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the door for alternative approaches to vibration control of flexible and rolling
structures with low inherent damping.
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Chapter 1

Introduction

1.1 Background and Motivation

As the name indicates, long-period structures are susceptible to long-period
vibrations when subjected to excitations. These vibrations are hazardous to
the structures, unpleasant for occupants and may even pose serious service-
ability issues (Kareem, Kijewski, and Tamura, 1991). This has been, and re-
main a great concern for researchers.

There are several types of long-period structures existing in society. Pop-
ular among these are flexible structures, as in the case for structural systems,
and rolling structures, as in the case for ocean-going vessels. For the case of
tall structures, the direction of evolution is towards lightness (Ali and Moon,
2007) and are often featured with increased flexibility and lack of sufficient
inherent damping making them vulnerable to excitation (Kareem, Kijewski,
and Tamura, 1991). Additionally, urbanisation and population increase cre-
ate the need to maximise space, forcing mankind to continue building up-
wards. As a result structures are being built taller and more flexible, and
this trend is not likely to be reversed in the future. Following this trend we
will most likely see a significant amount of tall or super tall structures, in
particular in metropolitan areas in the future.

Similarly, rolling structures in the form of ocean going vessels are faced
with low inherent damping conditions and as such are subjected to motions
which can disrupt on-board operations and equipment, damage machinery
and can also reduce the efficiency of the propulsion system. Roll motion is of
particular interest for researchers, as it is a major contributing factor to cap-
sizing. The low damping conditions during rolling makes it important to ad-
dress for ship safety and operation and this motion can become severe even
in relatively moderate weather conditions without any apparent pre-warning
for the crew onboard (Söder et al., 2013). In (Perez, 2010) it was highlighted
that transverse accelerations from roll motion interrupts the on-board crew
performance and in severe cases will completely prevent performance. Roll
motion can cause sea sickness, cargo damage and limit the capability to han-
dle equipment on-board which can be detrimental to naval vessels perform-
ing weapon operations, launching or recovering systems, landing airborne
systems and sonar operations (Monk, 1988; Perez and Blanke, 2012).

There are several measures in existence to reduce the dynamic response
of long-period structures (tall flexible and rolling), which common practice
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involves generating counteractive force through some motion and generally
in the direction of the vibration. For example in the case of tall flexible struc-
tures, a common auxiliary damping measure implemented is mass damper.
Likewise for ship structures, researchers have developed several methods
over the years to minimise motions. These systems are generally classified
into two categories: internal and external systems, and can be of a passive
or active nature (Townsend, Murphy, and Shenoi, 2007). Furthermore these
systems operate in one of two ways, either the system manipulates the cen-
tre of gravity of the ship in order to provide some restoring moment or the
system generates the restoring force itself and apply directly to the unsta-
ble vessel. Common internal systems include anti-roll tanks and gyroscopic
systems whereas common external systems include bilge keels, fin stabilisers
and rudder control. These systems will be discussed in more details in the
next chapter (See Chapter 2).

However, these type of measures face several challenges. One of which
is needing space in the lateral direction for effective motion, and often times
this space is very limited. For the case of tall structures, conventional sys-
tems make use of the lateral space and (based on the current trend) as struc-
tures become taller and thinner, conventional systems will not have adequate
space for effective motion. For the case of ship structures, not only is space
an issue (particularly in the case of internal systems) but there are other chal-
lenges that present themselves. For example water flow in anti-roll tanks cre-
ates complications. Additionally for most internal systems there are issues of
weight and volume (Townsend, Murphy, and Shenoi, 2007). For external sys-
tems like bilge keels and fin stabilisers, an extremely large size is required to
produce significant damping creating operational challenges. They are also
ineffective at zero forward speed (Lewis, 1989; Lloyd, 1998).

An alternative approach could be to use the longitudinal or radial space
which offers more usable space. When tall flexible structures vibrate they
undergo a certain amount of rotational motion as is the case for rolling struc-
tures. As such, any motion in the longitudinal or radial direction will induce
Coriolis effect which may be used to attenuate the dynamic response of these
structures. And this is the principle behind the proposed research. The basic
idea is to develop an innovative alternative approach to damping tall flexible
and rolling structures by using motion in the longitudinal/radial direction
which the coupling effect of the translation and the rotation will create in-
ternal forces within the system. If carefully manoeuvred this concept could
produce effective restoring force on the primary structure. Conceptually, this
provides solution to space requirements in the lateral direction. Additionally
for rolling structures, this offers an alternative approach that is independent
of the forward speed of the vessel and if properly conceptualise should pro-
vide no weight or volume issues.

1.2 Objectives

The primary objective of this research is to investigate the effectiveness of the
Coriolis effect induced by longitudinal/radial motion through flexible and
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rolling structures. The performance of the proposed concept will be quanti-
tatively assessed by studying the degree of reduction of response compared
to cases without the proposed concept. Additionally comparisons will be
made to traditional damping measures. The investigations will be studied
under different cases of excitations which include seismic excitation (for tall
flexible structures), beam wave excitations (for rolling structures) and free
response. This research focuses on dynamic response dominated by the first
natural frequencies of tall building structures and ships. The objectives of
this research can be summarised as follow:

1. Theoretical investigations of tall flexible structures under free response
has been carried out on a benchmark model. The correlations between
the Coriolis effect, the inertial properties and characteristics of motion
have been investigated. Following this, ways to realise this effect are
proposed and explored.

2. From proposals in the previous investigation, investigation of the per-
formance in the case of rolling structures using benchmark model has
been done. These studies have been carried out for a ship benchmark
model and the efficacy of the system is studied.

3. From another proposal in the first investigation, development of a hy-
brid enhanced effect damper has been done for the case of super tall
structures. The extent to which the effect can be enhanced has been
studied.

4. Development of a fuzzy logic controller (FLC) for the hybrid enhanced
effect system and developing optimal parameters to be used for fuzzy
logic control are secondary goals of this research.

1.3 Scope of the Research

The objective of the present study is to develop an active control strategy to
attenuate long-period structures. The study focuses on tall building struc-
tures and ships. These structures are assumed to be dominated by the first
mode of vibration and as such investigations focuses on reducing the dy-
namic response in the first mode. Effects of the longitudinal or radial com-
ponents of the excitations (seismic for tall structures and beam waves for
ships) are ignored. The present study focuses on studying the effects of the
proposed concept and does not focus on developing a working model of the
actual damping device. The research problem is approached from the view-
point of mechanics and control. For the case of tall flexible structures, these
were investigated as continuous systems. For the case of rolling ships, the
hydrodynamic nonlinearities were not considered.

Even though the research focuses on specific structures mentioned above,
the concept can be extended to any long period structure that have similar
behavioural characteristics. Especially for cases where there is low structural
damping and where lateral space is insufficient for adequate damping mo-
tion.
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1.4 Preface

This dissertation is organised into seven main chapters. The contents of this
dissertation are summarised as follow:

• Chapter 2 presents a review of the literature that contributed to the
present work. Review of the state-of-the-art currently in the field of
structural control and stabilising systems in marine engineering will be
presented. Key concepts and prevailing concepts in the field of study
will be highlighted. Theoretical analysis approaches in particular the
approach of Finite Element Method will be discussed. Gaps in findings
and where further research is needed will be given. Finally, how this
present study fits into the status quo and how it attempts to address the
issue will be described.

• Chapter 3 presents the approach taken to address the research problem.
The research question, hypothesis and their rationales will be presented
and the design of the research will be discussed in detail. The proce-
dure taken to get the results of the investigations are listed and how
the results are analysed in order to achieve the goals of the research is
described.

• The attenuation of tall flexible structures using moving mass in the lon-
gitudinal direction is investigated in Chapter 4. The analysis is done us-
ing the approach of moving finite element method (MFEM). Details of
the formulation of the MFEM model specifically for the case of a flexible
beam structure is given in order to analyse the dynamic response. The
performance of the proposed concept using the Shinjuku Mitsui Build-
ing as the benchmark model is analysed. Vital parameters are identified
and based on the results proposal for further investigations are made.

• Inspired by proposal made in the previous chapter, Chapter 5 proposes
and investigates a method to reduce the rolling of ships by inducing
Coriolis effect using water-flow in the radial direction of the vessel.
Performance and robustness of such a system is studied using a Ro-
Ro vessel as the benchmark model. The primary structure is modelled
as a single degree of freedom (SDOF) system with water-flow having
another degree of freedom (DOF). Numerical investigations and ana-
lytical investigations based on linearising the system are conducted. A
comparison of performance of the proposed concept with the analytical
results and without the stabilising system is done.

• Also inspired by proposal made in Chapter 4, a multi-degree-of-freedom
hybrid enhanced effect damper is proposed and investigated in Chap-
ter 6. A benchmark super tall structure based on a proposed struc-
ture for Melbourne is investigated. The system is studied under seis-
mic excitations based on recordings from the Loma Prieta earthquake
in California in 1989. Additionally, the system is studied under free
response. Control algorithm based on the theory of fuzzy logic is de-
signed for the hybrid enhanced effect damping system. Stability of the
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fuzzy logic controllers are verified using Lyapunov’s direct method and
phase plane method. The performance of the proposed system is in-
vestigated. Finally, comparison of the results from the investigation is
done for system without control, with an optimal tuned mass damper
(TMD) optimised based on Hartog’s method, a Fuzzy logic controlled
active tuned mass damper and the proposed hybrid enhanced effect
damper.

• Chapter 7 highlights conclusions drawn from the research. Further-
more, recommendations and further extension of the research are given.
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Chapter 2

Literature Review

2.1 Overview

The concerns of engineers are safety and comfort when designing structures.
Human structures are exposed to elements which makes them susceptible to
excitations. Long-period structures are those most vulnerable to long-period
excitations such as seismic ground motion, wind excitation, etc. Population
and societal demands lead to a rapid increase in the number of long-period
structures. There are many types of long-period human structures which
could be in the form of tall/long flexible structures (such as tall buildings,
bridges, towers, etc.) or rolling structures (such as ships, ocean-going ves-
sels, etc.). Not only are these structures vulnerable to excitations, but a com-
mon feature associated with these are low inherent damping. For example in
the case of tall building structures they usually have damping in the range
of 0.5% - 1%, especially for those greater than 250 m (Smith and Willford,
2007). For the case of ships and other ocean-going vessels, the hydrodynamic
damping is very nonlinear but what is certain is the roll motion is the least
damped and has largest amplitude of all the unwanted motions for these
vessels (Moaleji and Greig, 2007).

Reducing the response of these structures is of utmost importance and
years of research have gone into developing strategies to control unwanted
vibrations in these structures. Structural control have been in development
for more than 40 years (Korkmaz, 2011). Since then there have been several
measures developed to achieve this either through structural design or some
auxiliary damping measure added to the structure. For the case of ocean-
going vessels, measures to reduce roll have been suggested as early as 1906
(Moaleji and Greig, 2007). These can either be internal or external mecha-
nisms added to the structure.

These will be discussed within this chapter. Discussion about the state-
of-the-art currently in existence, their gap in findings and where further re-
search is needed is done. In addition, an overview of the working principle
behind the proposed concept will be given as well as modelling techniques
used within this research.
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2.2 Tall Structures

2.2.1 Classification of Tall Structures

For tall structures, there are several ways in which they can be classified.
However, in terms of height, there is no universal classification by which they
are separated into groups. For the purpose of this research tall structures are
clearly classified into categories based on their height using the criteria devel-
oped by the Council on Tall Buildings and Urban Habitat (CTBUH) shown
in Figure 2.1.

FIGURE 2.1: Height criteria of buildings according to the CT-
BUH

Following the figure above, any mentioning of tall structures refer to any
structure over the height of 100 m, supertall structures are any structure over
the height of 300 m and megatall any over the height of 600 m.

2.2.2 Structural Control

Structural control is done either through design or auxiliary measures and is
generally classified into two categories, active and passive control (Nishitani
and Inoue, 2001). Passive systems are those that require no energy source
in order to function which means they have fixed properties and are only
effective over a narrow range of loading conditions (Ali and Moon, 2007).
Active systems on the other hand require external energy source making the
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system more adaptable to varying conditions, making them more effective
than passive systems. According to (Nishitani and Inoue, 2001), these can
operate on the following principles :

• Reducing motion by transferring energy from the primary structure to
an auxiliary oscillator system.

• Reduction of the excitation being transferred to the primary structure
from the source.

• Energy-dissipating-material-based damping.

• Alter the characteristics of the primary structure to prevent resonance.

• Generate computer-controllable forces to counteract motion of the pri-
mary structure.

Passive Control

Passive systems generally operate under the first three principles mentioned
above. As they do not require external energy source, they instead utilise
the motion of the primary structure to generate control forces to mitigate the
structure (Mahajan and Raijiwala, 2011). The various categories of passive
control system are listed as follow taken from (Ali and Moon, 2007):

• Tuned Mass Dampers (TMDs) - Operate on the first principle by using
an auxiliary oscillatory mass to generate counteractive inertial forces.

• Tuned Liquid Dampers (TLDs) - Similar to TMD, operate on the first
principle, but instead of an oscillatory mass uses the motion of water
(or some liquid) as the counteractive inertial force.

• Viscous Dampers (VDs) - Primarily function on the third principle, cre-
ate damping force through deformation. When deformation occurs
due to the vibration of the primary structure, motion within the damp-
ing device causes viscous fluid to flow within creating damping forces
which dissipates the vibration input to the device therefore mitigating
the vibration of the primary structure.

• Viscoelastic Dampers (VEDs) - Also operate on the third principle and
also create damping force through deformation. As the name suggests,
these devices contain viscoelastic materials that deform due to the vi-
bration of the primary structure, when this occurs the vibration energy
input is converted to some other source such as heat energy thus reduc-
ing the kinetic energy of the primary structure.

• Friction Dampers (FDs) - another damper that operate on the third prin-
ciple, they operate in a similar manner to VEDs by translating the ki-
netic energy of the primary structure into heat through friction and as
such dissipate the energy of the structure.
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• Electro-Magnetic Dampers (EMDs) - EMDs function by using magnetic
repulsion to dissipate vibration energy input.

• Base Isolation - These types of system primarily function on the second
principle and as the name suggests is a method by which the primary
structure is isolated from the base as such reducing the kinetic energy
being transferred from ground motion to the structure.

Active Control

Active control devices are more versatile than passive systems and can op-
erate on all the principles mentioned in Section 2.2.2. These require external
energy source and have some feedback system that is used to determine the
action needed by the system in order to provide the desired response of the
primary structure. The general setup of an active control system is illustrated
in Figure 2.2.

FIGURE 2.2: The general setup of an active control system

The typical active control system consists of sensors, controllers and ac-
tuators. The sensors are used to measure either the response of the struc-
ture (this is called feedback control), or measure the excitations (called feed-
forward control), or measure both (called feedback-feedforward (Suhardjo,
Spencer, and Sain, 1990)). The controllers process the information from the
sensors to determine the necessary action to be taken for a desired response
of the plant (the primary structure) which the controller outputs to actua-
tors which then carry out this action. Following (Ali and Moon, 2007) active
control can be in the form of:
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• Active Mass Dampers (AMDs) - These are similar to TMDs except as
the name suggests the sliding mass is fitted with controller and actua-
tors that move the mass when excitation is picked up by the sensors.

• Active Various Stiffness Devices (AVSDs) - AVSDs operate primarily
on the fourth principle mentioned in Section 2.2.2 by altering the stiff-
ness of the building thereby altering the frequency of the structure to
prevent resonance when experiencing excitation.

