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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.
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(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
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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



1.2. CURRENT SOLUTIONS 3

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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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.

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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Figure 1.5: Six resonant modes of the recent patented Asymmetric Stockbridge damper
[15, 81].
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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 1.7: Manned repair of a power line.

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 TI

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 1.9: Hydro Quebec Linescout inspection robot

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.

Figure 1.11: Conceptual design of the MDR attached to a power line cable.
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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 EI and a pre-

tension T . 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 mr, a suspended mass md, a

Figure 2.1: Schematic of the MDR on the cable

17
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linear spring k, an equivalent damping coefficient c and horizontal velocity ẋr. Additionally,

to provide an energy source to the robot we consider an electromagnetic device. The device

is composed of an electromagnetic transducer, eemf . The resistance, the inductance and

the capacitance of the electrical circuit are denoted by R, Li, and C, respectively. We also

consider, the voltage constant and the force constant of the transducer denoted as kv and kf

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:

rb = xi + y(x, t)j (2.1)

rr = xri + y(xr, t)j (2.2)

rd = xri + ydj (2.3)

where rb, rr and rd 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. xr is

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

The time derivatives of the position vectors are defined as:

ṙb = ẏ(x, t)j (2.4)

ṙr = ẋri +
(
ẏ(xr, t) + y

′
(xr, t)ẋr

)
j (2.5)
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ṙd = ẋri + ẏdj (2.6)

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

system as:

Ek = Ekb + Ekr + Ekd (2.7)

where Ekb, Ekr, and Ekd are the kinetic energy of the beam, the in-span mass, and the

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

Ekb =
1

2
m

L∫
0

(
ẏ(x, t)

)2

dx (2.8)

Ekr =
1

2
mr

((
ẋr

)2

+

(
ẏ(xr, t) + y

′
(xr, t)ẋr

)2
)

(2.9)

Ekd =
1

2
md

(
ẋ2
r + ẏ2d

)
(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:

V =
1

2
EI

L∫
0

(
y

′′
(x, t)

)2
dx+

1

2
k(y(xr, t)− yd)

2 +
1

2
T

L∫
0

(
y

′
(x, t)

)2
dx (2.11)

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

motion of the cable can be expressed as:

EIy
′′′′

+mÿ + Ty
′′
= F (x, t)− (F1 + F2)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) = f0 sin(ωet) (2.13)

where f0 is the amplitude of the wind force and ωe 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 F1 and F2. F1, F2 and D(x,t) are given as:

F1 = mrÿ (2.14)

F2 = k(y − yd) + c
(
ẏ − ẏd

)
(2.15)

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

D(x, t) = δ(x− xr) (2.16)

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

mdÿd − F2 = 0 (2.17)

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:

(md +mr)ẍr = Fc (2.18)
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where Fc represents a PD control force given as:

Fc = kp(r − xr) + kd(−ẋr) (2.19)

where kp and kd 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.

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:

fs = 0.2
Vw

D
(2.20)

where fs corresponds to the excitation frequency in Hz. Vw 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; ξ = x/L; ξr = xr/L;Yd = yd/L; p = r/L;

τ =
t

L2

√
EI

m
; s2 =

TL2

EI
;Cd = cL

√
1

mEI
;K =

kL3

EI
;

f0 =
FL3

EI
;Mr =

mr

mL
;Ma =

ma

mL
;Kp =

kpL
3

EI
;Kd =

kdL√
mEI

;

(2.21)

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

ωp =
1

L2

√
EI

m
(2.22)

The equations of motion can thus be rewritten as:

Y ′′′′ + Ÿ − s2Y ′′ = f0 sin
(
ωiτ

ωp

)
− (F̄1 + F̄2)δ(ξ − ξr) (2.23)

where F̄1 and F̄2 are given has:

F̄1 = MrŸ (2.24)

F̄2 = K(Y − Yd) + Cd(Ẏ − Ẏd) (2.25)

The equation of motion of the robot is given as:

(Mr +Md)ξ̈r = Kp(p− ξr) +Kd(−ξ̇r) (2.26)
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The equation of motion of the suspended mass is given as:

MdŸd = K(Y − Yd) + Cd(Ẏ − Ẏd) (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 (ξ, τ) =
∞∑
r=1

Φr(ξ)Ar(τ) (2.28)

where Ar(τ) are the normalized time functions of the transverse displacement, and Φr(ξ) are

the normalized eigenfunctions (mode shapes). The eigenfunctions are chosen as the mode

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

Φr(ξ) =
√
2 sin

((√
s2

2
+

√
s4

4
+ ω2

r

)
ξ

)
(2.29)

where the natural frequencies of the bare beam are given by

ωr = π2

√
r4 +

r2s2

π2
(2.30)

Substituting Equation 2.28, into Equation 2.12, multiplying by Φi(ξ), integrating over the

length of the beam, and applying the orthogonality condition yields

Äp(τ) +Mr

[
∞∑
r=1

Är(τ)Φr(d)

]
Hp(τ) + 2ζωpȦp(τ) + ω2

pAp(τ)

+ {K

[
∞∑
r=1

Ar(τ)Φr(d)− Yd(τ)

]
+ Cd

[
∞∑
r=1

Ar(τ)Φr(d)− Yd(τ)

]
}Hp(τ) = Sp(τ) (2.31)
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Similarly, Eq. 2.17 and Eq. 2.19 yield

(Md +Mr)ξ̈r(τ) = Kp

(
p− ξr(τ)

)
+Kd

(
ṗ− ξ̇r(τ)

)
(2.32)

MdŸd(τ)−K

[
∞∑
r=1

Ar(τ)Φr(d)− Yd(t)

]
+ Cd

[
∞∑
r=1

Ȧr(τ)Φr(d)− Yd(τ)

]
= 0 (2.33)

where Sp(t) and Hp(t) can be defined as:

Sp(τ) =

∫ 1

0

Φr(ξ)F (ξ, τ)dξ, r = 1, 2... (2.34)

Hp(τ) =

∫ 1

0

Φr(ξ)δ(ξ − ξr)dξ, r = 1, 2... (2.35)

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

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

is defined as follows:

Ēdisp =

∫ τ

0

c

[
Ẏd(τ)−

∞∑
r=0

Ȧr(τ)Φ(vdτ)

]2
dτ (2.36)

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

η =
Ēdisp

W̄
(2.37)

where W̄ is the normalized work due to the external force, and it can be obtained as:
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W̄ =

∫ τ

0

∫ L

0

F (ξ, τ)Φ(ξ)Ȧ(τ) dξ dτ (2.38)

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

cable across the normalized length as:

P̄ (ξ) =

∫ τ

0

F (ξ, τ)Φ(ξ)Ȧ(τ) dτ (2.39)

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

Ēc =

∫ τ

0

Fcξ̇r (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 Eqs. 2.12 and 2.17 F2 is redefined as:

F2 = k(y − yd) + +c
(
ẏ − ẏd

)
+ kf q̇ (2.41)

where q̇ represents the current variation in the electromagnetic circuit.

