8.8: Comparison of the minimum and maximum desired and actual damping force.

127



8.4. EXPERIMENTAL RESULTS ANALYSIS

8.4.3 Energy generation and self-sufficient operation

Figure 8.9 shows the recorded time courses of the power flow for the lowest tested story (the
57th story) and the top story (the 76th story). The dissipated mechanical power due to elec-
trical damping and the electrical harvested power are both plotted for comparison and further
analysis.

(a) Power flow for the prototype installed on the 57th story

(b) Power flow for the prototype installed on the 76th story

Figure 8.9: Measured power flow for the 57th and 76th stories.

The average harvested power Ph, the average dissipated mechanical power Psm,e, and
the average power loss due to parasitic damping Pp are all listed for the five tested stories
in Table 8.6 together with the calculated energy harvesting efficiency. The condition for self-
sufficient operation (Ph ≥ 0.61 W) can be always satisfied. The average energy harvesting
efficiency can be calculated as 74.7% for ηle, and 48.3% for η. The energy harvesting efficiency
can be increased by using more efficient power electronics, or by reducing the friction of the
guide rail system to reduce parasitic power loss. The currently used optical encoder requires
about 0.4 W for its operation, which consumes 65% of the total power consumption for semi-
active control. From the power consumption point of view, there is still big potential to reduce
the total power consumption.
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Table 8.6: Average dissipated mechanical power Psm,e, average power loss due to parasitic
damping Pp, and average harvested power Ph as well as the average energy harvesting effi-
ciency at different story

Story number j Psm,e [W] Pp [W] Ph [W] ηle η

57 1.09 1.01 0.85 78.0% 40.5%
62 1.69 1.16 1.29 76.3% 45.3%
66 2.30 1.24 1.72 74.8% 48.6%
71 3.03 1.17 2.22 73.3% 52.9%
76 3.97 1.05 2.82 71.0% 56.2%

8.4.4 Total energy assessment for the benchmark building

The benchmark building is assumed to be installed with moveable facade elements on its up-
per 20 stories. The activated damping mass per story is designed as mf ,i = 30 tons in one
direction, which is realized by the moveable facade outer skin mass. It can be assumed that 25
moveable facade elements with a width of 1.6 m are installed on each side of each floor. The
total length of the moveable facade elements at each side is then 40 m, leaving 1 m space at
each corner of the building for the unhindered facade movement. This building has a square
42m × 42m cross-section by assuming there is no cut at its corners. 50 moveable facade ele-
ments on the windward and leeward sides are activated as damping mass at each story of the
benchmark building under the investigated across-wind excitation, so that the weight of each
moveable facade outer skin mf needs to be designed as 600 kg. The same rolling bearings
(two for the upper guide rail, and two for the lower guide rail) and the same stepper motor of
the prototype are applied for each 600 kg moveable facade element, which ensures the same
viscous friction cm as identified from the prototype. Therefore, the mechanical damping ratio
ξm,i in Equation (8.3) can be calculated as:

ξm,i = ξm =
cm

2 · ω1 · mf (600 kg)
= 0.0381. (8.12)

Then the total dissipated power due to electrical damping for the upper 20 stories can be
calculated as:

PT ,e =
∑20

i=1

1
T
∫ T

t=0 ce,i (t) · v2
fr ,i (t)dt

=
∑20

i=1

1
T
∫ T

t=0 2 · (ξf ,i − ξm) · ω1 · mf ,i · v2
fr ,i (t)dt ,

(8.13)

in which ξf ,i is determined by using multi-objective Genetic Algorithms (GA). The optimized ξf ,i

of Case 2 in Figure 8.4 is further used. The total dissipated energy in the electrical domain
can be calculated as 1706 W. Since the average energy harvesting efficiency of the power
electronics has been obtained as 74.7% by the prototype, the average harvested power by the
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whole high-rise benchmark building can be predicted as 1275 W.