Semi-Active and Hybrid Control

While structural control is generally categorised into two main categories,
there are special categories which could consist of a combination of the two
main categories. These are semi-active controllers and hybrid controllers.
Semi-active controllers are damping systems which do not require external
energy throughout it’s whole operation, only on special occasions (Nishitani
and Inoue, 2001). Whereas hybrid control systems are those that are a com-
bination of passive and active control system. A general setup of semi-active
control and hybrid control are shown in Figures 2.3 and 2.4.

FIGURE 2.3: The general setup of an semi-active control system
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FIGURE 2.4: The general setup of an hybrid control system

2.3 Control Methods

In Chapter 6 a simple control strategy is proposed for the case of active
control of tall flexible structures. As such several control methods will be
discussed namely Proportional-Integral-Derivative (PID), Linear Quadratic
Regulator (LQR) and Fuzzy Logic Controller (FLC). Their pros and cons will
be highlighted.

2.3.1 PID Controller

The PID controller is the most commonly used form of feedback control. The
theory behind the PID controller is illustrated in the equation (Bobál et al.,
2009):

u(t) = K
[

e(t) +
1
TI

∫ t

0
e(τ)dτ + TD

de(t)
dt

]
(2.1)

where K is the proportional gain, e is the control error, TI is the integral time
and TD is the derivative time. Therefore the control signal of this "three-
term" controller is the sum of the error of the three terms (Ang, Chong, and
Li, 2005):

• P - proportional to the error.

• I - proportional to the integral of the error.

• D - proportional to the derivative of the error.
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The advantages of PID controllers were presented in (Kozak, 2016) and
are summarised as follow:

• For most cases not much knowledge about the control process is re-
quired and parameter tuning does not require mathematical model.

• Numerous research has led to numerous well-established tuning rules
optimisation of the controller parameters.

• Simple, efficient and provides good performance and stability.

• Versatile and robust.

However, as stated in (Kozak, 2016) PID controllers have the following
disadvantages:

• The controller will never provide perfect control as the controller can
only act after the excitation is detected.

• There is no exact science to tuning and as such the PID control structure
tuning may cause instability.

• PID controller is not suitable for all applications.

2.3.2 LQR control

LQR is a control technique which involves the formulation of an optimal
control problem on a semi-infinite time interval (Bullo and Lewis, 2004). The
system assumes a linear control system illustrated by:

ẋ = Ax + Bu (2.2)

where x is the steady-state mean-square weighted state variable and u is the
steady-state mean-square weighted actuator signal. The cost function is:

J1qr = lim
t→∞

E
(

x(t)TQx(t) + u(t)TRu(t)
)

(2.3)

where Q and R are positive semi-definite weight matrices. The goal is to
calculate feedback gain K such that

u = −Kx (2.4)

which mnimises the cost function and stabilises the system.
The advantages of LQR are:

• the optimal controller automatically ensures a stable closed-loop sys-
tem.

• It is fairly simple to implement multiple output system.

• It is robust to a certain degree.
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• Tuning procedure is rather simple

The disadvantages are:

• Requires full knowledge of the state to implement the control law (Bullo
and Lewis, 2004).

• Control law designed based on linear system may not be as reliable
when implemented for nonlinear system.

2.3.3 FLC

First published in (Zadeh, 1965), fuzzy logic controllers are robust systems
which allows for handling imprecision and nonlinearity in complex control
situations. The setup of such a controller is shown in Figure 2.5.

FIGURE 2.5: Schematic of the fuzzy logic controller

In the diagram above r(t) is the reference input, e(t) the error, u(t) the
control output and X(t) is the response of the structure. As shown in Figure
2.6 the fuzzy logic controller consists of 4 main components defined as follow

1. Fuzzification - The process by which the measured inputs in the con-
trol process is converted into fuzzy membership functions using fuzzy
reasoning mechanism.

2. Fuzzy Rules - These are control rules based on expert knowledge of the
system to achieve the desired control.

3. Inference Mechanism - Based on the fuzzy rules and for a given fuzzy
input the output of the fuzzy logic controller is decided.

4. Defuzzification - The process by which the decided output of the fuzzy
logic controller is converted into the required crisp control value.
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FIGURE 2.6: Components of fuzzy logic controller

The advantages of FLC are:

• Simple and robust.

• Uses human inference and as such allows the implementation of "rule
of thumb" experience, intuition and heuristics (Kickert and Mamdani,
1978).

• A mathematical model of the process is not required.

• Able to simply handle nonlinear control.

However, the disadvantage is:

• Because there are no mathematical model of the controller, analysis of
the controller’s performance becomes challenging.

2.4 Dynamic Response of tall structures Under Mov-
ing Loads

As mentioned in Chapter 1, the primary objective of this research is to inves-
tigate the effectiveness of the Coriolis effect induced by longitudinal motion
through a tall flexible structures. Tall flexible structures generally have an
infinite number of degrees of freedom, however they could be simply mod-
elled as vertical cantilever beams with the base fixed in the ground (Ali and
Moon, 2007). The dynamic response due to the moving load could be inves-
tigated using the beam structure as the primary structure. There are many
works presented on the analysis of dynamic response of structures under the
influence of moving mass. Works like (Frỳba, 1972; Oguamanam, Hansen,
and Heppler, 1998; Olsson, 1991) found approximate analytical solutions to
the problem by considering the moving load as a moving force. However
in these, the inertial mass and/or the Coriolis and centripetal effect from the
interaction of the mass and the beam are neglected. Since the Coriolis compo-
nent is vital to this research an analytical approach as previously mentioned
would not be suitable. Further works have shown a more complete analysis
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by considering the moving load as a moving mass and shows the impor-
tance in particular for large masses, high velocities and substantial deflection
(Cifuentes, 1989; Akin and Mofid, 1989; Michaltsos, Sophianopoulos, and
Kounadis, 1996).

The numerical approach of Finite Element Method (FEM) has garnered
much attention due to its flexibility and ease by which the mass effects may
be taken into account. In (Wu and Lin, 2000; Ye and Chen, 2009), the authors
investigated the dynamic response using moving finite element method. The
aforementioned investigations, however, focus on the effect of the moving
load on an initially stationary structure. Additionally, the mass traverses
once, usually with constant velocity, over the structure. To the best of the
author’s knowledge few investigations have gone into using the effects of an
accelerated moving mass to attenuate the vibration of tall flexible structure
by means of cyclic motion.

2.5 Coriolis Effect

Gaspard-Gustave Coriolis was a 19th century French mathematician whose
most notable work came in the field of mechanics and engineering mathe-
matics. In his most notable work (Coriolis, 1835) he investigated the rotation
of a waterwheel where he showed that a particle in a rotating frame of refer-
ence experiences an extra force now called the Coriolis acceleration. Basically
when there is a mass located in a rotating system, if that mass is located at
some distance away from the pivot of rotation the mass will experience a
force called the centrifugal force. However, Coriolis found that if that mass
has motion relative to the rotating system then it appears to be affected by
some additional force which we now call the Coriolis force.

FIGURE 2.7: Forces acting on a stationary mass in a rotating
system
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FIGURE 2.8: Forces acting on a translating mass in a rotating
system

This is shown in Figures 2.7 and 2.8 where we see a stationary mass m in
a rotating system with angular velocity ω and at some distance R from the
pivot of rotation O will experience some force (centripetal) F where in this
case F is

F = m ·ω×ω× R (2.5)

Should m no longer be stationary but starts to have some motion relative to
the rotation of the system v1, then the mass will experience an additional
(Coriolis) force F1 where in this case F1 is

F1 = 2m ·ω× v1 (2.6)

2.6 Ship Stabilising Systems

Since the 17th century researchers have been investigating roll-damping de-
vices. In 1861, William Froude studied the effect of a water-filled tank on
the roll motion of a ship which led to the proposal of anti-roll tank systems.
Since then researchers have proposed and implemented several devices and
system to reduce the roll response of vessels. This section presents common
approaches to date to reduce roll response and highlights the advantages
and disadvantages of such systems. As mentioned in Section 2.1, these can
be divided into two categories: internal and external system.

2.6.1 Internal Systems

Internal stabilisation systems are usually weight-based systems and work
on the principle of generating moments to counteract the undesired (roll)
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motion by carefully manipulating weight within the vessel. Common ap-
proaches are anti-roll tanks and gyroscopic stabilisers.

Anti-roll Tanks

The most common type of anti-roll tank in use is the U-tube tank which con-
sists of two reservoirs connected by a water duct. Anti-roll tanks reduce the
roll response of ships by means of motion of fluid within the tank which
has the same period of the ship motion but a quarter of period behind the
rolling motion, as a result the fluid motion produces a counteractive moment
(Perez, 2010). These systems can either be passive or active through valves
and pumps. The principal advantages of this system are there are no hydro-
dynamic drag effect and they are effective at zero forward speed (Townsend,
Murphy, and Shenoi, 2007). However the disadvantages are they occupy
large spaces and produce weight issues, as well as stability issues due to
sloshing (Perez, 2010; Townsend, Murphy, and Shenoi, 2007).

Gyroscopic Stabilisers

Gyroscopic stabilisers consist of a large rotating flywheel which generates
moments by means of its inertial property to eliminate rolling of the vessel.
This method is used to a lesser extent in comparison to other methods. The
principal advantages of this system type are like anti-roll tanks they provide
no hydrodynamic drag effect and operate at zero forward speed (Townsend,
Murphy, and Shenoi, 2007). However the drawbacks are they increase the
weight of the vessels, produce large stress on the hull and has limited stabil-
isation capability (Perez, 2010).

2.6.2 External Systems

External stabilisation systems generally work on the principle of hydrody-
namic interactions to generate forces and moments outside the hull of the
ship to reduce the undesired ship roll motion (Townsend, Murphy, and Shenoi,
2007). Common approaches are bilge keels, fins and rudder control.

Bilge Keels

Bile keels are simply just long narrow ridges mounted to the bilge which gen-
erate drag forces that act perpendicular to them to counteract ship roll mo-
tion. These devices are passive in nature. The principal advantages are they
can still have some effect at low speeds (generally in the range of 10-20% roll
reduction) (Sellars and Martin, 1992), they are lightweight and provide no
space occupancy (Townsend, Murphy, and Shenoi, 2007). However, they cre-
ate hydrodynamic drag, are exposed to elements in the water so vulnerable
to damage, not appropriate for all ships and have dependence on forward
speed, hence ineffective at zero forward speed (Perez, 2010).
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Fin Stabilisers

Fin stabilisers consist of a pair of hydrofoils mounted on the side of the ship’s
hull which can be either passive or actively controlled, to generate hydrody-
namic lift to counteract the ship’s roll response. The principal operational
advantages are they have high performance roll reduction and easy control
system design. However the drawbacks are they create hydrodynamic drag
and are ineffective at low and zero forward speeds. Additionally, for effec-
tive performance they require control system with sensors and powerful hy-
draulic actuators (Perez, 2010). They are also exposed to elements in the
water, including other vessels passing by so vulnerable to damage, creates
the possibility of underwater noise pollution which can affect sonar systems
and in severe conditions may cause dynamic stall (Perez, 2010).

Rudder Control

The ship’s rudder can be used to mitigate roll motions by creating short rud-
der impulses (Söder et al., 2013). This is an active control technique and is
usually a feature of autopilot. The advantages of this type of system are they
have medium-high performance, they do not occupy large spaces, require no
physical modifications to vessels and can be combined with other stabilisers
to increase performance. However, they are ineffective at low and zero for-
ward speeds, create hydrodynamic drag and for high performance requires
sophisticated control systems as well as rudder machinery upgrade (Perez,
2010).

2.7 The Proposed Research

As mentioned in Section 2.5, a mass with motion relative to a rotary sys-
tem experiences the so called Coriolis effect. This could provide an alterna-
tive approach to vibration control in particular for cases where lateral space
is insufficient for effective counteractive motion. For example tall flexible
structures, when these structures vibrate they undergo a certain amount of
rotational motion and any motion in the longitudinal direction will induce
Coriolis effect which may be used to attenuate these structures. This was
investigated in (Matsuhisa et al., 1995; Viet, Anh, and Matsuhisa, 2011) for
pendulum systems. They investigated a system where a mass moves in the
radius direction to prevent the swing of gondola. This concept is similar to a
child’s up-down motion to pump a swing (Tea and Falk, 1968; Curry, 1976).
In this case the child alternates the up-down motion to amplify the swing and
maximisation of this depends on the timing of the motion (Piccoli and Kulka-
rni, 2005). In (Viet, 2015) the author studied this concept used to control the
sway of a crane.

In principle this could be applied to tall flexible structures and by exten-
sion to rolling structures. In terms of structural control, as mentioned ear-
lier these structures are being built taller, thinner, lighter and more flexible
and conventional systems make use of the lateral space. However, as these
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structures become taller and thinner, conventional systems may not have ad-
equate space for effective motion. Longitudinal motion provides an alterna-
tive approach. In terms of roll-stabilising systems, this approach also offers
an alternative to the conventional systems currently in place which could
address some of the challenges these systems currently face.

The system proposed for roll stabilising system is an active control sys-
tem where water flows in the radial direction through some channel of the
ship to generate restoring forces to mitigate ship’s roll response. Since the
vessel will be in water, sea openings can be placed on areas immersed in wa-
ter (for example the base of the hull) which will allow water to be pumped
into the stabilising system. The advantages of such type system are no com-
plicated control is necessary as the water is simply pumped in one direction
with a constant velocity, requires no external fixture so should create no hy-
drodynamic drag effect, operates at zero forward speed, provides no weight
issues, no stability issues as the water flow will always generate positive sta-
bilising effect and has no dependency on any external parameters other than
the volume and velocity of water-flow, and the angular motion of the vessel.
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Chapter 3

Methodology

3.1 Overview

The research problem is that long period tall, slender and flexible structures,
and rolling structures are susceptible to unwanted vibrations, and in some
cases do not have sufficient space in the lateral direction for conventional
mass dampers to be effective. Following this, the present study investigates
the attenuation of the dynamic response of tall flexible structures and rolling
structures through the use of coupled longitudinal or radial motion induc-
ing Coriolis Effect. The primary focus of the study is on tall building struc-
tures and ship rolling motion. In these, three types of damping mechanism
were investigated. The first damping mechanism involves the use of a mov-
ing mass through a tall slender structure, the second damping mechanism
involves the use of fluid-flow through the structure just to study the effect
and then was later proposed as a mechanism for reducing the rolling of ship.
The third damping mechanism involves the use of a mutli-degree-of-freedom
mass damper to attenuate a super tall building structure (over 300m). The
use of both the inertial effect of a conventional mass damper and the coupled
effect of the so-called Coriolis damper can allow effective control of the dy-
namic response of the building. Additionally, the Coriolis damper is coupled
with the conventional mass damper to allow for a greater degree of angular
motion than that would be allowed by the vibration of the building structure
alone. Therefore enhancing the Coriolis effect and consequently increasing
the damping effect of the system. A proposal for the control of the hybrid
mechanism is given using the theory of Fuzzy Logic.

The primary purpose of the study is to investigate the effect of response
reduction and propose ways to improve effectiveness.

