Towards A Mobile Damping Robot For Vibration Reduction of

Power Lines

Paul-Camille Kakou

Thesis submitted to the Faculty of the
Virginia Polytechnic Institute and State University

in partial fulfillment of the requirements for the degree of

Master of Science
in

Mechanical Engineering

Oumar Barry, Chair
Corina Sandu

Lei Zuo

April 27, 2021

Blacksburg, Virginia

Keywords: Wind-induced vibration control, energy harvesting, mobile damping robot

Copyright 2021, Paul-Camille Kakou



Towards A Mobile Damping Robot For Vibration Reduction of Power

Lines

Paul-Camille Kakou

(ABSTRACT)

As power demand across communities increases, focus has been given to the maintenance of
power lines against harsh environments such as wind-induced vibration (WIV). Currently,
Inspection robots are used for maintenance efforts while fixed tuned mass dampers (FT-
MDs) are used to prevent structural damages. However, both solutions are facing many
challenges. Inspection robots are limited by their size and considerable power demand,
while FTMDs are narrowband and unable to adapt to changing wind characteristics, and
thus are unable to reposition themselves at the antinodes of the vibrating loop. In view of
these shortcomings, we propose a mobile damping robot (MDR) that integrates inspection
robots’ mobility and FTMDs WIV vibration control to help maintain power lines. In this
effort, we model the conductor and the MDR by using Hamilton’s principle and we consider
the two-way nonlinear interaction between the MDR and the cable. The MDR is driven by
a Proportional-Derivative controller to the optimal vibration location (i.e, antinodes) as the
wind characteristics vary. The numerical simulations suggest that the MDR outperforms
FTMDs for vibration mitigation. Furthermore, the key parameters that influence the per-
formance of the MDR are identified through a parametric study. The findings could set up

a platform to design a prototype and experimentally evaluate the performance of the MDR.



Towards A Mobile Damping Robot For Vibration Reduction of Power

Lines

Paul-Camille Kakou

(GENERAL AUDIENCE ABSTRACT)

Power lines are civil structures that span more than 160000 miles across the United States.
They help electrify businesses, factories and homes. However, power lines are subject to
harsh environments with strong winds, which can cause Aeolian vibration. Vibration in
this context corresponds to the oscillation of power lines in response to the wind. Aeolian
vibration can cause significant structural damages that impact public safety and result in a
significant economic loss. Today, different solutions have been explored to limit the damages
to these key structures. For example, the lines are commonly inspected by foot patrol, heli-
copters, or inspection robots. These inspection techniques are labor intensive and expensive.
Furthermore, Stockbridge dampers, mechanical vibration devices, can be used to reduce the
vibration of the power line. However, Stockbridge dampers can get stuck at location called
nodes, where they have zero efficiency. To tackle this issue, we propose a mobile damping
robot that can re-adjust itself to points of maximum vibration to maximize vibration re-
duction. In this thesis, we explore the potential of this proposed solution and draw some

conclusions of the numerical simulations.
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Chapter 1

Background and Literature Review

1.1 Problem presentation

Buildings, bridges, overhead transmission lines and other continuum systems are essential
as human strive for high-quality lives. For example, the supply of electricity has become a
basic necessity in modern society. However, civil structures such as power lines are subject
to undesirable vibrations that lead to damages. Wind-induced vibration (WIV) [40] is an
example of undesirable vibration for engineering structures, such as suspended roofs, guyed
lattice towers, wind turbines, spacecraft, power lines, and cable-stayed bridges. This thesis
focuses on Aeolian vibration of single overhead conductor. Aeolian vibration is a type of
WIV characterized by a small-amplitude and high frequency motion. The motion arises
from alternating forces caused by vortex shedding. The result of this movement is a bending
stress at restraints causing abrasion and fatigue over time. Power lines are also subject to
two other types of WIV which are galloping and wake-induced oscillation. Galloping has a
low frequency (1-3 Hz) and large amplitude motion [7, 26, 53]. Wake-induced oscillation is
restricted to bundle conductors and is characterized by medium amplitude of vibration and

higher natural frequencies [4, 50].

Aeolian vibration frequencies generally vary between 3 Hz and 150 Hz, and the peak-to-
peak amplitude can be the same as the cable diameter [8, 11, 12, 16, 22, 52, 82, 83]. Left

uncontrolled, WIV can lead to power lines failure, thereby undermining public safety and

1



2 CHAPTER 1. BACKGROUND AND LITERATURE REVIEW

Figure 1.1: Power line failure due to WIV in Ontario

resulting in considerable economic loss. The Department of Energy (DOE) reported that
weather-related annual outage costs were estimated to be between $18 and $33 billion [64].
While WIV is only responsible for a small percentage of this, the costs are still enormous.
In March 2017, DTE Energy Co. reported that a WIV caused power outage to more than
4,000 customers [65]. Similar power outages due to WIV were reported in Ontario leaving

millions of customers without power (Fig. 1.1).

1.2 Current solutions

1.2.1 Vibration mitigation

The conventional methodology for vibration mitigation employs tuned mass dampers (TMD).
The first TMD was designed by Frahm et. al, [33]. TMD consist of a secondary mass, a

spring, and a viscous damper; it is attached to a primary or main vibratory system to reduce
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its dynamic motion. Since the initial development of TMD, several researchers have opti-
mized linear vibration control solutions based on tuned dampers via passive [47, 56, 61, 78],
semi-active [41, 46, 70] and active [37, 49, 80] means. Passive TMD are favored for their struc-
tural simplicity and good stability, but they are significantly limited in applications where
the primary structure encounters broadband disturbances. Moreover, the deterioration of
passive TMD structural parameters over time decreases their efficiency. To overcome passive
TMD limitations, active TMD have been implemented. Active dampers consist of sensors
and actuators coupled with a controller that drives the absorber to suppress the vibration
of the system. However, the performance of active dampers suffers from control-induced
instability. Recently, emphasis has been given to semi-active dampers, which combine the
benefits of passive and active TMD by using a control scheme that tunes the passive device

parameters such as the stiffness of the absorber.

For power lines, the Stockbridge damper (SD), which is a passive tuned mass damper, is
commonly used for Aeolian vibration reduction. The Stockbridge damper was first developed
by George H. Stockbridge in 1925 [76] (Fig. 1.2). This first development of the damping
device is termed as symmetric Stockbridge damper or 2R damper since the counterweights on
both sides are symmetric, and the system possesses two resonant frequencies in the Aeolian
vibration frequency range. Figure 1.2-(a) shows that the original design used concrete blocks
as counterweights. With modern technology, Fig. 1.2-(b) shows an updated design with
steel counterweights. With the help of SD, the vibration of the conductor is transferred
and reduced by the damper masses. The effectiveness of Stockbridge dampers depends on
two main aspects [8, 12, 14, 16, 27, 52, 81]. First, the effectiveness of SD is a function of
the number of resonant frequency they exhibit (i.e., dampers natural frequency matching
excitation frequency). To extend the number of resonant frequencies of SD, the modern

designs have been modified to have one of the rigid mass greater than the other and also
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e

e

Figure 1.2: Original (a) and modern (b) symmetric Stockbridge damper design.

unequal length on either side of the messenger cable. In this case, the Stockbridge damper
is termed Asymmetric Stockbridge damper and it possesses four resonant frequencies [13]
(Fig. 1.3). The significance of this is that the damper action is maximum at its resonant
frequencies and is less effective as we move away from the resonant frequencies. Having four
resonant frequencies as opposed to two give us a greater damping over the entire spectrum

of Aeolian vibration frequencies and also increase the fatigue life of damper itself [55].

The ability to increase the efficiency of the damping robot in terms resonant frequencies has
been a center of research for the last two decades. Recently, Barry et. al, [15, 81] patented
a new asymmetric damper cable to cover between six to ten resonant frequencies (See Fig.

1.4). This updated design relies on changing the geometry of the counterweight by having
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Figure 1.3: Asymmetric Stockbridge damper design with 4 resonant frequencies.

one side of a single counterweight larger than the other. Figure 1.5 shows the six resonant
modes of the Asymmetric Stockbridge damper obtained using Solidworks. This adaptation

of the Stockbridge can be resized to fit a selected conductor.

Clamp

Messenger cable

Counter weights

Figure 1.4: Asymmetric Stockbridge damper design with six and more resonant frequencies.

The effectiveness of the SD also depends on its location on the conductor. The ideal location
of SD is the antinode (point of maximum amplitude) of the vibrating loop. However, because
vibrating loop length depends on wind velocity, the assurance of the relative position of a
fixed damper with respect to an antinode is practically impossible. There are numerous
studies that focused on the optimum placement of Stockbridge dampers closer to antinodes
9, 10, 52, 69], but none guarantee reasonable performance at every wind frequency. This is

primarily because the change in frequency with varying wind speed can cause the location of
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the damper to coincide with a node, thus resulting in poor performance. For example, Fig.
1.6 shows a power line with broken strands. In the Fig. we can also observe the presence of
a Stockbridge damper. The failure of the line with a damper shows the limitations of the

Stockbridge damper.

Figure 1.6: Ineffectiveness of a Stockbridge damper resulting in failure of a power line with
broken strands.

1.2.2 Structural health monitoring

Beyond vibration mitigation, there exist methods for power line structural health monitor-
ing such as foot patrol (See Fig. 1.7), and helicopter-assisted inspection [5, 42, 43] (See Fig.
1.8). Foot-patrol is carried out by two or more individuals. The inspection can be done

visually using infrared and corona detection cameras. Visual inspections are only accurate
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to detect surface defects. Because the lines are long and sometimes isolated in harsh environ-
ments, visual inspection is slow, tedious, dangerous and sometimes impossible. To expend
visual inspection of the power lines, helicopter-assisted inspection has been considered. For
helicopter-assisted inspection, a pilot flies the aircraft while the camera operator films the
conductor. Helicopter-assisted inspection is faster than foot-patrol. However, due to the
vibrations and movement of the helicopter, it is difficult to obtain high-quality images of the
line and locate possible defects. Helicopter-assisted inspection is also an expensive solution

considering fuel cost.

Figure 1.8: A helicopter-assisted repair of a power line
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To resolve the aforementioned shortcomings of foot-patrol and helicopter-assisted inspec-
tions, several grid owners, institutions, and researchers have investigated inspection robots
for the automatic power line inspection and maintenance [3, 27, 34, 63, 67, 88]. The goal of
mobile robots is to reduce cost (relative to aircraft-assisted inspection), enhance safety and
reliably extend coverage. The automatic inspection solutions include automated helicopter-
assisted inspection, flying inspection robots, climbing inspection robots [25, 51, 58| and
hybrid inspection robots [2, 23]. Automated helicopter-assisted inspection face similar chal-
lenges than manned helicopter inspection such as obtaining high-qualities images. Flying
robots are operated by a foot-patrol agent. They can be design following UAV technology
protocols and they present several advantages to helicopter inspection because they can be
more compact, agile and fuel-efficient. However, flying robots face different challenges in-
cluding control stability, automatic tracking, obstacle avoidance, communication and image
acquisition among others. To increase the stability of robotic solutions, climbing robots have
also been investigated by several researchers for many years. The robots are installed on the
conductor and travel to monitor possible defects. A main challenge of climbing robot is the
ability to cross obstacles along the line such as dampers and move from one span to another.
These challenges increase the complexity of the robots design. Climbing robots also tend to
have high power demand, short operation time and considerable weight. For instance, the
LineScout robot developed by Hydro Quebec weighs about 120 kg [68] (Fig. 1.9) and the TT
robot from EPRI is about 2 meters long [67] (Fig. 1.10).

