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ABSTRACT

The objectives of this research were to investigate and establish a procedure to determine
the self-damping characteristics of transmission line conductors subjected to free and
forced vibrations. The TERN and Aero-Z IEC62219-REV240609 conductor cables were
the transmission line conductors that were readily available at the Vibration Research and

Testing Centre (VIRC) of the University of KwaZulu-Natal (UKZN).

The question to be answered was whether the self-damping characteristics of the TERN
and Aero-Z IEC62219-REV240609 conductors were adequate to suppress Aeolian or
wake-induced vibrations. In other words, is it necessary for external damping mechanisms
to be used with these conductors? This study confirmed that the self-damping
characteristics of conductors are not adequate to suppress Aeolian or wake-induced

vibrations.

Governing partial differential equations describing the characteristics of the catenary and

parabolic cable conductors were developed to validate the experimental results.

The experimental tests involved both conductors being subjected to an impulse function (a
free vibration method) and also to a harmonic function (a forced vibration method).
Measurements were carried out using accelerometers, and the recording equipment

consisted of oscilloscopes and the PUMA system.

With both the free and forced vibration methods, the damping factor of the TERN

conductor was confirmed to be ¢ <0.05, whereas the damping factor of the Aero-Z

TEC62219-REV240609 was confirmed to be ¢ <0.2.

A procedure for determining the self-damping characteristics of the TERN and Aero-Z
TIEC62219-REV240609 conductors was developed, with the damping factor found to be



¢ <0.2 for both conductors. These methods can assist in the implementation of
procedural analysis of the self-damping behaviour of different types of transmission
conductors and in finding the most suitable mass absorber (damper) to use in reducing the
rate of failure of transmission line conductors. The results of this study can be used to
improve the mathematical modelling of Aeolian and wind-induced vibrations where both

self-damping properties and a mass absorber are incorporated.
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Chapter 1

INTRODUCTION

Many countries that use transmission lines have discovered that failure on the transmission
lines is often caused by Aecolian and wake-induced vibration, which can have a major
impact on the structural lifetime and service of transmission lines. Quite often, the presence
of vibration is not desirable, and the interest lies in the reduction thereof. The increasing
demand for the improvement of existing methods and the development of new techniques
for controlling vibration on transmission line conductors is a major concern. In the case of
unacceptable vibration and acoustics, there is a need to understand the overall nature of the
problem, including the internal and external damping characteristics of the conductor. This
dissertation describes the researcher’s mission to investigate and establish a procedure to
determine the self-damping (internal damping) of transmission line conductors due to free

and forced vibration.

1.1 Background

Conductor vibration: Overhead transmission and distribution line designs need to be
analysed to ensure that wind-produced vibration will not cause failures or damage to the
conductor (PLP, 2008). Almost every rural distribution line will experience some Aeolian
vibration at times. Certain locations and prevalent weather conditions may affect certain
line designs and produce amplitude and vibration frequencies that will cause fatigue failure
of the conductor or structural components. Because so many factors are involved, it is

extremely difficult to establish a single set of guidelines applicable to all conductor designs.

Aeolian vibration: This is the most common type of vibration and results from vortex
shedding under laminar flow of wind. This is a low-amplitude vibration with a maximum

frequency of 3-60 Hz for wind speeds of 1-8 m/s). Sometimes, additional sinusoidal waves



of differing frequencies arise on the line, corresponding to a higher mode of vibration.
This vibration lies on the vertical plane, exerts continuous alternating bending stresses on

the conductor strands, and may eventually lead to fatigue failure of the conductor (PLP,
2008).

Conductor galloping: Also known as long-wave vibration, this is characterised by low
trequencies of 0.1-1 Hz. This phenomenon is most common when there is sleet covering
the cable, because this coating of ice creates irregular edges and surfaces, disturbing the air
flow, which breaks away at these points to induce a certain self-excitation. Thus the system
becomes susceptible to vibration subject to resonance. The conditions most conducive to
galloping are low pressure with high winds and a temperature of between 0 and -5 °C (PLP,
2008).

Wake-induced oscillation: This type of vibration occurs when bundled conductors are
exposed to moderately strong crosswinds, and arises from the shielding effect that
windward sub-conductors have on leeward ones. The wake proceeding downwind from a
stationary windward sub-conductor can subject the leeward sub-conductor to a complex
and variable set of forces, which, depending on the relative magnitude, may suppress the
motion of the leeward sub-conductor or may cause it to move in an elliptical and irregular
orbit. This complicates both the aerodynamic and mechanical forces acting upon the
leeward sub-conductor. At worst, wake-induced oscillation may cause suspension hardware
failure or crushing of the conductor strands due to clashing. In most cases, damage is
limited to rapid wear in suspension hardware, or fatigue of spacers or other accessories

(PLP, 2008).

Damping: This is of great importance in the dynamic design of engineering structures,
especially for response prediction and vibration control. The two major mechanisms of

vibration control are energy dissipation and vibration isolation Inman, 2001).



Self-damping: According to Vecchiarelli, Currie and Havard (1995), “When a conductor
flexes, the strands of the conductor slip against each other; this relative motion generates
frictional forces that provide damping. In addition, internal losses are incurred at the
microscopic level within the core and individual strands of the conductor; this is known as
metallurgical or material damping. The combination of these dissipative effects is referred
to as conductor self-damping.” Conductor self-damping can be a major source of energy
dissipation during Aeolian vibration. However, as conductor tension increases, the strands
tend to lock and slippage is reduced. As a result, conductor self-damping decreases and the
severity of Aeolian vibration increases, thereby raising the potential for fatigue damage. It is

for this reason that the tension of an undamped conductor is kept relatively low.

Free vibration: This is the natural response of a structure to a particular impact or
displacement and is wholly determined by the structure’s mechanical properties (Inman,

2001).

Forced vibration: This is the response of a structure to a repetitive forcing function that

causes the structure to vibrate at the frequency of the excitation (Inman, 2001).

1.2 Problem statement

By means of this study, the researcher sought to develop a procedure for determining
conductor self-damping, including damping factors, oscillation decay, travelling wave, and
resonant frequencies. This also involved further investigation into the internal damping of a
conductor (self-damping) to determine the necessity of external dampers. This required the

use of laboratory test methods to measure the self-damping properties of conductors.

1.3 Scope

This research is limited to the self-damping characteristics of transmission line conductors

subjected to free and forced vibration methods.



1.4 Hypothesis

The increasing demand for the improvement of existing methods and the development of
new techniques for controlling the vibration of transmission line conductors is a major
concern. Various researchers (including Noiseux, 1992) have studied the phenomenon of
self-damping, but there is a lack of empirical procedures for the analysis of the self-
damping behaviour of a conductor. Moreover, manufacturers do not provide specific
standards relating to the internal damping of a conductor, which might explain the
prevalence of failure in transmission line conductors. It is therefore necessary to firstly
understand the self-damping characteristics of transmission line conductors before
considering other factors that may have an influence on transmission lines. The use of mass
absorbers without considering the influence of self-damping disregards the true behaviour

of the conductor.

The self-damping characteristics of conductors are not supplied by the manufacturers and
must therefore be determined by means of research so that they can be incorporated in
mathematical modelling. The damping of conductors is usually done by means of the
addition of mass absorbers, but since the self-damping characteristics are not known,

mathematical modelling cannot be effectively implemented.

1.5 Methodology

There are several methods that can be used to measure the self-damping of transmission
line conductors, but this research focused on two main methods, namely “free vibration”

and “forced vibration™.

The test was applied to a conductor subjected to an impulse function, which is a free
vibration method, and also to a harmonic function, which is a forced vibration method (see

Figure 1 below).



Figure 1: Conductor under functional load

Test case 1: Free vibration: f (t) = 5(t) - impulse function
Test case 2: Forced vibration: f(t) = Fsin et - sinusoidal or harmonic function
Free vibration method: The theory relating to the free vibration method is discussed in

Chapter 3 of this dissertation. The procedure relating to the free vibration method is
discussed in Chapter 5 of this dissertation. The conductor was subjected to an impulse
function whereby a hammer was used to introduce an impulse force. Accelerometers were
used as measuring instruments from which an oscilloscope recorded the data. Using the
data captured by the oscilloscope, the log decrement method developed in Chapter 3
(Section 3.7: Measurement of damping) was used to calculate the log decrement (0) and

the corresponding damping factor (¢ ).

Forced vibration method: The theory and procedure relating to the forced vibration
method are discussed in Chapter 4 of this dissertation. The conductor was subjected to a
harmonic function whereby an electrodynamics exciter motor or shaker was employed.
Measurements were carried out by accelerometers from which data was recorded onto the
PUMA system, which incorporated the control system of the electrodynamic shaker. A
sweep test was done to locate the natural frequencies, the details of which were used to

calculate the quality factor (Q) to obtain the damping factor () (see Section 4.2: Quality

factor as a measure of damping).

The results: Chapter 6 of this dissertation details the results for the free vibration method

(Section 6.2) and the forced vibration method (Section 6.3). In Chapter 7, the results found



for the free vibration method of TERN conductor are compared with the results found for
the free vibration method of Aero-Z IEC62219-REV240609 conductor (Sections 7.2. and
7.3). In Chapter 8, the results found for the forced vibration will be compared with the
results found in Chapter 7 for the free vibration method. Furthermore, the self-damping
(internal damping) results are compared with the external damping results to check whether
the self-damping characteristics of a transmission line conductor are adequate to suppress

Aeolian and wind-induced vibrations (Sections 7.3 and 8.3.).

1.6 Structure of the dissertation

Chapter 1 of the dissertation forms the introduction.
Chapter 2 contains the literature review.
Chapter 3 is dedicated to the free vibration method, discussing the theoretical background.

Chapter 4 is dedicated to the forced vibration method, discussing the theoretical
background.

Chapter 5 contains the apparatus and experimental procedure used on free vibration
method and forced vibration method.

Chapter 6 presents the results for both the free and the forced vibration methods.
Chapter 7 discusses the analysis of results for free vibration method.

Chapter 8 discusses the analysis of results for forced vibration method.

Chapter 9 contains the discussion of the results.

Chapter 10 provides the conclusions of this study.

Chapter 11 lists the recommendations arising from this study.

Chapter 12 contains the list of references used in this study.

The appendices follow at the end of the dissertation.



Chapter 2

LITERATURE REVIEW

2.1 Introduction

The purpose of this Chapter is to reflect the background knowledge gathered from other
researchers and link it with the research conducted for purposes of this dissertation. The
authot’s deductions are shown in italics. The literature review outlines conductor
vibrations, the importance of studying the self-damping characteristics of transmission line
conductors, the methods used by other researchers and their findings, as well as the

conclusion.

2.2 Conductor vibrations

For purposes of this dissertation, overhead transmission and distribution line designs were
analysed in order to determine a method to prevent wind-produced conductor vibration
from causing line failures or damage (PLP, 2008). Almost every rural distribution line
included in the study would have experienced some Aeolian vibration. Different locations
and prevalent weather conditions had affected certain line designs, producing amplitude
and vibration frequencies that had caused fatigue failure of the conductor or structure
components. Since so many factors were involved, it was extremely difficult to establish a
single set of guidelines applicable to all conductor designs. I7 therefore became clear that certain
properties of the conductors, such as self-damping, would have to be analysed in an effort to limit failure

caused by vibration.