This chapter will highlight the steps and procedures undertaken through-
out the process of the research. Overview of the reserach questions or hypthe-
sis and their rrationales will be given. Details about the research design, re-
search methods and their appropriateness will be illustrated. Mentioning of
limitations and assumptions will be put forward.
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3.2 Research Questions or Hypothesis and their Ra-
tionales

3.2.1 Research Questions and Hypothesis

When an object or structure experiences some degree of angular or rotational
motion, any coupled motion in the longitudinal or radial direction will in-
duce Coriolis Effect which affects the motion of the primary structure and or
vice versa. Careful maneouvring of the longitudinal/radial motion can be
used to effectively reduce the response of the primary structure. The ques-
tions here are what is the effect of reduction and how can it be improved?

3.2.2 Rationale

As mentioned earlier, tall slender flexible structures are susceptible to long
period vibrations. The direction of evolution of tall structures is towards
lightness and are often featured with increased flexibility and a lack of suf-
ficient inherent damping making them even more vulnerable (Kareem, Ki-
jewski, and Tamura, 1991; Ali and Moon, 2007). This presents a challenge
for conventional mass dampers that usually utilise lateral motion for effect.
As the height to width ratio increases, the effect of conventional measures
decreases. Therefore it is important to find effective measures to reduce their
response.

Similarly, rolling structures in low damping conditions face these chal-
lenges. For a more specific case, ships are vulnerable to roll motion which is
the major contributor to capsizing. This roll motion can be induced in both
rough and calm sea conditions. As a result great emphasis is placed on find-
ing measures to reduce roll motion.

3.3 Research Design

This research is a quantitative study of the effect of reduction through sev-
eral case studies, analytical and numerical approaches which include Finite
Element Method, Runge-Kutta Method and Newmark Method.

3.3.1 Moving Mass Through Tall Structure

Overview

For this investigation, the damping effect of a moving mass through a tall
building structure subjected to a large displacement and allowed free re-
sponse was investigated. In order to illustrate the application of the concept
in a realistic scenario, a benchmark model was used based on the Shinjuku
Mitsui Building and the happenings of the March 11, 2011 earthquake in East
Japan.
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In this study, Finite Element Method (FEM) was employed to model, anal-
yse and investigate the damping effect of a moving mass through a tall build-
ing structure. A common practice for tall building structures is to simply
model them as a vertical cantilever beam with their base fixed in the ground
with the top allowed to freely vibrate (Ali and Moon, 2007). As such, in
this investigation the building structure was modelled as an Euler-Bernoulli
beam structure. The moving mass was modelled using the Moving Finite
Element Method (MFEM) which easily takes into account the inertial, cen-
trifugal and Coriolis effect of the coupled effect of the moving mass and the
tall structure. For the purpose of the study the numerical analysis was car-
ried out using the program MATLAB.

The dynamic response of the primary structure was obtained using the
Newmark’s time stepping method. As this investigation was only a prelim-
inary into developing a strategy for active control of structural vibrations
using longitudinal motion of a moving load, the focus was on the damp-
ing effect and not on implementation parameters. The equations of dynamic
equilibrium was solved at each nodal point of the primary structure for the
selected time steps. For the case of the investigation, the point of interest was
at the top of the structure. Following this the dynamic response at the top
of the primary structure was analysed and compared to that of the response
at similar position for the case of the undamped primary structure to clearly
demonstrate the damping effect due to the moving mass.

In order to investigate the effect of damping of the proposed concept cer-
tain parameters of the moving mass system was varied to determine their
correlation with damping effect. These were the mass of the damper and the
stroke length/velocity of the moving mass.

Using energy considerations analytical results of the equations of motion
were found and verified with the numerical results.

Benchmark Problem

On March 11, 2011 Japan experienced one of its most devastating earthquake
in recent history famously called the Great East Japan Earthquake. In the af-
termath of this earthquake tall buildings in Tokyo were still oscillating even
thirty minutes after. One such building was the Shinjuku Mitsui Building
which according to reports had a deflection at the top just over two meters.
Taking from this case, the Shinjuku Mitsui Building was used as the bench-
mark model for this investigation.

The Shinjuku Mitsui Building has a height of 225m with a natural vibra-
tion period of 5.6 seconds in the longitudinal direction and 5.9 seconds in
the transverse direction (Hori, Kurino, and Kurokawa, 2016). The effective
weight of the Shinjuku Mitsui building is approximately 2.77× 108N (Hori,
Kurino, and Kurokawa, 2016).
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FIGURE 3.1: Schematic of the Shinjuku Mitsui Building (Coun-
cil on Tall Buildings and Urban Habitat)

3.3.2 Radial Water-flow Through Rolling Ship

Overview

In this investigation, the roll response of a ship subjected to radial water-flow
was investigated. The ship was analysed under two conditions. These are
free roll decay, where the ship is given an initial displacement and allowed
free response, and excited roll, where the ship is subjected to excitations of
harmonic beam waves. The free roll decay investigation was used to deter-
mine the effect of damping of the radial water-flow on the ship while the
excited roll investigation was used to determine the effect of roll response
reduction of the radial water-flow on the ship. To illustrate the application of
the concept in this investigation, a benchmark Ro-Ro vessel was chosen. Sta-
bility of Ro-Ro ships has been extensively researched over the years as they
are prone to unstable conditions (Surendran et al., 2005).

For this study, Lagrangian Mechanics was employed to model, analyse
and investigate the effect on roll response of the ship by the radial water-
flow. The parametric roll of the ship was modelled as a single degree of
freedom (SDOF) model while the water-flow was modelled with another de-
gree of freedom (translation). Together, the roll of ship and radial water-flow
formed a damped system with two-degrees-of-freedom (angular displace-
ment of ship and translation of water). In order to qualitatively investigate
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the rolling response of the ship with the radial water-flow, numerical simu-
lations with the coupled motions of rolling of the ship and the radial water-
flow were carried out and compared to analytical results. In this investiga-
tion the coupled motions are treated as a nonlinear dynamical system, how-
ever the analytical results are linearly approximated.

The dynamic response of the ship was obtained using the 4th Order Runge-
Kutta single step method. The numerical results were compared to the linear
approximated analytical results for the case of free roll decay and the linear
approximated steady state results for the case of excited roll.

In order to investigate the effect of roll response of the system certain pa-
rameters of the water-flow system were varied to determine their correlation
to roll response. These were the volume and velocity of water-flow.

Benchmark Problem

As mentioned earlier, the test ship used in this investigation was a Ro-Ro
vessel. There have been several accidents involving Ro-Ro ships. Even as
recent as on April 16, 2014 when the MV Sewol capsized off the coast of
South Korea while carrying 476 people resulting in the deaths of 304 people.
The parameters used in this investigation were taken from (Surendran et al.,
2005) and is shown in Table 3.1.

TABLE 3.1: Parameters of a Ro-Ro Ship (Surendran et al., 2005)

Parameter Symbol Value

Length overall LOA 192.60 m
Length between perpendiculars LBP 177.60 m
Beam B 28.00 m
Depth D 18.00 m
Draught T 7.50 m
Displacement ∆ 22012 t
Transverse meta-centric height GM 2.66 m
Vertical centre of gravity KG 13.98 m
Vertical centre of buoyancy KB 4.40 m
Block coefficient Cb 0.60

3.3.3 Multi-degree-of-freedom Enhanced Coriolis Effect Damper

Overview

In this investigation, the previous moving mass system through a tall build-
ing structure was modified in order to enhance its effect. The newly modified
system consisted of a moving mass located at the top of the primary struc-
ture. This mass damper is coupled with a fixture which is allowed angular
motion, as such the angular motion is driven by the translational mass at the
top. Fitted to the angular fixture is a moving mass which is allowed transla-
tional motion along the fixture. This newly proposed system was analysed
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under two conditions. These were free response, where the primary structure
was initially displaced and allowed to freely oscillate, and seismic response,
where the system was excited by recordings of the past Loma Prieta earth-
quake on October 17, 1989.

The free response investigation was done to determine the effect of damp-
ing of the modified system and to see to what extent were there improve-
ments. The seismic response was used to determine the robustness and effec-
tiveness of the modified system in the events of actual earthquake conditions
to reduce the response of the primary structure. Additionally, control law
based on the concept of Fuzzy Logic Theory was proposed for the modified
system to effectively reduce the response of the primary structure. For the
purpose of this investigation, a benchmark model was used based on a super
tall structure investigated in (Yang et al., 2004).

For this study, Lagrangian Mechanics was employed to model, analyse
and investigate the effect on the dynamic response of the primary struc-
ture. The building structure was simply modelled as a two degree of free-
dom model with translational motions in the horizontal direction. The mass
damper at the top is modelled as a SDOF oscillator also with translational
motion in the horizontal direction opposing that of the primary structure.
The mass damper fitted to the oscillating fixture was modelled as a two-
degree-of-freedom (2DOF) system which includes the translation along the
fixture and the angular motion due to being fitted to the angular fixture. To-
gether, the complete system had five degrees of freedom (translations of the
primary structure, translation of the mass damper at the top, angular motion
of the mass fitted to the fixture and translation of the mass along the fixture).

The dynamic response of the structure was obtained using the Runge-
Kutta single step method.

Benchmark Problem

Yang et. al (Yang et al., 2004) investigated a super tall building which is
also used as the benchmark model for the case of this investigation. The
building considered has a height of 306 metres and has a height to width
ratio of 7:3 therefore making it very vulnerable to excitation. The total mass
of the building is 153,000 tons and has a first natural frequency of 1 rad/s.

Seismic Response

On October 17, 1989 the San Francisco and Moneterey Bay regions experi-
enced a severe earthquake. This earthquake was used as the benchmark seis-
mic model in this investigation. For this study we will refer to this earth-
quake as the Loma Prieta Earthquake. The data for this can be found in
MATLAB which contains 200 Hz data of the Loma Prieta earthquake in the
Santa Cruz Mountains courtesy of Joel Yellin at the Charles F. Richter Seismo-
logical Laboratory, University of California, Santa Cruz. The time histories
for this earthquake are shown in Figures 3.4 and 3.5.
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FIGURE 3.2: Plan view of the benchmark building (Yang et al.,
2004)

3.3.4 Meaning of the method

Case studies from real and existing scenarios are used as benchmarks to test
the robustness of the proposed work and its ability in a more realistic case as
a preliminary study.

3.4 Procedure and Analysis

In order to quantitatively investigate this research certain steps and proce-
dures were taken. This section highlights these.

3.4.1 Moving Mass Through Tall Structure

An overview of the procedures taken throughout this investigation is illus-
trated in Figure 3.6 . First, a simplified physical model of the building struc-
ture was created from which analytical equations of motions were derived
using the Extended Hamilton’s Principle. A finite element model is formu-
lated from the physical model and analysed. The numerical analysis was
carried out using Newmark’s Method as such:

1. The model was discretised into a number of identical beam elements
and nodes.

2. The mass and stiffness matrices of each of these beam elements were
determined.
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FIGURE 3.3: Elevation view of the benchmark building (Yang
et al., 2004)

3. The damping matrices of each beam element was determined using
Rayleigh damping theory.

4. A fixed stepping time was selected.

5. Motion for the moving mass was proposed based on analysis of the
analytical equations of motion.

6. For each time step, the element on which the moving mass is located
and the local position of the moving mass on that element was deter-
mined.

7. The time dependent shape functions of the beam element were calcu-
lated.

8. From this, the mass, stiffness and damping matrices of the moving fi-
nite element were determined.
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FIGURE 3.4: East-west ground acceleration of the 1989 Loma
Prieta earthquake

9. The mass, stiffness and damping matrices of the element on which the
moving mass is located were calculated by assembling the matrices of
the moving finite element.

10. The instantaneous overall mass, stiffness and damping matrices of the
entire system were calculated by assembling all the matrices calculated
above.

11. The instantaneous overall force vector was calculated

12. boundary conditions were imposed.

13. The equation of motion was solved using Newmark integration method
giving the dynamic responses of the primary structure. The procedures
for Newmark method is given in Appendix A.

14. Repeat steps 6 - 13 for all the time steps.

Using energy considerations an analytical expression of the equivalent
damping of the system was found.

From analysis of the results, recommendations were made for future in-
vestigations which led to the following two investigations.

3.4.2 Radial Water-flow Through Rolling Ship

An overview of the steps taken in analysing the effect of water-flow through
a rolling ship is shown in Figure 3.7. Inspired by the results of the previous



30 Chapter 3. Methodology

FIGURE 3.5: North-south ground acceleration of the 1989 Loma
Prieta earthquake

investigation, the idea of using a constant unidirectional water-flow away
from the pivot of the rolling structure to reduce the roll response of ships was
proposed. A simplified model of the system was first created from which the
equations of motion were derived using Lagragian Mechanics. In order to
express the results in a general form, general non-dimensional forms of the
equations were found. Numerical analysis of the equations of motion were
carried out using the 4th Order Runge-Kutta method. The system was anal-
ysed under free roll decay and excited roll. For comparison and validation,
the nonlinear system was linearised and approximated to give analytical re-
sults. The results were then compared and recommendations for improve-
ment of the system were made.

3.4.3 Multi-degree-of-freedom Enhanced Coriolis Effect Damper

Figure 3.8 highlights the procedures taken throughout this investigation. In-
spired by the results of the investigations of the moving mass through the
beam structure, a newly modified damper system was proposed to enhance
its effect. A physical model of the system was first created from which equa-
tions of motion were derived using Lagrangian Mechanics. Numerical anal-
ysis of the equations of motion were carried out using Runge-Kutta method.
The dynamic response of the primary structure was first analysed to identify
the characteristics of the structure. After which, optimal tuned mass damper
was proposed using Hartog’s method (Den Hartog, 1985). Fuzzy logic con-
trol was proposed for the tuned mass damper. The system was then fitted
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FIGURE 3.6: Steps taken in the analysis of a moving mass
through tall building structure.

with the proposed Coriolis damper and also controlled using Fuzzy Logic.
The results were then compared. The results are then analysed and recom-
mendations for future research were made.



32 Chapter 3. Methodology

FIGURE 3.7: Steps taken in the analysis of radial water-flow
through a rolling ship
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FIGURE 3.8: Steps taken in the analysis of the multi-degrees-of-
freedom damped system
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Chapter 4

Attenuation of Tall Flexible
Structures using Longitudinal
Moving Mass: Moving Finite
Element Method

4.1 Introduction

In this chapter, a finite element model is formulated to investigate the damp-
ing effect of a moving mass on a long-period vibrating vertical cantilever
beam. The dynamic response is investigated by modelling the mass as a
moving finite element to easily take into account the inertial, centrifugal and
Coriolis effect of the moving mass on the structure. The concept of enhanc-
ing the effect is also briefly discussed using a multiple-degree-of-freedom
damper and a constant positive velocity water-flow damping system as ex-
amples.

4.2 Formulation of The Problem

4.2.1 Equations of Motion Through Hamilton’s Principle

The equations of motion of the system can be analytically derived using the
Extended Hamilton’s Principle. The model of the concept is shown in Fig.
4.1. The vibrating primary structure is modelled as an Euler-Bernoulli beam
with its bottom end fixed in the ground. The moving mass m moves over
the structure and is able to move up and down. The horizontal deflection of
the beam is given as u(y, t) and the position of the mass at any time t is the
curvilinear coordinate s(t) defined along the height of the beam.

The energy of the system presented is due to (1) the beam and (2) the
moving mass.

The kinetic energy of the beam (TB)

TB =
Aρ

2

∫ H

0
u̇2dy (4.1)
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where A is the cross-section of the beam, ρ is the material density and u(y, t)
is the horizontal deflection of the beam. For the beam rotary inertia is ig-
nored.