1.3 Proposed solution

In light of the challenges presented by Stockbridge dampers and climbing inspection robots,

in this thesis, we propose a mobile damping robot (MDR). The MDR combines the damping
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Figure 1.10: The transmission line inspection robot developed by EPRI.

properties of our recent patented Aeolian vibration damper [15] as well as the mobility of
climbing inspection robots. Combining the mobility of inspection robots with the vibration
control characteristic of Aeolian vibration damper, the MDR can adapt to the changing
wind characteristics and automatically re-position itself to antinodes. The idea of MDRs
for vibration control is not new. For instance, Fei et. al, [30] discussed the advantages of
using a MDR to critically suppress the vibrations of a work-piece during milling. Wang et.
al, [86] studied the vibration suppression of a rigid body by using an absorber that slides
across a groove. However, the application of a mobile device for WIV control has not been

extensively reported in the literature.
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1.3.1 Mechanical design and considerations

Figure 1.11 shows a detailed conceptual design of the MDR. The MDR is designed to
be lightweight and more compact than the inspection robots currently in the field. The
lightweight design feature is achieved because the activity of the MDR is limited to a single
conductor span. Since most of the complexity of the climbing robots resides in their ability
to cross obstacles and travel from one span to another, the MDR present a size and cost
advantage. In Fig. 1.11-(a) we can see the overall conceptual design of the MDR with an
in-span mass and a suspended mass. The design of the suspended mass is inspired by the 6R
asymmetric Stockbridge [15] to maximize the number of resonant frequencies. Figure 1.11-
(b) shows an exploded view of the MDR. The in-span mass consists of a clamping system as
well as the necessary electronics to move the robot from one location to another. Clamping
is essential because the robot needs to be stable and safely secured when it gets to a desired
location. The in-span mass is connected to the messenger cable of the Stockbridge damper

via a rigid frame.

Opened Roller | N | Passive Roller
Frames > AN
Closed Roller | S

\ Frame
I"j 2

Absorber weights

Figure 1.11: Conceptual design of the MDR attached to a power line cable.

Transducer Magnet Preload Springs Node module

bsorber mass
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1.3.2 Energy harvesting of WIV

To operate the locomotion and sensors of the MDR, it is essential to also consider an energy
source. The goal of the proposed design is to have a stand-alone, self-powered device on
the conductor. Relying on replaceable or rechargeable batteries, which are less economical
[17], have limited life time, and are not environmental friendly, limits the autonomy of
the MDR. A more appropriate solution can rely on energy harvesting and supply which is
achieved conventionally via solar energy [77], electric-fields [1, 59, 62], and magnetic-fields
[54, 90]. However, these sources of energy are not always available. A better path to energy
harvesting would be to harvest energy generated by WIV, because WIV occur consistently.
The transducer for WIV energy harvesting could be piezoelectric [28, 29, 38, 44, 66] or
electromagnetic [21, 74, 79, 85, 94]. The selection of the transducer would be determined by
the need of the MDR. For small-scale energy harvesting ( W-mW) piezoelectric transducers
are more suitable while for large-scale energy harvesting (W-kW), such as in civil structures

and and shock absorbers [21, 48], electromagnetic transducers are more practical.

The performance of the harvester is strongly dependent on tunability. Power amplification
can be realized when the harvester’s natural frequency is tuned to the excitation frequency
so as to create a resonant coupling. However, creating a resonant coupling is a challenge,
particularly, for a vibration source with time-varying excitation frequency. Hence, a major
drawback of WIV energy harvester is its narrow response bandwidth, making harvesters
ineffective for most real life applications. To overcome this drawback, numerous investigators
have explored techniques such as multiple resonators [72, 92|, bistable systems [73, 91], or
parametric resonance [20] to enhance the performance of the harvester. Another effective
approach is to use passive self-tuning (PST) techniques for wideband energy harvesting
[6, 57, 75]. PST can be realized using a slider along a continuum system (e.g. string, rod,

or beam), in which the vibration of the continuum system drives the sliding mass. The
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slider can cause the system to be off or in-resonance depending on the system parameters.
This is because the sliding mass causes changes in the effective mass, and consequently in
the system natural frequency. Experimental studies using a piezoelectric beam-slider system
have revealed that self-tuning with a sliding mass can significantly improve the performance

of a harvester [19, 45].

1.3.3 Modeling considerations

The Stockbridge Damper is a mechanical device that relies on nonlinear behavior. In this
study, we limit the investigation to a simple linear model. To do so, the Stockbridge damper
is reduced to an equivalent single degree of freedom (SDOF) system [9]. In this case, the
parameters including the spring constant and the damping element can be tuned to match
the resonant frequency of the cable. With this modeling simplification, we can study the
performance of the MDR in terms of vibration control when the conductor is subject to an

input excitation frequency that matches one of the conductor natural frequency.

Additionally, for energy harvesting purpose, we can also adapt the model by adding an elec-
tromagnetic shunt damper. Several researchers have studied the concept of shunt damping
through a passive circuit to achieve simultaneously vibration control and energy harvesting.
Passive circuit shunting for narrow-band reduction of resonant mechanical response was first
demonstrated Forward et. al, [32] in 1979. Further, Hagood and von Flotow [36] theoret-
ically and experimentally proved that piezoelectric shunt with an RL circuit will act as a
TMD. The use of shunt dampers using piezoelectric material and electromagnetic transducer
is well-established in the literature [18, 31, 60, 89]. For both piezoelectric and electromag-
netic designs, the resistive shunt exhibits viscous damping effects, while the inductor and

the resistor introduce an electrical resonance, and acts like a mechanical vibration absorber.
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Shunt dampers also provide vibration suppression for several energy levels and for a compar-
atively wider frequency range as compared to TMD [24, 87]. Further, it has been noted that
using shunt dampers, it is possible to achieve both vibration control and energy harvesting.
For instance, using the electromagnetic device in SD, some of the energy that was origi-
nally dissipated by the damping element of TMD, can be recovered electrically. With this
objective, investigators have developed electromagnetic resonant shunt tuned mass dampers
(ERS-TMD) [93]. In this study, we will consider the performance of the MDR with a sim-
ple equivalent SDOF Stockbridge damper as well as the performance of the MDR with an

electromagnetic resonant shunt damper.

1.4 Objectives and Contributions of the Thesis

The objectives of the thesis are listed below:
1. Create a linear model of the MDR attached to a single conductor

2. Evaluate the implementation of a Proportional-Derivative controller for the horizontal
dynamics of the MDR. Analytically determine the appropriate controller gains to meet spec-

ified performance criteria.

3. Compare the performance of the MDR to a SDOF fixed tuned mass damper in terms of

vibration control of the conductor.

4. Assess the energy requirement of the MDR to travel to an antinode and determine if
energy harvesting using a electromagnetic transducer can help cover some of the energy

cost.

5. Compare the performance of the MDR with the energy harvesting MDR (EHMDR) in

terms of vibration control.
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6. Determine the key paremeters that influence the performance of the MDR and the
EHMDR.

The research accomplished in this thesis includes:

1. Linear modelling of the dynamics mobile damping robot with a Proportional-Derivative
controller. The model also includes the incorporation of the electromagnetic transducer for

energy harvesting purposes.

2. Proposed gain tuning rules and consideration for optimal control and energy specifications

using the Linear-Quadratic-Regulator methodology.

3. Numerical results comparing the performance of the MDR, the fixed damper and the
EHMDR in terms of vibration of WIV. The numerical examples also present energy harvest-

ing potential for the EHMDR.

1.5 Thesis Organization

The introduction to this thesis is presented in Chapter 1. The governing equations of mo-
tion of the proposed MDR are derived using Hamilton’s principle in Chapter 2. The energy
requirement of the device is also addressed by considering the implementation of an electro-
magnetic shunt damping device. In this context, the mobile damping robot is reconsidered
as a energy harvesting mobile damping robot (EHMDR). In Chapter 3, numerical analysis
of the proposed design are carried out using MATLAB ©. The numerical results are used to
demonstrate the improvement in vibration suppression performance of the design when com-
pared to the conventional fixed SDOF Stockbridge damper. Detailed parametric studies are
also conducted to determine the role of different parameters that impact the performance of

the robot. In Chapter 4, key insights of the results are discussed. Finally, some conclusions
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are drawn in Chapter 5 and some future work ideas are presented.



Chapter 2

Vibration Suppression Control: Power

lines

2.1 System Description and Modeling

This section presents the mathematical derivation of the mobile damping robot attached to a
conductor. As mentioned previously, the proposed MDR is inspired by power lines inspection
robots and asymmetric Stockbridge dampers. Figure 2.1 shows a simplified representation of
the mobile device attached to the conductor. The conductor is modeled using Euler-Bernoulli
beam theory with a length L, a mass per unit length m, a flexural rigidity FI and a pre-
tension 1. The Aeolian vibration damper of the mobile device is reduced to an equivalent

single degree of freedom system [10], which has an in-span mass m,., a suspended mass mg, a

X

Figure 2.1: Schematic of the MDR on the cable

17
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linear spring k, an equivalent damping coefficient ¢ and horizontal velocity Z,. Additionally,
to provide an energy source to the robot we consider an electromagnetic device. The device
is composed of an electromagnetic transducer, e.,s. The resistance, the inductance and
the capacitance of the electrical circuit are denoted by R, L;, and C, respectively. We also
consider, the voltage constant and the force constant of the transducer denoted as k, and &y

respectively.

2.1.1 Modeling the MDR

For simplicity, we first derive the model of the MDR without the electromagnetic device.
The mathematical model of the system can be obtained by identifying the position vector

of the beam, the in-span mass and the suspended absorber given as:

r, = xi+y(x,t)j (2.1)
ry = 2,1+ y(z,, t)j (2.2)
rq = i+ y4j (2.3)

where 7y, r,. and r, represent the position of the beam, the in-span mass and the absorber,
respectively. x and y represent the horizontal and vertical position across the beam. =z, is

the location of the robot on the beam, and y, is the vertical displacement of the damper.