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

equation:

Liq̈ − kv(ẏ − ẏd) +Rq̇ +
1

C
q = 0 (2.42)

we introduce the following nondimensional parameters for the electromagnetic device:
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Q =
q

q0
;Kf =

kfq0√
m EI

;Kv =
kvL

Lωpq0
; R̄ =

R

Lωp

; C̄ =
1

CLω2
p

(2.43)

By substituting the nondimensional parameters in the previous equation we obtain:

F̄2 = K(Y − Yd) +KfQ̇+ Cd(Ẏ − Ẏd) (2.44)

Q̈−Kv(Ẏ − Ẏd) + R̄Q̇+ C̄Q = 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:

P̄har(τ) = R̄Q̇2(τ) (2.46)

Ēhar =

∫ τ

0

R̄Q̇2(τ)dτ (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(τ) = As0 + As cos(ωτ) +Bs sin(ωτ), (2.48a)

Yd = At0 + At cos(ωτ) +Bt sin(ωτ), (2.48b)

Q = Ai0 + Ai cos(ωτ) +Bi sin(ωτ). (2.48c)

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 z1 − z6 which are described as:

z1 = (−Bt)KΦ +BsKΦ2 − AtCdΦω + AiKfΦω

+AscΦ2w −Bsω
2 −BsMrΦ

2ω2 +Bsω
2
r ,

(2.49a)

z2 = BtK −BsKΦ + AtCdω − AiKfω − AsCdΦω −BtMaω
2, (2.49b)

z3 = BiC̄ + AtKvω − AsKvΦω + AiR̄ω −Biω2, (2.49c)

z4 = (−At)KΦ + AsKΦ2 − f0

∫ 1

0

Φ +BtCdΦω

−BiKfΦω −BscΦ
2ω − Asω

2 − AsMrΦ
2ω2 + Asω

2
r ,

(2.49d)

z5 = AtK − AsKΦ−BtCdω +BiKfω +BsCdΦω − AtMaω
2, (2.49e)

z6 = AiC̄ −BtKvω +BsKvΦω −BiR̄ω − Aiω
2. (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.m2) ωn(rad/s) f0(N/m)
27.25 1.6286 27840 1602 ωn See Eq.

0.94 0.96 0.98 1 1.02 1.04 1.06 1.08
0

0.5

1
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Analytical

Numerical

0.985 0.99
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2.5

2.6
10

-6

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

matching ω3. 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.

5 10 15 20 25 30

2.98

3
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3.04

3.06

3.08
10

-4

5 10 15 20 25 30
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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 kp and kd. Figure 3.3 shows the impact

of varying the values of kp and kd. The results show that when we only have a proportional

gain (i.e, kd = 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.

0 5 10 15 20 25 30
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Figure 3.3: Determining the values of kp and kd 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 kp and kd. To use the LQR function, we use Eq. 2.18 to determine

the state-space arrangement for the error given as:

ė =

0 1

0 0

 e+

 0

−1
mr+md

Fc

where e is the error given as e=r − ξr, 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 Q

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 Fc = −K e where K = [−kp − kd] to minimize its cost function. The relative ratio

of the R to Q 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 kd > kp. Figure 3.4 shows

the response of the robot when the input excitation matches the cable natural frequency ω5.

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 kp and kd 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 kp and kd 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 Hz 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].

Aeolian 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 ω2-ω18. 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 ωe = ω1.

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 ω3,

ω9, ω13 and ω17. 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., ω3,ω17). 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., ω9, ω13).

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 ω3-ω7, 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 ω13-ω17. Between ω9-ω11, 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) ω3, (b) ω9, (c) ω13 and (d) ω17.

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

do so we introduce the following Equations:

ηi =
W̄o − W̄i

W̄o

(3.1)

ηi =
W̄s − W̄i

W̄s

(3.2)
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Figure 3.8: Final location of the fixed damper and the mobile damper for varying input
excitation.

where W̄o 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 W̄i is smaller than W̄o. If the work

done by the fixed damper W̄f or the mobile damper W̄m noted as W̄i is greater than W̄o,

that work is used at the reference W̄s 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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Figure 3.9: Comparing the normalized work done on the cable for the fixed damper and the
MDR for varying normalized frequency.

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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Figure 3.10: Comparing the efficiency of the fixed damper to the MDR for varying normalized
frequencies.

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 ω3. 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 ω3. The results show that as long at the fixed damper is

placed within the vibrating loop it performance relatively well (i.e, η>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 ω1. 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 Mr and the suspended mass Ma 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

ω3. Figure 3.14-(b) shows the normalized work done on the cable as a function of α. We

define α as the percent of the in-span mass that represent the total mass of the mobile device

mT = mr + ma. In this case, we also define 1 − α as the mass percent of the suspended

damper relative to the total mass mT . Using the nondimensional parameters we can also

define m̄T = Mr + Ma. 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 ω3. 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

W̄b be the work done on the cable with two MDR and W̄m, the work done on the cable with a

single MDR. The numerical simulations show that W̄b = 2.67∗ 10−5 while W̄m = 5.47∗ 10−5.

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 ω11. 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

ω11, 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

mr(m) ma(kg/m) k(N/m) kf R(Ω) C(µF ) L(mH)

0.2 4.8 ma ∗ ω2
n 12.6 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) ω3, (b) ω9, (c) ω13 and (d) ω17.