2.3 Reasons for studying the self-damping characteristics of transmission line
conductors

The increasing demand for the improvement of existing methods and the development of

new techniques for controlling vibration on transmission line conductors is a major



concern. A number of researchers [Noiseux, 1992; Vecchiarelli ¢z al., 1995) have examined
the topic of self-damping, but there is a lack of empirical information on conductor
damping forces, as well as a lack of an empirical procedure to determine the self-damping
characteristics of transmission line conductors. Manufacturers also do not provide specific
standards relating to the internal damping of conductors, which might cause them to fail.
The author therefore identified the need to understand the self-damping characteristics of transmission line
conductors before considering other aspects that could have an influence on the functioning of transmission
lines. The use of mass absorbers without considering the influence of self-damping does not provide a true

picture of the functioning of the conductor, and certain procedures would have to be developed for this purpose.

Previous studies have focused on reducing vibration by means of the dissipation of the
vibration energy. Many laboratory studies on conductor self-damping have been
performed, but in such cases it was found that determining the energy dissipated due to
conductor self-damping was not a straightforward process (Vecchiarelli e al, 1995).
Significant discrepancies in experimental results could occur as a result of extraneous
sources of damping, such as aerodynamic resistance. This shows that more advanced technology is

needed in determining the internal damping of a conductor.

2.4 Other researchers’ methods and results

Boltezar and Otrin (2007) studied the lateral vibrations of straight and curved cables with
no axial preload. The finite element used was based on the Euler-Bernoulli theory, and the
researchers studied the dissipation of energy with viscous and structural damping models.
They also identified the Rayleigh coefficients and the frequency dependence of the loss
factor. Using equality between measured and computed natural frequencies; the estimated-
frequency depended on the dynamic modulus of elasticity and was used for all cables
studied. The experimental measurements were based on mathematical models, and the
support excitation was achieved by the use of an electrical shaker. The amplitude force was

measured at the fixed support with a dynamometer. For the curved cable, the mathematical



model was verified for in-plane and out-of-plane vibrations. Their results appear below

(Boltezar & Otrin, 2007).

Table 1: Difference of the damping ratios for the two identification methods, for length | =0.253m

Mode number l ) 3
LSM; 0.0323 0.0106 0.0103
NY 0.029 0.0135 0.012

Table 2: Difference of the damping ratios for the two identification methods, for length | =0.328m

Mode number l 2 3 4
LSM, 0.024 0.00984 0.0097 0.009%
NY 0.021 0.011 0.014 0.012

Table 3: Difference of the damping ratios for the two identification methods, for length | =04m

Mode number 1 2 3 4 5
LSM; 0.071 0.028 0.0342 0.0315 0.027
NY, 0.062 0.039 0.035 0.0318 0.034
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Figure 2: Approximated Rayleigh function (- - -) for measured damping ratios at natural frequencies

(&) for straight cable lengths: (a) 0.253 m, (b) 0.328 m and (c) 0.4 m; (d) changes if Rayleigh

coefficients «(. . .) and B(- - -) with different lengths of cables.

Boltezar and Otrin (2007) did not include tension in their experimental data, and different results might
have been achieved if tension had been included. The research conducted for punposes of this dissertation did
include tension. The method of analysis, nsing Rayleigh damping, is classical, and the graph of the frequency
versus damping ratio night be applicable to this work.

Adhikari (2006) proposed a damping method suitable for structural elements, stating: “A
method for identification of damping matrix using experimental modal analysis has been
proposed. The method is based on generalized proportional damping. The generalized
proportional damping expresses the damping matrix in terms of smooth continuous
functions involving specially arranged mass and stiffness matrices so that the system still
possesses classical normal modes. This enables one to model variations in the modal

damping factor with respect to the frequency in a simplified manner. Once a scalar
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function is fitted to model such variations, the damping matrix can be identified very easily
using the proposed method. This implies that the problem of damping identification is
effectively reduced to the problem of a scalar function fitting. The method is simple and
requires the measurement of damping factors and natural frequencies only. The proposed
method is applicable to any linear structures provided accurate mass and stiffness matrices
are available and the modes are not significantly complex. If a system is heavily damped and
modes are highly complex, the proposed identified damping matrix can be a good starting

point for more sophisticated analyses.”

The graph of model damping versus frequency was adapted for use in this study.

Furthermore, Adhikari and Woodhouse (2001) proposed certain methods to identify
damping from experimentally identified complex modes. The method for the identification
of a non-proportional viscous damping matrix in vibrating systems was included. The
method was explored by applying it to simulated data from a simple problem, in which a
linear array of spring-mass oscillators was damped by non-viscous elements over part of its
length. The results were illustrated by two particular damping models and representative
parameter values. Symmetry breaking of the fitted viscous damping matrix depended on
the value of the characteristic time constant 0 of the damping model — when 6 was short
compared to the natural vibration period, the damping was electively viscous and the
fitting procedure gave a physically sensible symmetric matrix. When 6 was longer,

however, the memory of the damping function influenced the detailed behaviour.

The approach of using excperiments was taken for purposes of this dissertation.

McClure and Lapointe (2003) found that “internal damping mainly comes from the cables
and the structures. When a cable is subjected to longitudinal shock loads, internal damping
arises from the axial friction between the strands and friction induced by bending of the
wire. Little research has been carried out on the subject and cable manufacturers do not

supply this information. Furthermore, most of the research done on cable self-damping
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relates to the study of Aeolian vibrations and galloping in intact spans, two instability
phenomena dominated by transverse rather than longitudinal motion.” There were no results
produced for the internal damping of the conductor. McClure and Lapointe (2003) went on to state
that all analyses performed in their case study assumed linear elastic materials. This was
certainly an unrealistic assumption if analyses were carried out to explain failure of the

mechanisms.

For short time spans (I <1m) transverse effects dominate, whereas for long time spans

(=1m _such as those considered in this research, the tension effect may dominate. See

Beards (1995), for example, as well as the following equations (Chapter 3):

4 2 2
K ;)((E'X) 79 2;)((t2”‘)+pAa éfz'x):o
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The natural frequency is inversely proportional to the length of the conductor and

therefore Iiz ZI% forl >1m.

Rawlins (2009) determined “self-damping” through measurements in the laboratory, which
proved difficult and time-consuming under standard laboratory procedures, 7 this regard a
suitable analytical model of conductor self-damping mechanics is required. He further proposed a model
used as a tool for exploring and better understanding the variations in the characteristics of
the conductor samples. This work will add or contribute to methods based on the standard

recommended procedures.

Sorokin and Rega (2007) developed a theory to describe the linear time-harmonic
behaviour of an arbitrarily sagged inclined cable under heavy fluid loading by a viscous
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fluid. The ensuing evaluated added mass and viscous damping coefficients were shown to
be highly dependent on the type of mode. The Figure below, taken from Sorokin and Rega
(2007), shows the damping coefficient versus frequency in Hertz, which may be applicable
to this dissertation. The theory of free linear vibration of arbitrarily sagged inclined cables in a viscous
fluid presented in the framework of the heavy fluid loading concept, as used by Sorokin and Rega (2007),

was not applied in this study.

Diana, Falco, Cigada and Manenti (2000) stated that their experimental method for testing
the self-damping of overhead transmission lines on laboratory spans was in accordance
with international standards. Two testing procedures were developed, namely the power
method and the inverse standing wave ratio (ISWR) method. The differences found
between the two were assumed to be caused by dead-end losses, which were a function of

the non-dimensional damping (h), as shown in the Figure below (Diana ez a/., 2000).

1.40E-0
1.20E-0
1.00E-0
8.00E-0

h 6.00E-0
4.00E-0
2.00E-0
0.00E+0
0.00E+ 00 2.00E-03 4.00E-03

Amp [m]

Figure 3: Comparison power method-ISWR method: 34 Hz (1, 2 different test runs; ACST cable,

diameter 24.15 mm).
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The two methods fixed the way in which data was to be presented in measurement reports,
although there were comments about the advantages and disadvantages of both methods,
which required further investigation. The ISWR method was based on the measuring of
amplitude of vibration in two nodes along the span at constant frequency. I this dissertation,
the changing of the damping ratio coefficient is recorded in respect of the frequency in order to show the effect
of frequency on damping. ‘The Std 664-1993 span methods prescribed by the Institute of
Electrical and Electronics Engineers IEEE) were used (Pon, 2009):

Inverse standing wave ratio ISWR) method

Power method

Logarithmic decay method

These methods used span to test conductor and damper together to obtain a combined
total power dissipation due to self-damping of the conductor, plus damping due to an
external damper, used in conjunction with IEEE Std 563-1978. The power dissipation due
to conductor self-damping was subtracted from the combined total damping to obtain the
power dissipation of the external damper. It was further stated that IEEE Std 664-1993
status (as of summer 2009) had not been revised since last being reaffirmed in 2007 and
was due for maintenance reaffirmation, revision or withdrawal in 2012. I this regard, the self-

damping characteristics of conductors were researched further in order to affiliate these standards.

Yamaguchi, Alauddin and Poovarodom (2001) conducted an experimental procedure to
analyse the dynamic characteristics of a structure using a fixed-fixed beam with 10
randomly placed masses. The shaker was used as an impact hammer to ensure a consistent
force and location for all the tests. The ruler was used to minimise error in measuring the
mass locations in the beam experiment. The grid system and nodal points were employed
to minimise error in measuring the oscillator. The hammer was located in the plate

experiment, and the magnets were used as attached masses for ease of placement in the
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beam experiment. The magnets were attached to the oscillators in the plate experiment, and
the hard steel tip and small brass plate on the flexible beam were used to obtain virtually
noise-free data up to 4.5 kHz. The statistics of the frequency response functions measured
at different points were obtained for low, medium and high frequency. The variability in
the amplitude of the measured frequency response functions was compared with numerical
Monte Carlo simulation results. The data obtained in these experiments was to be used for
validation of the uncertainty quantification and propagation methods in structural
dynamics. Yamaguchi and Adhikari (1995) and Adhikari, Friswell, Lonkar and Sarkar
(2009) analysed the dynamic characteristics of a structure with free and forced response of
a cable system using an energy-based method of damping. Evaluation was applied to
analyse the characteristics of system modal damping. An energy-based method was derived
in the form of the product of modal strain energy ratio and loss factor whereby numerical

results were obtained with the finite element method.

Cooper and Nuckles (1996) performed Aeolian vibration tests on four distinct sample
constructions of “705 kemil 26/7 Drake” overhead transmission conductors to determine
their self-damping characteristics. They discovered that “the vibration behavior for the
conventional construction versus the trap wire (T'W) design was very similar for a given
tension and frequency.” Normally, if the size of longitudinal length of a conductor
increased, the self-damping capabilities also increased. In this case, there was only a .098
inch reduction in diameter for the TW design. This was not sufficient to make a significant
difference in the power dissipation. Furthermore, the test results of Cooper and Nuckles (19906)
were plotted on the graphs of power dissipation versus frequency. This is closely related to

showing damping versus frequency and was therefore considered for purposes of this study.

The identified damping ratios (Boltezar, Slavic & Simonovski, 2003; Boltezar & Otrin,
2009) for the spatially curved steel wires with a casing were identified with the wavelet-

based technique, while the loss factor came from the “Nyquist” plot.
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Barbieri, Junior and Barbieri (2004) studied the dynamical behaviour of the electrical cables

of transmission lines using theoretical and experimental methods as shown (Barbieri ef .
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Figure 4: Damping ratio (14.78% RTS cable load).
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Figure 5: Damping ratio (21.91% RTS cable load).