The kinetic energy of the mass (Tm)

Tm =
1
2

m[ṡ2 + u̇2 + 2u̇ṡu′]y=s (4.2)

where m is of the moving mass, s(t) is the position of the mass. In this paper,
prime, ()′, and dot, (˙), are the derivatives with respect to y and t respectively.
The moving mass is considered to be a particle so the polar moment of inertia
is assumed to be zero.

The total kinetic energy of the system

T = TB + Tm (4.3)

The potential energy of the system (V) is only due to the strain energy in
the beam. Hence

V =
EI
2

∫ H

0
u′′2dy (4.4)

where E is the modulus of elasticity and I the moment of inertia.
Now for the Lagrangian Mechanics which states:

L = T −V (4.5)

Using Hamilton’s principle ∫ t2

t1

δLdt = F (4.6)

where F is the force applied to the system.
Considering the beam structure and using Equation (4.5) in Equation (4.6)

we get ∫ t2

t1

[
δ

(
Aρ

2

∫ H

0
u̇2dy +

1
2

m[ṡ2 + u̇2 + 2u̇ṡu′]y=s

)
−δ

(
EI
2

∫ H

0
u′′2dy

) ]
dt = fB(y, t)

(4.7)

where fB(y, t) is the force per unit length applied to the beam.
Using integration by parts Equation (4.7) becomes∫ H

0
(Aρü + EIu′′′′)dy

+m[ü + 2ṡu̇′ + s̈u′ + ṡ2u′′]y=s = fB(y, t)
(4.8)

In the case of free response where the only force applied to the beam
would be due to the motion of the moving mass, fB(y, t) = 0. The inter-
action between the beam and the moving mass is given by the second part of
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Equation (4.8).
To find the equation of motion of the moving mass we consider the s

coordinate and use Langrange Principle

d
dt

(
∂L
∂ṡ

)
− ∂L

∂s
= fs(t) (4.9)

where fs(t) is the force applied to the moving mass, we get

m[s̈ + s̈u′]y=s = fs(t) (4.10)

4.2.2 Motion of Moving Mass

In Equation (4.8) the 2mṡu̇′ term is the Coriolis component of the inertial
effects due to the interaction of the moving mass and the vibrating beam. Ex-
amination of the Coriolis effect induced in the system shows its correlation of
its effectiveness with the motion of the moving mass. It is worth mentioning
also that the dissipation of the system depends on the nature of the velocity
of the moving mass (ṡ). When ṡ is positive, the system dissipates energy and
when ṡ is negative the system accumulates energy. The nature of ṡ changes
in one cycle, therefore there is an alternation of dissipation and accumulation
of energy in the system in a cycle. Therefore in order to ensure an overall dis-
sipation as large as possible at the end of a cycle this can only be achieved
if the period of dissipation is made as large as possible while the period of
accumulation is made as small as possible. From this, we see that for damp-
ing effects the moving mass should move up when the angular velocity of
the primary structure is close to maximum and down when angular velocity
is close to zero. Furthermore, it is known that the primary structure expe-
riences zero and maximum angular velocities twice per cycle. As such, the
moving mass should move with twice the frequency of the system. It should
be noted that a reverse of this motion will generate an amplification effect.

Further examination of the Coriolis effect also reveals that for maximum
effect the velocity of the moving mass should be maximum at the moment the
primary structure has maximum angular velocity. From this we prescribe the
motion of the moving mass to be

s(t) = s0 − bsin(2ω1t− ψ) (4.11)

where s0 is the height from ground to mid-point between maximum y (smax)
and minimum y (smin), ω1 is the first natural frequency of the structure, ψ is
the phase angle at the start of the cycle and

b =
1
2
(smax − smin) (4.12)
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FIGURE 4.1: Vibrating vertical cantilever beam with a moving
mass on it.

4.3 Finite Element Method

In this section the finite element approach is illustrated.
Figure 4.2 shows the finite element model of the system. The beam of

height H is discretised in n number of elements of height h, and n + 1 num-
ber of nodes. The moving mass m moves up and down over the beam with
acceleration and velocity s̈ and ṡ respectively. The Figure 4.3 illustrates the
nodal forces of the element (sth

e element) on which the mass is located at time
t. The position of the moving mass on the sth

e element is given by ym(t).

4.3.1 The Primary Structure

Using FEM the primary structure is modelled as n number of beam elements
as shown in Figure 4.2. The structure has mass, damping and stiffness ma-
trices, [M], [C] and [K] respectively. The mass and stiffness matrices are ob-
tained by assembling all the element matrices. One way to define the damp-
ing matrix is to use Rayleigh damping (Craig and Kurdila, 2006)

[C] = a0[M] + a1[K] (4.13)
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FIGURE 4.2: FEM Model of vertical cantilever beam with mov-
ing mass

the damping factors are given by:

ζr =
1
2

(
a0

ωr
+ a1ωr

)
(4.14)

a0 and a1 are found by choosing damping ratios (ζr) in two modes with the
corresponding natural frequencies (ωr).

4.3.2 Moving Finite Element

In this study the moving finite element method is employed in order to easily
take into consideration all the internal forces acting on the system due to
the interaction of the vibrating beam and the moving mass. These include
the inertial forces, centripetal forces and most important the Coriolis effect.
These forces are described below.
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FIGURE 4.3: beam element on which moving mass is located

Nodal Forces of Moving Finite Element

The vibration and curvature of the beam induce forces due to the interaction
between the beam and the moving mass. From this point the parameters
of f (y, t), u(y, t) and s(t) are simply represented as f , u and s respectively.
Taking into account the transverse (x) and longitudinal (y) direction we get:

Transverse (x) force component fx:

fx = m
d2ux

dt2 δ(y− s) (4.15)

Longitudinal (y) force component fy:

fy = m
d2uy

dt2 δ(y− s) (4.16)

where uy and ux respectively represent the longitudinal (y) displacement
and transverse (x) deflection of the beam at position y and time t. δ(y − s)
represents the Dirac-delta function.

For transverse direction

dux

dt
=

∂ux

∂y
∂y
∂t

+
∂ux

∂t
∂t
∂t

(4.17)
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which gives
dux

dt
= u′xẏ + u̇x (4.18)

And

d2ux

dt2 =
∂u′x
∂y

∂y
∂t

ẏ +
∂u′x
∂t

∂t
∂t

ẏ

+u′x
dẏ
dt

+
∂u̇x

∂y
∂y
∂t

+
∂u̇x(y, t)

∂t
∂t
∂t

(4.19)

which gives

d2ux

dt2 = üx + 2u̇′xẏ

+u′xÿ + u′′x ẏ2
(4.20)

For longitudinal direction

duy

dt
=

∂uy

∂y
∂y
∂t

+
∂uy

∂t
∂t
∂t

(4.21)

which gives
duy

dt
= u′yẏ + u̇y (4.22)

Assuming the beam is inextensible, the first term can be ignored and Equa-
tion (4.22) can be approximated as

duy

dt
≈ u̇y (4.23)

And
d2uy

dt2 =
∂u̇y

∂y
∂y
∂t

+
∂u̇y

∂t
(4.24)

which gives
d2uy

dt2 = u̇′yẏ + üy (4.25)

again using the assumptions above we can approximate Equation (4.25) as

d2uy

dt2 ≈ üy (4.26)

Substituting Equation (4.20) into Equation (4.15) and Equation (4.26) into
Equation (4.16) we get

fx = m[üx + 2u̇′xẏ + u′xÿ + u′′x ẏ2]δ(y− s) (4.27)
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since ẏ = ṡ and ÿ = s̈, we get

fx = m[üx + 2u̇′x ṡ + u′x s̈ + u′′x ṡ2]δ(y− s) (4.28)

fy = müyδ(y− s) (4.29)

From this we can get the equivalent nodal forces ( fsi) of the sth
e element.

fsi = Nimüy (i = 1, 4) (4.30)

fsi = Nim[üx + 2u̇′x ṡ + u′x s̈ + u′′x ṡ2]

(i = 2, 3, 5, 6)
(4.31)

where Ni (i = 1− 6) are shape functions of the beam element as given in
(Clough and Penzien, 2003):

N1 = 1− ξ

N2 = 1− 3ξ2 + 2ξ3

N3 = [ξ − 2ξ2 + ξ3]h
N4 = ξ

N5 = 3ξ2 − 2ξ3

N6 = [−ξ2 + ξ3]h
with

ξ =
ym

h

(4.32)

where as shown in Fig. 4.3, h is the height of the sth
e beam element and ym is

the distance between the moving mass m and the bottom end of the sth
e beam

element at time t.
The longitudinal (y) and transverse (x) displacements can be shown to be

uy = N1us1 + N4us4

ux = N2us2 + N3us3 + N5us5 + N6us6
(4.33)

where usi (i = 1− 6) are displacements of the nodes of the beam element on
which the moving mass m, locates.

Substituting Equation (4.33) into Equation (4.30) and Equation (4.31) and
writing in matrix form yields equation

{ f } = [m]{ü}+ [c]{u̇}+ [k]{u} (4.34)

where

{ f } = [ fs1 fs2 fs3 fs4 fs5 fs6]
T

{ü} = [üs1 üs2 üs3 üs4 üs4 üs5 üs6]
T

{u̇} = [u̇s1 u̇s2 u̇s3 u̇s4 u̇s4 u̇s5 u̇s6]
T

{u} = [us1 us2 us3 us4 us4 us5 us6]
T

(4.35)
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[m] = m



N2
1 0 0 N1N4 0 0

0 N2
2 N2N3 0 N2N5 N2N6

0 N3N2 N2
3 0 N3N5 N3N6

N4N1 0 0 N2
4 0 0

0 N5N2 N5N3 0 N2
5 N5N6

0 N6N2 N6N3 0 N6N5 N2
6

 (4.36)

[c] = 2mṡ


0 0 0 0 0 0
0 N2N′2 N2N′3 0 N2N′5 N2N′6
0 N3N′2 N3N′3 0 N3N′5 N3N′6
0 0 0 0 0 0
0 N5N′2 N5N′3 0 N5N′5 N5N′6
0 N6N′2 N6N′3 0 N6N′5 N6N′6

 (4.37)

[k] = m


0 0 0 0 0 0
0 k22 k23 0 k25 k26
0 k32 k33 0 k35 k36
0 0 0 0 0 0
0 k52 k53 0 k55 k56
0 k62 k63 0 k65 k66

 (4.38)

where kij = s̈NiN′j + ṡ2NiN′′j
[m], [c], [k] are respectively the mass, damping and stiffness matrices of

the moving finite element. It is evident from Equation (4.32) that these ma-
trices are time-dependent.

4.3.3 Entire Structural System

Equation of Motion

The equation of motion of the entire structural system is governed by

[M̂]{ü}+ [Ĉ]{u̇}+ [K̂]{u} = [F̂] (4.39)

where [M̂], [Ĉ] and [K̂] are the overall mass, damping and stiffness matrices
respectively. {ü}, {u̇}, and {u} are the acceleration, velocity and displace-
ment vectors respectively. While [F̂] is the overall external force vector at any
time t.

Mass, Stiffness and Damping Matrices

The mass, stiffness and damping matrices are obtained by assembling the
element matrices and imposing boundary conditions. For this the element
matrices of the moving finite element are taken into consideration. As such

K̂ij = Kij (i, j = 1− n) (4.40)

M̂ij = Mij (i, j = 1− n) (4.41)

Ĉij = Cij (i, j = 1− n) (4.42)
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except for the sth
e element where

K̂sisj = Ksisj + kij (i, j = 1− 6) (4.43)

M̂sisj = Msisj + mij (i, j = 1− 6) (4.44)

Ĉsisj = Csisj + cij (i, j = 1− 6) (4.45)

Overall Force Vector

The overall force is due only to the forces in the sth
e beam element on which

the moving mass locates. As such the overall force vector takes the form

[F̂] = [0 ... fs1 fs2 fs3 fs4 fs5 fs6 ...]T (4.46)

where the nodal forces are found using Equation (4.30) and Equation (4.31).

Solution of Equation of Motion

The solution to the equation of motion can be obtained by numerical integra-
tion. There are several methods that exist, but for the purpose of this paper
we use Newmark’s method as illustrated in (Rajasekaran, 2009).

4.4 Quantitative Equivalent Damping Ratio

An analytical approach for finding an explicit expression of the equivalent
damping ratio ζeqv in terms of the parameters of the system is given using
the approximation (Liang et al., 2011):

ζeqv =
1

4π

Ed
E0

(4.47)

where Ed represents the energy dissipation capacity of the system and E0
represents the maximum potential energy of the system.

4.4.1 Equations of Motion: Fourier Method

Let us consider the case for free vibration. Then Equation (4.8) can be written
as ∫ H

0

(
Aρ

∂2u(y, t)
∂t2 + EI

∂4u(y, t)
∂t4

)
dy

+m

[
∂2u(y, t)

∂t2 + 2
∂s(t)

∂t
∂u(y, t)

∂y∂t
+

∂2s(t)
∂t2

∂u(y, t)
∂y

+
∂s(t)

∂t

2 ∂2u(y, t)
∂y2

]
y=s

= 0

(4.48)
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Equation (4.48) can be conveniently written by means of separation of vari-
ables, assuming:

u(y, t) = U(y)W(t) (4.49)

where U(y) is the known shape function of the beam and W(t) defines the
amplitude of vibration with time t.

Therefore, putting Equation (4.49) into Equation (4.48), and rearranging
we get: [∫ H

0
AρU(y)dy + mU(s)

]
d2W(t)

dt2 + 2m
ds(t)

dt
dU(s)

ds
dW(t)

dt

+

[
m

(
d2s(t)

dt2
dU(s)

ds
+

ds(t)
dt

2 d2U(s)
ds2

)
+
∫ H

0
EI

d4U(y)
dy4 dy

]
W(t) = 0

(4.50)

Using boundary conditions for uniform cantilever beam, we get the gen-
eral form of the solutions for U(y) and W(t) as

F(t) = Ansinω̄t + Bncosω̄t (4.51)

U(y) = C1sinβy + C2cosβy + C3sinhβy + C4coshβy (4.52)

Now it can be seen that Equation (4.50) is in the form

M̄Ẅ(t) + C̄Ẇ(t) + K̄W(t) = 0 (4.53)

or
Ẅ(t) + 2ζeqvω̄Ẇ(t) + ω̄2W(t) = 0 (4.54)

where

ω̄2 =
1∫ H

0 AρU(y)dy + mU(s)

[
m

(
d2s(t)

dt2
dU(s)

ds
+

ds(t)
dt

2 d2U(s)
ds2

)

+
∫ H

0
EI

d4U(y)
dy4 dy

] (4.55)

4.4.2 Energy Consideration

The normalised energy of the system is

Ē(t) =
1
2

Ẇ(t)2 +
1
2

ω̄2W(t)2 (4.56)

Now the derivative with respect to time of the normalised energy gives
us the dissipation energy of the system. That is

dĒ(t)
dt

= −D̄(t) (4.57)
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where D̄ is the dissipation energy. Therefore

D̄(t) =
2m∫ H

0 AρU(y)dy + mU(s)

[
ds(t)

dt
dU(s)

ds
dW(t)

dt

2

−

ΩW(t)2

4
(∫ H

0 AρU(y)dy + mU(s)
)] (4.58)

where

Ω =

[(
d3s(t)

dt3
dU(s)

ds
+

d2s(t)
dt2

d
dt

(
dU(s)

ds

)

+2
ds(t)

dt
d2s(t)

dt2 +
d
dt

(
d2U(s)

ds2

))(∫ H

0
AρU(y)dy + mU(s)

)

−m
dU(s)

dt

(
m

(
d2s(t)

dt2
dU(s)

ds
+

ds(t)
dt

2 d2U(s)
ds2

))
+
∫ H

0
EI

d4U(y)
dy4 dy

]
(4.59)

Using the equivalent damping ratio for a viscous damper (Equation(4.47))
we get

ζeqv =
1

4πĒ0

∫ t

0
D̄(t)dt (4.60)

where t is some arbitrary time frame over which the integration takes
place. Equation (4.60) therefore relates the equivalent damping ratio in terms
of the parameters of the system and as such the equivalent damping can be
found over the time period of the system (t = τ) given the parameters of the
system.