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 ω1 (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 ω13, 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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Figure 3.21: Determining the power harvested by the EHMDR when the cable is excited by
the first and the third mode.



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 kp and kd 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, kd needs to be larger than kp.

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.

54
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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.
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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 kd

needs to be larger than kp. 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
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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

1 %code wr i t t en by : Paul−Camil le Kakou

2

3 %t h i s code gene ra t e s the dynamics o f the mobile damping robot ,

4 %energy harve s t e r mobile damping robot and f i x e d damper

5 %on a s imple supported beam ( conductor )

6

7 t i c %Star t watch

8 format

9 c l e a r ; c l c ; c l o s e a l l ;

10 %==================================================================

11 % I n i t i a l i z a t i o n

12 %==================================================================

13 %Parameters o f the cab l e

14 n=5;

15 mode=3;

16 m=1.6286;%beam mass per l ength

17 Te=27840;%Tension

18 L=27.25;% Length

19 EI=1602;% Flexura l r i g i d i t y

20

21 %==================================================================

22 % Computation

23 %==================================================================

24 f o r i =1:5
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25 Run_mode=i ;

26 count=Run_mode ;

27 switch Run_mode

28

29 case 1 %Fixed damper mode

30

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

32 [ x0 , tSpan ]= iconds (Run_mode ,PM, n , mode , l o c ) ;

33

34 % t h i s s o l v e s the system

35 [ tau , x]=ode45 (@( tt , xx ) modelfun ( tt , xx ,PB,PR,PE,PF,PM, count , mode , l o c ) ,

tSpan , x0 ) ;

36

37 %Time response o f cab l e

38 q1_fixed=x ( : , 1 : ( end/2−3) ) ; q1dt_fixed=x ( : , ( end/2+1) : ( end−3) ) ;

39

40 %Time response o f damper

41

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

43

44 %Time response o f c i r c u i t

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

46

47 case 2 %Moving damper

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

49 [ x0 , tSpan ]= iconds (Run_mode ,PM, n , mode , l o c ) ;

50

51 % t h i s s o l v e s the system

52 [ tau , x]=ode45 (@( tt , xx ) modelfun ( tt , xx ,PB,PR,PE,PF,PM, count , mode , l o c ) ,

tSpan , x0 ) ;

53
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54 %Time response o f cab l e

55 q1_mdr=x ( : , 1 : ( end/2−3) ) ;

56 q1dt_mdr=x ( : , ( end/2+1) : ( end−3) ) ;

57

58 %Time response o f damper

59

60 q2_mdr=x ( : , ( end/2−2) : end/2−1) ;

61 q2dt_mdr=x ( : , ( end−2) : end−1) ;

62

63 %Time response o f c i r c u i t

64 q3_mdr=x ( : , ( end /2) ) ;

65 q3dt_mdr=x ( : , end ) ;

66 case 3 %Mobile damper with energy ha rve s t e r

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

68 [ x0 , tSpan ]= iconds (Run_mode ,PM, n , mode , l o c ) ;

69

70 % t h i s s o l v e s the system

71 [ tau , x]=ode45 (@( tt , xx ) modelfun ( tt , xx ,PB,PR,PE,PF,PM, count , mode , l o c ) ,

tSpan , x0 ) ;

72

73 %Time response o f cab l e

74 q1_ehmdr=x ( : , 1 : ( end/2−3) ) ;

75 q1dt_ehmdr=x ( : , ( end/2+1) : ( end−3) ) ;

76

77 %Time response o f damper

78

79 q2_ehmdr=x ( : , ( end/2−2) : end/2−1) ;

80 q2dt_ehmdr=x ( : , ( end−2) : end−1) ;

81

82 %Time response o f c i r c u i t

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

85 case 4 %No damper mode

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

87 [ x0 , tSpan ]= iconds (Run_mode ,PM, n , mode , l o c ) ;

88

89 % t h i s s o l v e s the system

90 [ tau , x]=ode45 (@( tt , xx ) modelfun ( tt , xx ,PB,PR,PE,PF,PM, count , mode , l o c ) ,

tSpan , x0 ) ;

91

92 %Time response o f cab l e

93 q1_o=x ( : , 1 : ( end/2−3) ) ;

94 q1dt_o=x ( : , ( end/2+1) : ( end−3) ) ;

95

96 %Time response o f damper

97

98 q2_o=x ( : , ( end/2−2) : end/2−1) ;

99 q2dt_o=x ( : , ( end−2) : end−1) ;

100

101 %Time response o f c i r c u i t

102 q3_o=x ( : , ( end /2) ) ;

103 q3dt_o=x ( : , end ) ;

104

105 case 5 %Two mobile damper mode

106 [PB,PR,PF,PM, l o c ]=nondim2 (Run_mode , n , Te , L ,m, EI , mode) ;

107 [ x0 , tSpan ]= iconds (Run_mode ,PM, n , mode , l o c ) ;

108

109 % t h i s s o l v e s the system

110 [ tau , x]=ode45 (@( tt , xx ) modelfun2 ( tt , xx ,PB,PR,PF,PM, count , mode , l o c ) ,

tSpan , x0 ) ;

111

112 %Time response o f cab l e
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113 q1_b=x ( : , 1 : ( end/2−4) ,1 ) ;

114 q1dt_b=x ( : , ( end/2+1) : ( end−4) ,1 ) ;

115

116 %Time response o f l e f t damper

117 q2_le f t=x ( : , ( end/2−3) : end/2 −2 ,1) ;

118 q2dt_le f t=x ( : , ( end−3) : end −2 ,1) ;

119

120 %Time response o f r i g h t damper

121 q3_right=x ( : , ( end/2−1) : end /2 ,1) ;

122 q3dt_right=x ( : , ( end−1) : end , 1 ) ;

123 end

124 end

125

126 %==================================================================

127 % Pst−proc e s s i n g & Resu l t s

128 %==================================================================

129 c l o s e a l l

130

131 % Calcu la te the normal ized power and work f o r each case

132 axia lFrequency=PM( : , 2 ) ;

133 amp_=PF(2) ;

134 w=PM( : , 1 ) ;