The weight of the moveable facade element consists of the guide rails and the facade itself.
The weight of the applied guide rails is given by the manufacturer as 25.4 kg/m. Based on the
identified facade outer skin mass of the prototype, the area density of the facade can be calcu-
lated. Based on the designed 600 kg facade outer skin mass on the benchmark building, the
desired facade area density can also be calculated. The calculation is shown in Table 8.7. For
the benchmark building, the facade elements have a much larger height (respectively span).
Therefore, we can assume larger necessary facade area density due to increased glass thick-
ness. Shown are values yielding an element mass of 600 kg.

Table 8.7: Mass calculation of moveable facade elements for the benchmark building.

Facade size (W × H) Guide rail (upper+lower) Facade Total

Prototype (2.6 m× 2.8 m) 25.4×2.6×2≈132 kg −→ 480 kg ←− 612 kg (estimated)
↓

facade area density:
480/2.6/2.8≈66 kg/m2

Benchmark building
story 75 - 76 (1.6 m× 4.5 m) 25.4×1.6×2≈81 kg −→ 519 kg ←− 600 kg (designed)

↓
desired facade area density:

519/1.6/4.5≈72 kg/m2

story 57 - 74 (1.6 m× 3.9 m) 25.4×1.6×2≈81 kg −→ 519 kg ←− 600 kg (designed)
↓

desired facade area density:
519/1.6/3.9≈83 kg/m2

8.5 DISCUSSION

A stepper motor together with the connecting EHC is applied in our prototype as the adjustable
electrical damper and simultaneously as the energy harvester. Based on the HiL simulations,
its feasibility for semi-active control has been validated, and its energy harvesting efficiency has
also been experimentally determined.

Some limitations of our experiments using HiL need to be discussed. The friction due to the
self-weight of the facade element has been considered and also been accurately estimated.
However, there is also the part of the friction due to the along-wind force acting directly on the
parallel moveable facade element (see Chapter 5). This part of the friction cannot be considered
in the current experiments. Therefore, it is also not considered in the optimization based on the
benchmark building in Section 8.2 to ensure the comparison. But even though the friction due
to along-wind forces is not considered, there is no influence to verify the functionality of the
adjustable electrical damping using a stepper motor and to investigate its energy harvesting
efficiency. The self-sufficient semi-active control can be achieved without taking the influence
of the along-wind force into account. With along-wind force in the reality, the self-sufficient semi-
active control might become more difficult, if each facade element is still equipped with all the
components. However, in the real application, the facade elements at the same story can share
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the sensors and microcontroller. Therefore, the total power consumption for the semi-active d-
MTFD system could be dramatically reduced. The facade elements at the same story can also
share the rolling bearings, which reduces the parasitic damping due to the total viscous friction
of the rolling bearings. This reduced part of damping can be replaced by electrical damping to
harvest more energy.

This research is based on a benchmark building under across-wind excitation with a return
period of 10 years. The self-sufficient semi-active control is discussed under this condition.
However, if the facade vibration is not severe under relatively small wind excitation, semi-active
control would not be necessary.

8.6 SUMMARY AND CONCLUSIONS

In this chapter, grey-box system identification is applied to estimate the parameters of the proto-
type. The high fitness values of the measured data and simulated data based on the estimated
parameters verify the accuracy of the estimated parameters and the correctness of the math-
ematical model describing the prototype. The accurate system identification gives the basis
for the successful Hardware-in-the-Loop (HiL) simulations. Five experiments using HiL simula-
tions have been conducted by connecting the hardware part, namely the prototype, to different
stories of the benchmark building (simulation part). Based on the experimental results and
discussion, some conclusions can be summarized as follows:

(1) By comparing the simulated and measured facade relative displacement at the same
selected story, the average NRMSE fitness value can achieve 86.87%, and the average NMSE
fitness value can achieve 98.15%. Such high fitness values indicate that the estimated param-
eters of the prototype are accurate and the mathematical models, such as the friction model,
used to describe the prototype are also suitable. It also proves that the HiL simulations are
successful, and the simulated and measured data are trustable.

(2) The feasibility of using the stepper motor as an adjustable electrical damper for semi-
active control has been successfully validated based on the HiL simulations. The nonlinear
relationship between the facade relative velocity and the electrical damping coefficient can be
clearly observed, which is also theoretically well explainable according to the derived equation.