The time derivatives of the position vectors are defined as:

b= it (ym, 0+ (o, tm)j (25)
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ta = di + Gaj (2.6)

The definition of the velocity vectors can be used to formulate the kinetic energy of the

system as:

where Eyp, Fi., and Eiy are the kinetic energy of the beam, the in-span mass, and the

absorber, respectively. Each one of these energies may be expressed as:

o %m /L (g'/(x,t)>2d:c (2.8)
B, = tm, (() n <y< 04y t>zr>2> (2.9)

1 9.
Erqg = 5 <I3 + yc%) (2.10)

Similarly, the potential energy can be defined for each component of the system. The poten-
tial energy of the beam includes the restoring energy generated by the pre-tension and the

material elastic properties. Consequently, the total potential energy can be summarized as:

L L

1 1

—E]/ dx—l— k( (T, 1) — ya)? —T/ (2.11)
0 0

[\]
(]

Using theses energy expressions along with Hamilton’s principle, the governing equation of

motion of the cable can be expressed as:

Ely" +mij+ Ty = F(z,t) — (Fy + Fy)D(x,t) (2.12)
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where F(x,t) is the wind input force. This wind force is assumed to be uniformly distributed

on the conductor and can be expressed as a time sinusoidal function following [35]:

F(t) = fosin(wet) (2.13)
where fj is the amplitude of the wind force and w, represents the wind excitation frequency.

Since the mass of the mobile damping robot is small compared to the cable mass, the effect

of Coriolis acceleration are neglected in F} and Fy. Fiy, F» and D(x,t) are given as:

Fy = myij (2.14)

Fy = k(y — ya) + ¢(§ — va) (2.15)

where the non-conservative force due to the damping element is considered.

D(z,t) = 6(x — z;) (2.16)

The vertical displacement of the mass of the absorber can be expressed as:

mdg'/'d — F2 =0 (217)

In this work, the mobile robot actively tracks the antinode. Therefore, the equation of

motion of the robot in the horizontal direction can be expressed as:

(mq +m,. )i, = F, (2.18)
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where F, represents a PD control force given as:

F, = kp(r - 'Tr) + kd(_ir) (219)

where £, and k4 are the proportional and the derivative gains respectively. r represents the
closest antinode location (i.e position target). Figure 2.2 shows the negative feedback control

system diagram used to move the robot to the target antinode.

r

ky k
Step input to pd Mobile xr
target PD Controller : : Output |—>
: damping robot
antinode

: Sensor(s) :

Figure 2.2: PD controller feedback loop that helps track the target antinode r.

To track the antinode, the MDR is also equipped with a wind sensor and an accelerometer.

The wind sensor helps determine the Strouhal frequency expressed as:

Vi
fr=02% (2.20)

where f, corresponds to the excitation frequency in Hz. V,, is the velocity of the wind and
D represents the diameter of the conductor. Considering the case of resonance i.e., once the
Strouhal frequency matches a conductor resonant frequency, the position of the antinode can
be approximately determined. In this case, the controller generates a signal to the actuator
to track the closest antinode. The accelerometer is used to measure the vibration of the
conductor and help ensure that the average vibration across the cable is suppressed over

time.

To reduce the number of parameters considered for the numerical analysis of the system, we
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introduce the following nondimensional parameters:

Y =y/L;¢ = m/L'fr =, /LYy =yq/L;p = T/L'

t [EI
T = ﬁ E, 82 CL K = (221)
FL? m kL3
0=""" M, ="M, =—% K, =27 K, = :
/ ET’ mL mL P gt 7nE[

where the frequency constant w, in the nondimensional time equation is given as:

1 JEI

The equations of motion can thus be rewritten as:

Y ¥ — Y7 = fysin (%) — (R + B)i(E— &) (2.23)

where [} and F, are given has:

Fy=MY (2.24)

Fy=K(Y = Yy) + Ca(Y —Yy) (2.25)

The equation of motion of the robot is given as:

(M, + M), = Kp(p — &) + Ka(=¢;) (2.26)
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The equation of motion of the suspended mass is given as:

MYy =K(Y —Yy) 4 Cy(Y = Yy) (2.27)

In order to discretize the partial differential equation of the system into a system of ordi-
nary differential equations, the solution can be expressed using the Galerkin decomposition

method as:

Y€1) =Y P (&)A(7) (2.28)

where A, (7) are the normalized time functions of the transverse displacement, and ®,.(§) are
the normalized eigenfunctions (mode shapes). The eigenfunctions are chosen as the mode

shapes of a simply supported beam with tension ([16]) as:

®,(€) = V2 sin ((\/S; + \/%4 +w3) 5) (2.29)

where the natural frequencies of the bare beam are given by

2c2
wy =124 [ % (2.30)

Substituting Equation 2.28, into Equation 2.12, multiplying by ®;(§), integrating over the

length of the beam, and applying the orthogonality condition yields

Ap(’r) + M., Hp(T) + ZCWpAp<T) + W;AP<T)

> A(n)@ ()

+{K + Oy

> A(r)®(d) — Ya(r) D A(r)®(d) = Ya(r) | }H,(7) = S,(7) (2.31)



24 CHAPTER 2. VIBRATION SUPPRESSION CONTROL: POWER LINES

Similarly, Eq. 2.17 and Eq. 2.19 yield

(Ma+ M)é (1) = K, (p— &(1)) + Ka(p — &:(7)) (2.32)

o0

MgYy(r) = K| Ay(r)®,(d) — Ya(t)| + Cy

S A () (d) - Yalr) | =0 (233)

where S, (t) and H,(t) can be defined as:

Sp(T) = /0 O ()F (& 1)dE,r =1,2... (2.34)

1) = [ @03 ~ )7 = 1.2, (2.35)

and d is the position of the damper, which corresponds to &, for the MDR.

To determine the performance of the mobile damping robot, the normalized energy dissipated

is defined as follows:

2

Ya(m) = > An(r)®(ver) | dr (2.36)

B T
Edisp = / c
0

The efficiency of the absorber can be obtained as in [71]:

By
w

n= (2.37)

where W is the normalized work due to the external force, and it can be obtained as:
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W= /0 /0 F(e, 7)B(€) A(r) de dr (2.38)

From this expression of work, we can established the normalized power transferred to the

cable across the normalized length as:

Ple) = / P T)B(E) A(r) dr (2.30)

It is also useful to define the normalized energy required to operate the robot as follow:

E.= TFC'T 4
/0 ¢ (2.40)

2.1.2 Modeling the MDR with the energy harvester

The electromagnetic dynamics can be added to the previous model using Newton’s method.

In Egs. 2.12 and 2.17 F5 is redefined as:

Fy = k(y — ya) + +c( — 9a) + kgd (2.41)

where ¢ represents the current variation in the electromagnetic circuit.

In addition, the dynamics of the electromagnetic circuit is summarized in the following

equation:

. . 1
LiG — ky(9 — ya) + RG + 71=0 (2.42)

we introduce the following nondimensional parameters for the electromagnetic device:
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q krqo kL - R _ 1
O W T Ve Logte’ " Lw,  CLu? (2.43)
By substituting the nondimensional parameters in the previous equation we obtain:
Fy=K(Y —Yy) + K;Q + Cy(Y —Yy) (2.44)
Q—K,(Y -Y)+RQ+CQ=0 (2.45)

In terms of energy computation, we consider the power and the energy harvested by the

device for later use. We define these terms as:

Phor(T) = RQQ(T) (2.46)

Eher = /OT RQQ(T)dT (2.47)

2.2 Validation using the Harmonic Balance method

The system that we consider is a continuous system with a dynamical device attached to
it. The model described below can be made as accurate we wish using as many modes
of vibrations as possible. However, for the sake of validating the model, we simplify the
continuous system to a single mode system. In this case, it is possible to compare the
numerical simulations to the analytical results obtained using the harmonic balance method

(HBM). To get the analytical solution, we assume the time function of the cable (single
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mode), the suspended damper mass and the variation in charge to be defined as:

A(1) = Ago + As cos(wT) + Bg sin(wr), (2.48a)
Yy = Ay + Ay cos(wr) + By sin(wr), (2.48b)
Q = Ao + A; cos(wT) + B;sin(wr). (2.48¢)

These assumed solutions are substituted in Eqs. 2.23, 2.27 and 2.45. By collecting the
coefficients of the cosine and sine terms for each harmonics along with constant terms, we

obtain six linear algebraic equations denoted as z; — zg which are described as:

2 = (=B)K® + BKD? — A,Cydw + A K ;Puw

(2.49a)
+Asc®?*w — Byw? — ByM, %0 + Bswf,
2y = B;K — B,K® + A;Cqw — A;Kjw — A,Cy®w — By M,w?, (2.49b)
23 = B,C + A K,w — A, K, ®w + A;Rw — Biw?, (2.49¢)
1

2= (—A)K® + A, KP* — fo/ ® 4 B,Cydw
0 (2.49d)

—B;K 0w — B,c®*w — Ayw? — A M, %0 + AW,
25 = ALK — AJK® — BiCqw + BiKjw + B,CqdPw — A, M, w2, (2.49¢)
2z = A;C — BK,w + B,K,Pw — B;Rw — A;w*. (2.49f)

To solve these linear algebraic simultaneous equations, we use the fixed arc-length contin-
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uation scheme developed in [84]. With this methodology, it is possible to compare the
frequency response of the system obtained using the harmonic balance against the numerical

simulations. The validation will be discussed in the following chapter.



Chapter 3

Results

In this section, we start with validating our analytical results obtained using the HBM to
establish their accuracy. Then, the proposed MDR is compared to the conventional FTMD in
terms of vibration control. Further, the energy requirement of the PD controller is assessed.
Some analysis is provided for considering an electromagnetic device for energy harvesting
purposes (EHMDR). Finally, different parametric analysis are conducted for optimal control

and optimal energy harvesting.

3.1 Validation and numerical considerations

The model presented in Chapter 2 can be validated by comparing the numerical results of the
MATLAB function ’ode45’ to the analytical results of the harmonic balance method. The
comparison is done for the fundamental frequency of the system. The problem is simplified
by fixing the position of the device on the cable. Figure 3.1 shows that there an excellent
agreement between the numerical and the analytical results with a maximum error of 0.3%.
Because we explore more than one mode of vibration, the numerical approach will be used

in the subsequent analysis unless otherwise noted.

For the numerical approach, it is necessary to determine the number of terms in the Galerkin
approach required to get an acceptable approximate solution for the displacement of the cable

2.28. To achieve this goal, we simulated the vibration of the bare cable for an input excitation

29
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Table 3.1: Parameters of the conductor and the applied load

L(m) m(kg/m) T(N) EI(N.m?) wp(rad/s) fo(N/m)

27.25 1.6286 27840 1602 Wn See Eq.
-6
3 %10 :
| 26710 Analytical

. | 1 |- Numerical

Nondimensional displacement Y

094 096 0.98 1 1.02 1.04 1.06 1.08
Normalized frequency

Figure 3.1: A comparison between analytical and numerical simulation for the fixed damper.

matching w3. We then recorded the maximum displacement of the cable at the midspan as
presented in Fig. 3.2-(a) for five, ten, fifteen, twenty and twenty-five and thirty terms. The
results show that as we increase the number of terms from five to ten terms, there is a
significant drop in the displacement value. As we increase, the number of terms further, we
observe that the maximum displacement value remains relatively constant. Therefore, we

can consider at least ten terms for accurate results.