135 xx = 0 : 0 . 0 1 : 1 ;

136 moe_s=sq r t (2 ) ∗ s i n ( ax ia lFrequency ( : ) ∗xx ) ;

137 G_f=amp_∗ s i n (w(mode) ∗ tau ) . ∗ q1dt_fixed ∗moe_s ;

138 G_m=amp_∗ s i n (w(mode) ∗ tau ) . ∗ q1dt_mdr∗moe_s ;

139 G_e=amp_∗ s i n (w(mode) ∗ tau ) . ∗ q1dt_ehmdr∗moe_s ;

140 G_o=amp_∗ s i n (w(mode) ∗ tau ) . ∗ q1dt_o∗moe_s ;

141 G_b=amp_∗ s i n (w(mode) ∗ tau ) . ∗ q1dt_b∗moe_s ;

142

143 Ib=trapz ( tau ,G_b) ; Im=trapz ( tau ,G_m) ; I f=trapz ( tau , G_f) ;
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144 I e=trapz ( tau ,G_e) ; Io=trapz ( tau ,G_o) ;

145

146 Wm=trapz ( xx , Im) ; Wf=trapz ( xx , I f ) ; We=trapz ( xx , I e ) ;

147 Wo=trapz ( xx , Io ) ; Wb=trapz ( xx , Ib ) ;

148

149 %c a l c u l a t e the e f f i c i e n c y f o r each case

150 [ n_f ,n_m, n_e , n_b]= e f f (Wo,Wf,Wm,We,Wb) ;

151

152 %Calcu la te the energy r equ i r ed to move the robot

153 p=pi /2/ axia lFrequency (mode) ;

154 Fc_mdr=ze ro s (n , 1 ) ;

155 Fc_ehmdr=ze ro s (n , 1 ) ;

156 kp_=PR(4) ;

157 kd_=PR(5) ;

158 s tep =1;

159

160 f o r kk=1: l ength (q2_mdr ( : , 1 ) )

161 i f round (p−q2_mdr( step , 1 ) ,3 )==0

162 break

163 end

164 Fc_mdr( step , : )=kp_∗(p−q2_mdr( step , 1 ) )+kd_∗(−q2dt_mdr ( step , 1 ) ) ;

165 s tep=step +1;

166 end

167 Ec_mdr=trapz (Fc_mdr . ∗ q2dt_mdr ( 1 : l ength (Fc_mdr) ,1 ) ) ;

168

169 % Plots

170 f i g u r e (1 )

171 p lo t ( xx , I f , ’b−’ , ’ l i n ew id th ’ , 1 )

172 hold on

173 p lo t ( xx , Im , ’ r−−’ , ’ l i n ew id th ’ , 1 )

174 p lo t ( xx , Ib , ’ k : ’ , ’ l i n ew id th ’ , 1 . 5 )
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175 x l a b e l ( ’ Normalized l ength $$x/L$$ ’ , ’ i n t e r p r e t e r ’ , ’ l a t e x ’ )

176 y l a b e l ( ’ Normalized Power $$\bar{P}( x ) $$ ’ , ’ i n t e r p r e t e r ’ , ’ l a t e x ’ )

177 l egend ( ’ Fixed ’ , ’One MDR’ , ’Two MDR’ , ’ i n t e r p r e t e r ’ , ’ l a t e x ’ )

178 s e t ( gca , ’FontName ’ , ’ Times New Roman ’ , ’ FontSize ’ ,14)

179

180 l =0.5 ;%pi /2/ axia lFrequency (mode) ;

181 q0_f=sq r t (2 ) ∗ q1_fixed ∗ s i n (PM( : , 2 ) ∗ l ) ;

182 q0_m=sqr t (2 ) ∗q1_mdr∗ s i n (PM( : , 2 ) ∗ l ) ;

183 q0_e=sq r t (2 ) ∗q1_ehmdr∗ s i n (PM( : , 2 ) ∗ l ) ;

184 q0_o=sq r t (2 ) ∗q1_o∗ s i n (PM( : , 2 ) ∗ l ) ;

185 q0_b=sq r t (2 ) ∗q1_b∗ s i n (PM( : , 2 ) ∗ l ) ;

186

187 f i g u r e (2 )

188 p lo t ( tau , q0_f , ’b ’ )

189 hold on

190 p lo t ( tau , q0_e , ’ r ’ )

191 %plo t ( tau ,q0_m, ’ k ’ )

192 p lo t ( tau , q0_b , ’ k ’ )

193 x l a b e l ( ’ Nondimensional time $$\ tau$$ ’ , ’ i n t e r p r e t e r ’ , ’ l a t e x ’ )

194 y l a b e l ( ’ Nondimensional d i sp lacement $$\bar{Y}$$ ’ , ’ i n t e r p r e t e r ’ , ’ l a t e x ’ )

195

196 %==================================================================

197 % p l o t i n g animated v i b r a t i o n o f cab l e f o r each case

198 %==================================================================

199

200 q1=q1_b ;

201

202 q2=q2_le f t ;

203

204 q3=q3_right ;

205
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206 LSpan=l i n s p a c e (0 , 1 , 101 ) ;

207 LWave=q1 ( : , : ) ∗ sq r t (2 ) ∗ s i n ( ax ia lFrequency ( : ) ∗LSpan ) ; % Beam wave shape

208 RobotUpDownPosL=q1 ( 1 , : ) ∗ sq r t (2 ) ∗ s i n ( ax ia lFrequency ( : ) ∗q2 (1 , 1 ) ) ; % Robot

p o s i t i o n

209 RobotUpDownPosR=q1 ( 1 , : ) ∗ sq r t (2 ) ∗ s i n ( ax ia lFrequency ( : ) ∗q3 (1 , 1 ) ) ; % Robot

p o s i t i o n

210 f i g u r e (11)

211 wavePlot=p lo t (LSpan , ( LWave ( 1 , : ) ) , ’ b ’ , ’ l ineWidth ’ , 2 ) ;

212 ax i s ( [ 0 1 2∗max(max( abs (LWave) ) ) ∗[−1 1 ] ] ) ;

213 hold on

214 robotSpotL=p lo t ( q2 (1 ) ,RobotUpDownPosL , ’ ∗ ’ , ’ Color ’ , ’ r ’ , ’ MarkerSize ’ ,10) ;