(3) The average energy harvesting efficiency of power electronics is about 74.7%. When
the parasitic loss is considered, then the average energy harvesting efficiency is 48.3%. The
same EHC is used for all the experiments. Therefore, it makes sense that the energy harvesting
efficiencies of the power electronics at five different stories are similar. The average harvested
power at the lowest tested story is larger than the constant power consumption of 0.61 W for
the semi-active control, so the self-sufficient operation of semi-active control can be achieved
based on the prototype without consideration of friction due to along-wind excitation.
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9 Conclusions and future work

9.1 CONCLUSIONS

In this research, a novel distributed-Multiple Tuned Facade Damping (d-TMFD) system has
been proposed to reduce wind-induced vibrations of high-rise buildings. Its feasibility was ex-
perimentally validated by Hardware-in-the-Loop (HiL) simulations. Traditional single TMD sys-
tems are widely installed in many high-rise buildings and have proven to be very effective in re-
ducing wind-induced vibrations. However, the traditional TMD system requires large additional
damping mass and huge installation space at the top floors of the building. For the proposed
d-MTFD system, the outer skin of the Double-Skin Facade (DSF) on the upper stories is in-
novatively mounted on the smooth-running guide rail system with rolling bearings. Therefore,
the facade’s outer skin is moveable in parallel with respect to the inner skin. Several facade
elements are able to be horizontally coupled with each other per story side and function as a
single damping mass. The spring system and electrical dampers are installed in the cavity of
the DSF. No additional mass and no internal installation space are required. Multi-objective
Genetic Algorithms can be applied to optimize the system based on two defined objectives:
minimizing the peak top floor acceleration and controlling the maximum peak relative displace-
ment of all the moveable facade’s outer skin. A compromise has to be found between these two
competing objectives to ensure that the designed serviceability of the high-rise building can be
achieved under the condition of acceptable outer skin motion.

The passive d-MTFD system and the semi-active d-MTFD system were investigated re-
spectively. A 76-story 306 m high benchmark building was assumed to be installed with the
d-MTFD system and applied for all the investigations. The corresponding across-wind exci-
tation acting on the benchmark building was also available, which was determined from the
wind tunnel test based on a scaled model. The reference mean wind velocity is 13.5 m/s at
10 m above ground level with a return period of 10 years, which represents the serviceability
level wind velocity. For both passive and semi-active systems, the spring systems are tuned to
the first natural frequency of the benchmark building, as the first mode is mainly excited under
across-wind excitation due to vortex shedding. The damping ratios of the electrical dampers for
the passive system are constant, but story-dependent. The damping ratios at some selected
floors were used as optimization parameters, and the damping ratios of other stories were ob-
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tained by linear interpolation. For semi-active control, two different control policies, groundhook
control (VBG, DBG) and displacement-reducing bang-bang (DBB) control, have been inves-
tigated. Based on their control policies, the semi-active system can switch between the low
and high damping coefficients at each story. Linear interpolation is also used for semi-active
control. The passive and semi-active d-MTFD systems were optimized using multi-objective
Genetic Algorithms. The rolling friction caused by the guide rail system was also considered
and proven to have a considerable impact on the optimization results. For both, the passive and
semi-active d-MTFD systems, a larger rolling friction coefficient leads to unfavorable optimiza-
tion results. Therefore, rolling bearings with lower friction are desired. In practice, except for
the rolling friction, viscous friction and static friction also need to be considered. According to
the optimized results in the form of Pareto front, the optimized passive and semi-active d-MTFD
systems have both significantly improved the structural responses under across-wind excitation
compared with the uncontrolled structure. The use of semi-active control can only slightly re-
duce structural vibrations compared with the optimized passive d-MTFD system. However, the
movement of the DSF’s outer skin can be significantly mitigated using semi-active control. For
benchmark buildings using the optimized semi-active d-MTFD system, serviceability for hotel
and office use can be guaranteed with peak relative displacements of the facade’s outer skin
under 0.5 m.