Furthermore, we can also evaluate the number of terms required for numerical simulations by
studying the maximum displacement of the cable when attached to a fixed damper. Figure
3.2-(b) considers the normalized displacement of the cable with a fixed damper attached. In
this case, we can see a significant jump in the displacement of the cable when increasing the

number of terms from five to ten terms. In this case, the relative percent difference in values
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is close to 20%. However, as we continue to increase the number of terms in the simulation,
the relative difference in value decreases significantly to 6.7% (10 to 15), 0.9% (15 to 20),
0.5% (20 to 25), and 0.8% (25 to 30). Therefore, the results show that past twenty terms, the
difference in the normalized maximum displacement is relatively constant. Consequently, to
ensure a satisfying approximations to the dynamics of the cable and the dampers, in the

remainder of the analysis we will consider twenty terms.

4 -6
308 x10 ‘ ‘ ‘ ‘ 75 x10

6.5 1

Maximum displacement
Maximum displacement

5 10 15 20 25 30 5 10 15 20 25 30
Number of terms Number of terms

Figure 3.2: Determining the number of modes required for the numerical simulation. Figure
3.2-(a) considers the vibration of the bare beam while (b) consider the vibration of the beam
with a fixed damper.

3.2 Mobile damping robot performance

3.2.1 Proportional and derivative gain for optimal control

Having validated the mathematical model, we provide a presentation of the PD controller
used for the proposed MDR. The robot relies on a control scheme to move to the antinode
and help mitigate the vibration of the cable. To determine the proportional and derivative

gains for optimal control, the control requirements for the design need to be specified. The
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mobile robot is required to reach the antinode in a reasonable amount of time and hence the
rise time is a key design parameter. Indeed, the faster the robot reaches the antinode, the
quicker the vibration of the cable is reduced. Additionally, we also desire to minimize the
steady state error to ensure that the robot reaches and stays at the antinode. With these
requirements in mind, we can iterate the values of k, and k4. Figure 3.3 shows the impact
of varying the values of k, and k4. The results show that when we only have a proportional
gain (i.e, kq = 0, we are able to travel towards the antinode but we can not achieve zero
steady state error. Also, when we set the proportional gain to be zero we can not follow the
target and we stay at the original location of the damper. The results also show that when
we have a proportional gain 2 times larger than the derivative, the steady state is minimized
and we only have negligible percent overshoot. When the derivative is set to be larger, we
get a better response overall with no steady state error and no percent overshoot. These
observation gives us the general ideas about how to select the gains. However, to deal with

input demand requirements, it will require multiple trial and errors to optimized the gains.

=
—_
—_

<G
g OlF===- kp=1;ks=0
g k= 0iky = 1
8009’ .......... kpzl;kd:()ﬁ,
= —— k= 055k = 1
o))
Z' 0.08 T
= 0.1
£
5 007
z
g 0.06¢ 0.05
£
g 0.05¢ 5 55 6
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0.04 ‘ ‘ ‘ ‘
0 5 10 15 20 25 30

Nondimensional time 7

Figure 3.3: Determining the values of k, and k4 for optimal control

To resolve this trial and error issue in optimizing the control parameters, we can use a control

scheme such as the Linear-Quadratic Regulator (LQR) function in MATLAB to determine
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the appropriate value of k, and k4. To use the LQR function, we use Eq. 2.18 to determine

the state-space arrangement for the error given as:

0 1 0
e = e+ Fc
—1
0 0 o

where e is the error given as e=r — &, and e is the error state vector. The state matrix A
and the input matrix B are selected as input to the LQR function. We also determine the @)
matrix to assign the weight of importance for the error in position and the error in velocity
of the robot. We also determine the R matrix to assign the weight of the input force. LQR
solves F. = —K e where K = [—k, — k4] to minimize its cost function. The relative ratio
of the R to () will determine if the cost function focuses on reaching the position with any
amount of input force necessary (Q»R) or if minimizing the energy effort is more important
(R»Q). Using the LQR scheme, we find that for optimal control k; > k,. Figure 3.4 shows
the response of the robot when the input excitation matches the cable natural frequency ws.
The results show that the robot reaches the target antinode with no overshoot and no steady
state error within 18 normalized time steps. The appropriate values of &, and k,; found using

LQR are used in the subsequent sections.

3.2.2 Comparing the fixed absorber to the MDR

In this section, we compare the performance of the fixed damper to the proposed mobile
damping robot. To achieve this task, we excite the cable at a resonant frequency and we
observe the performance of each device. The fixed damper location on the cable is optimized
using observations in the literature. For instance, in Barry et. al, [9], the analysis shows

that the damper should be placed within the vibrating loop corresponding to the highest
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Figure 3.4: Determining the values of k, and k4 for optimal control

excitation frequency. The highest frequency is related to the highest speed through Eq. 2.20.
For Aeolian vibration, the highest wind speed is near 7 m/s. In this case, it is advised to
place the fixed damper between 85% and 90% of the vibrating loop. This consideration is
taken into account in the following analysis to ensure a fair comparison between the fixed
damper and mobile damper. For the selected 795 Drake ACSR conductor, a 50 H z frequency
corresponding to the highest wind speed 7 m/s is obtained using Eq. 2.20. Following this

procedure The fixed damper is placed at a normalized location of 0.0481 following [9].

Aecolian vibration frequencies for the selected cable range from 3.57 Hz to 50 Hz (0.5 m/s
to 7 m/s). These frequencies correspond to the mode shape range of ws-wis. The frequency
response of the cable with and without a damper can be generated as in Fig. 3.5. The
results from this frequency map is that when the robot is within a vibrating loop we can
see a lot of oscillation. In this situation, the damper can be effectively used for vibration
control. Indeed, Fig. 3.5-(b) a 20 dB drop in vibration magnitude when the robot is place
within a vibration loop. However, when the robot falls on a node, there is no motion. This

incident can cause grave damage to the cable. Furthermore, it is also important to note that
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Figure 3.5: Frequency response of the cable and the robot along the span. Figure 3.5-(a)
shows the transmissibility of the cable as a function of the normalized frequency. Figure
3.5-(b) shows the transmissibility of the cable with a damper attached as a function of the
normalized frequency.

odd modes show significant vibration levels while even modes show minimal vibration even
though the system is excited at resonance. This observation can be justified by the fact that
the cable even modes are destructive. For this reason, most of the following analysis focuses

on odd modes.

Now that we have an understanding of the cable vibration levels, we can compare the fixed
damper to the mobile damper in terms of vibration control. It is necessary to compare
the overall impact of the damper on the vibration of the cable across the length. To do
so, we can do so using different methods. One method focuses on the time response of
the system with the dampers. Because the time function of the Galerkin decomposition is
directly numerically integrated, we can get some insight of the response of the cable with
and without dampers. Figure 3.6-(a) shows the time function maximum amplitude for each
mode of the cable when the cable is excited at the fundamental frequency. We can see that
when the cable is excited with no damper, the time function of the first mode dominates

the motion and his significantly larger than the other modes. Attaching the dampers to the
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cable causes a significant decrease in the first time function amplitude. Figure 3.6-(b) shows
the the time response for all damping conditions. We can see from the Figure that the cable
with no damper goes into resonance as excepted. We also observe that the displacement
of the cable with the dampers is at least two orders of magnitude smaller in Fig.3.6-(c).
Additionally, Fig. 3.6-(c) shows that the MDR can further reduce the vibration of the
cable by moving towards the antinode. Overall, the results show that adding the dampers
help vibration mitigation. The results also show that the MDR offers additional vibration

efficiency.
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Figure 3.6: Time functions and time response of the cable comparing the performance of the
fixed damper against the MDR for w. = wy.

We can also study specifically the impact the input force on the cable by determining the

amount of power transferred to each point along the conductor. To do so, we present Figures
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3.7-(a)-(d) which show the normalized power as a function of the normalized length for ws,
wy, w1z and wy7. As stated before, we focus on odd modes because even modes are destructive
and cause minimal vibration of the cable. Figures 3.8-(a)-(d) shows for the corresponding
frequencies, the final location of the fixed and the mobile damper on the cable across the
normalized length. The location of each damper is displayed on the mode shape of the
input frequency. The results show that as the excitation frequency increases, the location
of the fixed damper changes relative to the location of the antinode of the vibration loop.
The results also show that overall the performance of the MDR is superior when the fixed
damper is further away from the antinode (i.e., wz,wi7). However, when the fixed damper
location is very close to an antinode, the performance of the fixed damper and the mobile

damping robot is comparable (i.e., wg, w3).

It is also useful to evaluate the performance of the fixed damper against the mobile damper
in terms of vibration control using the concept of work define in Eq. 2.38. Figure 3.9 shows
the normalized work done on the cable as a function of the odd excitation frequencies. The
results show that overall, the work done on the cable with the fixed damper is superior to the
work done on the cable with the MDR. Between ws-wr, it is clear that the MDR performs
better than the fixed damper by minimizing the work done by the input frequency. The
same observation can be done for wis-wi7. Between wg-wi1, the fixed damper matches the
antinode location. In this case, the MDR does not move. Therefore, the performances of

the dampers are similar and optimal.

We have shown that the mobile damper is superior in most cases to the fixed damper as it
reduces the amount of work done on the cable. Using the total amount of work done for
each damper, it is also possible to determine the efficiency of the devices. The efficiency of
the absorber relative the work done on the cable is presented as Eq. 2.37. However, this

formula is relative to each damper. To allow a more holistic comparison, it is necessary to
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Figure 3.7: A comparison of the vibration control performance of the fixed damper and the
proposed MDR for (a) w3, (b) wo, (¢) wiz and (d) wi7.

compare the performance of each damper relative to the same work input to the system. To

do so we introduce the following Equations:

.

(3.1)

i

Sl

§\
§\

=

(3.2)

i
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Figure 3.8: Final location of the fixed damper and the mobile damper for varying input
excitation.

where W, represents the total amount of work done on the cable without any damper at
resonance . Equation 3.1 is used for the fixed damper and mobile damper as long as the
work done by the fixed damper and the mobile damper W is smaller than W,. If the work
done by the fixed damper Wf or the mobile damper W,, noted as W; is greater than W,,
that work is used at the reference W to calculate the efficiency. Using these Equations, it
is possible to assess the efficiency of each damper for varying frequencies. Figure 3.10 shows
the efficiency of each device. The results show that the efficiency for both devices is superior

to 95% in general. However, for all frequencies, the MDR performs as well or better than the
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fixed damper. We observe that the efficiency is identical for frequencies where the location

of the fixed damper matches an antinode.