4.4.3 Fundamental Frequency with moving mass: Dunker-
ley’s Equation

The Dunkerley’s equation can be used to give the approximate value of the
fundamental frequency of a composite system which considering only the
first natural frequency can be written as (Rao, 2011):

1
ω2

1
=

1
ω2

11
+

1
ω2

22
=

1
ω2

11
+ aijm (4.61)

where ω1, ω11 and ω22 are the first natural frequency of the system with the
moving mass, the first natural frequency of the beam and the first natural
frequency of the moving mass attached to the beam respectively. Now a22 is
the flexibility influence coefficient which is the deflection at point i due to a
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load at point j. Here aij is defined as:

aij = s(t)3 1
3EI

(4.62)

4.5 Results and Discussion

4.5.1 Numerical Example

In the 2011 Great East Japan Earthquake tall buildings in Tokyo were oscil-
lating even thirty minutes after. One such building was the Shinjuku Mitsui
Building which according to reports, had deflection at the top of almost two
meters.

As an example consider the Shinjuku Mitsui Building modelled as a verti-
cal cantilever beam fixed at the base. The properties of the beam are listed in
Table 4.1. The beam had a natural vibration period of 6 seconds. Most mass
damper system in structures are designed to be within a mass ratio (µ) range
of 1− 10%, so this will be used as the benchmark.

TABLE 4.1: Analysis parameters

Parameter Symbol Value

Height of beam H 225 m
Material density of beam ρ 7860 kg/m3

Area A 15.83 m2

Mass of beam M 2.8× 108 kg
Elasticity of beam E 1.47× 1012 N/m2

Moment of inertia of beam I 19.95 m4

The dimensionless stroke length (β) of the moving mass is given as

β =
b
H

(4.63)

The parameters for the proposed damping system are chosen as µ =
0.01− 0.1 and β = 1/10− 1/2. For all these cases s0 = 168.75 m.

4.5.2 Case 1: Prescribed Motion of Moving Mass

The motion of the mass is prescribed as such given in Equation (4.11). For this
ω1 is first calculated for each case of µ for which the author lets ω1 = ω1(s0).
This is shown in Table 4.2

For all the cases the primary structure is given an initial displacement
u0 = 2 m.

Numerical analysis is carried out using FEM where the beam was dis-
cretised into two hundred and twenty five identical elements. The inherent
damping of the primary structure was chosen to be zero to clearly illustrate
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TABLE 4.2: First natural frequency of system model

µ Period τ (s) ω1(s0) (rad/s)

0.01 5.944 1.057
0.03 6.047 1.039
0.05 6.148 1.022
0.08 6.289 0.999
0.10 6.385 0.984

the damping effect due the the damping system. Equation (4.39) is numeri-
cally integrated using Newmark Method. The dynamic responses at the top
of the structure subjected to a moving mass are shown in Figures 4.4 - 4.8.

FIGURE 4.4: Dynamic response at the top for µ = 0.01 for (a)
β = 1/10 (b) β = 1/8 (c) β = 1/6 (d) β = 1/4 and (e) β = 1/2

From these we see there was no visible damping effect for the case of
the small mass (µ = 0.01) for short stroke lengths, but as the stroke length
increases we notice more visible damping effect. This is also true for an in-
crease in mass ratio as there were visible damping effects for the other cases
of mass ratio.

Additionally, for the cases of the larger mass ratios and longer stroke
lengths, the results show that at some point the system experiences no damp-
ing effect and instead began amplifying the primary structure. This is as a
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FIGURE 4.5: Dynamic response at the top for µ = 0.03 for (a)
β = 1/10 (b) β = 1/8 (c) β = 1/6 (d) β = 1/4 and (e) β = 1/2

result of the fixed motion of the moving mass along the structure causing a
phase shift in each cycle. For example, the dynamic response of the system
for one cycle and the motion of the damping system is shown in Figure 4.9 ,
for the case of µ = 0.1 and β = 1/2. From this we see position of the mov-
ing mass is slightly below that of the starting position at time t = 0. Which
means the moving mass is slightly ahead of the primary structure and this is
as a result of an increase in the time period of the structure. This means that
the system is now experiencing phase shift and this phase shift, while it may
be insignificant in one cycle, if the moving mass continue with fixed motion
the phase shift will continue to change until the system no longer experiences
damping effect. At that point the phase shift ψ = π/2 and from this point
forward the system will experience amplification effect.

4.5.3 Case 2: Synchronised Mass Motion

As mentioned above, a continuous fixed motion of the moving mass will
lead to a phase shift in the system which then makes the damping system no
longer effective after some point. As such it is vital for the moving mass to
be monitored and constantly adjusted so as to ensure continuous damping
of the structure. In order for this to happen, the phase shift between the
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FIGURE 4.6: Dynamic response at the top for µ = 0.05 for (a)
β = 1/10 (b) β = 1/8 (c) β = 1/6 (d) β = 1/4 and (e) β = 1/2

moving mass and the response of the primary structure will need to be as
close as possible to zero and should never exceed π/2.

A simple preliminary feedback control system is presented below. Since
the phase shift at the end of one cycle is not so significant, to save on monitor-
ing and readjusting time the feedback system can monitor the position of the
moving mass and readjust at the end of each cycle (such as for this case pre-
sented we readjust when displacement of primary structure is positive and
velocity is zero). If at the end of the cycle depending on whether the motion
of moving mass is ahead or behind the motion of the primary structure, the
velocity of the moving mass is then adjusted in order to minimise the phase
shift. The results for all the cases of µ and for longest stroke length of β = 1/2
are shown in Figures 4.10 - 4.14.

This feedback and readjustment method is quite effective and produced
consistent damping effect throughout the extended time period. The damp-
ing ratio (ζ) is calculated using the logarithmic decrement

ζ =
1

2π
ln

u0

u1
(4.64)

where u1 is the amplitude at the top at time period τ. The results for these
are shown in Figure 4.15.

From the results we see the concept is capable of producing substantial
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FIGURE 4.7: Dynamic response at the top for µ = 0.08 for (a)
β = 1/10 (b) β = 1/8 (c) β = 1/6 (d) β = 1/4 and (e) β = 1/2

damping effect, however it is also seen that this method becomes less effec-
tive as the mass ratio increases. This highlights the importance of the need
for continuous feedback and adjustment of the moving mass, in particular
for the cases of larger mass ratios and longer stroke lengths.

4.5.4 Verification with Equivalent Damping

The equivalent damping can be found using Equation (4.47) given we know
certain parameters of the system. Consider a moving mass moving with mo-
tion given by Equation (4.11). The beam motion is such as given by Equa-
tion (4.49). In order to arrive at an analytical solution certain assumptions
have to be made. The author assumes the natural frequency of the system
is fixed and is equal to the natural frequency of the system at time t = 0
(ω1 = ω̄ = ω(s0)). This can be found using Equation (4.61). It should be
noted that this value is always smaller than the actual value (Rao, 2011). Fur-
thermore the author assumes the deflections at the top of the beam are small
as such the deflection can be assumed for an initial deflection u0 = 2m as:

U(y) = 2
[
1− cos

(πy
2H

)]
(4.65)
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FIGURE 4.8: Dynamic response at the top for µ = 0.10 for (a)
β = 1/10 (b) β = 1/8 (c) β = 1/6 (d) β = 1/4 and (e) β = 1/2

Using the above assumptions and the parameters from Section 4.5.2 the
equivalent damping ratio was found integrating over the time period of the
system (t = τ = 2π

ω(s0)
). The results for the different stroke lengths and mass

ratios are shown in Figure 4.16 - 4.20.
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FIGURE 4.9: Dynamic response of structure and motion of mass
for µ = 0.1 and β = 1/2 for one cycle

FIGURE 4.16: Comparison of the approximated equivalent
damping ratio and the numerical damping ratio for µ = 1%
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FIGURE 4.10: Dynamic response of structure with synchro-
nised motion of damping system for µ = 0.01 and β = 0.5

FIGURE 4.17: Comparison of the approximated equivalent
damping ratio and the numerical damping ratio for µ = 3%
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FIGURE 4.11: Dynamic response of structure with synchro-
nised motion of damping system for µ = 0.03 and β = 0.5

FIGURE 4.18: Comparison of the approximated equivalent
damping ratio and the numerical damping ratio for µ = 5%
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FIGURE 4.12: Dynamic response of structure with synchro-
nised motion of damping system for µ = 0.05 and β = 0.5

FIGURE 4.19: Comparison of the approximated equivalent
damping ratio and the numerical damping ratio for µ = 8%
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FIGURE 4.13: Dynamic response of structure with synchro-
nised motion of damping system for µ = 0.08 and β = 0.5

FIGURE 4.20: Comparison of the approximated equivalent
damping ratio and the numerical damping ratio for µ = 10%

From the results the approximated equivalent damping ratio seems to
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FIGURE 4.14: Dynamic response of structure with synchro-
nised motion of damping system for µ = 0.1 and β = 0.5

agree well with the numerical damping ratio for the specified mass ratios
and stroke lengths.

4.5.5 Practical Implications

The concept presented in this chapter is an idea to attenuate long period os-
cillation of building structures, in particular in the event of large excitation,
to reduce the response to an acceptable degree. This theory of damping mea-
sure is quite attractive, however at present technical limitations prevent this
measure from being a practical concept for damping tall building structures.
In particular the speed required of the moving mass is of concern. The peak
speed of the moving mass as it relates to the dimensionless stroke length (β)
is shown in Figure 4.21.

However, the concept as is, is quite feasible for long, thin and flexible
structural systems such as beams, frames, etc. Especially if the motion of the
structure is dominated by the lowest mode of vibration.

It is worth mentioning that the Coriolis effect generated by the moving
mass can be enhanced. As mentioned in ’Motion of Moving Mass’ section
there are several parameters that influence the Coriolis effect, one of which is
the degree of angular motion. As such we can enhance the effect as illustrated
in Figure 4.22 . The damping system has multiple degrees of freedom with
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FIGURE 4.15: Effects of dimensionless stroke length (β) and
mass ratio (µ) on the damping ratio (ζ) of the system for syn-

chronised motion.

a moving mass translating along an axis with angular motion. The angular
motion of the pendulum and the up-down motion of the mass is carefully
synchronised with the motion of the primary structure to maximise damping
effect.

One way to realise this is to have a driver located at the top of the structure
moving laterally facilitating angular motion of the oscillating fixture about its
pivot, while the moving mass translates along it (See Figure 4.23). It should
be noted that this driver can be actively or passively driven. Additionally,
the inertial properties of the driving mechanism and the oscillating fixture
can add to the attenuating effect of the moving mass, much like a Tuned
Mass Damper (TMD).

Another parameter that influences the Coriolis effect is the velocity of
moving mass. Careful examination of the Coriolis component of Equation
(4.8) reveals a positive velocity yields positive damping effect and a nega-
tive velocity yields negative damping effect. Since the motion of the moving
mass is cyclic, this means in one cycle the system goes through alternating
phase of damping and attenuation but with careful manoeuvring the period
of damping is greater at the end of the cycle. However, if the velocity were
to remain positive throughout the whole cycle, this would increase the over-
all damping effect. This is shown by having the primary structure having a
pipe through it which allows the flow of fluid. For this case water-flow is
used (See Figure 4.24). The basic idea is to attenuate the long period vibra-
tion of the primary structure using high speed water flow in the positive (up)
direction.
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FIGURE 4.21: The peak speed of moving mass for each dimen-
sionless stroke length β

FIGURE 4.22: Illustration of the concept of a multiple-degree-
of-freedom enhanced Coriolis effect damper

The previous moving finite element model is slightly altered to take into
consideration the waterflow effect. The water is pumped upwards with a
constant velocity. As such Equation (4.8) becomes:

∫ H

0
(Aρü + EIu′′′′)dy

+ρ f A f

∫ H

0
(ü + 2ṡu̇′ + ṡ2u′′) = fB(y, t)

(4.66)
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FIGURE 4.23: Example mechanism of a multiple-degree-of-
freedom enhanced Coriolis effect damper

and Equations (4.36 - 4.38) becomes:

[m] = ρ f A f

∫ H

0



N2
1 0 0 N1N4 0 0

0 N2
2 N2N3 0 N2N5 N2N6

0 N3N2 N2
3 0 N3N5 N3N6

N4N1 0 0 N2
4 0 0

0 N5N2 N5N3 0 N2
5 N5N6

0 N6N2 N6N3 0 N6N5 N2
6

 (4.67)

[c] = 2ρ f A f ṡ
∫ H

0



0 0 0 0 0 0
0 N2N′2 N2N′3 0 N2N′5 N2N′6
0 N3N′2 N3N′3 0 N3N′5 N3N′6
0 0 0 0 0 0
0 N5N′2 N5N′3 0 N5N′5 N5N′6
0 N6N′2 N6N′3 0 N6N′5 N6N′6

 (4.68)

[k] = ρ f A f ṡ2
∫ H

0



0 0 0 0 0 0
0 N2N′′2 N2N′′3 0 N2N′′5 N2N′′6
0 N3N′′2 N3N′′3 0 N3N′′5 N3N′′6
0 0 0 0 0 0
0 N5N′′2 N5N′′3 0 N5N′′5 N5N′′6
0 N6N′′2 N6N′′3 0 N6N′′5 N6N′′6

 (4.69)

For this case ρ f , A f and ṡ are the density of the fluid, area of cross-section of
the pipe and velocity of fluid flow respectively.

We integrate these over the height of the primary structure to get for each
element

[m] =
ρ f A f h

420



140 0 0 70 0 0
0 156 22h 0 54 −13h
0 22h 4h2 0 13h −3h2

70 0 0 140 0 0
0 54 13h 0 156 −22h
0 −13h −3h2 0 −22h 4h2

 (4.70)
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FIGURE 4.24: Simplified model of structure with water-flow
through it and the finite element modelling

[c] =
2ρ f A f ṡ

60



0 0 0 0 0 0
0 −30 6h 0 30 −6h
0 −6h 0 0 6h −h2

0 0 0 0 0 0
0 −30 −6h 0 30 6h
0 6h h2 0 −6h 0

 (4.71)

[k] =
ρ f A f ṡ2

30h



0 0 0 0 0 0
0 −25 − 300h

11 0 25 −300h
0 −300h −225h2 0 300h h2

0 0 0 0 0 0
0 25 300h 0 −25 300h

11
0 −300h h2 0 300h −225h2

 (4.72)

The result for water-flow with mass ratio 1% of the primary structure
pumped at velocity 50 ms−1 is shown in Figure 4.25. The result shows a
similar performance to that of moving mass with µ = 1/100 and β = 1/2,
having damping ζ = 0.016, but with far less than half the maximum speed
required to produce this effect. It is clear from the result the method of using
high speed water-flow is more effective than sinusoidal motion of a solid
mass driven at twice the frequency of the primary structure’s oscillation. The
extent of which will depend on the pumping capabilities i.e. the volume of
water and velocity at which it is pumped.