Table 4: Eigenvalues (10 700 N cable load)

Mode number

Experimental

Reduced model

B S

L

—0.11+i27.13
—0.05+153.98
—0.06+i80.76
—0.07+i108.35
—0.15+1135.20

—0.11 +i26.93
—0.05 +153.87
—0.06 +i80.82
—0.07 +i107.80
—0.15+1134.77

The numerical analyses were conducted using the finite element method. For validation of

the mathematical models, the simulated results were compared with experimental data
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obtained in an automated testing system for overhead line cables. The modal parameters
were optimised through a gradient search routine, the complex envelope technique, and the
single-degree-of-freedom method. The estimated values for the eigenvalues and
eigenvectors through analytical and experimental methods presented consistent values for
all situations of mechanical load and sample length. It proved possible to estimate the
damping ratio for the first five eigendata through the search and complex envelope
techniques. Furthermore, Barbieri e /. (2004) established a procedure to identify damping
of transmission line cables in order to estimate in a simple (proportional) way the system
damping matrix. The procedure was based on experimental and simulated data where
experimental data was collected through five accelerometers and the simulated data was
obtained using the finite element method. The system damping matrix was estimated
through different procedures whereby three sample lengths and two different mechanical
loads were applied. The experimental and simulated results presented good approximates.

The free vibration method is also considered in this dissertation.

Ceballos and Prato (2008) presented a procedure to measure the axial force acting on a
cable from free vibration tests. Their analysis was carried out through analytical solutions,
and the axial force was derived by optimising the correspondence between measured and
analytical natural frequencies considering, as simultaneous adjustment variables, the axial
force and the bending stiffness of the cable. It was discovered that the influence of the
rotational stiffness at the cable ends on the estimation of the axial force increased with the
bending stiffness of the cable. For cables with deviator collars near the ends, an analytical
solution was proposed to derive the rotational stiffness at the supports, while an
experimental procedure was proposed in the case of cables without deviators. I #his report,
the free and forced vibration tests with clamped boundary conditions are considered. The experimental tests

are further analysed by means of theoretical calculations.

In past laboratory studies of conductor self-damping, the main focus was on energy

dissipation due to conductor self-damping. Although several investigators have carried out
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various tests on a variety of conductors, determining the energy dissipated due to
conductor self-damping has proven not to be a straightforward process Vecchiarelli, Currie
& Havard, 2000). Furthermore, significant discrepancies in experimental results could be
caused by extraneous sources of damping, such as aerodynamic resistance. The method
proposed by Vecchiarelli ¢ a/. (2000) was the energy balance method, which is simple but
limited, as it does not account for the effects of travelling waves, contributions from other
spatial modes of vibration, conductor flexural rigidity, and damper mass. This emphasises the
need for further investigational methodologies for determining the self-damping characteristics of transmission

line cables.

The finite element method was used by Barbieri ¢ a/. (2004) to obtain numerical models,
after which the simulated results were compared with the experimental data obtained in an
automated testing system for overhead line cables. The forced response was obtained
through an impulsive excitation (impact hammer) or electromechanical shaker, and the
vibration signals were collected through accelerometers placed along the half sample. The
Irvine parameter was used to analyse the eigenbehaviour. Barbieri ez 2/ (2004) discovered
that the numeric and experimental dynamical behaviour is a function of the excitation

trequency.

Kahla (1995) used a numerical method for analysing the dynamics of single guy cables on
both windward and leeward conductors. The results of this method were compared to
those of analytical formulae. The natural frequencies and mode shapes were determined for
both windward and leeward conductors. Whereas Kabla (1995) used wind to excite the motion of
both windward and leeward conductors, this researcher used the shaker to excite the motion of a single

conductor. The following graphs, taken from Kahla (1995), reflect some of his results.
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Figure 6: Variation of the leeward guy dynamic amplification factor as a function of the wind

fluctuating frequency.

Koh and Rong (2004) presented a paper on the dynamic analysis of three-dimensional
cable motion, accounting for axial, flexural and torsion deformations, as well as geometric
non-linearity due to large displacements and rotations. Their comprehensive study covered
analytical formulation and a numerical strategy based on an iterative finite difference

scheme, as well as experimental verification by means of shaking Table tests. A specific
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problem of cable motion due to support excitation was used to illustrate the asymmetry
and sensitivity of the dynamic tension response associated with geometric non-linearity of
large-displacement cable motion. The shaking Table tests validated the accuracy of the

numerical results obtained for both two-dimensional and three-dimensional cases.

Brennan, Carrella, Waters and Lopes (2008) described the free and forced dynamic
behaviour of a single-degree-of-freedom system in cases where the damper is elastically
supported (Zener model). Optimum values of the damping were determined for cases
where the mean square displacement response of the mass and the mean square force
transmitted to the rigid base were of interest. It was shown that having the spring in series
with the damper affords no benefits, and the best option is to have the damper rigidly
connected. The theoretical work is applicable to this study, but the results for a conductor with a mass
absorber damper are compared with the results for a conductor without a mass absorber damper in order to

determine the effects of internal damping of the transmission line conductor.

Diana, Bruni, Cheli, Fossati and Manenti (1998) carried out a dynamic analysis of the high-
voltage overhead transmission line crossing known as Lago de Maracaibo in Venezuela.
This entailed the evaluation of the dynamic response of the overhead transmission line
when subjected to vortex-induced and wake-induced vibrations, as well as the buffeting
effects of wind action in particular. Mathematical models were used to reproduce the
interaction between wind and structure, taking into account the aerodynamic non-linear
forces acting on the cables, while the structural model was generally liberalised in the
neighbourhood of the equilibrium configuration. In these cases, a frequency domain
analysis was mostly performed by means of the modal approach, while linear finite element
models were used for time domain analysis. Methodologies were presented to simulate the
different problems, producing some results in terms of choice of damping system, the
minimum inter-phase distances, and the parameters related to the dynamic design of the

towers. These processes excluded the internal damping characteristics of the conductors.
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Fang and Lyons (1996) presented an expression for modal damping (loss factor or
logarithmic decrement) that was obtained analytically for tensioned pipes where the
material damping was the only source of damping. The dependence of modal damping on
axial tension, which was well known from general experience with cables, was explained.
The expression was extended to give an equivalent modal loss factor when there were other
forms of damping such as dry friction, as in the cases of cables and marine risers. Test
results on vertical tensioned pipes with pivoted ends and fixed ends were presented. When
pivoted joints were used, Coulomb damping in these joints dominated the structural
damping behaviour. When the pivoted ends were replaced by fixed ends, the damping
values were greatly reduced and were of a similar level to those measured when the pivots
stopped moving in the tests with pivoted ends. It was shown that these low damping values
were in part caused by the dry friction force between the pipe specimen and metal shafts in
the push-fixings used in the tests. The material damping was predicted by the expression

developed to be only a small part of the structural damping in all the tests.

Hagedorn, Mitra and Hadulla (2002) proposed the energy-balance method to estimate the
vibration amplitudes of the vortex-excited vibrations of single conductors in overhead
transmission lines with dampers, but also to determine the strains at critical points in the
span. In modelling the vortex-excited oscillations in this manner, it was assumed that the
conductor was always in resonance. The discrete spectrum of the free conductor vibrations
was thus replaced by a continuous spectrum. This could be justified by the fact that the
resonance frequencies were very closely spaced, and there was little sense to physically
distinguish between the individual resonances, which depend on parameters that were not
well determined. Conductors both with and without mass absorber dampers were used in
this work to check whether the self-damping characteristics of the transmission line

conductors were adequate to suppress Aeolian or wake-induced vibrations.

Pon (2009) presented a model formulation capable of analysing large-amplitude free

vibrations on a suspended cable in three dimensions. The virtual work-energy functional
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was used to obtain the non-linear equations of three-dimensional motion. The
formulation was also to be used on cables having small sag-to-span ratios in a convenient
specified applied end tension. Based on the multi-degrees-of-freedom model, numerical

procedures were implemented to solve both spatial and temporal problems.

Chucheepsakul, Srinil and Rega (2004) determined the self-damping of a conductor
experimentally whereby a length of conductor was forced to vibrate at a single mode of
vibration, while the total energy dissipated along the entire span of the conductor was
measured. Different laboratory experiments had been done, but there was a lack of
empirical information on the self-damping force of a conductor and this had to be
modelled in the study. A theoretical analysis of conductor self-damping was developed in
which the underlying force was assumed to be of the hysteretic type. This clearly shows the need

for further investigation of relevant methods, as done in this stud.

A number of researchers have studied the vibration of cables and damping mechanisms
(Adhikari ez al, 2009; Barbieri, Novak & Barbieri, 2004; Cornila, Capolungoa, Qua &
Jairazbhoy, 2007; Fekr & McClure, 1998; Hagedorn et 4/, 2002; Hardy & Leblond, 1993;
Ni, Ko & Zheng, 2002; Park, Lyu & Lee, 2008; Rawlins, 2000; Vecchiarelli ez al, 1995).
Several books on vibration theory (Beards, 1995; EPRI, 1979; Inman, 2008; James, Smith,
Wolford & Whaley, 1989; Meirovitch, 2001; Meriam, 20080liveira & Preire, 1994;
Thomson & Dahleh, 1998) have also covered techniques of evaluating damping
characteristics and energy dissipation. This dissertation looks closely at the fundamentals of
damping characterisation and experimental techniques based on published books and some

new papers.

2.5 Conclusions

From the literature review, there is compelling evidence of the need to investigate and
establish procedures to determine the self-damping characteristics of transmission line

conductots.
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Chapter 3
THEORETICAL BACKGROUND ON THE FREE VIBRATION METHOD

3.1 Introduction

This Chapter covers the theory related to free vibration of a transmission line conductor, as

used for the analysis of results (see Chapter 7).

The theory is formulated in Section 3.2. The parabolic cable is considered in Section 3.3
and the catenary cable in Section 3.4. The governing differential equation for the eigenvalue
problem is presented in Section 3.5 while Section 3.6 reflects the wave equation and

Section 3.7 the measurement of damping.

3.2 Theory

This Section looks at cable static and dynamic equations (EPRI, 1979; Oliveira & Preire,
1994). If the intensity of the variable and continuous load applied to the cable (see Figure 7)
is expressed as @ units of a force per unit of hotizontal length X, then the resultant R of

the vertical loading is

R= [dR = [wdx 3.1

Figure 7: Cable under load
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whete the integration is taken over the desited interval. We find the position X of R from

the moment principle, so that

Ix drR
R

RX = [xdR X = (32)
The equilibrium condition of the cables will be satisfied if each infinitesimal element of the

cable is in equilibrium. The free-body diagram of a differential element is shown in Figure

8.

Figure 8: Free-body diagram

At the general position X the tension in the cable is T and the cable makes an angle 6 with

the horizontal X direction. At the Section X+dX the tension is T +dT, and the angle is

6 +d@. Note that the changes in both T and 0 are taken positive with positive change in
X. The vertical load @ dX completes the free-body diagram. The equilibrium of vertical and

horizontal forces requires, respectively, that
(T +dT)sin(@+dO) =T sin 8+ o dx
(T +dT)cos(@+d@) =T cos&

The equilibrium equation may be written in the form
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d’y _w 3.3)
dx> T,
Equation (3.3) is the differential equation for the flexible cable. The solution to the

equation is that functional relation Y = f (X), which satisfies the equation and also satisfies

the conditions at the fixed ends of the cable, called boundary conditions. These

relationships define the shape of the cable.

3.3 Parabolic cable

When the intensity of vertical loading w is constant, the description closely approximates a
suspension bridge where the uniform weight of the roadway may be expressed by the
constant w. The mass of the cable is not distributed uniformly with the horizontal, but is
relatively small and its weight is neglected. For this limiting case it will be proven that
Figure 9 shows such a suspension bridge of span L. and sag h with origin of co-ordinates

taken at the midpoint of the span.

w = Load per unit of horizontal length

(a) (b)

Figure 9: Cables hanging in a parabolic arc

Referring to Figure 9, the integration of equation (3.3) once with respect to X gives

dy _wx

+C
dx T, S

25



where Cis a constant of integration. For the co-ordinate axes chosen, dy/dx =Owhen

X =0,so that C = 0. Thus,

dy _ wx 3.5
dx T, )
which defines the slope of the curve as a function of X. One further integration yields
y x 2
foy = jﬂdx or y=2% (3.6)
0 o To 2T,

Equation (3.6) gives the shape of the cable, which we see is a vertical parabola. The

constant horizontal component of cable tension becomes the cable tension at the original.