We have established that the performance of the mobile damper is superior or comparable to
the performance of the fixed damper, as long as the dampers are within the vibrating loop.
We further our investigation by assessing the worst case scenario in which the fixed damper
coincide with a node. We can assess the performance by looking at the time response of
the cable as in Fig. 3.11-(a). The results show that the cable with the fixed damper goes
into resonance. Indeed, in this case, the damper is incapable of transferring energy to its
suspended mass. The displacement of the cable with the fixed damper is worse than the
displacement of the cable with no damper at all. This shows how critical the position of the
damper is. For the mobile damping robot, because we are able to move to the antinode,
the displacement of the robot gets reduced to nearly zero. Looking at the steady response
(Fig. 3.11-(b)). Shows that the mobile damping robot has a superior performance in terms

of vibration control.
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We also study this nodal case in terms of the normalized power at each location across
the cable and in terms of efficiency. Figures 3.12-(a)-(b) show the normalized power as a
function of the normalized length across the cable for ws. In Fig. 3.12-(a), the dampers are
initially placed at a node, while in Fig. 3.12-(b), the dampers are initial placed at the optimal
location of the fixed damper 0.0481 as in Fig. 3.7-(a). In both figures, the normalized power
across the normalized length of the cable with no damper is also presented. Figure 3.12-(c)
shows an overview of the performance of each damper in terms of the efficiency across a
vibrating loop of the cable for ws. The results show that as long at the fixed damper is
placed within the vibrating loop it performance relatively well (i.e, n>60%). The results
also show that the mobile damping robot in all cases outperforms the fixed damper with at
least 80% efficiency for all initial locations across the vibration loop. Adding the dampers
show a significant value in mitigating vibration. However, when the fixed damper coincide
with a node, the cable is subject to more vibrations than when no damper is attached. In
this case, the MDR can address this issue by re-adjusting itself at the antinode. It prevents

the significant damages that are caused by staying at the node.
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Figure 3.11: Time response for different damping conditions when the initial location of the
dampers coincide with a node.

We have established that the mobile damping robot is superior to the fixed damper especially
when the fixed damper coincide with a node. We can also assess the performance of the
dampers in terms of the normalized frequency. Figure 3.13 shows the maximum normalized
displacement of the cable as a function of normalized frequency. The cable is excited at
frequency near the fundamental frequency w;. The fixed damper is installed at its optimal
location i.e, 0.0481. The results show that adding the dampers significantly reduce the
displacement of the cable at resonance. We also note that the MDR is able to reduce the
vibration to nearly zero because it moves towards the antinode. Additionally, the MDR has
a wider range of frequency where it can exert vibration control. In Figure 3.13-(b), we notice
that the MDR frequency response has two large vibration peaks when compared to the fixed
damper frequency response. To resolve this issue, we can limit the movement of the MDR
to frequencies, where the vibration of the cable is minimized when the robot goes to the

mid-span (antinode) as shown in Fig. 3.13-(b).
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Figure 3.12: Performance of the dampers when the initial location coincide with a node. Fig-
ure 3.12-(a) shows the normalized power across the cable length for each damping conditions
for the nodal case. Figure 3.12-(b) shows normalized power across the cable length for each
damping conditions when the fixed damper is at its optimal location for reference. Figure
3.12-(c) shows the efficiency of each damper when the both dampers are initially placed at
different locations across a vibrating loop.

3.2.3 Optimal mass ratio for vibration control

In this section, we focus on a parametric study of the mobile damping robot. In the previous
section, we established the requirements for the controller gains. From dynamics, the value
of the spring constant is given as a function of the wind input frequency to ensure maximum
vibration reduction [39]. The damper is added to minimize the two resonant peaks of the
combine system while ensuring low vibration at resonance. It is also necessary to determine

the optimal mass ratio between the in-span mass M, and the suspended mass M, of the
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Figure 3.13: Comparing the steady state normalized displacement of the cable for each
damping condition for varying normalized frequencies.

mobile damper for optimal vibration mitigation. In this effort, we present Fig. 3.14-(a)-(c).
Figure 3.14-(a) shows the normalized power across the normalized length of the cable for
ws. Figure 3.14-(b) shows the normalized work done on the cable as a function of a. We
define «v as the percent of the in-span mass that represent the total mass of the mobile device
mp = m, + m,. In this case, we also define 1 — « as the mass percent of the suspended
damper relative to the total mass my. Using the nondimensional parameters we can also
define my = M, + M,. The results show that changing the relative mass of the in-span
mass tend to increase the amount of work done on the cable while increasing the suspended

mass improves the performance of the MDR in terms of vibration reduction. The efficiency
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Figure 3.14: Effect of varying the relative mass ratio of the MDR. The analysis considers
(a) the normalized power output, (b) the normalized work done on the cable, and (c)the
dampers efficiency.

also significantly decrease to nearly half when the in-span mass is relatively larger than the
suspended mass. We can conclude that for optimal performance of the MDR, it is necessary

to minimize the in-span mass.

3.2.4 Two mobile damping robots

In this subsection, we study the effect of having two robots at each end of the conductor.
Indeed, in the field, power line span can be on average as long as 200 meters. In these cases,
having a single damper is not sufficient for vibration control. Therefore, we compare the

performance in terms of vibration control for a single MDR and two MDR installed on a
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conductor. Figure 3.15 shows the normalized power generated by the cable when subject to
an input frequency matching ws. From the Figure, we can see that adding the second MDR
ensure that the vibration control is superior to that of a single MDR. However, from the
figure, we can only estimate that the performance of having a single MDR is similar to that
of having two MDR. However, when we compute the amount of work done on the cable for
each case, the cable with two MDR decreases the work done on the cable by nearly half. Let
W, be the work done on the cable with two MDR and W,,, the work done on the cable with a
single MDR. The numerical simulations show that W, = 2.67 « 10~° while W,, = 5.47%107°.
This observation suggest that if the MDR is an economically viable solution, having two

robots on single line will improve vibration mitigation of power lines.
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Figure 3.15: Comparing the normalized power on the cable for the fixed damper, a single
MDR and two MDR as a function of normalized length.
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3.2.5 Energy requirement of the mobile damping robot

The mobile damping robot presents a clear advantage to the fixed damper. However, to
operate the controller, it is necessary to have an energy module that provide enough voltage
to move the robot to the target antinode. We can determine this energy requirement by
evaluating the total force requirement of the controller defined in Eq. 2.19. Figure 3.16 shows
the normalized energy output from the controller as a function of the normalized frequency.
The results show that as the selected input frequency increase, the energy requirement first
decrease up to wyy. This observation is excepted as the number of antinode increase on the
line. This reduces the distance to the antinode from the initial position of the robot. At
w11, the initial position of the robot coincide with the antinode which reduces the energy
requirement. Then as we continue to increase the input frequency, the initial position of the
robot starts increase relative to the antinode. Overall, the energy requirement is substantial
and finding a source of energy to move the robot is essential. In the subsequent analysis, we
consider the possibility for energy harvesting to help cover some of the travel cost in terms

of energy requirement to target antinodes.

3.3 Energy harvesting mobile damper performance

In the previous section, the numerical examples indicated that the mobile robot has a superior
performance for vibration reduction when compared to the fixed damper, especially when the
fixed damper coincide with a node. However, we have seen that the robot relies on an energy
input to move to the antinode. It is therefore necessary to modify our design to include an
energy harvesting device. In the mathematical modeling section 2.1, we introduced the
electromagnetic shunt damper. This device is known to act as a damper while harvesting

energy.
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Figure 3.16: Assessing the energy requirement of the MDR as a function of the normalized
input frequency.

In this section, we present the results of the energy harvesting mobile damping robot
(EHMDR). We first compare the performance of the energy harvesting mobile robot to
the mobile damping robot. Then we assess the advantages and disadvantages of the energy

harvester. Finally, we perform a parametric study of the energy harvesting device.

3.3.1 Comparing the EHMDR to the MDR

Table 3.2 shows the parameters of the electromagnetic shunt mobile damping robot. The
physical parameters are identical to those presented for the MDR. To obtain the shunted
RLC circuit parameters, we needed to select practical values for that would have a reasonable
size for a 5-kg mobile damping robot. The RLC parameters can be further tuned with the
other parameters of the system to optimize both vibration control and energy harvesting.

However, optimization of the parameters in not a focus of this study.

We begin the analysis of the EHMDR by comparing its performance to the mobile damping
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Table 3.2: Parameters of the EHMDR

me(m)  ma(kg/m) k(N/m) ky  R(Q) C(uF) L(mH)
0.2 4.8 me*w? 126 1.3 10 41.8

robot and the conventional fixed damper. Figures 3.17-(a)-(d) show the normalized power
of the cable as a function of normalized length. We observe that the energy harvesting

mobile device significantly outperforms the fixed absorber and the MDR for all frequencies

considered.
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Figure 3.17: A comparison of the vibration control performance of the fixed damper, the
MDR and the EHMDR for (a) w3, (b) wo, (¢) w3 and (d) wy7.

As we have done in the aforementioned analysis, we can observe the performance of the

dampers by studying the time response of the cable as well as the behaviors of its modes.
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Figure 3.18-(a) shows the cable time function maximum amplitude when the excitation
frequency matches the fundamental frequency. We can see that all the dampers are able to
considerably reduce the time function magnitude of the first mode. Figure 3.18-(b) shows
the time response of the cable for each damper. Similar to the MDR, the EHMDR is superior
to the fixed damper. At transient state, the EHMDR has superior displacement than the
other dampers. At steady state, the performance of the EHMDR is similar to the MDR

performance (Fig. 3.18-(c)).
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Figure 3.18: Time functions and time response of the cable comparing the performance of
the EHMDR to the other dampers for w; (Fig. 3.18 (a)-(c)).

We can also evaluate the amount of work done to the cable as well as the efficiency of each
damper to have a holistic measure of the dampers performance. Figure 3.19-(a) shows that

for all input frequencies, the EHMDR is able to maintain a similar cable vibration level
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(less work done on the cable) than the MDR. This observation directly translate to similar
efficiency in terms of vibration control for both the energy harvesting mobile device and the
MDR. From these results, we understand that adding the electromagnetic transducer with
the selected values of the RLC circuit does not degrade the performance of the EHMDR in

terms of vibration control.
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Figure 3.19: Assessing (a) the amount of work done on the cable and (b) the efficiency for
the EHMDR when compared to the EHMDR.

We have established that the EHMDR outperforms the fixed and the MDR in terms of
vibration mitigation. It is also necessary to determine if the energy harvested by the EHMDR
is enough to cover the travel cost to the target antinode. Figure 3.20 shows energy as a
function of the normalized frequency. The results suggest that the energy harvested by
the EHMDR can not help cover the total energy requirement to move to target antinodes.
We note that for energy values near w3, the EHMDR can cover near 10% of the energy
requirement. However, overall, the EHMDR will need to be equipped with other sources of
energy. Considering optimal values of the EHMDR may also help increasing the significance
of energy harvesting. Additionally, the energy harvested can still serve other purposes such

as power some of the electronics of the damping robot.