Together with Josef Gartner GmbH, the constructional design of a parallel moveable Double-
Skin Facade (DSF) was proposed for the d-MTFD system, and a prototype with one full-scale
parallel moveable facade element (2.6 m × 2.8 m) was constructed for experimental valida-
tion using Hardware-in-the-Loop (HiL) simulations. A stepper motor in generator mode is used
as the adjustable electrical damper and simultaneously as the energy harvester. The optimized
damping coefficient for the passive and semi-active systems can be realized by the stepper mo-
tor. The harvested energy can be stored in the battery. For semi-active control, the harvested
energy is used as the energy source for the sensors and microcontroller. The microcontroller
determined the low or high damping coefficient for the semi-active system based on the control
policies using measured data by the sensors. Information exchange between different stories
is not required for the semi-active system.

Based on the built prototype and test rig, grey-box system identification was applied to
estimate the parameters of the model. As a result, the equivalent friction coefficient of 0.0022
has been achieved on the prototype. The functionality of the moveable facade element was
investigated using Hardware-in-the-Loop simulations. The 76-story high benchmark building
under wind excitation was completely simulated with one missing facade element on the tested
floor. This missing facade element in the simulation was physically presented as the prototype
(i.e. hardware part of the HiL simulations). Actuators and sensors enable communication
between the simulation part and the hardware part. A controlled linear actuator was applied
to reproduce the movement of selected floors on the building frame. The interaction force
between the moveable facade element and the building’s main structure was estimated based
on the measured force using the force sensor and fed back to the simulation.

The experiment showed that the average harvested power Ph at the considered wind speed
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of 13.5 m/s was sufficient to supply the embedded system (microcontroller, sensors, and power
electronics) for the facade elements on all the installed upper floors. For each facade ele-
ment, the condition for self-sufficient operation (Ph ≥ 0.61 W) can be always satisfied. The
average energy harvesting efficiency of the power electronics was calculated as about 75%.
Self-sufficient operation of the entire semi-active damping system is thus possible for this wind
situation. The power flow for a high-rise building installed with the d-MTFD system can be
summarized in Figure 9.1.

Wind excitation Structure

Strain Power
(spring system)

Kinetic power

Strain power

Power 
dissipated by 
structural 
damping

Primary Structure

Kinetic power

Power 
dissipated by 
stepper motor
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Moveable Facade
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stepper motor
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Stepper Motor as
Damper/Energy Harvester 

Harvested power
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dissipated by 
the motor coil
resistance, etc.

Power supply
for sensors, etc.

Figure 9.1: Power flow of a high-rise building installed with d-MTFD system.

This interdisciplinary research combines structural engineering, control engineering, and
electrical engineering to provide innovative damping solutions for vibration problems of slender
high-rise buildings. The developed adjustable electrical damper enables the damping device to
evolve from the traditional energy dissipation strategy to the novel energy harvesting strategy,
which paves a new way for semi-active control without an external power supply. This novel
strategy increases the reliability and self-sustainability of semi-active control systems. The ac-
tivation of the facade’s outer skin as the damping mass enables the usage of existing building
mass for vibration control. Compared with the traditional solutions, the proposed d-MTFD sys-
tem does not require large additional damping mass, which significantly minimizes the need for
building materials. Therefore, this system makes a contribution to the reduction of the carbon
footprint of high-rise buildings.

9.2 FUTURE WORK

The influence of the along-wind excitation on the friction coefficient cannot be experimentally
considered. In future work, as the average energy harvesting efficiency of power electronics
has been obtained from the experiment, the harvested energy can be then approximately cal-
culated by simulations, where the along-wind forces are also considered. The calculated har-
vested energy will then be applied as an additional optimization objective in the multi-objective
optimization. Together with the two existing objectives, a Pareto surface can be generated af-
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ter the multi-objective optimization. The final self-sufficient semi-active d-MTFD system will be
proven.