4.6 Summary

In this study a new concept to control low frequency vibration in tall and thin
structures using mass motion in the longitudinal direction was proposed.
Unlike conventional concepts, the motion of the mass induces Coriolis force



4.6. Summary 63

FIGURE 4.25: Dynamic response using water-flow (µ = 1/100
and ṡ = 50 ms−1).

and with the appropriate motion reduces the vibration of the primary struc-
ture. The system was modelled using finite element method (FEM) and the
dynamic response of the system was analysed. The analysis shows the con-
cept produces substantial damping effect and this effect increases with in-
creases in the mass and degree of motion of the moving mass. Furthermore,
in order to effectively attenuate the structure for an extended period of time,
the motion of the moving mass needs to be constantly monitored and ad-
justed so as to keep the phase shift in the system to a minimum. The Coriolis
effect can also be enhanced by increasing the degree of angular motion of the
moving mass or by it having always-positive velocity. This idea of enhanc-
ing the damping effect was introduced and briefly discussed using multiple-
degree-of-freedom Coriolis damper (angular motion and translation of mov-
ing mass) and also using a constant positive velocity fluid-flow as examples.

This concept of using Coriolis effect to attenuate structures can be applied
to any long-period structure that has rotational component where Coriolis
effect can be induced. The proposed concept as presented should be consid-
ered as a first step to develop an alternative method for control of vibration
in flexible structures in the event of large excitations. This concept is partic-
ularly attractive for structures with low inherent damping and limited lat-
eral space, and can be applied to a wide variety of structures which includes
flexible-type, pendulum-type and rolling-type structures.

Future works will in detail look into enhancing damping effect and will
investigate the consideration of other modes of vibration.
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Chapter 5

Ship Roll Reduction Using
Water-flow Induced Coriolis Effect

5.1 Introduction

In the previous chapter (Chapter 4), it mentioned about the alternation of the
Coriolis effect of a cyclic motion of a moving mass through a beam structure
and how constant motion away from the pivot would produce a much better
overall effect in a cycle. It also explored the concept of using a constant posi-
tive flow through the structure. In this chapter, the author builds on the idea
and apply it to rolling structures, more specifically ships, where the access
to water makes the concept very viable and practical. As such, this chapter
proposes and investigates the method of reducing roll response of a ship by
inducing Coriolis effect using water-flow in the radial direction of the ves-
sel. The correlations between the velocity and volume of water-flow and the
reduction of roll response is quantitatively studied.

5.2 Problem formulation

In this section the equations of the coupled motions of rolling of a ship and
fluid flow through the proposed stabilising system are illustrated.

5.2.1 Parametric Roll of Ship

The parametric roll of a ship can be modelled as a single-degree-of-freedom
(SDOF) system as given by the popular equations:

Free Roll:
(I44 + A44) φ̈ + B44φ̇ + C44 sin φ = 0 (5.1)

Excited Roll:

(I44 + A44) φ̈ + B44φ̇ + C44 sin φ = Mw (5.2)

where I44 is ship inertia, A44 is added mass, B44 is the damping in the rolling
direction, C44 is the restoring moment. For simplicity it is very common to
assume these parameters to be constant (Himeno, 1981). Mw is the external
excitation by the waves. Also (̇) represents a derivative with respect to time.
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For the case of this study a Ro-Ro ship is considered to show the appli-
cation of the proposed concept as these vessels are quite prone to capsizing.
The parameters for this is given in Chapter 3 in Table 3.1.

In this paper the ship will be excited by regular beam waves modelled as
harmonic excitation. Also the nonlinearity in the restoring moment and the
damping are neglected.

5.2.2 Coupled Effect of Fluid Flow

The coupled effect due to water-flow induced Coriolis effect is introduced.

FIGURE 5.1: Illustration of the water-flow coupled effect

Figure 5.1 shows the water flowing through the channels while the ship
experiences roll motion. The equations of motion for the effects of the water-
flow were derived using Lagrangian mechanics.

Consider the water-flow with a mass m with pivot at O through the chan-
nel as shown in Figure 5.1. The centre of mass C is located at a distance r(t)
from the pivot, where r(t) is half the height of the water-flow h(t). The set
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of generalised coordinates are the angular displacement φ of ŌC from the y-
axis, and the radial height of the centre of mass C of the fluid from the pivot
O.

The kinetic energy (T)

T =
1
2

mṙ2 +
1
2

mr2φ̇2 (5.3)

The potential energy (V)

V = mgr cos φ (5.4)

Using Lagrangian and the Euler-Lagrange equation and considering only
the φ coordinate since we are only concerned with the roll motion,

L = T −V (5.5)

d
dt

(
∂L
∂φ̇

)
− ∂L

∂φ
= 0 (5.6)

This gives
mr2φ̈ + 2mrṙφ̇−mgr sin φ = 0 (5.7)

Therefore Equation 5.1 for free roll becomes

(I44 + A44 + J) φ̈ + (B44 + 2mrṙ) φ̇ + (C44 −mgr) sin φ = 0 (5.8)

and Equation 5.2 for excited roll becomes

(I44 + A44 + J) φ̈ + (B44 + 2mrṙ) φ̇ + (C44 −mgr) sin φ = Mw (5.9)

where J = mr2 is the inertia of the water-flow.

5.2.3 Non-dimensionalised Equations of Motion

The equations of motion are now presented in a generalised non-dimensional
form. The variables are described as:

τ = t

√
C44

I44 + A44 + J
(5.10)

τ =

√
C44

I44 + A44 + J
(5.11)

r̄ =
r

KG
(5.12)

Therefore we get
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ṙ =

(
KG

√
C44

I44 + A44 + J

)
dr̄
dτ

(5.13)

φ̇ =

(√
C44

I44 + A44 + J

)
dφ

dτ
(5.14)

φ̈ =

(√
C44

I44 + A44 + J

)
d2φ

dτ2 (5.15)

Substituting Equations 5.13 - 5.15 into Equations 5.8 and 5.9, rearranging
and letting

α =
1

C44
(5.16)

we get
Free Roll:

d2φ

dτ2 +

(
B44ατ̇ + 2mr̄ατ̇KG2 dr̄

dτ

)
dφ

dτ
+ (1−mgr̄αKG) sin φ = 0 (5.17)

Excited Roll:

d2φ

dτ2 +

(
B44ατ̇ + 2mr̄ατ̇KG2 dr̄

dτ

)
dφ

dτ
+ (1−mgr̄αKG) sin φ = Mwα (5.18)

Taylan (Taylan, 2000) found the external excitation Mw as

Mw = ω2αm (I44 + A44) cos (ωet) (5.19)

where ωe is the frequency of encounter and αm is the maximum wave slope.
To find ship inertia I44 use Weiss formula

i =

√
I44

∆
≈ 0.4B (5.20)

Similar to (Surendran et al., 2005) the added mass A44 is assumed to be
20% of ship inertia. B44 in this case is such that the ship has a typical hydro-
dynamic roll damping of 10% and C44 = ∆gGM. It should be noted that for
fluid flow laminar flow was assumed.

5.3 Results and Discussion

In this section the results are presented. For the first assessment the vessel is
investigated under free roll decay with and without the proposed stabilising
system. The numerical analysis is carried out using the 4th Order Runge-
Kutta Method and for comparison the approximated analytical results for
the linearised model of the system is also presented. The system is analysed
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for the cases of mass ratio (µ) range 0.01, 0.03 and 0.05 where

µ =
m
∆

(5.21)

and non-dimensional velocities of water-flow of 3 - 10.

5.3.1 Free Roll Decay

The system is observed under free roll decay with and without the system.
The vessel is initially inclined at an angle φ0 = 60◦. For comparison the
nonlinear model is linearised and an approximate analytical solution is also
presented using equation

φ(τ) = φ0 exp−ζωτ

√
I44 + A44 + J

C44
cos

(√
1− ζ2ωτ

√
I44 + A44 + J

C44
+ ψ

)
(5.22)

where ζ and ω are the damping ratio and natural frequency respectively of
the system, assuming constant water-flow height (h(t) = h(max)) and ψ is
the phase angle. Figures 5.2 - 5.10 show these results for the different cases
of mass ratio and velocity.

FIGURE 5.2: Free roll decay with and without the stabilising
system and comparison with linear approximation of the model
with stabilising system on for µ = 0.01 and velocity = 20ms−1

From the results we see that the proposed stabilising system provides sub-
stantial damping effect which increases with the velocity and mass ratio of
the water-flow. The system increased the damping ratio in the range of 0.140
- 0.720 for the smallest mass ratio and velocity to the largest mass ratio and
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FIGURE 5.3: Free roll decay with and without the stabilising
system and comparison with linear approximation of the model
with stabilising system on for µ = 0.01 and velocity = 40ms−1

velocity. Additionally we see that the numerical simulation is in good agree-
ment with the linear analytical solution.

5.3.2 Excited Roll

The system is additionally observed under excited motion from beam waves
modelled using Equation (5.19). For the entirety of the analysis a maximum
wave slope αm = 1/30 was used and wave encounter frequency (ωe)

ωe =

√
C44 −mgr

I44 + A44 + J
(5.23)

The parameters of the mass ratio and velocity are similar to those of the
free roll decay analysis and for comparison the approximated linear steady-
state results are presented using

φ(τ) =
Mwα

Υ
sin

(
ωeτ

√
I44 + A44 J

C44
− ψ

)
(5.24)

Υ =

√
(1−mgr̄αKG−ω2

e )
2 +

(
B44ατ̇ + 2mr̄KG2ατ̇2 dr̄

dτ

)
ω2

e (5.25)
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FIGURE 5.4: Free roll decay with and without the stabilising
system and comparison with linear approximation of the model
with stabilising system on for µ = 0.01 and velocity = 60ms−1

Figures 5.11 - 5.19 show these results for the different cases of mass ratio
and velocity.

5.3.3 Influence of Velocity and Volume of Water-flow: Com-
ment On Limitations

As Coriolis force is dependent on the velocity of flow and the degree of an-
gular motion, the efficiency of roll reduction using the proposed system is
expected to increase with the velocity of fluid-flow. Additionally, the effect
also increases with increased mass ratios. This is clearly illustrated in Fig-
ures 5.20 - 5.22. It shows that the response amplification operator (RAO) is
severely reduced as the mass ratio and the velocity ratio is increased. As
such the performance of the system is limited by the volume and velocity of
fluid-flow which is dependent on the limitations of the pumping system.

Take for example the case of the Ro-Ro vessel presented earlier. For the
extreme case of mass ratio 5% and non-dimensional velocity 10.45, using the
parameters of the vessel presented in Table 3.1, this corresponds to velocity
ṙ = 60 ms−1 and mass m = 4402 t. Now for a channel with a ratio of height
to Depth D equal to 1 this results in a required flow rate Q ≈ 3660 m3s−1. A
typical type of pump that would be used for this application would be cen-
trifugal pumps and these are capable of handling flow rates even exceeding
10,000 gpm (Nelik, 1999). They have a general speed operation range of 5 -
200,000 gpm which is equivalent to a maximum approximate flow rate of 13
m3s−1. Which means just considering the flow rate capacity, at the present
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FIGURE 5.5: Free roll decay with and without the stabilising
system and comparison with linear approximation of the model
with stabilising system on for µ = 0.03 and velocity = 20ms−1

moment with the available technology, this extreme case of ratios would be
impractical for such a large size vessel. Therefore this may pose a problem
for larger vessels, however this would be an effective concept for smaller
vessels.

5.4 Summary

A new concept for roll reduction of ships has been presented and discussed
in this chapter. The system uses water-flow in the radial direction to induce
Coriolis effect to create a restoring moment. The system is modelled using
two degrees of freedom, one degree for parametric roll of the ship and one
degree for the water-flow. A Ro-Ro ship with a typical hydrodynamic roll
damping of 10% is used as an example for the purpose of the analysis. The
system is analysed under free roll decay and excited roll motion in beam
waves for mass ratio 0.01 - 0.05 and velocities 20 ms−1 - 60 ms−1. For com-
parison the approximated linear analytical results are also presented.

The results showed that the stabilising system can substantially increase
the damping ratio (damping up to 72%) if the volume and velocity of water-
flow are sufficiently large. And the results also showed a substantial reduc-
tion of roll angle (more than 71% reduction in roll angle).

The proposed stabilising system provides a fairly simple approach to re-
ducing roll motion and requires no complicated control system, provides no
hydrodynamic drag, operates in zero forward speed, no weight issues and
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FIGURE 5.6: Free roll decay with and without the stabilising
system and comparison with linear approximation of the model
with stabilising system on for µ = 0.03 and velocity = 40ms−1

should have no stability issues as the water flow will always generate posi-
tive damping effect and has no dependency on any external parameters other
than the volume and velocity of water-flow, and the degree of roll. The sys-
tem provides substantial roll reduction providing the pump capacity is avail-
able for the volume and velocity of water-flow. This is an attractive concept
for roll reduction, in particular at present for smaller vessels as they would
require smaller pump capacities.

The work presented here should be considered as a preliminary for de-
signing an effective and practical system using fluid-flow to induce Coriolis
effect to provide restoring moment.
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FIGURE 5.7: Free roll decay with and without the stabilising
system and comparison with linear approximation of the model
with stabilising system on for µ = 0.03 and velocity = 60ms−1

FIGURE 5.8: Free roll decay with and without the stabilising
system and comparison with linear approximation of the model
with stabilising system on for µ = 0.05 and velocity = 20ms−1



5.4. Summary 75

FIGURE 5.9: Free roll decay with and without the stabilising
system and comparison with linear approximation of the model
with stabilising system on for µ = 0.05 and velocity = 40ms−1

FIGURE 5.10: Free roll decay with and without the stabilising
system and comparison with linear approximation of the model
with stabilising system on for µ = 0.05 and velocity = 60ms−1
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FIGURE 5.11: Excited roll motion with and without the stabil-
ising system and comparison with linear steady-state approx-
imation of the model with stabilising system on for µ = 0.01

and velocity = 20ms−1

FIGURE 5.12: Excited roll motion with and without the stabil-
ising system and comparison with linear steady-state approx-
imation of the model with stabilising system on for µ = 0.01

and velocity = 40ms−1
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FIGURE 5.13: Excited roll motion with and without the stabil-
ising system and comparison with linear steady-state approx-
imation of the model with stabilising system on for µ = 0.01

and velocity = 60ms−1

FIGURE 5.14: Excited roll motion with and without the stabil-
ising system and comparison with linear steady-state approx-
imation of the model with stabilising system on for µ = 0.03

and velocity = 20ms−1
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FIGURE 5.15: Excited roll motion with and without the stabil-
ising system and comparison with linear steady-state approx-
imation of the model with stabilising system on for µ = 0.03

and velocity = 40ms−1

FIGURE 5.16: Excited roll motion with and without the stabil-
ising system and comparison with linear steady-state approx-
imation of the model with stabilising system on for µ = 0.03

and velocity = 60ms−1
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FIGURE 5.17: Excited roll motion with and without the stabil-
ising system and comparison with linear steady-state approx-
imation of the model with stabilising system on for µ = 0.05

and velocity = 20ms−1

FIGURE 5.18: Excited roll motion with and without the stabil-
ising system and comparison with linear steady-state approx-
imation of the model with stabilising system on for µ = 0.05

and velocity = 40ms−1
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FIGURE 5.19: Excited roll motion with and without the stabil-
ising system and comparison with linear steady-state approx-
imation of the model with stabilising system on for µ = 0.05

and velocity = 60ms−1

FIGURE 5.20: Response profile of the vessel with 1% mass ratio
stabilising system
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FIGURE 5.21: Response profile of the vessel with 3% mass ratio
stabilising system

FIGURE 5.22: Response profile of the vessel with 5% mass ratio
stabilising system
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Chapter 6

Attenuation of Super Tall
Structures Using
Multi-degree-of-freedom Enhanced
Coriolis Effect Damper

6.1 Introduction

In Chapter 4 it is mentioned that the two significant parameters that affect
the Coriolis effect are velocity of the translating object (both in magnitude
and direction) and the angular displacement of the rotating object. Addition-
ally, in Chapter 5 the concept of enhancing Coriolis effect through the use of
constant direction of translational motion away from the pivot of the rotat-
ing object was explored and applied to the case of a rolling structure in the
form of a ship. Now, this chapter will explore the idea of enhancing the effect
by manipulating the angular displacement. For this case the concept is ap-
plied to a building structure which would be more practical for this type of
structure as it may be less feasible to use a constant direction of translational
motion as in the case for a ship.