To have a better understanding of the energy transfer to the RLC circuit, we can study the
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Figure 3.20: Comparing the energy output of the controller to the energy harvested by the
EHMDR.

power variation for the EHMDR. Figure 3.21 shows the power harvested by the RLC circuit
as a function of the nondimensional time when the cable is excited by the first (Fig.3.21-(a))
and the third mode (Fig. 3.21-(b)) respectively. It is important to note that the MDR is
given a signal to move to the antinode after the first 5 normalized time. The results show
that before the EHMDR moves, it harvest significantly more energy than when it starts
moving to the antinode. This observation can be explain by the fact that initially, because
the EHMDR is not at an antinode, there is a lot of energy available for energy harvesting.
However, as the EHMDR moves, it reduces the vibration of the cable which directly affects
the amount of energy harvested. From this analysis, we understand that the waiting period
can be key to harvest enough energy to power some components of the EHMDR. As long
as within the waiting period the vibration of the maximum displacement cable is within the

acceptable limits, the potential for energy harvesting is promising.
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Chapter 4

Discussion

In this chapter, the results of the thesis are summarized. We have shown that the MDR
presents multiple advantages when compared to the fixed damper. For the optimal location
of the conventional fixed damper, the efficiency varies but can be substantial as long as the
damper does not coincide with a vibration node. Using the MDR we can always ensure that
we can move away from nodal points across the cable. Additionally, because the MDR move
towards the points of maximum vibration, i.e., antinodes, the vibration mitigation is optimal.
The study also focus on determining the appropriate k, and kq values for optimal control.
Using the Linear-Quadratic Regulator built-in function in MATLAB, we demonstrated that
to minimize percent overshoot as well as steady state error, k4 needs to be larger than k,.

This solution also ensures low input control value for energy requirement consideration.

Further parametric study showed that for optimal vibration control, the in-span mass needs
to be minimized in favor of the suspended damper. The analysis clearly shows that having
a larger in-span significantly decreases how much energy can be taken out of the conduc-
tor. Additional numerical analysis also focused on examining the performance of two robots
attached at each end of the conductor. This analysis was conducted because on the field,
conductor can span over more than 200 meters. To effectively control the vibrations, fixed
dampers are installed at each end of the conductor. In this effort, we evaluated the per-
formance of two MDR on a single conductor. The analysis shows that having two MDR

decreases the amount of work done on the cable by nearly half.

o4



5}

The MDR initially presented had no energy module. However, because the PD controller
has an energy requirement, we determined that the device needs enough voltage to move
to the target antinode. As the frequency increases, the target antinode is closer to the
initial location of the MDR. Nonetheless, the mobile device needs a power source to move.
To meet this need, we studied the impact of adding an electromagnetic shunt damper to
the MDR making it an EHMDR. We observed that the EHMDR has similar performance

characteristics with the MDR with the appropriate choice of parameters.

Furthermore, we also studied the possibility of energy harvesting with the electromagnetic
device. We selected practical RLC parameters. For the selected parameters, we observed
that the energy harvested cannot help cover most of the cost of the harvest enough energy to
cover the travel cost to the target antinode. Additional energy harvesting components such
as solar will therefore need to be considered to achieved an self-powered mobile damping
robot. Although energy harvesting in practice may not be fully achievable, the EHMDR
can be consider as a start of a holistic solution to reduce vibration mitigation of the power
lines based on the numerical analysis. The limited harvested energy can be used to power
sensors and actuators embedded in the robot for power line monitoring and inspection.
Additional study will need to be conducted to optimize the RLC parameters to maximize

energy harvesting for the range of frequency required.



Chapter 5

Conclusions and Future work

5.1 Conclusions

In this thesis, a mobile damping robot (MDR) is proposed for wind-induced vibration (WIV)
control of power lines. The proposed MDR is modeled and analyzed using Hamilton’s princi-
ple and Galerkin decomposition method to determine its performance in terms of vibration
mitigation of power lines. This work contributes to the ongoing research for continuous
systems vibration mitigation. The proposed solution tracks the cable antinodes using a PD
controller as the wind characteristic changes. The findings showed that for optimal control k4
needs to be larger than k,. Considering the work done on the cable and the efficiency of the
dampers, the mobile damping robot outperforms the fixed damper for all frequencies consid-
ered. When the fixed damper coincides with a node, the vibration levels are worse than the
vibration of the cable with no damper as the cable goes to resonance. In this scenario, the
mobility of the MDR becomes a significant advantage in limiting structural damages. The
numerical examples also show that some of the energy dissipated by the MDR can be used to
power the robot to the target antinode. In this effort, the proposed MDR is re-designed as a
energy harvesting mobile damping robot (EHMDR) with an electromagnetic shunt damper.
The results show that the EHMDR has similar performance with the MDR in terms of vi-
bration reduction. Although, the study shows that for the selected parameters, the EHMDR

cannot be self-powered through energy harvesting, some of the energy harvested can be used

56
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for other small electronic components.

5.2 Future Work

The results obtained in this study show theoretically that the proposed MDR offers a sig-
nificant advantage to the fixed damper. For future work, the following tasks need to be

completed:

1. Nonlinear consideration need to be evaluated for the fixed damper and the MDR. In-
deed, Stockbridge dampers are known to have highly nonlinear behavior. The impact of

nonlinearity on the performance of the MDR needs to be assessed.

2. The numerical results need to be verified experimentally. To achieve this task, a prototype
of the MDR needs to be realized. The mechanical design can be divided into five categories

which are locomotion, clamping, mounting, communication and damping.

2.1. The locomotion component will rely on a control scheme that can help determine
changes in the vibration of the cable to readjust the position of the robot to the antinode.
The locomotion is also directly directed to energy supply. The potential for energy harvesting

will need to be realized and tested.

2.2. For the clamping component, the design needs to be robust enough that the MDR can
stay at a desired position when no input is given by the controller. That will ensure the

stability of the robot on the cable for safety and life expectancy consideration.

2.3. The mounting component of the MDR refers to an installment protocol that will be
cost effective. For mounting and clamping, the design will rely on advances in inspection

robots technology.
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2.4. Having the MDR on the line, offers the possibility for online structural health monitoring
(SMH). To help with SMH, the MDR needs to be designed with image acquisition devices.
The data that is recorded on the line needs to be communicated to the ground. For this
reason, adding a communication network scheme will be key to the success of the MDR.

Different communication techniques including Bluetooth would need to be tested.

2.5. The damping component of the MDR is realized by using the 6R Asymmetric damper
recently patented by Barry et. al, [15]. The damper will need to be securely attached to the
locomotion component of the device. The resonant frequencies of the damper will need to

be determined and tested for the experimental cable.

3. The control scheme developed in this study relies on a Proportional-Derivative controller.
In practice using other control techniques maybe more robust and cost effective. One key
consideration is to design a trajectory planning scheme for the controller. Indeed, determin-
ing the maximum displacement of the cable is difficult task. For the resonant case, we can
proceed using wind sensors and similar devices. However, we will need to consider the non-
uniform, random wind excitation case in future work. Defining an appropriate cost function
and building a trajectory will be a major challenge for future research and for a successful

product. The control scheme will need to be experimentally tested for accuracy and robust.

The successful completion of the aforementioned tasks will lead to the development of a fully
functional prototype that will be used as a base for the deployment of the MDR in the field

for power line protection and monitoring.
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Appendix A

Matlab code

%code written by: Paul—Camille Kakou

%this code generates the dynamics of the mobile damping robot ,

%energy harvester mobile damping robot and fixed damper

%on a simple supported beam (conductor)

tic %Start watch
format

clear;clc; close all;

0

% Initialization

07

%Parameters of the cable

n=>s;

mode=3;

m=1.6286;%beam mass per length
Te=27840;%Tension

L=27.25;% Length

EI=1602;% Flexural rigidity

07

% Computation

07

for i=1:5
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Run_ mode=i ;
count=Run_ mode;

switch Run_mode

case 1 %Fixed damper mode

[PB,PE,PR,PF,PM, loc]=nondim (Run_mode,n,Te,L,m, EI ,mode) ;

[x0,tSpan]=iconds (Run_mode,PM, n,mode, loc ) ;

% this solves the system
[tau,x]=o0de45 (Q(tt ,xx) modelfun(tt,xx,PB,PR,PE,PF,PM, count ,mode, loc),

tSpan ,x0) ;

%Time response of cable

ql_fixed=x(:,1:(end/2-3)); qldt_fixed=x(:,(end/2+1):(end—3));

%Time response of damper

q2_fixed=x(:,(end/2—2):end/2—1); q2dt_fixed=x(:,(end—2):end—1);

%Time response of circuit

q3_fixed=x(:,(end/2)); q3dt_fixed=x(:,end);

case 2 %Moving damper
[PB,PE,PR,PF,PM, loc]=nondim (Run_mode,n,Te,L,m, EI ,mode) ;

[x0,tSpan]=iconds (Run_mode,PM, n,mode, loc);

% this solves the system
[tau,x]=o0de45 (Q(tt ,xx) modelfun(tt,xx,PB,PR,PE,PF,PM, count ,mode, loc),

tSpan ,x0) ;
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%Time response of cable
ql_mdr=x(:,1:(end/2-3));
qldt_mdr=x(:,(end/2+1):(end—3));

%Time response of damper

q2_mdr=x (: ,(end/2—2):end/2—1);
q2dt_mdr=x(:,(end—2):end—1);

%Time response of circuit
q3_mdr=x (: ,(end/2));
q3dt_mdr=x(:,end);

case 3 %Mobile damper with energy harvester

[PB,PE,PR,PF,PM, loc]=nondim (Run_mode,n,Te,L,m, EI ,mode) ;
[x0,tSpan]=iconds (Run_mode,PM, n,mode, loc);

% this solves the system

[tau,x]=o0de45 (Q(tt ,xx) modelfun(tt,xx,PB,PR,PE,PF,PM, count ,mode, loc),

tSpan ,x0) ;
%Time response of cable
ql_ehmdr=x(:,1:(end/2-3));
qldt_ehmdr=x(:,(end/2+1):(end—3));

%Time response of damper

q2_ehmdr=x(:,(end/2—2):end/2—1);
q2dt__ehmdr=x (:,(end—2):end—1);

Y%Time response of circuit

q3_ehmdr=x(:,(end/2));
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q3dt_ehmdr=x(:,end);

case 4 %No damper mode

[PB,PE,PR,PF,PM, loc]=nondim (Run_mode,n,Te,L,m, EI ,mode) ;

[x0,tSpan]=iconds (Run_mode,PM,n,mode, loc ) ;

% this solves the system
[tau,x]=o0de45 (Q(tt ,xx) modelfun(tt,xx,PB,PR,PE,PF,PM, count ,mode, loc)

tSpan ,x0) ;

%Time response of cable
ql_o=x(:,1:(end/2-3));
qldt_o=x(:,(end/2+1):(end—3));

%Time response of damper

q2_o=x(:,(end/2—2):end/2-1);
q2dt_o=x(:,(end—2):end—1);

%Time response of circuit
q3_o=x(:,(end/2));
q3dt_o=x(:,end);

case 5 %Two mobile damper mode
[PB,PR,PF,PM, loc]=nondim2 (Run_mode,n,Te,L,m, El ,mode) ;

[x0,tSpan]=iconds (Run_mode,PM,n,mode, loc ) ;
% this solves the system
[tau ,x]=o0de45 (Q(tt ,xx) modelfun2(tt ,xx,PB,PR,PF,PM, count ,mode, loc),

tSpan ,x0) ;

%Time response of cable
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ql_b=x(:,1:(end/2—4),1);
qldt_b=x(:,(end/2+1):(end—4),1);

%Time response of left damper
q2_left=x(:,(end/2—3):end/2—-2,1);
q2dt_left=x(:,(end—3):end—2,1);