Inserting the corresponding values X =1, and y = h, in equation (3.6) gives

T, = 3.7)

(3.8)
so that y =h,(x/1,)’

The tension T is found from a free-body diagram of a finite portion of the cable, shown in

Figure 9. From the Pythagorean Theorem

T T 69)

with elimination of T gives

3.10

T =o' +(,7/2n,)? 0
The maximum tension occurs where X =1, and is

T =Wl \1+(1,/2h,)° (3.11)
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The length s,of the complete cable is obtained from the differential relations by

integrating the expression for a differential length dS = (dX)2 + (dy)2 . This gives us

2 4
S P U U
Sy =1, [1+3(|Aj 5(';\] +] (3.12)

The relationships that applies to the cable Section from the origin to point B can be easily

obtained by replacingh,,l, and s, withhg,L; ands;, respectively.

3.4 Catenary cable

Consider now a uniform cable, Figure 10, taken from Oliveira and Preire (1994), suspended
at two points in the same horizontal plane and hanging under the action of its own weight
only. The free-body diagram of a finite portion of the cable of length S is shown in the
right-hand part of Figure 10. This free-body diagram differs from that in Figure 9 in that
the total vertical force supported is equal to the weight of the Section of cable of length S

in place of the load distributed uniformly with respect to the horizontal.

[ A

I AN a

| N L I
.t _/ y
B9
4—{1?—4_/_ B

Figure 10: Uniform cable

If the cable has a weight g per unit of its length, the resultant R of the load is R = 1,
and the incremental load @ 0X is replaced by x dS. Thus we may substitute @ =  ds/dx

into the differential relation for the cable and obtain
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d’y _puds
dx* T, dx

Since s = f(X,Y),it is necessary to change this equation to one containing only two

(3.13)

variables.
2 2

% - Tﬁ 1+ (%) (3.14)
X o]

Equation (3.11) is the differential equation of the curve (catenary) assumed by the cable.

Solution of this equation is facilitated by the substitution of p =dy/dXx,

/‘X/To ’/‘X/Tu
dy _em e gt (3.15)

dx 2 T

0

The slope may be integrated to obtain

T

y =—cosh K (3.16)
Heoo T

The integration constant K is evaluated from the boundary condition x = 0 when y = 0.

This substitution requires that K = -T, /u, and hence

y= T—°(cosh Tﬂ —1} (3.17)
Y7,

Equation (3.14) is the equation of the curve (catenary) assumed by the cable hanging under

o
the action of its own weight only.

From the free-body diagram in Figure 10 we see that dy/dx =tané = 4sT,. Thus, from

the previous expression for the slope,

_ To ginh %
y7 T,

s (3.18)
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The tension T in the cable is obtained from the equilibrium triangle of the forces.

T =cosh Tﬂ (3.19)

0
The tension may also be expressed in terms of y with the aid of equation (3.14) which,

when substituted, gives

T =T, + (3.20)

3.5 Governing differential equation for the eigenvalue problem

The combined equation for a cable subjected to tension and bending stresses (EPRI, 1979)

is given by the following partial differential equation:

4 2 2
f,Xx t,X t, X
The symbols are defined as follows: El is the flexural rigidity, T is the tension, p is the

density, and A is the cross-Sectional area. The deflection Y(t, X) is a function of time t

and position X along the cable.

Using the technique of separation of variable, the deflection can be expressed as follows:

Yt x) = £, 1,09 622)
Substituting this in the partial differential equation, we obtain the natural-frequency

equation measured in rad /s as follows:

2 4
a)nz :(n_ﬂj L_,_(n_ﬂ-j E (3.23)
| PA I PA
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3.6 Wave equation

A phenomenon intimately related to vibration is wave propagation. In fact, under certain
circumstances, vibration and wave propagation are two different representations of the
same motion, namely one in terms of standing waves and the other in terms of travelling

waves.

The simplest form of wave motion is associated with second-order systems such as strings
in transverse vibration, rods in axial vibration, and shafts in torsion, with uniformly
distributed parameters. For constant tension and uniform mass distribution, the free

vibration of a string can be expressed in the form

2 2
0 y(>2<.t) :%5 yxt) [T (3.24)
OX c ot o,

Equation (3.21) represents the one-dimensional wave equation, in which Cis the wave

propagation velocity. The general solution is

y(x,t) = f,(x—ct)+ f,(x+ct) (3.25)
where f, and f, are arbitrary functions of the arguments X—Ct and X+Ct. A case of

particular interest in vibrations is that of sinusoidal waves. One such wave having the

amplitude A and travelling in the positive X direction can be expressed as

y(x,t) = Asin w (3.26)

where A is the wavelength, defined as the distance between two successive crests.

Equation (3.23) can be written in the form
y(x,t) = Asin(27kx — ot) (3.27)

where
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k== 3.28
) (3:28)

is known as the wave number, defined as the number of waves per unit distance, and

27
w=C— 3.29
P 3.29)

is the frequency of the wave. Moreover,

_2z_A_tL-b (3.30)
o ¢ n-1

T

is the period, namely the time necessary for a complete wave to pass through a given point.

Consider a displacement consisting of two identical waves travelling in opposite directions.

Recalling thatSin(« + f#) =sin &2 oS f £ cosasin 3, the solution can be written as

y(x,t) = Asin(27kx — wt) + Asin(27 + wt)
= 2Asin 27kx cos wt (3.31)

Equation (3.28) states that the combination of two identical waves travelling in opposite
directions represents a wave whose profile 2Asin 27kX no longer travels, but oscillates

harmonically about the zero position with the frequency @. Such waves are known as
stationary or standing waves. For a string of length L fixed at both ends, equation (3.28)
states that the frequency @, has a certain value, obtained by solving the differential
eigenvalue problem. On the other hand, the frequency @ (equation (3.20)) is arbitrary,
which can be attributed to the fact that no boundary conditions have been imposed.

However, if we assume that the string experiencing wave motions has nodes at X =0 and

X =L, as in the case of the vibrating string, then the wave number must satisfy the relation

2kL=r, r=12,........ (3.32)
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Inserting the above values into equation (3.25) and considering the second of equations

(3.24) and (3.29), we obtain the natural frequencies

o, = 27KC = (xS —rr /Lz r=212,. (3.33)
L pL

which are identical to the natural frequencies of a fixed-fixed string, as can be concluded
from the equation. Hence, the normal-mode vibration of a string of finite length can be
regarded as consisting of standing waves, whete the wave profile corresponding to the rth

mode oscillates about the equilibrium position with the natural frequency o, .

3.7 Measurement of damping

A convenient measure of the amount of damping in a single-degree-of-freedom system

(EPRI, 1979) is the drop in amplitude at the completion of one cycle of vibration. Let t;
and t, be the times corresponding to the first and second peaks and denote the associated

peak displacement by X, and X, respectively, and we obtain

X pdol _ g2atoy _ o220 1\1-¢?

X, (3.34)

5=1nﬁ.: 275

X, M (3.35)

where Ois known as the logarithmic decrement. Equation (3.32) can be solved for

damping factor ¢ , with the result

o
g= \/W (3.36)

For small damping, such that § <<1, equation (3.33) directly yields
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&= 9 (3.37)
2w

The damping factor ¢ can be determined, perhaps mote accurately, by measuring the

displacements at two different times separated by a given number of periods. Letting X, and

Xj,, be the peak displacements corresponding to the time t, and t;,; =t + T, where j is an

integer, and recognising that the value given by the extreme right of equation (3.32) is the

. . . X
same for the ratio of any two consecutive peak displacements, not only for -+

, we
2
conclude that
X _ XX X :(ezﬂg/\/ﬁjj _ plizrehid? (3.38)
Xiy XX X

j+ j+H

from which we obtain the logarithmic decrement

27 1
1/1— g J Xj+l
Equation (3.36) bases the calculation of the damping factor on two measurements alone,

X and X. ;. While this may be better than using measurements of two consecutive peaks, it

j+l
can still lead to errors, particularly for small damping, when differences between peak
amplitudes are difficult to measure accurately. In such cases, accuracy may be improved by

using equation (3.36) and writing

Inx; =lnx,—o6(j-1),j=12,....0 (3.40)
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Chapter 4

THEORETICAL BACKGROUND ON THE FORCED VIBRATION
METHOD

4.1 Introduction

This Chapter on forced vibration also gives details of a proposed procedure to determine
the self-damping characteristics of the TERN and Aero-Z IEC62219-REV240609
conductors. The procedure can be extended to determine characteristics of other overhead
transmission line conductors. This Chapter covers the theory of vibration related to forced
vibration of the transmission line conductor, as used for the analysis of the results (see

Chapter 7). The sweep tests are also described.
In this Chapter, Section 4.2 considers the quality factor as a measure of damping.

4.2 Quality factor as a measure of damping

The quality factor Q is frequently used as a measure of damping (Beards, 1995; EPRI,

1979; Meirovitch, 2001; Meriam, 2008), with Q defined as

1
Q= % (4.1)

Since a small damping factor & cotresponds to a large Q wvalue, a lightly damped system
would be referred to as having a high Q factor. Equation (4.1) is associated with the
excitation frequencies f,and f, that correspond to a magnification factor of 0.707/2¢ as
shown in Figure 11. The frequency f,is below the resonant frequency f, and f, is above

it.

At resonance f = f, the magnification factor is
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FO/k_Q_zg

(4.2)

The frequencies f, and f,are referred to as the half-power points, and Af = f, —f, is

referred to as the bandwidth of the system.

By measuring f, and the bandwidth Af at the half-power points, an approximate measure

of Q can be determined from

f, f, o, o
Qz=z—"—= or, Q= = , therefore
Af o f, -1 Ao 0,-o,
1 f,
Q - ~_n
28 Af
]
24
i 7
Folk
2t .l
h-h 3
1.0
\

Figure 11: Determination of Q factor

4.3

4.4
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Chapter 5

EXPERIMENTAL PROCEDURE AND THE APPARATUS USED

5.1 Introduction

This Chapter gives more details of proposed procedures to determine the self-damping
characteristics of the TERN and Aero-Z IEC62219-REV240609 conductors for both free
and forced vibrations methods. The procedure can be extended to determine the
characteristics of other overhead transmission line conductors. The apparatus for
determining the self-damping characteristics of the TERN and Aero-Z IEC62219-
REV240609 conductors were also shown.

The experimental setup of the conductor is presented in Section 5.2. The summary of the
free vibration experimental procedure together with the corresponding apparatus is
presented in Section 5.3. Lastly, Section 5.4 contains a summary of the free vibration

experimental procedure together with the corresponding apparatus.

5.2 Experimental setup of conductor

For steps 1 to 3 of the experimental procedure, as described in Chapter 5 Section 5.3 and
Section 5.4, the following measurements were obtained: A conductor with its diameter is
selected and clamped between two rigid supports. The conductor is tensioned and the
value is recorded from the load cell. Measurements of the heights from floor are carried out

at 2 span, /4 span and } span away from fixed side and recorded (as shown in Figure 12

and Table5).
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Transmission line conductor

[i7% Span
{72 Span
Figure 12: Conductor configuration
Table 5: Initial configurations — Measured results
Tension
T,:20.73 kN T, 25.11 kN Ty 29.56 kN
Position Sag (cm) Sag (cm) Sag (cm)

1/2 span 42.300 m 55.55 47.35 40.75
1/4 span 21.150 m 40.85 34.95 30.15
1/8 span 10.575 m 22.35 18.20 16.15

Length of conductor: 84.6 m

As shown in Tables 5 and 83, the measured and calculated configurations were in good

agreement, with a smallest etror of £ =1.00% and largest error of £ =11.22%. In
general, the difference was smallest at mid-span as the error of 1.00% <& <2.5%

5.3 Free vibration experimental procedure and corresponding apparatus
Based on the theory relating to free vibrations, the following procedure was developed:
1. Start with conductor with diameter 1 (e.g. 27 mm for the TERN conductor).