215 robotSpotR=p lo t ( q3 (1 ) ,RobotUpDownPosR , ’ ∗ ’ , ’ Color ’ , ’ k ’ , ’ MarkerSize ’ ,10) ;

216 hold o f f

217

218 f o r i i =(numel ( tSpan ) −1)∗0+1:500: numel ( tSpan )

219

220 RobotUpDownPosL=q1 ( i i , : ) ∗ sq r t (2 ) ∗ s i n ( ax ia lFrequency ( : ) ∗q2 ( i i , 1 ) ) ; %

Eigen funct ion at Robot Pos i t i on

221 RobotUpDownPosR=q1 ( i i , : ) ∗ sq r t (2 ) ∗ s i n ( ax ia lFrequency ( : ) ∗q3 ( i i , 1 ) ) ; %

Eigen funct ion at Robot Pos i t i on

222 wavePlot . s e t ( ’YData ’ ,LWave( i i , : ) ) ;

223 robotSpotL . s e t ( ’XData ’ , q2 ( i i , 1 ) , ’YData ’ ,RobotUpDownPosL) ;

224 robotSpotR . s e t ( ’XData ’ , q3 ( i i , 1 ) , ’YData ’ ,RobotUpDownPosR) ;

225 drawnow ;

226 x l a b e l ( ’ Normalized l ength ’ , ’ i n t e r p r e t e r ’ , ’ l a t e x ’ )

227 y l a b e l ( ’ Normalized disp lacement ’ , ’ i n t e r p r e t e r ’ , ’ l a t e x ’ )

228 s e t ( gca , ’FontName ’ , ’ Times New Roman ’ , ’ FontSize ’ ,14)

229 s e t ( gcf , ’ c o l o r ’ , ’w ’ ) ; % s e t f i g u r e background to white

230 drawnow ;

231 frame = getframe ;

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

234 o u t f i l e = ’ twomotion . g i f ’ ;

235

236 % On the f i r s t loop , c r e a t e the f i l e . In subsequent loops , append .

237 i f i i ==1

238 imwrite ( imind , cm, o u t f i l e , ’ g i f ’ , ’ DelayTime ’ ,0 , ’ loopcount ’ , i n f ) ;

239 e l s e

240 imwrite ( imind , cm, o u t f i l e , ’ g i f ’ , ’ DelayTime ’ ,0 , ’ writemode ’ , ’ append ’ ) ;

241 end

242

243 end

244

245 c l o s e a l l

246 toc %stop watch

247 f unc t i on [ n_f ,n_m, n_e , n_b]= e f f (Wo,Wf,Wm,We,Wb)

248 i f Wo>Wf

249 E_e=Wo−We;

250 E_mov=Wo−Wm;

251 E_b=Wo−Wb;

252 n_f=(Wo−Wf) /Wo;

253 n_m=(Wo−Wm) /Wo;

254 n_e=(Wo−We) /Wo;

255 n_b=(Wo−Wb) /Wo;

256 e l s e i f Wf>Wo && Wf>Wm && Wf>Wb

257 E_e=Wf−We;

258 E_mov=Wf−Wm;

259 E_b=Wf−Wb;

260 n_f=(Wf−Wf) /Wf;

261 n_m=(Wf−Wm) /Wf;

262 n_e=(Wf−We) /Wf;

263 n_b=(Wf−Wb) /Wf;



81

264 e l s e

265 E_e=Wm−We;

266 E_mov=Wm−Wm;

267 E_b=Wm−Wb;

268 n_f=(Wm−Wf) /Wm;

269 n_m=(Wm−Wm) /Wm;

270 n_e=(Wm−We) /Wm;

271 n_b=(Wm−Wb) /Wm;

272 end

273

274 end

275

276 %Written func t i on f o r optimal c o n t r o l us ing LQR

277 f unc t i on [ kp , kd]= optcon t ro l ( )

278 m=5; %t o t a l mass o f the damping dev i c e assembly

279 A=[0 1 ;0 0 ] ;

280 B=[0; −1/m] ;

281 Q=[0.1 0 ; 0 0 . 0 1 ] ;

282 R=1E8 ;

283 [G]= l q r (A,B,Q,R) ;

284 kp=−G(1) ;

285 kd=−G(2) ;

286 end

287

288 f unc t i on [ x0 , tSpan ]= iconds (Run_mode ,PM, n , mode , l o c )

289 w=PM( : , 1 ) ;

290 %I n i t i a l c o n d i t i o n s

291 i f Run_mode~=5

292 x0=ze ro s (2∗n+4+2,1) ; x0 ( end/2−2)=l o c ;

293 e l s e

294 x0=ze ro s (2∗n+8 ,1) ; x0 ( end/2−3)=l o c ; x0 ( end/2−1)=1−l o c ;
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295 end

296 t0 =0;%i n i t i a l time

297 t f =30;%f i n a l time

298 dt =1/(2∗w(mode) ) ;%t imestep

299 tSpan=t0 : dt : t f ;

300

301 end

302 f unc t i on [ ParamBeam , ParamE , ParamRobot , ParamF , ParamMode , l o c ]=nondim (Run_mode , n ,

Te , L ,m, EI , mode)

303

304 [Kp,Kd]= optcon t ro l ( ) ; %c a l l op t con t ro l f o r optimal ga ins

305 %Parameters o f the mobile damping robot

306 mc=0.2;%in−span mass

307 ma=4.8;%suspended mass

308 b=0;%i n e r t e r ( not cons ide r ed here )

309 kp=Kp;%propo r t i ona l ga in

310 kd=Kd;%d e r i v a t i v e gain

311

312 %Parameters o f the e l e c t r omagne t i c c i r c u i t

313 R=22.42;% r e s i s t a n c e

314 Li =1.496;% inductance

315 C=0.003;% capac i tance

316 q0=20;%

317 v0=1;

318

319 %Beam normal ized parameters

320 wp=sqr t ( EI/m) /L^2;

321 s=sq r t (Te∗L^2/EI ) ;