%Time response of right damper

q3_right=x(:,(end/2—1):end/2,1);

q3dt_right=x(:,(end—1):end,1);
end

end

0y
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% Pst—processing & Results

0

close all

% Calculate the normalized power and work for each case
axialFrequency=PM(:,2) ;

amp_=PF(2) ;
w=PM(:,1);
xx=0:0.01:1;
moe_s=sqrt (2)*sin (axialFrequency (:) *xxx) ;
G_f=amp_=xsin (w(mode)xtau).xqldt_ fixed*moe_s;
G m=amp_ *sin (w .*qldt__mdrsxmoe_s;

G_o=amp_x*sin (w(mode

)
( )
(w(mode) )

G_e=amp_s*sin (w(mode)*tau).*qldt_ehmdrsmoe_s;
(w( ) ) . qldt_o*moe_s;
(w( ) )

G_b=amp_*sin (w(mode .xqldt__bxmoe_s;

Ib=trapz(tau,G _b); Im=trapz(tau,G m); If=trapz(tau,G_f);
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Ie=trapz (tau,G_e); lo=trapz(tau,G_o);

Wir=trapz (xx,Im) ; Wistrapz (xx, If); We=trapz (xx,Ie);

Wo=trapz(xx,lo); Wh=trapz (xx,Ib);

%calculate the efficiency for each case

[n_f,n_m,n_e,n_b]=eff (Wo, Wf, Wi, We,Wb) ;

%Calculate the energy required to move the robot
p=pi/2/axialFrequency (mode) ;

Fc_mdr=zeros (n,1) ;

Fc_ehmdr=zeros (n,1);

kp_=PR(4);

kd_=PR(5) ;

step=1;

for kk=1:length(q2_mdr(:,1))

if round(p—q2_mdr(step,1) ,3)==
break
end
Fc_mdr(step ,:)=kp_*(p—q2_mdr(step ,1) )+kd_*(—q2dt_mdr(step ,1));
step=step+1;
end

Ec_mdr=trapz (Fc_mdr.*q2dt_mdr (1:length (Fc_mdr) ,1));

% Plots

figure (1)

plot (xx,If, ’b—", linewidth ' 1)
hold on

plot (xx,Im, 'r— ", "linewidth 1)

plot (xx,Ib, 'k: ", ’linewidth’ ,1.5)
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175 | xlabel (’Normalized length $$x/L$$’, interpreter’,’latex’)

176 | ylabel (’Normalized Power $$\bar{P}(x)$$’, interpreter’,’latex’)
177 | legend (’Fixed’, ’One MDR’, "Two MDR’, "interpreter ’,’latex )

178 | set (gea, ’FontName’ , ’Times New Roman’,’FontSize’ ,14)

179
180 | 1=0.5;%pi/2/axialFrequency (mode) ;

181 | q0_f=sqrt (2)xql_fixed*sin (PM(:,2)*1);
182 [q0_m=sqrt (2)*ql_mdrxsin (PM(:,2)*1);

xql_oxsin (PM(:,2)x*1);

(2)
183 | q0_e=sqrt (2)xql_ehmdrxsin (PM(:,2)*1);
184 | q0_o=sqrt (2)

(2)

2
185 | q0_b=sqrt (2)*ql_bxsin (PM(:,2)*1);
186
187 | figure (2)

188 | plot (tau,q0_f,'b")

189 | hold on

190 | plot (tau,q0_e, ')

101 |%plot (tau,q0_m,  k’)

192 | plot (tau,q0_b, 'k ")

103 | xlabel (’Nondimensional time $$\tau$$’, interpreter’,’latex’)

194 | ylabel (’Nondimensional displacement $$\bar{Y}$$’, interpreter’,’latex’)

195

07

197 |% ploting animated vibration of cable for each case

108 |

199

200 | ql=ql_b;
201

202 | q2=q2_ left;
203
204 | q3=q3_right;

205
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229

230

231

232

LSpan=linspace (0,1,101);

LWave=ql (:,:)*sqrt (2)=*sin (axialFrequency (:)*LSpan); % Beam wave shape

RobotUpDownPosL=ql (1 ,:)*sqrt (2)x*sin (axialFrequency (:)*q2(1,1)); % Robot
position

RobotUpDownPosR=ql (1 ,:)*xsqrt (2)*sin (axialFrequency (:)*q3(1,1)); % Robot
position

figure (11)

wavePlot=plot (LSpan, (LWave(1,:)),’b’, lineWidth’ 2);

axis ([0 1 2smax(max(abs(LWave)))*[—1 1]]);

hold on

robotSpotL=plot (q2(1) ,RobotUpDownPosL, "', Color’, r’, MarkerSize’ ,10);

robotSpotR=plot (q3 (1) ,RobotUpDownPosR, "« ', Color’, 'k’ "MarkerSize’ ,10);

hold off

for ii=(numel(tSpan)—1)x0+1:500:numel (tSpan)

RobotUpDownPosL=ql (ii ,:) *sqrt (2)*sin (axialFrequency (:)*q2(ii ,1)); %
Eigenfunction at Robot Position

RobotUpDownPosR=ql (ii ,:) *sqrt (2)x*sin (axialFrequency (:)*q3(ii ,1)); %
Eigenfunction at Robot Position

wavePlot.set ( "YData’ ,LWave(ii ,:) );

robotSpotL .set ( 'XData’,q2(ii ,1), YData’ ,RobotUpDownPosL) ;

robotSpotR . set ( "XData’ ,q3(ii ,1), YData’ ,RobotUpDownPosR) ;

drawnow ;

xlabel (’Normalized length’, ’interpreter’,’latex’)

ylabel (’Normalized displacement’,’interpreter’,’latex’)

set (gca, 'FontName ', ’Times New Roman’,’FontSize’ ,14)

set (gef, "color’,’w’); % set figure background to white

drawnow ;

frame = getframe;

im = frame2im (frame) ;
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233 [imind ,cm] = rgb2ind (im,256);

234 outfile = "twomotion. gif ’;

235

236 % On the first loop, create the file. In subsequent loops, append.
237 if ii==

238 imwrite (imind ,cm, outfile , " gif ’, "DelayTime’ ,0, "loopcount ', inf);
239 else

240 imwrite (imind ,cm, outfile , "gif ’, "DelayTime’ ,0, writemode ', "append ") ;
241 end

242

243 | end

244

245 | close all
246 | toc %stop watch

247 | function [n_f,n m,n_e,n b]=eff (Wo, WI,Wm, We, Wh)

2s | if WoWf

249 E_e=Wo-We;

250 E__mov=Wo-Wn;

251 E_b=Wo-Wh;

252 n_ f=(Wo-Wf) /Wo;
253 . m=(Wo-Wn) /Wo;
254 n_e=(Wo-We) /Wo;
255 n_b=(Wo-Wb) /Wo;

256 | elseif WHWo & WEWm && WEHWb

257 E e=WEWe;

258 E_mov=W{Wmn;
259 E_b=WEWh;

260 n_ f=(WEWf) /WI;
261 1 m=(WEWn) /WE;
262 n_e=(WEWe) /WF;
269 1 b=(WEWb) /WE;
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else
E_ e=WmWe;
E_mov=WmWn;
E_b=Wm-Whb;
n__f=(Wm-Wf) /W,
n_m=(WirWin) /Win;
n_e=(Wm-We) /Win;
n_b=(Wm-Wb) /Win;

end

end

%Written function for optimal control using LQR

function [kp,kd]=optcontrol ()

m=>5; %total mass of the damping device assembly
A=[0 1;0 0];

B=[0; —1/m];

Q=[0.1 0; 0 0.01];

R=1ES;

[Gl=1qr (A,B,Q,R);

kp=G(1) ;

kd==G(2) ;

end

function [x0,tSpan]=iconds (Run_mode,PM,n,mode, loc)
w=PM(:,1);
%Initial conditions
if Run_mode~=5
x0=zeros (2xn+4+2,1); x0(end/2—2)=loc;

else

x0=zeros (2xn+8,1); x0(end/2—3)=loc; x0(end/2—1)=1-loc;
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82
end
t0=0;%initial time
tf=30;%final time
dt=1/(2%w(mode) ) ;%timestep
tSpan=t0:dt: tf;

end

CHAPTER A. MATLAB CODE

function [ParamBeam ,ParamE,ParamRobot,ParamF , ParamMode, loc]=nondim (Run_mode,n,

Te,L,m, ET, mode)

[Kp,Kd]=optcontrol (); %call optcontrol for optimal gains

%Parameters of the mobile damping robot

mc=0.2;%in—span mass
ma=4.8;%suspended mass
b=0;%inerter (not considered here)
kp=Kp;%proportional gain

kd=Kd;%derivative gain

%Parameters of the electromagnetic circuit

R=22.42;% resistance
Li=1.496;% inductance
C=0.003;% capacitance
q0=20;%

v0=1;

YBeam normalized parameters
wp=sqrt (EI/m)/L"2;
s=sqrt (TexL"2/EI) ;

w=zeros (n,1); % Natural frequency of each mode

axialFrequency=zeros(n,1); % Axial frequency of

each mode
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83

for iii=1:n
w(iii)=(pi) 2xsqrt(iii 4+1ii "2xs72/(pi~2)); %Natural frequency of the mode
axialFrequency (iii )=sqrt((—s"2/2+sqrt (s 4/4+w(iii)72)));
end
k=(w(mode) *wp) "2#«ma;% spring constant %can only be calculated once we know w
%key parameter for different dampers
if Run_ mode==
kf=8;% force constant
kv=kf;% voltage constant
Cd=0;%damping constant
elseif Run_ mode==4
k=0;
kf=0;
kv=kf;% voltage constant
Cd=0;%damping constant
else
kf=0;
kv=kf;% voltage constant
Cd=2.2;%damping constant

end

%Mobile damping robot normalized parameters
k=k+L"3/EI;

cd=CdxLxsqrt (1/(m*EI));

%tau=0/L"2xsqrt (EI/m) ;

mc_=mc/m/L;

kp_=kp*L"3/EI;

kd =kd*L/sqrt (m+EI) ;

ma_=ma,/m/L;

b_=b/m/L;

va=0.1/v0;
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%Electric circuit normalized parameters
kv_=kv*L/(Li*wpxq0) ;

kf =kfxq0/sqrt (Elxm);

R =R/ (Liswp);

C =1/C/Li/wp~2;

d=0.028:
v=(w(mode)*wp) /2/pixd/0.2;

rho=1.225;
cd =3.2129;
f0=0.5*%rho*dxcd_*v. " 2;

amp =f0xL"3/El;%normalized amplitude

freq=w(mode) /2/ pixwp;

%keyboard

%loop length

vmax=7; %m/s

d=0.028:

fs =0.2xvmax/d;

lambda=sqrt ((1/2) «(Te/(4sm+L/Lxfs ~2)+sqrt ((Te/(4*m«L/Lxfs "2) ) 2+ pi 2«EI/fs72))
)5

loc=85/100«lambda /L;