Tension the conductor with T, and record value of tension from load cell.

Measure height from floor at /2 span, /4 span and % span away from fixed side.

Eal

Do free vibration test by hammering conductor at any convenient position x away

from non-fixed end.
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5. Measure vibration amplitude versus time using piezo-ceramic  sensof,
accelerometer, etc.

Repeat experiment at least six times.

Change the tension of conductor to T,, T, T, etc. as in step 2 above.

Repeat steps 3 to 7 six times.

o © N

Change conductor with diameter 2, diameter 3, etc. (for example, Aero-Z
TEC62219-REV240609 conductor ...).

10. Repeat steps 1 to 9 six times.

11. End test.

This procedure is briefly described in Chapter 1, Section 1.5.

5.4 The photographic view of experimental procedures and corresponding

apparatus.

The apparatus for determining the self-damping characteristics of the TERN and Aero-Z
IEC62219-REV240609 conductors consisted of the 84.6 m span VRTC test rig housed in
the Vibration Research and Testing Centre (VRTC) at the University of KwaZulu-Natal
(UKZN), which is shown in the photograph below.

VRTC Centre

The TERN or Aero-Z IEC62219-REV240609 conductor is clamped between two rigid
supports as shown below. One end is fixed and the other end is the load end.
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Inside view of VRTC Centre showing test rig

At 1.2 m position, an impulsive force is introduced by a single blow for the free vibration
method. Alternative impulsive forces are also introduced at various positions along the

transmission line conductor as detailed in the report.

Inside view of VRTC Centre showing shaker

Measurements are taken using a series of accelerometers positioned at the mid and end
points along the transmission line conductor. The recording equipment consists of

oscilloscopes.

Inside view of VRTC Centre showing recording equipment
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The VRTC lab is in a fully temperature-controlled, enclosed environment. The conductor

tension is measured using a load cell.

5.5 Forced vibration experimental procedure and corresponding apparatus

1.

2
3
4.
5

10.

11.
12.

Start with conductor with diameter 1 (e.g. 27 mm for the TERN conductor).
Tension the conductor with T, and record value of tension from load cell.

Measure height from floor at /2 span, /4 span and % span away from fixed side.

Do forced vibration test using the shaker.

Locate resonant frequencies by vibrating the conductor from dc frequency to
kilohertz.

For each of the first four lowest resonant frequencies, vibrate the conductor for a
few seconds and record displacement, velocity and acceleration amplitudes, as well
as applied shaker force and phase angle between displacement and force.

Repeat experiment at least six times.

Change the tension of conductor to T,, T, T,, etc, as in step 2 above.

Repeat steps 1 to 8 six times.

Change conductor with diameter 2, diameter 3, etc. (e.g. Aero-Z IEC62219-
REV240609 conductor ...).

Repeat steps 1 to 10 six times.

End test.

This procedure is briefly described in Chapter 1, Section 1.5.

As for the forced vibration method, the apparatus for determining the self-damping
characteristics of the TERN or Aero-Z IEC62219-REV240609 conductor consisted of the
84.6 m span test rig housed in the VRTC of UKZN.

The TERN or Aero-Z IEC62219-REV240609 conductor is clamped between two rigid

supports. One end is fixed and the other end is the load end.
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An electrodynamic exciter motor or shaker, which is used for the forced vibration method,

is positioned 1.2 m from the load-end fixed block, as shown below.

Inside view of VRTC Centre: showing shaker connected to transmission line

Measurements are taken using a series of accelerometers positioned at the mid and end
points along the transmission line conductor. The recording equipment consists of
oscilloscopes and the PUMA system, which incorporates the control system of the

electrodynamic shaker.

The VRTC lab is in a fully temperature-controlled, enclosed environment. The conductor

tension is measured using a load cell.

The safety of workers is guaranteed when conducting experiments in that measurement
system are separated from the line system by a special guard, which can be removed during
the setting up of the experiments. Helmets, goggles and ear protectors are worn at all times

during experiments.
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Chapter 6

RESULTS

6.1 Introduction

The experimental results presented here consist of the results for the free vibration method,
as captured by the Fluke oscilloscope, and the results for the forced vibration method, as

captured by the PUMA system.

In this Chapter, Section 6.2 presents the results for the free vibration method, while Section

0.3 presents the results for the forced vibration method.

6.2 Results for free vibration method

The results for the free vibration method using the TERN conductor and also the Aero-Z
IEC62219-REV240609 conductor are presented below. The Fluke Scope Meter was used

to capture or store the results from the accelerometer for both conductors.

6.2.1 Results of free vibration for the TERN conductor

Following steps 1 to 6 of the experimental procedure described in Chapter 5 Section 5.3, 45
series of results were obtained and stored in the Fluke Scope Meter, as depicted in the
directory shown in Figure 13. The decision was made to include a large number of results

in order to represent reasonable statistical data.
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Figure 13: Directory containing 45 data seties using Fluke Scope Meter

Figures 14 to 16 below show various results for the free vibration method; while Tables 6

to 9 depicts the corresponding analyses (see Chapter 7).
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Figure 14: Excitation at 1.2 M

200 ms/Div

KSeale = 200 msfDiv
XA0% =512 ms
Ko = 300300
Masinum = Qveoad
Mirirnum = Unddoad

— Cursor Values —
)i 24 mg
K2 B4 ms
CES7
Yi:o 40y
Y2 4y
dY 08Y

measured from load end, cable tension = 20.8kIN



From Figure 14 the measurements of the peak amplitudes (X,,Y;),(X,,Y,),...,(X;,Y;)

(where Y is in (mV-mill volts) and X is in (ms-mill seconds)) ate obtained (using the legend
under cursor values which correspond to the data block of input A) and analysed in
Chapter 7 Table 6. The travelling wave forms are six in the first loop and also in the second
lop see Figure 14 above. The time difference (X, —X;)or dX is used to obtain the
frequency in (Hz) while the decaying portion of the travelling wave is used to obtain the log
decrement,d , damping coefficient, ¢, and frequency of decaying oscillations, @, (see

Chapter 7 Table 6 and Table 7).
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Figure 15: Excitation at 1.2 M measured from load end, cable tension = 25.12 kN

From Figure 15 the measurements of the peak amplitudes (X,,Y;),(X,,Y,),..., (X4, Ys)

(where Y is in (mV-mill volts) and X is in (ms-mill seconds)) are obtained (using the legend
under cursor values which correspond to the data block of input A) and analysed in
Chapter 7 Table 8. The travelling wave forms are three in the first loop and also in the

second lop see Figure 15 above. The time difference (X, — X,)or dX is used to obtain

the frequency in (Hz) while the decaying portion of the travelling wave is used to obtain the
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log decrement, & , damping coefficient, ¢ , and frequency of decaying oscillations, @, (see

Chapter 7 Table 8).
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Figure 16: Excitation at 1.2 M measured from load end, cable tension = 29.86 kN

From Figure 16 the measurements of the peak amplitudes (X,,Y;), (X,,Y,),...,(X;,Y;)

(where Y is in (mV-mill volts) and X is in (ms-mill seconds)) ate obtained (using the legend
under cursor values which correspond to the data block of input A) and analysed in
Chapter 7 Table 9. The travelling wave forms are two in the first loop, in the second lop
and also in the third loop see Figure 16 above. The time difference (X, — X;)or dX is
used to obtain the frequency in (Hz) while the decaying portion of the travelling wave is
used to obtain the log decrement, d , damping coefficient, ¢, and frequency of decaying

oscillations, @, (see Chapter 7 Table 9).

The tension of the transmission line was varied each time from 20.8 kN, then 25.12 kN, to
29.86 kN. This was done to show the effect of conductor tension on the characteristics of
the conductor (frequency of decaying vibrations, log decrements and corresponding
damping factors, and periodic time interval between travelling wave pulses and

corresponding wavelength) which are analysed in Chapter 7 Section 7.2.
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More results appear in Appendix I, including further magnified results stored in the Fluke
ScopeMeter (Figures 66 to 89). Again, a large number of results were decided upon to

represent reasonable statistical data.

6.2.2 Results of free vibration for the Aero-Z IEC62219-REV240609 conductor

Figures 17 to 25 below show various free vibration results of the Aero-Z IEC62219-
REV240609 conductor, while Tables 10 to 15 depict the corresponding analyses (see
Chapter 7).
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Figure 17: Excitation at 1.2 M measured from load end, cable tension = 24.01 kN without mass absotber

dampers.

From Figure 17 the measurements of the peak amplitudes (X,,Y;),(X,,Y,),..., (X4, Ys)

(where Y is in (mV-mill volts) and X is in (ms-mill seconds)) are obtained (using the legend
under cursor values which correspond to the data block of input A) and analysed in
Chapter 7 Table 10. The travelling wave forms are four in the first loop and also in the

second lop see Figure 17 above. The time difference (X, —X,)or dX is used to obtain

the frequency in (Hz) while the decaying portion of the travelling wave is used to obtain the
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log decrement, & , damping coefficient, ¢ , and frequency of decaying oscillations, @, (see

Chapter 7 Table 10).
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Figure 18: Excitation at 1.2 M measured from load end, cable tension = 24.01 kN with one mass absorber

damper.

From Figure 18 the measurements of the peak amplitudes (X,,Y;),(X,,Y,),..., (X4, Ys)
(where Y is in (mV-mill volts) and X is in (ms-mill seconds)) are obtained (using the legend
under cursor values which correspond to the data block of input A) and analysed in
Chapter 7 Table 11. The travelling wave forms are six in the first loop and four in the
second lop see Figure 18 above. The time difference (X, — X;)or dX is used to obtain
the frequency in (Hz) while the decaying portion of the travelling wave is used to obtain the
log decrement, & , damping coefficient, ¢ , and frequency of decaying oscillations, @, (see

Chapter 7 Table 11).
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Figure 19: Excitation at 1.2 M measured from load end, cable tension = 24.01 kN with two mass absorber
dampers.

From Figure 19 the measurements of the peak amplitudes (X,,Y;), (X,,Y,),..., (X;,Ye)
(where Yis (mV-mill volts) and X is (ms-mill seconds)) are obtained (using the legend
under cursor values which correspond to the data block of input A) and analysed in
Chapter 7 Table 12. The travelling wave forms are nine in the first loop and five in the
second lop see Figure 19 above. The time difference (X, — X;)or dX is used to obtain
the frequency in (Hz) while the decaying portion of the travelling wave is used to obtain the

log decrement, § , damping coefficient, ¢ , and frequency of decaying oscillations, @, (see
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Figure 20: Excitation at 1.2 M measured from load end, cable tension = 27.02 kIN without mass absorber

dampers.
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From Figure 20 the measurements of the peak amplitudes (X,,Y;),(X,,Y,),..., (X4, Ys)
(where Y is in (mV-mill volts) and X is in ms-mill seconds) are obtained (using the legend
under cursor values which correspond to the data block of input A) and analysed in
Chapter 7 Table 13. The travelling wave forms are five in the first loop and four in the
second lop see Figure 20 above. The time difference (X, — X;)or dX is used to obtain
the frequency in (Hz) while the decaying portion of the travelling wave is used to obtain the
log decrement, & , damping coefficient, ¢ , and frequency of decaying oscillations, @, (see

Chapter 7 Table 13).