In the current investigation, only the 10-year wind event was considered. Different levels of
wind excitation will also be applied to test the effectiveness of the semi-active d-MTFD system
in the future. Inerter can be possibly integrated in the cavity of the DSF. By using inerter, fewer
moveable DSF need to be activated in the upper stories of high-rise buildings to achieve the
same damping performance. The current investigation is to reduce the structural vibration in
the across-wind direction. The performance of reducing torsional vibration of high-rise buildings
can be further studied. A more intelligent control system that can switch between passive and
semi-active control under different environmental conditions will be further developed.
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A Appendix

A.1 EXPLICIT MATRICES IN THE GOVERNING EQUATION

The matrices in the governing equation can be explicitly expressed as below by assuming the
high-rise building as a shear building for simplicity. For an accurate description of the slender
high-rise building, a shear bending model is suggested, where the rotational DoFs are also
considered in the modelling. In our applied benchmark building with a slenderness ratio of 7.3,
the rotational DOFs have been considered but removed using static condensation [119].

Mass matrix of the entire system:

Ms =



m1 0 · · · 0 0 0 0 · · · 0 0
0 m2 · · · 0 0 0 0 · · · 0 0
...

...
. . .

...
...

...
...

. . .
...

...
0 0 · · · mn−1 0 0 0 · · · 0 0
0 0 · · · 0 mn 0 0 · · · 0 0
0 0 · · · 0 0 mf ,1 0 · · · 0 0
0 0 · · · 0 0 0 mf ,2 · · · 0 0
...

...
. . .

...
...

...
...

. . .
...

...
0 0 · · · 0 0 0 0 · · · mf ,nf−1 0
0 0 · · · 0 0 0 0 · · · 0 mf ,nf



(A.1)
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Damping matrix of the entire system:

Cs =



c1 + c2 −c2 · · · 0 · · · 0 0 0 · · · 0 0
−c2 c2 + c3 · · · 0 · · · 0 0 0 · · · 0 0

...
...

. . .
...

. . .
...

...
...

. . .
...

...
0 0 · · · cn−nf +1 + cn−nf +2 + cf ,1 · · · 0 0 −cf ,1 · · · 0 0
...

...
. . .

...
. . .

...
...

...
. . .

...
...

0 0 · · · 0 · · · cn−1 + cn + cf ,nf −1 −cn 0 · · · −cf ,nf −1 0
0 0 · · · 0 · · · −cn cn + cf ,nf

0 · · · 0 −cf ,nf
0 0 · · · −cf ,1 · · · 0 0 cf ,1 · · · 0 0
...

...
. . .

...
. . .

...
...

...
. . .

...
...

0 0 · · · 0 · · · −cf ,nf −1 0 0 · · · cf ,nf −1 0
0 0 · · · 0 · · · 0 −cf ,nf

0 · · · 0 cf ,nf


(A.2)

Stiffness matrix of the entire system:

Ks =



k1 + k2 −k2 · · · 0 · · · 0 0 0 · · · 0 0
−k2 k2 + k3 · · · 0 · · · 0 0 0 · · · 0 0

...
...

. . .
...

. . .
...

...
...

. . .
...

...
0 0 · · · kn−nf +1 + kn−nf +2 + kf ,1 · · · 0 0 −kf ,1 · · · 0 0
...

...
. . .

...
. . .

...
...

...
. . .

...
...

0 0 · · · 0 · · · kn−1 + kn + kf ,nf −1 −kn 0 · · · −kf ,nf −1 0
0 0 · · · 0 · · · −kn kn + kf ,nf

0 · · · 0 −kf ,nf
0 0 · · · −kf ,1 · · · 0 0 kf ,1 · · · 0 0
...

...
. . .

...
. . .

...
...

...
. . .

...
...

0 0 · · · 0 · · · −kf ,nf −1 0 0 · · · kf ,nf −1 0
0 0 · · · 0 · · · 0 −kf ,nf

0 · · · 0 kf ,nf


(A.3)

Excitation influence matrix:

η =

[
In

0nf ,n

]
, (A.4)

where In is an identity matrix of size n, and 0nf ,n is a nf × n zero matrix.

Friction influence matrix:

Bf =

0n−nf ,nf

Inf

−Inf

 , (A.5)

where 0n−nf ,nf is a n − nf × nf zero matrix, and Inf is an identity matrix of size nf .
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