6.2 Problem Formulation

The system is setup as illustrated in Figure 6.1.
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Model

FIGURE 6.1: Model of the enhanced Coriolis damper

Coordinate Parameters

q0 = qg + x0 (6.1)

q1 = q0 + x1 (6.2)

q2 = q1 + x2 (6.3)

q3 = qg + s sin θ (6.4)

y3 = y0 + s cos θ (6.5)

Where q0 is the total horizontal displacement of m0, qg is the horizontal
displacement of ground, x0 is the relative horizontal displacement of m0 from
the ground, q1 is the total horizontal displacement of m1, x1 is the relative hor-
izontal displacement of m1 from m0, q2 is the total horizontal displacement of
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m2, x2 is the relative displacement of m2 from m1, s is the displacement of m3
along the angular fixture, s0 is the height from pivot to neutral point of m3
along the angular fixture and y3 is the vertical displacement of m3.

Using Lagrangian mechanics, the following equations of motions are ob-
tained.

m0ẍ0 + c0ẋ0 + k0x0 − c1ẋ1 − k1x1

+m3
[
q̈0 + (2ṡθ̇ + sθ̈) cos θ + (s̈− sθ̇2) sin θ

]
= −m0q̈g − u3 sin θ

(6.6)

m1q̈1 + c1ẋ1 + k1x1 − c2ẋ2 − k2x2 = −u2 (6.7)

m2q̈2 + c2ẋ2 + k2x2 = u2 (6.8)

m3

[
s̈ + q̈0 sin θ − sθ̇2 + g cos θ

]
+ c3ṡ + k3(s0 − s)+ = u3 (6.9)

The angular equation of motion can be directly obtained using

θ = sin−1
(

2(x1 + x2)

H

)
(6.10)

Therefore

θ̇ =
2(ẋ1 + ẋ2)

H
√

1− (x1+x2)2

H2

(6.11)

θ̈ =
8(x1 + x2)(ẋ1 + ẋ2)

2

H3
(

1− (x1+x2)2

H2

)3/2 +
2(ẍ1 + ẍ2)

H
√

1− (x1+x2)2

H2

(6.12)

It should be stated that for this investigation the relative horizontal dis-
placement of the floors and mass dampers from the neutral axis of the pri-
mary structure will be given as wi where i = 0, 1, 2 and the numbers corre-
spond to the mass numbers.

6.3 Seismic Excitation

The seismic excitation used throughout the study was taken from the data
records of the 1989 Loma Prieta Earthquake. All analyses were conducted
using the data as shown in Figure 6.2.
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FIGURE 6.2: Ground excitation (Loma Prieta East-West ground
acceleration)

6.4 Tuned Mass Damper

6.4.1 Design of TMD

In order to design an effective hybrid enhanced damper the author starts by
designing an effective tuned mass damper (TMD) to be later controlled by the
chosen control law. In Figure 6.1 m2 represents this TMD to be actively/semi-
actively controlled with stiffness k2 and damping coefficient c2. Following
the procedures taken in (Connor, 2003) based on the Hartog’s principles for
optimal parameters (Den Hartog, 1985), the optimal parameters are found
for the case of periodic excitation. From this the various H were given as

H5 =

√[
Ω2

2 − ρ2
]2

+ [2ζ2ρΩ2]
2

|D3|
(6.13)

H7 =
ρ

|D3|
(6.14)

where

|D3| = {
[
−Ω2

2ρ2µ2 +
(

1− ρ2
) (

Ω2
2 − ρ2

)
− 4ζζ2Ω2ρ2

]2

+4
[

ζρ
(

Ω2
2 − ρ2

)
+ ζ2Ω2ρ

(
1− ρ2 (1 + µ2)

)2
]
}

(6.15)

where ρ is the dimensionless frequency ratio of the forced frequency to the
frequency of the primary structure.
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There are no analytical solution to find the optimal tuning frequency and
optimal damping ratio in terms of the mass ratio due to the dependency of
the damping ratio of the primary structure ζ (Connor, 2003). As such the
equations can be solved numerically for a range of ρ values, given we know
the values for the mass ratio, damping ratio of primary structure and mass
damper, and tuning frequency. According to (Connor, 2003),plots of H5 ver-
sus ρ can be generated for various Ω2 and ζ2 values and the combination of
these values that produces the lowest peak value of H5 can be taken as the
optimal state. The behavioural data for these are plotted below in Figures
6.3 and 6.4 for different values of mass ratios and damping ratio of primary
structure.

FIGURE 6.3: Optimal tuning frequency Ω2 for TMD

6.4.2 Performance of TMD

In Chapter 3 it is mentioned about a benchmark model for a super tall build-
ing structure used in (Yang et al., 2004) with height 306 m, mass of 153,000
tons and first natural frequency of 1 rad/s. The building is also given a
damping ratio of 1%. The performance of the TMD designed above is tested
by incorporating it into this model. The TMD used has a mass of 5% of
the primary structure and using these parameters optimal parameters for
the damping and tuning frequency ratios were determined. The system is
excited by the Loma Prieta earthquake mentioned in Chapter 3. The time
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FIGURE 6.4: Optimal damping ratio ζ2 for TMD

history of the response of the system with and without the TMD, and the
response of the TMD are shown in Figures 6.5 - 6.7.

FIGURE 6.5: Dynamic response of the 2nd floor
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FIGURE 6.6: Dynamic response of the top floor

FIGURE 6.7: Response of TMD

From the results we see that the TMD was able to reduce the response of
the primary structure due to seismic excitation and was able to attenuate the
response after excitation was removed.

6.5 Active Tuned Mass Damper

In the previous section the optimal frequency and damping ratio under peri-
odic excitation for a TMD were found. However, TMDs are not very effective
for reducing vibrations when the forced frequency varies from the funda-
mental frequency of the primary structure. As such, in order to improve the
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effectiveness of the TMD, one method is to apply control law. In this section
an active tuned mass damper (ATMD) system is designed and application of
control law by means of Fuzzy Logic Controller is applied.

6.5.1 Design of Controller

As mentioned in Section 2.3.3, the FLC allows implementing human infer-
ence into a control system, it is quite robust and able to simply handle non-
linear control. Giving these, a FLC is implemented for the control of this
system. In this investigation, for the fuzzification process, gaussian member-
ship functions are chosen as shown in Figures 6.8 and 6.9. The fuzzy rules are
based on an "IF-THEN" system and the linguistic variables are as described
in Table 6.1

FIGURE 6.8: Fuzzy membership functions for input

FIGURE 6.9: Fuzzy membership functions for output

The input variables for the fuzzy control are the displacement and veloc-
ity of the top floor of the primary structure x1 and ẋ1 respectively. The output
is the control force u2 to the mass damper. The controller is a Mamdani con-
troller and the rule base is shown in Table 6.2. The rule base form is:
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TABLE 6.1: Description of fuzzy variables

Variable Description
NL Negative Large
NM Negative Medium
NS Negative Small
ZE Zero
PS Positive Small
PM Positive Medium
PL Positive Large

if Input1 = XX and Input2 = XX then Output = XX

TABLE 6.2: Fuzzy rules

Velocity ẋ1
Displacement x1

NL NS ZE PS PL
NL PL PM PS PS ZE
NS PM PM PS ZE ZE
ZE PS PS ZE NS NS
PS ZE ZE ZE NM NM
PL ZE NS NS NM NL

6.5.2 Performance of ATMD

The benchmark model analysed in the previous section will now be anal-
ysed incorporating the newly designed ATMD. The parameters from before
are the same including the excitation parameters. The time history of the re-
sponse of the system with and without the ATMD as well as comparisons
from the previous investigations are shown in Figures 6.10 and 6.11. Addi-
tonally the responses of the mass dampers are shown in Figure 6.12.
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FIGURE 6.10: Dynamic response of the 2nd floor

FIGURE 6.11: Dynamic response of the top floor
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FIGURE 6.12: Response of mass dampers

The results show an improved performance for the ATMD system to re-
duce the response of excited primary structure

6.5.3 Stability of Fuzzy Logic Controller for ATMD

Stability proof for fuzzy logic controllers have been a concern over the years.
Researchers have often criticised the stability of closed-loop fuzzy logic con-
trollers (Feng, 2006), and to this day, no analytical solution exists due to
the complex non-linearities of fuzzy logic systems (Lee, 1990; Elkhatib and
Soraghan, 2008). However, many approaches to stability issues concerning
fuzzy logic controllers have been investigated over the years, and a common
approach is through Lyapunov stability theory (Feng, 2006). As such, the
stability of the ATMD fuzzy logic system was analysed on the basis of Lya-
punov’s direct method. For this the Lyapunov theorem for global stability
states that given a positive definite function V(x) then if the derivative of
this function is (Slotine and Li, 1991):

1. negative definite then the equilibrium at the origin is globally asymp-
totically stable

Using energy as the Lyapunov function we get

V(x, ẋ) =
1
2

Mẋ2 +
1
2

Kx2 (6.16)

where this is the sum of the kinetic and potential energy of the system.
Taking the general form of the equation as

Mẍ + Cẋ + Kx = F (6.17)
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then we get the derivative of the Lyapunov function as

V̇(x, ẋ) = Mẋẍ + Kxẋ = Mẋ
1
M

(F− Cẋ− Kx) + Kxẋ

V̇(x, ẋ) = Fẋ− Cẋ2
(6.18)

According to stability theorem in order for the system to be globally asymp-
totically stable about the equilibrium at the origin then V̇(x, ẋ) < 0 and since
the second term in Equation 6.18 is negative then to ensure that V̇ is always
negative then the first term should also be negative. Based on this, the first
term can only be negative if the force F is always opposing the velocity ẋ. Us-
ing this the rule bases from Table 6.2 are such that the overall force applied
to the primary structure is always opposing the velocity. Thus, the system is
globally asymptotically stable.

6.6 Hybrid Structural Control Using ATMD with
Proposed Coriolis Damper

In this section the motion of the previously designed ATMD is used to en-
hance the Coriolis effect of the proposed damper. This is done through in-
creasing angular motion as while the primary structure may experience a
small horizontal displacement at the top, the proposed damper is connected
to the translating mass damper which therefore the angular displacement
will be due to a sum of the horizontal displacement of the primary structure
and the mass damper. Again the benchmark model from previous sections
is used, using the same parameters for the model. This time for the damping
system, since it consists of 2 mass dampers the combination of the 2 mass
dampers will be 5% of the primary structure. The effect of their ratio will be
analysed to highlight the influence of the Coriolis effect from the proposed
concept. The proposed concept will also be controlled using fuzzy logic con-
troller which is designed as follow.

6.6.1 Design of Coriolis damper

Like for the ATMD designed in the previous section, an effective TMD pa-
rameters are designed. For this an equivalent inverted pendulum system is
considered. From this we can see that the frequency of such a system is

ωθ =

√
|1− µ3αs|
1 + µ3α2

s
(6.19)

where µ3 is the ratio of the Coriolis mass m3 to the mass of the ATMD m2, and
αs is the ratio of the neutral position of the Coriolis mass s0 from the pivot to
the height of the primary structure H. Again, from analysis of the Coriolis
effect we know the frequency of the sliding mass should be at about twice the
frequency of the oscillating mass. Therefore the ratio of the frequency can be



6.6. Hybrid Structural Control Using ATMD with Proposed Coriolis
Damper 95

expressed as

ω3

ω2
≈ 2ωθ = 2

√
|1− µ3αs|
1 + µ3α2

s
(6.20)

6.6.2 Design of Controller for Coriolis Damper

Similar to the ATMD the fuzzification process of the proposed Coriolis damper
involves gaussian membership functions for the input and output variables
(see Figures 6.13 and 6.14). Also like previously, the rule base is an "IF-THEN"
system and using similar linguistic variables as described in Table 6.1. How-
ever, for this system the input variables for the fuzzy control are the relative
displacement and velocity of the ATMD w2 and ẇ2 respectively. The output
is the control force u3 to the secondary mass damper. Again, the controller is
a Mamdani controller and the rule base is shown in Table 6.3 in the form:

if Input1 = XX and Input2 = XX then Output = XX

FIGURE 6.13: Fuzzy membership functions for input for Corio-
lis damper

FIGURE 6.14: Fuzzy membership functions for output for Cori-
olis damper
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TABLE 6.3: Fuzzy rules

Velocity ẇ2
Displacement w2

NL NM NS ZE PS NM PL
NL PL PL PS ZE PS PL PL
NM PL PS PS ZE PS PS PL
NS PS ZE ZE ZE ZE ZE PS
ZE ZE ZE ZE ZE ZE ZE ZE
PS NS ZE ZE ZE ZE ZE NS
PM NL NS NS ZE NS NS NL
PL NL NL NS ZE NS NL NL

6.7 Results and Discussion

In this section the results for the hybrid enhanced Coriolis damper are pre-
sented. The benchmark model used in the previous investigations will be
used with similar parameters and the system will once again be excited by
the Loma Prieta earthquake as before to analyse the robustness and effec-
tiveness of the damping system under seismic excitation. Furthermore the
system will also be tested under free response. The combination of the hy-
brid dampers will be 5% of the primary structure, however their ratio to each
other will be changed to analyse the effect of their ratio to the effectiveness
of the system. The ratio of the hybrid dampers will be 1:4, 2:3, 1:1, 3:2 and
4:1. Their parameters were found using the design techniques mentioned
above. For this investigation, the neutral position of the Coriolis mass is
y3(s0) = 229.5 m. Additionally, the results were compared to the case of the
standalone ATMD in order to quantitatively assess the contribution solely
due to the longitudinal motion of the moving mass.