1 Input &

Datablock
Mame = Input gt B
Date =4/11/2010 4411200
Time 12:47.42 PM 12:47:42 PM

i
" Scale
¥ it S0% 0 m 50 mv
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,,,,, (| m— < At 0% 2000 20.0m
XSize =300 (300) 300 (300)
Mazimum = Overload 104 v
mum_= Underload 18 mv
Cursor Values
0
5
5

-20.0ms 10 me/Dive

Figure 21: Excitation at 1.2 M measured from load end, cable tension = 27.02 kN with one mass absorber

damper.

From Figure 21 the measurements of the peak amplitudes (X,,Y;),(X,,Y,),..., (X4, Ys)

(where Y is in (mV-mill volts) and X is in (ms-mill seconds)) are obtained (using the legend
under cursor values which correspond to the data block of input A) and analysed in
Chapter 7 Table 14. The travelling wave forms are six in the first loop and three in the

second lop see Figure 21 above. The time difference (X, —X,)or dX is used to obtain

the frequency in (Hz) while the decaying portion of the travelling wave is used to obtain the
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log decrement, & , damping coefficient, ¢ , and frequency of decaying oscillations, @, (see

Chapter 7 Table 14).
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Figure 22: Excitation at 1.2 M measured from load end, cable tension = 27.02 kN with two mass absotber

dampers.

From Figure 22 the measurements of the peak amplitudes (X,,Y;), (X,,Y,),..., (X;,Y;)
(where Y isin(mV) and X is in (mMS)) are obtained (using the legend under cursor values
which correspond to the data block of input A) and analysed in Chapter 7 Table 27. The
travelling wave forms are seven in the first loop and five in the second lop see Figure 22

above. The time difference (X, — X;)or dX is used to obtain the frequency in (Hz) while

the decaying portion of the travelling wave is used to obtain the log decrement, d , damping

coefficient, & , and frequency of decaying oscillations, @, (see Chapter 7 Table 15).

The tension of the transmission line varied from 24.01 kN to 27.02 kN. This was done to
show the effect of conductor tension on the characteristics of the conductor (frequency of
decaying vibrations, log decrements and corresponding damping factors, and periodic time
interval between travelling wave pulses and corresponding wavelength) which are analysed
in Chapter 7 Section 7.3. Furthermore, tests were done on the cable without dampers, the

cable with one mass absorber damper positioned 23.6 metres from one fixed end, and the
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cable with two mass absorber dampers positioned 23.6 metres from each of the two fixed

ends. Stockbridge dampers are mass absorbers used in these experiments.

More results appear in Appendix I1I, including further magnified results stored in the Fluke
ScopeMeter (Figures 106 to 117). Again, a large number of results were decided upon to

represent reasonable statistical data.

6.3 Results of forced vibration method

The results for the forced vibration method using the TERN conductor and also the Aero-
7 IEC62219-REV240609 conductor are presented below. The PUMA system was used to

capture and store the results from the accelerometers for both conductors.

6.3.1 Results of forced vibration for the TERN conductor

For steps 1 to 8 of the experimental procedure described in Chapter 5, the series of results
shown in Figures 23 to 26 below were obtained. Figures 23 to 26 show the results for the
sweep tests stored in the spectral dynamic viewer of the PUMA system. Results in the form
of a spreadsheet were also extracted from the PUMA system and plotted in Microsoft
Excel (see Figures 39, 41, 43, and 45 in Chapter 8) while Tables 16 to 19 depict the
corresponding analyses (see Chapter 8). CH 15 represented data extracted from the
accelerometer positioned at end-span while CH 10 represented data extracted from the

accelerometer positioned at mid-span.

The results from the spreadsheet are easily amenable to analysis, as detailed in Chapter 8,
because they are available as numbers. More results appear in Appendix II. In this case too,

a large number of results were decided upon to represent reasonable statistical data.
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Figure 23: Sweep test from spectral dynamic viewer showing a graph of amplitude
(G) versus frequency (Hz). “G” is force in Newton.
(Data extracted from the accelerometer positioned at end-span)

Figure 23 shows the results for the sweep test plotted by the spectral dynamic viewer of the
PUMA system for a cable tension of 25.11kN. The results were captured from the
accelerometer positioned at end-span of the TERN conductor cable. There are six most
salient peaks in Figure 23 (for the frequency range of 5 Hz to 300 Hz)and are clearer
shown by the spreadsheet graph in Chapter 8, Figure 39. The data are analysed in Chapter
8, Figures 39 and 40 together with Table 16.
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Figure 24: Sweep test from spectral dynamic viewer showing a graph of amplitude
(G) versus frequency (Hz). “G” is force in Newton.
(Data extracted from the accelerometer positioned at mid-span)
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Figure 24 shows the results for the sweep test plotted by the spectral dynamic viewer of the
PUMA system for a cable tension of 25.11 kN. The results were captured from the
accelerometer positioned at end-span of the TERN conductor cable. There are four most
salient peaks in Figure 24 (for the frequency range of 5 Hz to 300 Hz)and are clearer
shown by the spreadsheet graph in Chapter 8, Figure 41. The data are analysed in Chapter
8, Figures 41 and 42 together with Table 17.
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Figure 25: Sweep test from spectral dynamic viewer showing a graph of amplitude
(G) versus frequency (Hz). “G” is force in Newton.
(Data extracted from the accelerometer positioned at end-span)

Figure 25 shows results from the sweep test plotted by the spectral dynamic viewer of the
PUMA system for a cable tension of 29.56 kN. The results were captured from the
accelerometer positioned at mid-span of the TERN conductor cable. There are five most
salient peaks in Figure 25 (for the frequency range of 5 Hz to 300 Hz) and ate clearer
shown by the spreadsheet graph in Chapter 8, Figure 43. The data are analysed in Chapter
8, Figures 43 and 44 together with Table 18.
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Figure 26: Sweep test from spectral dynamic viewer showing a graph of amplitude
(G) versus frequency (Hz). “G” is force in Newton.
(Data extracted from the accelerometer positioned at end-span)

Figure 26 shows the results for the sweep test plotted by the spectral dynamic viewer of the
PUMA system for a cable tension of 20.73 kN. The results were captured from the
accelerometer positioned at end-span of the TERN conductor cable. There are seven most
salient peaks in Figure 26 (for the frequency range of 5 Hz to 300 Hz)and are clearer
shown by the spreadsheet graph in Chapter 8, Figure 45. The data are analysed in Chapter
8, Figures 45 and 46 together with Table 19.

6.3.2 Results of forced vibration for the Aero-Z IEC62219-REV240609
conductor

For steps 1 to 8 of the experimental procedure described in Chapter 5, the series of results
shown in Figures 26 to 37 below were obtained. Figures 26 to 37 show the results for the
sweep tests stored in the spectral dynamic viewer of the PUMA system. Results in the form
of a spreadsheet were also extracted from the PUMA system and plotted in Microsoft
Excel as shown in Chapter 8, Figures 47, 49, 51, 53, 55, 57, 59, 61, 63, 65, 67 and 69, while
Tables 20 to 31 depict the corresponding analyses (see Chapter 8).
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These results from the spreadsheet are easily amenable to analysis, as detailed in Chapter 8,
because they are available as numbers. More results appear in Appendix IV. In this case

too, a large number of results were decided upon to represent reasonable statistical data.
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Figure 27: Sweep test from spectral dynamic viewer showing a graph of amplitude
(G) versus frequency (Hz) without mass absorber dampers. “G” is force in Newton.
(Data extracted from the accelerometer positioned at mid-span)

Figure 27 shows the results for the sweep test plotted by the spectral dynamic viewer of the
PUMA system for a cable tension of 24.01kN. The results were captured from the
accelerometer positioned at mid-span of the Aero-Z IEC62219-REV240609 conductor

cable. There are four most salient peaks in Figure 27 (for the frequency range of 10 Hz to
350 Hz) and are clearer shown by the spreadsheet graph in Chapter 8, Figure 47. The data
are analysed in Chapter 8, Figures 47 and 48 together with Table 20.
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Figure 28: Sweep test from spectral dynamic viewer showing a graph of amplitude
(G) versus frequency (Hz) without mass absorber dampers. “G” is force in Newton.
(Data extracted from the accelerometer positioned at end-span)

Figure 28 shows the results for the sweep test plotted by the spectral dynamic viewer of the
PUMA system for a cable tension of 24.01kN. The results were captured from the
accelerometer positioned at end-span of the Aero-Z IEC62219-REV240609 conductor.
There are four most salient peaks in Figure 28 (for the frequency range of 10 Hz to
350 Hz) and are clearer shown by the spreadsheet graph in Chapter 8, Figure 49. The data
are analysed in Chapter 8, Figures 49 and 50 together with Table 21.

The mass absorber damper positioned at 23.6 metres.
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Figure 29: Sweep test from spectral dynamic viewer showing a graph of amplitude
(G) versus frequency (Hz) with one mass absorber dampers. “G” is force in
Newton.

(Data extracted from the accelerometer positioned at mid-span)

Figure 29 shows the results for the sweep test plotted by the spectral dynamic viewer of the

PUMA system for a cable tension of 24.01kN. The results were captured from the

accelerometer positioned at mid-span of the Aero-Z IEC62219-REV240609 conductor.

Thetre are four most salient peaks in Figure 29 (for the frequency range of 10 Hz to

350 Hz) and are clearer shown by the spreadsheet graph in Chapter 8, Figure 51. The data

are analysed in Chapter 8, Figures 51 and 52 together with Table 22.
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Figure 30: Sweep test from spectral dynamic viewer showing a graph of amplitude
(G) versus frequency (Hz) with one mass absorber dampers. “G” is force in
Newton.(Data extracted from the accelerometer positioned at end-span)
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Figure 30 shows the results for the sweep test plotted by the spectral dynamic viewer of the
PUMA system for a cable tension of 24.01kN. The results were captured from the
accelerometer positioned at end-span of the Aero-Z IEC62219-REV240609 conductor.

There are four most salient peaks in Figure 30 (for the frequency range of 10 Hz to
350 Hz) and are clearer shown by the spreadsheet graph in Chapter 8, Figure 53. The data
are analysed in Chapter 8, Figures 53and 54 together with Table 23.
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Figure 31: Sweep test from spectral dynamic viewer showing a graph of amplitude
(G) versus frequency (Hz) with two mass absorber dampers. “G” is force in
Newton.

(Data extracted from the accelerometer positioned at mid-span)

Figure 31 shows the results for the sweep test plotted by the spectral dynamic viewer of the
sweep test plotted by the spectral dynamic viewer of the PUMA system for a cable tension
of 24.01kN. The results were captured from the accelerometer positioned at mid-span of
the Aero-Z IEC62219-REV240609 conductor. There are four most salient peaks in Figure
31 (for the frequency range of 10 Hz to 350 Hz ) and are clearer shown by the spreadsheet

graph in Chapter 8, Figure 55. The data are analysed in Chapter 8, Figures 55 and 56
together with Table 24.
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Figure 32: Sweep test from spectral dynamic viewer showing a graph of amplitude
(G) versus frequency (Hz) with two mass absorber dampers. “G” is force in
Newton.
(Data extracted from the accelerometer positioned at end-span)
Figure 32 shows the results for the sweep test plotted by the spectral dynamic viewer of the
PUMA system for a cable tension of 24.01kN. The results were captured from the
accelerometer positioned at end-span of the Aero-Z IEC62219-REV240609 conductor.