322

323 w=ze ro s (n , 1 ) ; % Natural f requency o f each mode

324 axia lFrequency=ze ro s (n , 1 ) ; % Axial f requency o f each mode
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325 f o r i i i =1:n

326 w( i i i )=(p i ) ^2∗ sq r t ( i i i ^4+ i i i ^2∗ s ^2/( p i ^2) ) ; %Natural f requency o f the mode

327 axia lFrequency ( i i i )=sq r t ((− s^2/2+ sq r t ( s^4/4+w( i i i ) ^2) ) ) ;

328 end

329 k=(w(mode) ∗wp) ^2∗ma;% spr ing constant %can only be c a l c u l a t e d once we know w

330 %key parameter f o r d i f f e r e n t dampers

331 i f Run_mode==3

332 kf =8;% f o r c e constant

333 kv=kf ;% vo l tage constant

334 Cd=0;%damping constant

335 e l s e i f Run_mode==4

336 k=0;

337 kf =0;

338 kv=kf ;% vo l tage constant

339 Cd=0;%damping constant

340 e l s e

341 kf =0;

342 kv=kf ;% vo l tage constant

343 Cd=2.2;%damping constant

344 end

345

346 %Mobile damping robot normal ized parameters

347 k=k∗L^3/EI ;

348 cd=Cd∗L∗ sq r t (1/(m∗EI ) ) ;

349 %tau=0/L^2∗ sq r t ( EI/m) ;

350 mc_=mc/m/L ;

351 kp_=kp∗L^3/EI ;

352 kd_=kd∗L/ sq r t (m∗EI ) ;

353 ma_=ma/m/L ;

354 b_=b/m/L ;

355 va=0.1/v0 ;
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356

357 %E l e c t r i c c i r c u i t normal ized parameters

358 kv_=kv∗L/( Li ∗wp∗q0 ) ;

359 kf_=kf ∗q0/ sq r t ( EI∗m) ;

360 R_=R/( Li ∗wp) ;

361 C_=1/C/ Li /wp^2;

362

363 d=0.028;

364 v=(w(mode) ∗wp) /2/ p i ∗d / 0 . 2 ;

365 rho =1.225;

366 cd_=3.2129;

367 f 0 =0.5∗ rho∗d∗cd_∗v . ^ 2 ;

368 amp_=f0 ∗L^3/EI ;%normal ized amplitude

369 f r e q=w(mode) /2/ p i ∗wp ;

370

371 %keyboard

372 %loop length

373 vmax=7; %m/ s

374 d=0.028;

375 f s =0.2∗vmax/d ;

376 lambda=sq r t ( (1/2 ) ∗(Te/(4∗m∗L/L∗ f s ^2)+sq r t ( ( Te/(4∗m∗L/L∗ f s ^2) )^2+pi ^2∗EI/ f s ^2) )

) ;

377 l o c =85/100∗lambda/L ;

378

379 ParamBeam=[n ;wp ; s ; L ] ; ParamE=[kv_ ; kf_ ;R_;C_] ; ParamRobot=[k ; cd ;mc_; kp_ ; kd_ ;ma_

; va ;b_ ] ;

380 ParamF=[ f r e q ;amp_ ] ; ParamMode=[w, ax ia lFrequency ] ;

381 end

382

383 f unc t i on [ ParamBeam , ParamRobot , ParamF , ParamMode , l o c ]=nondim2 (Run_mode , n , Te , L ,m

, EI , mode)
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384

385 [Kp,Kd]= optcon t ro l ( ) ; %c a l l op t con t ro l f o r optimal ga ins

386 %Parameters o f the mobile damping robot

387 mc=0.2;%in−span mass

388 ma=4.8;%suspended mass

389 b=0;%i n e r t e r ( not cons ide r ed here )

390 kp=1.0000e −04;%propo r t i ona l ga in

391 kd =0.010;%d e r i v a t i v e gain

392 Cd=2.2;

393

394 v0=1;

395

396 %Beam normal ized parameters

397 wp=sqr t ( EI/m) /L^2;

398 s=sq r t (Te∗L^2/EI ) ;

399

400 w=ze ro s (n , 1 ) ; % Natural f requency o f each mode

401 axia lFrequency=ze ro s (n , 1 ) ; % Axial f requency o f each mode

402 f o r i i i =1:n

403 w( i i i )=(p i ) ^2∗ sq r t ( i i i ^4+ i i i ^2∗ s ^2/( p i ^2) ) ; %Natural f requency o f the mode

404 axia lFrequency ( i i i )=sq r t ((− s^2/2+ sq r t ( s^4/4+w( i i i ) ^2) ) ) ;

405 end

406 k=(w(mode) ∗wp) ^2∗ma;% spr ing constant %can only be c a l c u l a t e d once we know w

407

408 %Mobile damping robot normal ized parameters

409 k=k∗L^3/EI ;

410 cd=Cd∗L∗ sq r t (1/(m∗EI ) ) ;

411 mc_=mc/m/L ;

412 kp_=kp∗L^3/EI ;

413 kd_=kd∗L/ sq r t (m∗EI ) ;

414 ma_=ma/m/L ;
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415 b_=b/m/L ;

416 va=0.1/v0 ;

417

418 d=0.028;

419 v=(w(mode) ∗wp) /2/ p i ∗d / 0 . 2 ;

420 rho =1.225;

421 cd_=3.2129;

422 f 0 =0.5∗ rho∗d∗cd_∗v . ^ 2 ;

423 amp_=f0 ∗L^3/EI ;%normal ized amplitude

424 f r e q=w(mode) /2/ p i ∗wp ;

425

426 %keyboard

427 %loop length

428 vmax=7; %m/ s

429 d=0.028;

430 f s =0.2∗vmax/d ;

431 lambda=sq r t ( (1/2 ) ∗(Te/(4∗m∗L/L∗ f s ^2)+sq r t ( ( Te/(4∗m∗L/L∗ f s ^2) )^2+pi ^2∗EI/ f s ^2) )

) ;

432 l o c =85/100∗lambda/L ;

433

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

435 ParamF=[ f r e q ;amp_ ] ; ParamMode=[w, ax ia lFrequency ] ;

436

437 end

438

439 f unc t i on [ xdt ]=modelfun ( t , x , ParamBeam , ParamRobot , ParamE , ParamF , ParamMode , count