6.7.1 Seismic Excitation

1:4 Mass Ratio

First, the system with mass ratio 1:4. That is mass of ATMD m2 and mass of
Coriolis damper m3 are 1% and 4% respectively of the primary structure. The
time history of the response of the system is shown in Figures 6.15 - 6.16.
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(A) Dynamic response of 2nd floor (B) Dynamic response of top floor

FIGURE 6.15: Dynamic response of system with the 1:4 ratio of
m2:m3 under seismic excitation

(A) Dynamic response of Coriolis damper
along the angular fixture for 1:4 mass ratio

(B) Angular displacement of fixture

FIGURE 6.16: Dynamic response of Coriolis mass damper for
1:4 mass ratio

The results for the hybrid damper with mass ratio of 1:4 showed evident
reduction of the dynamic response of the primary structure with the coupled
longitudinal moving mass compared to a standalone ATMD at the top. The
moving mass provided a 7.2% reduction in maximum response of the 2nd
floor and a 15.3% reduction in maximum response of the top floor. Figure
6.17 illustrates the root mean square (RMS) values of the displacement of the
2nd and top floor of the primary structure over the time of the analysis. These
results give a clear indication as to the overall performance of the damping
system.
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FIGURE 6.17: Dynamic responses without control, with an
ATMD and with the coupled hybrid system for ATMD to hy-

brid mass ratio of 1:4

From the results the longitudinal motion significantly improved the over-
all performance of the system. We can clearly see a reduction in the RMS
values of the 2nd floor (29.4% reduction) and top floor (29.4% reduction)
with the coupled system versus the standalone ATMD. It should be noted
that these results were obtained from a very small amplitude response of the
primary structure. Yet even so, from the results presented above, because of
the coupling of the Coriolis damper and the ATMD the system was still able
to have sufficient effect.

2:3 Mass Ratio

Second is the mass ratio of m2 and m3, 2% and 3% respectively of the primary
structure. Figure 6.18 shows the time history of the response of the floors of
the primary structure. Figure 6.19 shows the motion of the Coriolis damping
system.



6.7. Results and Discussion 99

(A) Dynamic response of 2nd floor (B) Dynamic response of top floor

FIGURE 6.18: Dynamic response of system with the 2:3 ratio of
m2:m3 under seismic excitation

(A) Dynamic response of Coriolis damper
along the angular fixture for 2:3 mass ratio

(B) Angular displacement of fixture

FIGURE 6.19: Dynamic response of Coriolis mass damper for
2:3 mass ratio

According to these figures, the motion of the longitudinal moving mass
provides attenuating effect to both floors. For the 2nd floor there was an
8.2% reduction in maximum response when the ATMD is coupled with the
secondary mass compared to the standalone ATMD system and for the top
floor there was an 11.4% reduction. Illustration of the overall performance
of the system is shown in the overall RMS response of the primary structure
(See Figure 6.20).
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FIGURE 6.20: Dynamic responses without control, with an
ATMD and with the coupled hybrid system for ATMD to hy-

brid mass ratio of 2:3

From the results it is evident there was an improvement in the overall
performance of the system. On the other hand, with a 23.3% and 24.9% re-
duction in the overall RMS displacement of the 2nd and top floor respectively
from the comparison of with the ATMD and with the coupled system, we see
a decrease in the ratio of reduction.

1:1 Mass Ratio

The mass ratio of m2 to m3 of 1:1 with a combined mass ratio of 5% of the
primary structure was studied and the results for this are shown in Figures
6.21 and 6.22.
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(A) Dynamic response of 2nd floor (B) Dynamic response of top floor

FIGURE 6.21: Dynamic response of system with the 1:1 ratio
hybrid enhanced Coriolis damper under seismic excitation

(A) Dynamic response of Coriolis damper
along the angular fixture for 1:1 mass ratio

(B) Angular displacement of fixture

FIGURE 6.22: Dynamic response of Coriolis mass damper for
1:1 mass ratio

At a ratio of 1:1, we continue to see from the results a reduction in the
maximum response of the 2nd floor and top floor of the primary structure
with the coupled system versus with the ATMD. And with a 4.8% and 9.4%
reduction respectively, we continue to see a decrease in the percentage of re-
duction. This is further supported in Figure 6.23 with a 20.1% and 20.2%
reduction in overall RMS of the 2nd and top floor respectively. Also the re-
sults show an improvement in the overall performance of the system. This
trend is explained by the increase in the mass of the ATMD which adds iner-
tial effect to the attenuation of the primary structure and as such the inertial
effect adds more to the reduction compared with the Coriolis effect. The de-
crease in the reduction is explained by the decrease in the Coriolis mass. This
trend continues for the other mass ratios (For 3:2 mass ratio - see Figures 6.24
- 6.26 and for 4:1 mass ratio - see Figures 6.27 - 6.29).
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FIGURE 6.23: Dynamic responses without control, with an
ATMD and with the coupled hybrid system for ATMD to hy-

brid mass ratio of 1:1

3:2 Mass Ratio

(A) Dynamic response of the 2nd floor (B) Dynamic response of the top floor

FIGURE 6.24: Dynamic response of system with the 3:2 ratio
hybrid enhanced Coriolis damper under seismic excitation
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(A) Dynamic response of Coriolis damper
along the angular fixture for 3:2 mass ratio

(B) Angular displacement of fixture

FIGURE 6.25: Dynamic response of Coriolis mass damper for
3:2 mass ratio

FIGURE 6.26: Dynamic responses without control, with an
ATMD and with the coupled hybrid system for ATMD to hy-

brid mass ratio of 3:2
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4:1 Mass Ratio

(A) Dynamic response of the 2nd floor (B) Dynamic response of the top floor

FIGURE 6.27: Dynamic response of system with the 4:1 ratio
hybrid enhanced Coriolis damper to seismic excitation

(A) Dynamic response of Coriolis damper
along the angular fixture for 4:1 mass ratio

(B) Angular displacement of fixture

FIGURE 6.28: Dynamic response of Coriolis mass damper for
4:1 mass ratio
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FIGURE 6.29: Dynamic responses without control, with an
ATMD and with the coupled hybrid system for ATMD to hy-

brid mass ratio of 4:1

6.7.2 Effects of mass and velocity

As mentioned in the earlier chapters, the Coriolis effect is influenced by the
mass, velocity and angular motion. For better design of control parameters
for the proposed system, insights into how these parameters affect the per-
formance is necessary.

To assess the impact the velocity has on the performance of the system,
a series of simulations were conducted keeping the mass ratio of the system
constant and only varying the control input since the force is directly pro-
portional to the acceleration which is directly proportional to the velocity.
In doing so the overall RMS of the velocity of the Coriolis mass changes for
various control input. A comparison of these changes and the effect on the
overall RMS displacement of the floors are shown in Figure 6.30. The mass
ratio used for this was m2 and m3 respectively, 1:1.
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(A) A comparison of how the velocity of
moving mass affects the response of the

2nd floor

(B) A comparison of how the velocity of
moving mass affects the response of the

top floor

FIGURE 6.30: The impact of the velocity of the moving mass on
the response of the primary structure

A regression analysis was conducted on the system to determine which
parameter provides the larger influence to minimise the response of the pri-
mary structure. Figure 6.31 illustrate these results.
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(A) Influence on the overall response of
the 2nd floor of the primary structure

(B) Influence on the overall response of
the top floor of the primary structure

centering

(C) Influence on the maximum response
of the 2nd floor of the primary structure

(D) Influence on the maximum response
of the top floor of the primary structure

FIGURE 6.31: Regression analysis of the influence of the mov-
ing mass and the control input on the response of the primary

structure

From the regression analysis conducted it is evident the parameter with
the larger influence to minimise the response of the primary structure is mass
of the longitudinal damper.

6.7.3 Stability of Hybrid Fuzzy Logic Controller

The stability of a nonlinear fuzzy logic controller can be analysed graphically
using phase plane trajectory method (Ibrahim, 2004). A two-dimensional
plane called the phase plane is generated of the motion trajectories given
various initial conditions which highlights qualitatively the characteristics of
the system and from this stability conditions as well as other motion pat-
terns can be obtained (Slotine and Li, 1991). The stability of the system is
checked by the systems ability to return at rest after experiencing initial con-
ditions given by an external disturbance (Casciati, 1997; Samali et al., 2004).
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The phase plane trajectory of the hybrid system given initial disturbance and
allowed free response is illustrated in Figures 6.32 - 6.33

FIGURE 6.32: Plane phase trajectory of the ATMD
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FIGURE 6.33: Plane phase trajectory of the Coriolis damper

From the figures we see the stability of the hybrid system is verified as
the phase trajectories converges to zero which proves the system return at
rest after given external disturbance.

6.8 Summary

This chapter proposed and investigated the concept of using a hybrid en-
hanced Coriolis damping system to reduce the dynamic response of a bench-
mark super tall building subjected to both seismic excitations and free re-
sponse. The proposed system uses a multi-degree-of-freedom system by
coupling an active tuned mass damper with the earlier proposed Coriolis
damper in order to enhance the effect. As a result, the proposed system has
3 DOF with horizontal translation of the ATMD, angular motion of the cou-
pled fixture and translation of the secondary mass along the angular fixture.
The system was designed first by designing an optimal tuned mass damper
based on Hartog’s optimal theory. After which, a fuzzy logic controller was
proposed for the tuned mass damper. Finally, a fuzzy logic controller was
designed for the control of the translating secondary mass along the fixture
with angular motion. Numerical simulations were conducted varying the ra-
tio of the two masses of the hybrid system to the mass of the primary struc-
ture and compared to the previously designed TMD and ATMD systems to
quantitatively assess the effect of the moving mass. The results showed the
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hybrid system to perform well for the case of seismic excitation and in par-
ticular when the ATMD has the larger mass ratio. Regression analysis on the
system to determine the most influential parameter for the minimisation of
the response of the primary structure revealed the moving mass to be the
most influential parameter. Finally, the stability of the fuzzy controller for
both the ATMD and the Coriolis damper were verified based on Lyapunov’s
direct method and plane phase trajectory method respectively. The next step
of this investigation is to carry out small-scale experimental analysis of the
proposed system.
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Chapter 7

Conclusions

7.1 Summary And Conclusions

The reduction in the response of engineering structures when excited to pre-
vent damage as well as reduce discomfort for their occupants is an important
topic for researchers. There are several measures in place to protect struc-
tures against excessive vibrations, one of which is through the use of mass
dampers. This study focuses on the attenuation of tall flexible and rolling
long-period structures. When vibration occur in these structures generally
there is some degree of rotational motion and if a mass moves in the lon-
gitudinal or radial direction this coupled effect creates Coriolis effect. The
effect of this used as a method for attenuation was studied using tall build-
ing structures as examples of tall flexible structures and ship as an example
of rolling structures.

The main contribution of this study was to propose and verify the idea
to mitigate tall building structures by moving a mass along the longitudinal
axis and to further apply this concept to other structures such as for ship
rolling. This novel approach to structural control has been investigated for
several cases and the effect as well as feasibility of such an idea was assessed.

For the first analysis, a tall building structure was modelled as a beam
structure and analysed using Finite Element Method (FEM). The moving
mass was modelled using the Moving Finite Element Method to easily take
into consideration all the nonlinearities and internal forces acting on the sys-
tem due to the interaction of the vibrating beam and the moving mass. These
results were also verified using an analytical approximation of the damping
effect. The following are summaries of the results from this study:

1. The interaction of the vibrating structure and the moving mass does
influence the motion of the primary structure and with careful analysis
of the Coriolis effect a prescribed motion for the moving mass can be
obtained to generate mitigating effects. This analysis found that the
moving mass dissipates energy when moving away from the pivot and
accumulates energy when moving towards. Therefore the moving mass
should move away from the pivot when angular velocity is close to
maximum and towards the pivot when angular velocity is close to zero
which occurs twice in one oscillation of the primary structure and so
should move with twice the frequency.
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2. Energy considerations can be used to approximate the damping effect
of the system given there is a specific prescribed motion of the mov-
ing mass. Additionally this gives insights into the design of a proper
control law.

3. The motion of the mass over the beam structure constantly changes the
natural frequency of the structure and as such the natural period at the
end of a cycle is different to the previous one. If the motion of the mov-
ing mass remains fixed this creates a phase shift between the structure
and the mass and should this shift exceed π/2 the system will no longer
experience attenuation. The phase shift is enhanced by larger mass and
velocity and highlights the importance of carefully controlling the mo-
tion of the mass to keep the phase shift as close to zero as possible.

4. Due to the small amplitude displacement the damping effect was small
added to the large mass of a building which therefore requires a large
mass for effect. However this effect can be enhanced by increasing the
degree of angular motion of the moving mass or by having the mass
moving away from the pivot for as long as possible. This concept is par-
ticularly attractive for structures with low inherent damping and lim-
ited lateral space, and can be applied to a wide variety of flexible-type,
pendulum-type and rolling-type structures. As a standalone method,
at the present moment this would be more feasible for lighter flexible
structures.

For the second analysis, the rolling of a ship was studied. Drawn from the
conclusions of the previous study, the idea of using a constant motion away
from the pivot was considered. This was achieved through the use of a con-
stant positive water-flow since ships have easy access to water. The system
was investigated under free roll decay and under excited motion from beam
waves. The system was analysed numerically using the 4th Order Runge-
Kutta Method and these results were verified using approximated analytical
results. The results from the investigation are summarised as follow:

1. The idea of using a constant positive water-flow requires no compli-
cated control, creates no hydrodynamic drag effect, operates at zero
forward speed, provides no weight and stability issues and could be a
very effective method for mitigating the parametric roll of ships.

2. The damping ratio and the response reduction has substantially in-
creased due to the constant positive velocity, removing any amplifica-
tion effect, and this only increases with the volume of water-flow and
the velocity of water-flow.

3. The system performs as well as the maximum capacity of pumping a
certain volume of water at a certain velocity. As such, at present this
is a very attractive concept for roll reduction, in particular for smaller
vessels as they would require smaller pump capacities and this concept
could easily be implemented alongside other stabilising system.
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For the final analysis, drawn from the conclusions of the first analysis, a
new hybrid system was proposed for the case of a super tall structure. The
hybrid system involved manipulating the angular displacement of the longi-
tudinal mass by coupling it with a moving mass at the top of the structure.
First, a TMD was optimally designed using Hartog’s method. To improve
the performance of the TMD, a fuzzy logic controller was proposed. Then
the newly proposed ATMD was then coupled with a longitudinal moving
mass for which also a fuzzy logic controller was proposed. The performance
of the system and its effect were analysed. The results are summarised as
follow:

1. The coupled enhanced Coriolis system has improved performance over
the standalone Coriolis damper and has the advantage of attenuating
the primary structure through both the inertial effects of the mass damper
at the top as well as the coupled effect due to the longitudinal motion
of the moving mass.

2. The influence in the reduction due to the Coriolis effect decreases when
the longitudinal mass decreases however the overall performance of
the system increases as the mass of the ATMD increases. This is ex-
plained by the much larger influence of the inertial effect of the ATMD
compared to the Coriolis effect.

3. From previous investigations it is established that the Coriolis effect is
proportional to the mass, velocity and angular velocity. But from anal-
ysis of the proposed system, the parameter from the Coriolis system
that has the largest influence in minimising the response of the primary
structure was found to be the mass of the damper.

7.2 Future Recommendations

The following are suggestions for the possible direction of this research topic:

• Optimisation of the parameters of the Coriolis damping system, in par-
ticular the previously proposed coupled system should be further in-
vestigated. Considering the FLC, promising research concerning opti-
misation of a FLC system using genetic algorithm has yielded positive
results.

• The performance of the damping system should be further analysed
under wider range of excitations, frequencies and accelerations.

• Investigation into the implementation of the concept as well as experi-
mentation of the concept should be done.
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