There are four most salient peaks in Figure 32 (for the frequency range of 10 Hz to
350 Hz) and are clearer shown by the spreadsheet graph in Chapter 8, Figure 57. The data
are analysed in Chapter 8, Figures 57 and 58 together with Table 25.
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Figure 33: Sweep test from spectral dynamic viewer showing a graph of amplitude
(G) versus frequency (Hz) without mass absorber dampers. “G” is force in Newton.
(Data extracted from the accelerometer positioned at mid-span)
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Figure 33 shows the results for the sweep test plotted by the spectral dynamic viewer of the
PUMA system for a cable tension of 27.02kN. The results were captured from the
accelerometer positioned at mid-span of the Aero-Z IEC62219-REV240609 conductor.

There are four most salient peaks in Figure 33 (for the frequency range of 10 Hz to
350 Hz) and are clearer shown by the spreadsheet graph in Chapter 8, Figure 59. The data
are analysed in Chapter 8, Figures 59 and 60 together with Table 20.
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Figure 34: Sweep test from spectral dynamic viewer showing a graph of amplitude
(G) versus frequency (Hz) without mass absorber dampers. “G” is force in Newton.
(Data extracted from the accelerometer positioned at mid-span)

Figure 34 shows the results for the sweep test plotted by the spectral dynamic viewer of the
results for the sweep test plotted by the spectral dynamic viewer of the PUMA system for a
cable tension of 27.02kN. The results were captured from the accelerometer positioned at

mid-span of the Aero-Z IEC62219-REV240609 conductor. There are four most salient

peaks in Figure 34 (for the frequency range of 10 Hz to 350 Hz) and are clearer shown by

the spreadsheet graph in Chapter 8, Figure 61. The data are analysed in Chapter 8, Figures
601 and 62 together with Table 27.
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Figure 35: Sweep test from spectral dynamic viewer showing a graph of amplitude
(G) versus frequency (Hz) with one mass absorber dampers. “G” is force in
Newton.

(Data extracted from the accelerometer positioned at mid-span)

Figure 35 shows the results for the sweep test plotted by the spectral dynamic viewer of the
PUMA system for a cable tension of 27.02kN. The results were captured from the
accelerometer positioned at mid-span of the Aero-Z IEC62219-REV240609 conductor.
There are four most salient peaks in Figure 35 (for the frequency range of 10 Hz to
350 Hz) and are clearer shown by the spreadsheet graph in Chapter 8, Figure 63. The data
are analysed in Chapter 8, Figures 63 and 64 together with Table 28.
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Figure 36: Sweep test from spectral dynamic viewer showing a graph of amplitude
(G) versus frequency (Hz) with one mass absorber dampers. “G” is force in
Newton.

(Data extracted from the accelerometer positioned at mid-span)
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Figure 36 shows the results for the sweep test plotted by the spectral dynamic viewer of the
PUMA system for a cable tension of 27.02kN. The results were captured from the
accelerometer positioned at mid-span of the Aero-Z IEC62219-REV240609 conductor.

There are four most salient peaks in Figure 36 (for the frequency range of 10 Hz to
350 Hz) and are clearer shown by the spreadsheet graph in Chapter 8, Figure 65. The data
are analysed in Chapter 8, Figures 65 and 66 together with Table 29.
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Figure 37: Sweep test from spectral dynamic viewer showing a graph of amplitude
(G) versus frequency (Hz) with two mass absorber dampers. “G” is force in
Newton.

(Data extracted from the accelerometer positioned at mid-span)

Figure 37 shows the results for the sweep test plotted by the spectral dynamic viewer of the
PUMA system for a cable tension of 27.02kIN. The results were captured from the
accelerometer positioned at mid-span of the Aero-Z IEC62219-REV240609 conductor.

There are four most salient peaks in Figure 37 (for the frequency range of 10 Hz to
350 Hz) and are clearer shown by the spreadsheet graph in Chapter 8, Figure 67. The data
are analysed in Chapter 8, Figures 67 and 68 together with Table 30.
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Figure 38: Sweep test from spectral dynamic viewer showing a graph of amplitude
(G) versus frequency (Hz) with two mass absorber dampers. “G” is force in
Newton.

(Data extracted from the accelerometer positioned at mid-span)

Figure 38 shows the results for the sweep test plotted by the spectral dynamic viewer of the
PUMA system for a cable tension of 27.02 kN. The results were captured from the
accelerometer positioned at end-span of the Aero-Z IEC62219-REV240609 conductor.

There are four most salient peaks in Figure 38 (for the frequency range of 10 Hz to
350 Hz) and are clearer shown by the spreadsheet graph in Chapter 8, Figure 69. The data

are analysed in Chapter 8, Figures 69 and 70 together with Table 31.

The tension of the transmission line varied from 24.01 kN to 27.02 kIN. This was done to
show the effect of conductor tension on the characteristics of the conductor (frequency of
decaying vibrations, log decrements and corresponding damping factors, and periodic time
interval between travelling wave pulses and corresponding wavelength). Furthermore, the
experiments were conducted on the cable without dampers, the cable with one mass
absorber damper positioned 23.6 metres from one fixed end, and the cable with two mass
absorber dampers positioned 23.6 metres from each of the two fixed ends. Stockbridge
dampers were used for experiments. More results appear in Appendix IV, including further
magnified results stored in the PUMA system and also stored as a spreadsheet (Figures 118
to 137). Again, a large number of results were decided upon to represent reasonable

statistical data.
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Chapter 7

ANALYSIS AND DISCUSSION OF RESULTS FOR THE FREE VIBRATION
EXPERIMENTS

7.1 Introduction

In this Chapter, the results for the free vibration method (Chapter 6, Section 6.2) are
analysed and discussed. The TERN conductor and the Aero-Z IEC62219-REV240609
conductor were used to find the differences in the self damping characteristics based on
different conductors. Different tensions of range 20 kN to 30 kN were used to find the
effects of tension in the self damping characteristics of the transmission line conductors.
The effects of placing the accelerometers at mid-span and at the end-span of the conductor
are discussed in this Chapter. Lastly, how to include the self damping in the mathematical

model is discussed in this Chapter.

In this Chapter, Section 7.2 presents the analysis and discussion of free vibration method
on the TERN conductor, Section 7.3 presents the analysis and discussion of free vibration

method on the Aero-Z IEC62219-REV240609 conductot.

7.2 Analysis and discussion of free vibration method on the TERN conductor

The tension of the transmission line was varied each time from 20.8 kN, then 25.12 kN, to
29.86 kN. This was done to show the effect of conductor tension on the characteristics of
the conductor (frequency of decaying vibrations, log decrements and corresponding
damping factors, and periodic time interval between travelling wave pulses and
corresponding wavelength). More results appear in Appendix I, including further magnified
results stored in the Fluke ScopeMeter (Figures 71 to 94). Again, a large number of results

were decided upon to represent reasonable statistical data.
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7.2.1 Calculation of results for free vibration method

From the measurements of the peak amplitudes (X,,Y;),(X,,Y,),...,(X¢,Ys) (where Y is
in(mV) and X isin (mMS)) obtained from Figure 14 of Chapter 6, the log decrement,d
damping coefficient, ¢ , and frequency of decaying oscillations, @, are calculated using a

Microsoft Excel spreadsheet as shown in Table 6 below.

Using the least squares approach based on equation (3.37) the results calculated in Table 6

show a corresponding viscous damping factor as detailed below

Zj=aYj+b (7.1)
and Z; corresponding to Inx;,ato—o, y;t0 j—land btolnx are noted. Hence the

approach amounts to determining the constants @&and b by minimising the sum of the
square of the differences between the natural logarithm of the measured displacement and

the straight line. The sum of the squares of the difference as the error is

6
€= (InPj-aYj-b)’ (72)
=1

To minimise the error, the two algebraic equations in the unknowns @ andb to be written

in the more explicit form are obtained.

(ZG:YZjJa{ZG:Yij = ZG:(lnPY)Yj

(7.3)
6 6
D Yjla+6b=> (InPY)
=i =
Inserting the values from Table 6 into equations (7.3) yields
55a+15b =132.512
(7.4)

15a +6b =53.788
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a=-0.1116, b=9.244
Hence, inserting these values into equation (7.1), the straight line is given by
Zj =-0.116Yj+0.944, j=12,...6
The values of Z]j are listed in Table 6.
The approximate viscous damping model yields the logarithmic decrement
o0 =-a=0.1116
and with the viscous damping factor

) _ 0.1116 00177

J@r)?2+5%  J(27)?+0.1116

Using equation (3.27) the period, wave speed and frequency are obtained as follows:

t,—t, 0.928-0.744

rT="2 =0.0368 sec
n-1 6-1
also o= 2—” = 2z =170.7rad /s
z 0.0368
= 1 = L =272 Hz
r 0.0368

These calculated results are shown below in the first row of Table 6.

(7.5)

(7.6)

(7.7)

(7.8)

(7.9)

(7.10)

(7.11)

Referring to Table 6 (from data of Figure 14 and the tension 20.8kN) the following were

analysed: In the first loop; using least squares method, the log decrement was 0.112,

damping factor was 0.018 and natural frequency was 170.8 rad/s. Further more in the

second loop, the log decrement was 0.123, damping factor was 0.020 and natural frequency

was 145.5 rad/s.

PX and PY shown in Tables 6, 8 and 9 are time (ms-milliseconds) and corresponding

voltage peaks (mV-mill volts) extracted from corresponding Figures 14 to16. The rest are

computed.
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Table 6: Calculated results extracted from Figure 14

TERN PX PY FREQ InPY Yj (InPY)Y]  YjA2 Zj LogDec Zeta NatFreq NatFreq
i (ms) (mV) (Hz) (radls) (Hz)
1 744 9600.00 9.1695 0 0.0000 0 9.2442 0.112 0.018 170.8 2712
2 768 9000.00 41.7 9.1050 1 9.1 191324
3 800 8000.00 31.3 8.9872 2 17.9744 4 9.0205
4 832 9000.00 31.3 9.1050 3 27.3149 9 8.9087
5 872 8000.00 25.0 8.9872 4 359488 16 8.7969
6 928 4600.00 17.9 8.4338 5 42.1691 25 8.6850
SUM 48200.0 53.788 15 132512 55

Using least squares method, log-dec = 0.112, zeta = 0.018, frequency of decaying oscillation is 170.8 rad/s (27.2Hz)

TERN PX PY FREQ InPY Y] (InPY)Y]  Yj*2 Zj LogDec Zeta NatFreq
i (ms) (mV) (Hz) (rad/s)
1 1376 7400.00 8.9092 0 0.0000 0 9.0240 0.123 0.020 1455 23.2
2 1408 720000 313 8.8818 1 8.9 1 8.9009
3 1440 7000.00 31.3 8.8537 2 17.7073 4 87778
4 1480 7000.00 25.0 8.8537 3 265610 9 8.6547
5 1528 5200.00 20.8 8.5564 4 34.2257 16 8.5316
6 1592 3800.00 15.6 8.2428 5 412138 25 8.4085
SUM 37600.0 52.298 5 128,590 55

Using least squares method, log-dec = 0.123, zeta = 0.020, frequency of decaying oscillation is 145.5 rad/s (23.2 Hz)

Mode Lamda Tau  Freq Wave speed Theoretical Difference Difference %
Measurdiled®)of th(@zs)vave[@q%}h thEdfitical@WBhe speed and experimental wave speed of a
2 846 0624 160 124.6 (10.99) 8.10
TERN cgpadugtos sybgjected g@g,gree vibrationgyiglded thygmodes r =2, 3,4 and 5 listed in

30624 160 5680 8379
Tabgle 7@%53 ?éffq%b Flgurg}é*s‘)fcmpter 07036 12074

T%@&@Q@t&uwaf ©qciflayersesad &Q@Oﬁ%@l Rifferncg Bifference o that is, in the catenary position,
(m) (s) (Hz) (rad/§ (rad (radis)

butgevergaglly) sibratggl in 260»23}16312 oweé5%4 andjggain 3 modes. This was deduced

from the least difference between theoretical 'and experlmental wave speeds as shown by
4 423 0528 1.89 80.11 44.48 55.52

the 5calc3gations2in 1lsgble 7 aglow. The expgfthentabsddd theoretical wave speed agreed

fai(}n%ééf f?n?ﬁaatT%ﬂz 4 rﬁgq/ ?N AV speed q‘r%g’re%cglrmgresnc%gr&?'ence %
(m) (s) (Hz) (radls) (radls)  (radls)

2 846 045% 219 185.53  124.6 (60.94) 32.85

3

4 423 04% 219 92.76 31.83 34.31 67
5 3384 045 219 74.21 50.38 67.89

Conductor is excited in first mode but eventually vibrates in third mode
Experimental and theoretical wave number agree favourably at 124 rad/s within 0.73 < € < 16.64



Theoretical wave speed: Referring to equation (3.21) we obtain

c= T = /m =124.38 rad/s
Yo, 1.34

Experimental wave speed: Referring to equation (3.26) we obtain

27
®=Cc"—
A

s.c=Af =84.6x1.6=135.36 rad/s

Other calculated results are shown in Table 18 below.