, mode , l o c )

440 %Note : q has the s i z e o f 2n+4, with f i r s t 2n f o r the modes and the l a s t 4

441 %f o r the p o s i t i o n and vib . d i sp lacement o f the absorber . Force d i s t r i b u t i o n

442 %i s uniform . This ODE i s modi f i ed f o r the d i r e c t l y planned motion towards the

ant inode .
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443

444 n=ParamBeam(1) ;

445 wp=ParamBeam(2) ;

446 s=ParamBeam(3) ;

447 L=ParamBeam(4) ;

448

449 k=ParamRobot (1 ) ;

450 cd=ParamRobot (2 ) ;

451 %tau=0/L^2∗ sq r t ( EI/m) ;

452 mc_=ParamRobot (3 ) ;

453 kp_=ParamRobot (4 ) ;

454 kd_=ParamRobot (5 ) ;

455 ma_=ParamRobot (6 ) ;

456 va=ParamRobot (7 ) ;

457 b_=ParamRobot (8 ) ;

458

459 kv_=ParamE(1) ;

460 kf_=ParamE(2) ;

461 R_=ParamE(3) ;

462 C_=ParamE(4) ;

463

464 f r e q=ParamF(1) ;

465 amp_=ParamF(2) ;

466

467 w=ParamMode ( : , 1 ) ;

468 axia lFrequency=ParamMode ( : , 2 ) ;

469

470 FWind=sum(amp_.∗ s i n (2∗ p i ∗ f r e q ∗ t /wp) ) ; % Composed from var i ous f r e q u e n c i e s

471

472 xdt=ze ro s (2∗n+4+2,1) ;

473 xdt ( 1 : end /2 ,1)=x ( ( end/2+1) : end , 1 ) ; % Displacement o f the Cable Modes
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474

475 q1=x ( 1 : ( end/2−3) ,1 ) ;

476 q1dt=x ( ( end/2+1) : ( end−3) ,1 ) ;

477

478 q2=x ( ( end/2−2) : end/2 −1 ,1) ;

479 q2dt=x ( ( end−2) : end −1 ,1) ;

480

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

482 q3dt=x ( end , 1 ) ;

483

484 phi=ze ro s (n , 1 ) ; % Eigen funct ion o f each mode

485 ph i Int=ze ro s (n , 1 ) ; % Eigen funct ion o f each mode

486

487 f o r i i i =1:n

488 phi ( i i i )=sq r t (2 ) ∗ s i n ( ax ia lFrequency ( i i i ) ∗q2 (1 ) ) ;

489 ph i Int ( i i i )=−sq r t (2 ) / ax ia lFrequency ( i i i ) ∗( cos ( ax ia lFrequency ( i i i ) ) −1) ; %

Eigen funct ion over

490 end

491

492 %count=1;%

493 i f count==1

494 pFinal=l o c ; %Fina l robot p o s i t i o n r e f e r e n c e

495 tF ina l=pFinal / 0 . 1 ;

496 i f t<0

497 p=pFinal ;

498 pdt=0;

499 e l s e i f ( t <( tF ina l +0) )

500 p=pFinal ;%va ∗( t ) ;

501 pdt=0;%va ;

502 e l s e

503 p=pFinal ;
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504 pdt=0;

505 end % Constant speed r e f e r e n c e planning

506 e l s e i f count==2 | | count==3

507 pFinal=pi /2/ axia lFrequency (mode) ; %Fina l robot p o s i t i o n r e f e r e n c e

508 tF ina l=pFinal /va ;

509 td=l o c /va ;

510 i f t<5

511 p=l o c ;

512 pdt=0;

513 e l s e i f ( t <(tFina l −td+5) )

514 %p=pFinal ;

515 p=l o c+va ∗( t −5) ;

516 pdt=va ;

517 e l s e

518 p=pFinal ;

519 pdt=0;

520 end % Constant speed r e f e r e n c e planning

521 e l s e

522 pFinal=l o c ; %Fina l robot p o s i t i o n r e f e r e n c e

523 tF ina l=pFinal / 0 . 1 ;

524 i f t<0

525 p=pFinal ;

526 pdt=0;

527 e l s e i f ( t <( tF ina l +0) )

528 p=pFinal ;%va ∗( t ) ;

529 pdt=0;%va ;

530 e l s e

531 p=pFinal ;

532 pdt=0;

533 end % Constant speed r e f e r e n c e planning

534 end
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535

536 %keyboard

537 disSum=q1 . ’ ∗ phi ;

538 velSum=q1dt . ’ ∗ phi ;

539

540 ze ta =0. ;

541

542 M1=eye (n)+1∗mc_∗( phi . ∗ phi ) ; % Beam i n e r t i a matrix

543 M2=diag ( [mc_,ma_+b_ ] ) ; % Robot i n e r t i a matrix

544 q1ddt=M1\(−(w.^2 ) . ∗ q1−2∗zeta ∗(w. ∗ q1dt ) . . .

545 −(k∗( disSum−q2 (2) )+cd ∗( velSum−q2dt (2 ) )+kf_∗q3dt (1 ) ) ∗ phi+FWind∗ ph i Int

) ;

546 q2ddt=M2\ [ ( kp_∗(p−q2 (1 ) )+kd_∗(−q2dt (1 ) ) ) ; . . .

547 ( k∗( disSum−q2 (2) )+cd ∗( velSum−q2dt (2 ) )+kf_∗q3dt (1 ) ) ] ;

548 q3ddt=(kv_∗( velSum−q2dt (2 ) )−R_∗q3dt (1 )−C_∗q3 (1) ) ;

549

550 xdt ( end/2+1: end ) =[q1ddt ; q2ddt ; q3ddt ] ;

551

552 end

553

554 f unc t i on [ xdt ]=modelfun2 ( t , x , ParamBeam , ParamRobot , ParamF , ParamMode , count , mode ,

l o c )

555 %Note : q has the s i z e o f 2n+4, with f i r s t 2n f o r the modes and the l a s t 4

556 %f o r the p o s i t i o n and vib . d i sp lacement o f the absorber . Force d i s t r i b u t i o n

557 %i s uniform . This ODE i s modi f i ed f o r the d i r e c t l y planned motion towards the

ant inode .