ParamBeam=[n;wp;s;L]; ParamE=[kv_;kf ;R _;C_|; ParamRobot=[k;cd;mc_;kp_;kd ;ma
;va;b_;
ParamF=[freq ;amp_]; ParamMode=[w, axialFrequency ];

end

function [ParamBeam,ParamRobot ,ParamF ,ParamMode, loc]=nondim2 (Run_mode,n,Te,L,m

, EI ,mode)
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[Kp,Kd]=optcontrol (); %call optcontrol for optimal gains
%Parameters of the mobile damping robot

mc=0.2;%in—span mass

ma=4.8;%suspended mass

b=0;%inerter (not considered here)
kp=1.0000e—04;%proportional gain

kd=0.010;%derivative gain

Cd=2.2;

v0=1;

%Beam normalized parameters

wp=sqrt (EI/m)/L™2;

s=sqrt (TexL"2/EI) ;

w=zeros (n,1); % Natural frequency of each mode

axialFrequency=zeros(n,1); % Axial frequency of each mode

for iii=1:n
w(iii)=(pi) 2xsqrt(iii 4+1ii "2xs72/(pi~2)); %Natural frequency of the mode
axialFrequency (iii)=sqrt((—s"2/24+sqrt (s74/4+w(1iii)"2)));

end

k=(w(mode) *wp) "2+«ma;% spring constant %can only be calculated once we know w

%Mobile damping robot normalized parameters
k=k+L"3/EI;

cd=Cd«*Lxsqrt (1/(m+EI));

mc_=mc/m/L;

kp_=kp+L"3/EI;

kd_=kd*L/sqrt (m«EI) ;

ma_=ma/m/L;
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b b /m/L;

va=0.1/v0;

d=0.028:

v=(w(mode)*wp) /2/pixd/0.2;

rho=1.225;
cd =3.2129;
f0=0.5*rho*dxcd_*v. 2;

amp_=f0«L"3/EIl;%normalized amplitude

freq=w(mode) /2/ pixwp;

Y%keyboard

%loop length

vmax=7; %m/s

d=0.028;

fs =0.2xvmax/d;

lambda=sqrt ((1/2) *(Te/(4*m+L/Lxfs "2)+sqrt ((Te/(4*m«L/Lxfs ~2) ) 24+pi " 2+«EI/fs "2))
) ;

loc=85/100«lambda/L;

ParamBeam=[n;wp;s;L]; ParamRobot=[k;cd;mc_;kp_;kd_;ma ;va;b_];

ParamF=[freq ;amp_]; ParamMode=[w, axialFrequency ];

end

function [xdt]=modelfun(t,x,ParamBeam,ParamRobot,ParamE  ParamF ,ParamMode, count
,mode, loc)

%Note: q has the size of 2n+4, with first 2n for the modes and the last 4

%for the position and vib. displacement of the absorber. Force distribution

%is uniform. This ODE is modified for the directly planned motion towards the

antinode.
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n=ParamBeam (1) ;
wp=ParamBeam (2) ;
s=ParamBeam (3) ;

L=ParamBeam (4) ;

b

k=ParamRobot (1

Y

EI/m) ;

)
cd=ParamRobot (2
Zotau=0/L"2%sqrt

mc_=ParamRobot ;

)

)
(
3
kp_=ParamRobot (4

)

kd =ParamRobot

i

(
(
(5
(6

)
)
)
ma_=ParamRobot (6)

va=ParamRobot (7) ;

b_=ParamRobot (8) ;

kv_=ParamE (1) ;
kf =ParamE(2) ;
R =ParamE(3) ;
C_=ParamE (4) ;

freq=ParamF (1) ;

amp_=ParamF (2) ;

w=ParamMode (: ,1) ;

axialFrequency=ParamMode (:,2) ;
FWind=sum (amp_ .* sin (2« pixfreq=t/wp)); % Composed from various frequencies

xdt=zeros (2xn+4+2,1);
xdt (1l:end /2,1)=x((end/241):end,1); % Displacement of the Cable Modes
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ql=x(1:(end/2-3),1);
qldt=x((end/241):(end—3),1);

q2=x((end/2—2):end /2—1,1);
q2dt=x((end—2):end —1,1);

q3=x((end/2),1);
q3dt=x(end,1);

phi=zeros(n,1); % Eigenfunction of each mode

philnt=zeros (n,1); % Eigenfunction of each mode

for iii=1:n
phi(iii)=sqrt(2)=*sin(axialFrequency (iii)*q2(1));
philnt (iii )=—sqrt (2)/axialFrequency (iii)=(cos(axialFrequency(iii))—1); %
Eigenfunction over

end

Y%count=1;%
if count==
pFinal=loc; %Final robot position reference

tFinal=pFinal /0.1;

if t<0
p=pFinal;
pdt=0;
elseif (t<(tFinal+0))

p=pFinal;%vax(t);
pdt=0;%va;
else

p=pFinal;
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pdt=0;
end % Constant speed reference planning
elseif count==2 || count==
pFinal=pi/2/axialFrequency (mode); %Final robot

tFinal=pFinal/va;

td=loc /va;

if t<5
p=loc;
pdt=0;

elseif (t<(tFinal—td+5))
Yp=pFinal;
p=loc+va*(t—5);
pdt=va;
else
p=pFinal;
pdt=0;
end % Constant speed reference planning
else
pFinal=loc; %Final robot position reference

tFinal=pFinal /0.1;

if t<0
p=pFinal;
pdt=0;

elseif (t<(tFinal+0))
p=pFinal ;%vax(t);
pdt=0;%va;
else
p=pFinal;
pdt=0;
end % Constant speed reference planning

end

position

reference
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%keyboard
disSum=ql. * phi;

velSum=qldt. « phi;

zeta=0.;

Mil=eye (n)+1xmc_*(phi.xphi); % Beam inertia matrix
M2=diag ([mc_,ma +b_]); % Robot inertia matrix
qlddt=MI\(—(w."2) .xql—2*zetax(w.xqldt) ...
—(k*(disSum—q2 (2) )+cd *(velSum—q2dt (2) )+kf_*q3dt (1) )*phi+FWind«philnt
) ;
q2ddt=M2\ [ (kp_*(p—q2 (1) )+kd_*(—q2dt(1))) ;...
(k*(disSum—q2 (2) )4cd *(velSum—q2dt (2) )+kf_xq3dt (1)) ];
g3ddt=(kv__*(velSum—q2dt (2) )-R_*q3dt (1)—C_xq3(1));

xdt (end /24+1:end)=[qlddt;q2ddt; q3ddt];

end

function [xdt]=modelfun2(t,x,ParamBeam, ParamRobot,ParamF , ParamMode, count ,mode,
loc)

%Note: q has the size of 2n+4, with first 2n for the modes and the last 4

%for the position and vib. displacement of the absorber. Force distribution

%is uniform. This ODE is modified for the directly planned motion towards the

antinode.

n=ParamBeam (1) ;
wp=ParamBeam (2) ;
s=ParamBeam (3) ;

L=ParamBeam (4) ;
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582
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k2=ParamRobot (1) ;
c2=ParamRobot (2) ;
%tau=0/L"2xsqrt (EI/m) ;

ml=ParamRobot

) ;
) ;
(
) ;
kp=ParamRobot (4) ;
) ;
) ;
);

kd=ParamRobot (5

)
Y

va=ParamRobot

)

(3
(4
(
m2=ParamRobot (6
(7
b=ParamRobot (8) ;

k3=ParamRobot (1) ;
c3=ParamRobot (2) ;
%tau=0/L"2xsqrt (EI/m) ;
m3=ParamRobot

)i
)i
(
)i
kp=ParamRobot (4) ;
)i
)i
)i

kd=ParamRobot (5

)
)

va=ParamRobot

)

(3
(4
(
m4=ParamRobot (6
(7
b=ParamRobot (8) ;

3

freq=ParamF (1) ; % Wind Force Frequency (Hz)
amp =ParamF(2); % Wind Force Amplitude

%phase=ParamWind (: ;3); % Wind Force Phase

w=ParamMode (: ,1) ;

axialFrequency=ParamMode (:,2) ;
FWind=sum (amp_ .+ sin (2« pixfreq*t/wp)); % Composed from

xdt=zeros (2xn+8,1);

various

frequencies
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xdt (1l:end /2,1)=x((end/24+1):end,1); % Displacement of the Cable Modes

ql=x(1:(end/2—4),1);
qldt=x((end/2+1):(end—4),1);

q2=x((end/2—3):end/2—-2,1);
q2dt=x((end—3):end —2,1);

q3=x((end/2—1):end/2,1);
q3dt=x((end—1):end,1);

phi=zeros(n,1l); % Eigenfunction of each mode
phi2=zeros(n,1); % Eigenfunction of each mode

philnt=zeros (n,1); % Eigenfunction of each mode

for iii=1:n
phi(iii)=sqrt(2)=*sin(axialFrequency (iii)*q2(1));
phi2 (iii)=sqrt(2)xsin (axialFrequency (iii)*q3(1));
philnt (iii)=—sqrt(2)/axialFrequency (iii)=*(cos(axialFrequency(iii))—1); %
Eigenfunction over

end

plFinal=pi/2/axialFrequency (mode); %Final robot position reference
tFinal=plFinal/va;
td=loc /va;
if t<5
pl=loc;
elseif (t<(tFinal—td+5))
Yp=pFinal;
pl=loc+vax(t—5);

else




624 pl=plFinal;

625 |end % Constant speed reference planning
626
627 | p2Final=(1—loc)—pi/2/axialFrequency (mode); %Final robot position reference
628 | tFinal=p2Final/va;

620 | td=(1—loc)/va;

630 | if t<5

631 p2=(1—loc);

632 | elseif (t<(tFinal—td+5))

633 Yp=pFinal;

634 p2=(1—1loc )+vax(t—>5);
635 | else

636 p2=p2Final;

637 |end % Constant speed reference planning
638
639 | disSum=ql. x phi;
640 | velSum=qldt. * phi;
641
642 | disSum2=ql. * phi2;
643 | velSum2=qldt. *« phi2;
644
645 | zeta=0;
646
6a7 |[Ml=eye (n)+1sml*(phi*phi.’)+1sml*(phi2*phi2.’); % Beam inertia matrix
6as |[M2=diag ([ml;m2]); % First Robot inertia matrix

619 |[M3=diag ([m3;m4]); % Second Robot inertia matrix

650 | q1ddt=MI1\(—(w."2) .xql—2+zeta*(w.xqldt) ...

651 —(k2x(disSum—(q2(2)))+c2=*(velSum—(q2dt(2))))*phi...
652 —(k3*(disSum2—(q3(2) ) )+c3*(velSum2—(q3dt(2))))*phi2 ...
653 +FWind+philnt ) ;

6514 | q2ddt=M2\ [(kp*(pl—q2 (1) )+kd*(—q2dt (1))) ;...




655

656

657

658

659

660
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(k2% (disSum—q2 (2) )+c2*(velSum—q2dt (2))) |;
q3ddt=M3\ [(kp*(p2—q3 (1) )+kd*(—q3dt (1))) ;...
(k3% (disSum2—q3 (2) )+c3*(velSum2—q3dt (2))) ];

xdt (end /241:end ) =[qlddt; q2ddt ; q3ddt |;

end
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