558

559 n=ParamBeam(1) ;

560 wp=ParamBeam(2) ;

561 s=ParamBeam(3) ;

562 L=ParamBeam(4) ;
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563

564 k2=ParamRobot (1 ) ;

565 c2=ParamRobot (2 ) ;

566 %tau=0/L^2∗ sq r t ( EI/m) ;

567 m1=ParamRobot (3 ) ;

568 kp=ParamRobot (4 ) ;

569 kd=ParamRobot (5 ) ;

570 m2=ParamRobot (6 ) ;

571 va=ParamRobot (7 ) ;

572 b=ParamRobot (8 ) ;

573

574 k3=ParamRobot (1 ) ;

575 c3=ParamRobot (2 ) ;

576 %tau=0/L^2∗ sq r t ( EI/m) ;

577 m3=ParamRobot (3 ) ;

578 kp=ParamRobot (4 ) ;

579 kd=ParamRobot (5 ) ;

580 m4=ParamRobot (6 ) ;

581 va=ParamRobot (7 ) ;

582 b=ParamRobot (8 ) ;

583

584 f r e q=ParamF(1) ; % Wind Force Frequency (Hz)

585 amp_=ParamF(2) ; % Wind Force Amplitude

586 %phase=ParamWind ( : , 3 ) ; % Wind Force Phase

587

588 w=ParamMode ( : , 1 ) ;

589 axia lFrequency=ParamMode ( : , 2 ) ;

590

591 FWind=sum(amp_.∗ s i n (2∗ p i ∗ f r e q ∗ t /wp) ) ; % Composed from var i ous f r e q u e n c i e s

592

593 xdt=ze ro s (2∗n+8 ,1) ;
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594 xdt ( 1 : end /2 ,1)=x ( ( end/2+1) : end , 1 ) ; % Displacement o f the Cable Modes

595

596 q1=x ( 1 : ( end/2−4) ,1 ) ;

597 q1dt=x ( ( end/2+1) : ( end−4) ,1 ) ;

598

599 q2=x ( ( end/2−3) : end/2 −2 ,1) ;

600 q2dt=x ( ( end−3) : end −2 ,1) ;

601

602 q3=x ( ( end/2−1) : end /2 ,1) ;

603 q3dt=x ( ( end−1) : end , 1 ) ;

604

605 phi=ze ro s (n , 1 ) ; % Eigen funct ion o f each mode

606 phi2=ze ro s (n , 1 ) ; % Eigen funct ion o f each mode

607 ph i Int=ze ro s (n , 1 ) ; % Eigen funct ion o f each mode

608

609 f o r i i i =1:n

610 phi ( i i i )=sq r t (2 ) ∗ s i n ( ax ia lFrequency ( i i i ) ∗q2 (1 ) ) ;

611 phi2 ( i i i )=sq r t (2 ) ∗ s i n ( ax ia lFrequency ( i i i ) ∗q3 (1 ) ) ;

612 ph i Int ( i i i )=−sq r t (2 ) / ax ia lFrequency ( i i i ) ∗( cos ( ax ia lFrequency ( i i i ) ) −1) ; %

Eigen funct ion over

613 end

614

615 p1Final=pi /2/ axia lFrequency (mode) ; %Fina l robot p o s i t i o n r e f e r e n c e

616 tF ina l=p1Final /va ;

617 td=l o c /va ;

618 i f t<5

619 p1=l o c ;

620 e l s e i f ( t <(tFina l −td+5) )

621 %p=pFinal ;

622 p1=l o c+va ∗( t −5) ;

623 e l s e
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624 p1=p1Final ;

625 end % Constant speed r e f e r e n c e planning

626

627 p2Final=(1− l o c )−pi /2/ axia lFrequency (mode) ; %Fina l robot p o s i t i o n r e f e r e n c e

628 tF ina l=p2Final /va ;

629 td=(1−l o c ) /va ;

630 i f t<5

631 p2=(1−l o c ) ;

632 e l s e i f ( t <(tFina l −td+5) )

633 %p=pFinal ;

634 p2=(1−l o c )+va ∗( t −5) ;

635 e l s e

636 p2=p2Final ;

637 end % Constant speed r e f e r e n c e planning

638

639 disSum=q1 . ’ ∗ phi ;

640 velSum=q1dt . ’ ∗ phi ;

641

642 disSum2=q1 . ’ ∗ phi2 ;

643 velSum2=q1dt . ’ ∗ phi2 ;

644

645 ze ta =0;

646

647 M1=eye (n)+1∗m1∗( phi ∗ phi . ’ ) +1∗m1∗( phi2 ∗ phi2 . ’ ) ; % Beam i n e r t i a matrix

648 M2=diag ( [m1;m2 ] ) ; % F i r s t Robot i n e r t i a matrix

649 M3=diag ( [m3;m4 ] ) ; % Second Robot i n e r t i a matrix

650 q1ddt=M1\(−(w.^2 ) . ∗ q1−2∗zeta ∗(w. ∗ q1dt ) . . .

651 −(k2 ∗( disSum−(q2 (2 ) ) )+c2 ∗( velSum−(q2dt (2 ) ) ) ) ∗ phi . . .

652 −(k3 ∗( disSum2−(q3 (2 ) ) )+c3 ∗( velSum2−(q3dt (2 ) ) ) ) ∗ phi2 . . .

653 +FWind∗ ph i Int ) ;

654 q2ddt=M2\ [ ( kp ∗( p1−q2 (1 ) )+kd∗(−q2dt (1 ) ) ) ; . . .
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655 ( k2 ∗( disSum−q2 (2) )+c2 ∗( velSum−q2dt (2 ) ) ) ] ;

656 q3ddt=M3\ [ ( kp ∗( p2−q3 (1 ) )+kd∗(−q3dt (1 ) ) ) ; . . .

657 ( k3 ∗( disSum2−q3 (2) )+c3 ∗( velSum2−q3dt (2 ) ) ) ] ;

658

659 xdt ( end/2+1: end ) =[q1ddt ; q2ddt ; q3ddt ] ;

660 end
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