Calculated wave speed —Theoretical wave speed
Calculated wave speed
~ 135.58-124.6

135.58
=8%

% difference = x100%

x100%

Using equations (3.29) and (3.25)

2kL=2%L =r, r=12.4

(7.12)

(7.13)

(7.14)

(7.15)

where I'is mode, Lis conductor length and 4 is wavelength corresponding to a complete

cycle with period 7.

r 1 2 3 4 5
mode | 1 (Catenary) |2 3 4 5
Atr=2

2x % x 84.6 = 2, therefore 1 =84.6 m

At r=3

(7.16)
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j o (ms) (mV) (Hz) (radls) (Hz)

1 744 9600.00 9.1695 0 0.0000 0 9.2442 0.112 0.018 1708 27.2
2 768 9000.00 41.7 9.1050 1 9.1 19.1324
3 800 8000.00 31.3 8.9872 2 17.9744 4 9.0205
4 832 9000.00 31.3 9.1050 3 27.3149 9 8.9087
5 872 8000.00 25.0 8.9872 4 359488 16 8.7969
6 928 4600.00 17.9 8.4338 5 42.1691 25 8.6850
SUM 48200.0 ¢ 53.788 15 132512 55
2x—x84.6 =3, therefore A =56.4m (7.17)
Using least squares metrﬂ)d log-dec = 0.112, zeta = 0.018, frequency of decaying oscillation is 170.8 rad/s (27.2Hz)
At I =gN  pX PY FREQ InPY Yj (InPY)Yj Yjr2 Zj LogDec Zeta NatFreq
i (ms) (mV) (Hz) (rad/s)
1
1 1376 740&0’6EX84'6 =shoerefore 4= 4Fuion 090240 04123 0620 1455 23.2
2 1408 7200.00 31.3 8.8818 1 8.9 1 8.9009
Atr=53 1440 7000.00 31.3 8.8537 2 17.7073 4 8.7778
4 1480 7000.00 25.0 8.8537 3 26.5610 9 8.6547
5 1528 5200.00¢ 20.8 8.5564 4 34.2257 16 8.5316
6 1592 3800.80— *534.6 = §4bgrefore A5= 33.848M 25 8.4085 (7.19)
SUM 37600.0}L 52.298 15 128.590 55

Table 7: i al and th 1 i 1ts fi Fi 14
Wble T oG Taast squares method Tog-dec = 8105 seta 28 153" Frequency ot decaying oscillation is 145.5 radis (23.2 Hz)

Mode Lamda Tau Freq Wave speed Theoretical Difference Difference %
(m) (s) (Hz) (rad/s) (rad/s)  (rad/s)

2 846 0.624 1.60 135.58  124.6 (10.99) 8.10
3 56.4 0.624 1.60 90.38 34.20 37.84
4 423 0.624 1.60 67.79 56.80 83.79
5 3384 0.624 1.60 54.23 70.36 129.74

Mode Lamda Tau  Freq Wave speed Theoretical Difference Difference %
(m) (s (Hz) (rad/s) (radis)  (radls)
2 846 0528 1.89 160.23  124.6 (35.64) 22.24

4 423 0528 1.89 80.11 44.48 55.52
5 3384 0528 1.89 64.09 60.50 94.39

Mode Lamda Tau  Freq Wave speed Theoretical Difference Difference %
(m) (s) (Hz) (rad/s) (radls)  (radls)

2 846 045 2.19 185.53  124.6 (60.94) 32.85
3

4 423 045 219 92.76 31.83 34.31
5 3384 045 2.19 74.21 50.38 67.89

Conductor is excited in first mode but eventually vibrates in third mode
Experimental and theoretical wave number agree favourably at 124 rad/s within 0.73 < ¢ < 16.64

69



7.2.2 ‘Tabulation of calculated results for free vibration method on TERN
conductor

The following tabulated results for the TERN conductor were found by following the steps

shown in Section 7.2.1 above. The important calculated results were the log decrement,o ,

damping factor, ¢, and frequency of decaying oscillations, @, Other results appeat in

Appendix L

Referring to Table 8 (from data of Figure 15 and the tension 25.12 kN) the following were
analysed: In the first loop; using least squares method, the log decrement was 0.162,
damping factor was 0.026 and natural frequency was 143 rad/s. Further more in the second

loop, the log decrement was 0.127, damping factor was 0.020 and natural frequency was

175 rad/s.

Measurement of the wavelength, theoretical wave speed and experimental wave speed of a
TERN conductor subjected to free vibration yielded the modes r =2, 3,4 and 5 listed in
Table 8 obtained from Figurel5 of Chapter 5. The conductor was excited from the first
mode where r=1, that is, in the catenary position, but eventually vibrated in 2™ then
followed 2™ and again 2™ modes. This was deduced from the least difference between
theoretical and experimental wave speeds as shown by the calculations in Table 8 below.

The expetimental and theoretical wave speed agreed favourably at 137rad /s within

4.87 <error <14.55
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Table 8: Calculated results from data of Figure 15

TERN PX PY FREQ In PY Yj (INPY)Y]j Yijr2 Zj LogDec Zeta NatFreq
j (ms) (mV) (Hz) (rad/s)
1 632 9400.0 9.15 0o 0.00 0 9.20 0.162 0.026 143
2 664 9400.0 31.3 9.15 1 9.15 1 9.04
3 720 6800.0 17.9 8.82 2 17.65 4 8.88

SUM 25600.0 27.12 3 26.80 5

Using least squares method, log-dec = 0.162, zeta = 0.026, frequency of decaying oscillation is 143 rad/s (22.7

TERN PX PY FREQ In PY Yj (INPY)Y]j Yijr2 Zj LogDec Zeta NatFreq
j (ms) (mV) (Hz) (rad/s)
1 1200 8000.0 8.99 0 0.00 0 8.99 0.127 0.020 175
2 1232 7200.0 31.3 8.88 1 8.88 1 8.87
3 1272 6200.0 25.0 8.73 2 17.46 4 8.74

SUM 21400.0 26.60 3 26.35 5

Using least squares method, log-dec = 0.127, zeta = 0.020, frequency of decaying oscillation is 175 rad/s (27.8

Mode Lamda Tau Freq Wave speed Theoretical Difference Difference %
(m) (s) (Hz) (rad/s) (rad/s) (rad/s)
2 84.6 0.568 1.76 148.94 136.9 (12.03) 8.07
3 56.4 0.568 1.76 99.30 37.62 37.89
4 42.3 0.568 1.76 74.47 62.45 83.85
Mode Lamda Tau Freq Wave speed Theoretical Difference Difference %
(m) (s) (Hz) (rad/s) (rad/s) (rad/s)
136.9
3 56.4 0.648 1.54 87.04 49.88 57.31
4 42.3 0.648 1.54 65.28 71.64 109.75
5 33.84 0.648 1.54 52.22 84.69 162.18
Mode Lamda Tau Freq Wave speed Theoretical Difference Difference %
(m) (s) (Hz) (rad/s) (rad/s) (rad/s)
136.9
3 56.4 0.528 1.89 106.82 30.10 28.18
4 42.3 0.528 1.89 80.11 56.80 70.90
5 33.84 0.528 1.89 64.09 72.83 113.63

Conductor is excited in first mode and continues vibrating in second mode
Experimental and theoritical wave number agree favourably at 137 rad/s within 4.87 < € < 14.55

Referring to Table 9 (from data of Figure 16 and the tension 29.86 kN) the following were
analysed: In the first loop; using least squares method, the log decrement was 0.078,
damping factor was 0.012 and natural frequency was 157 rad/s. Further more in the second
loop, the log decrement was 1.369, damping factor was 0.213 and natural frequency was
115 rad/s. Lastly, in the third loop, the log decrement was 0.262, damping factor was 0.042

and natural frequency was 112 rad/s.

Measurement of the wavelength, theoretical wave speed and experimental wave speed of a

TERN conductor subjected to free vibration yielded the modes r=234and>5 listed in

Table 9 obtained from Figurel6 of Chapter 6. The conductor was excited from the first
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mode where r=1, that is, in the catenary position, but eventually vibrated in 2 then
followed 2™ and again 2™ modes. This was deduced from the least difference between

theoretical and experimental wave speeds as shown by the calculations in Table 9 below.

. . 149rad /s _ ...
The experimental and theoretical wave speed agreed favourably at within
9.66 <error <18.13
Table 9: Calculated results from data of Figure 16
TERN PX PY FREQ In PY Yj (InPY)Yj Yjr2 Zj LogDec Zeta NatFreq NatFreq
j (ms) (mV) (Hz) (rad/s) (Hz)
1 496 10600.00 9.269 0 0.0000 0 9.269 0.078 0.012 157 25.0
2 536 9800.00 25.0 9.190 1 9.2 1 9.190
SUM 20400.0 18.459 1 9.190 1
Using least squares method, log-dec = 0.078, zeta = 0.012, frequency of decaying oscillation is 157 rad/s (25.0 Hz)
TERN PX PY FREQ In PY Yj (InPY)Yj Yjr2 Zj LogDec Zeta NatFreq
i (ms) (mV) (Hz) (rad/s)
1 1000 11800.00 9.376 0 0.0000 0 9.376 1.369 0.213 115 18.3
2 1056 3000.00 17.9 8.006 1 8.0 1 8.006
SUM 14800.0 17.382 1 8.006 1
Using least squares method, log-dec = 1.369, zeta = 0.213, frequency of decaying oscillation is 115 rad/s (18.3 Hz)
TERN PX PY FREQ In PY Yj (InPY)Yj Yjr2 Zj LogDec Zeta NatFreq
i (ms) (mV) (Hz) (rad/s)
1 1464 7800.00 8.962 0 0.0000 0 8.962 0.262 0.042 112 17.9
2 1520 6000.00 17.9 8.700 1 8.7 1 8.700
SUM 13800.0 17.661 1 8.700 1

Using least squares method, log-dec = 0.262, zeta = 0.042, frequency of decaying oscillation is 112 rad/s (17.9 Hz)

Mode Lamda Tau Freq Wave speed Theoretical Difference Difference %
(m) (s) (Hz) (rad/s) (rad/s) (rad/s)
2 84.6 0.464 2.16 182.33 149.3 (33.05) 18.13
3 56.4 0.464 2.16 121.55 27.73 22.81
4 42.3 0.464 2.16 91.16 58.11 63.75
5 33.84 0.464 2.16 72.93 76.35 104.68
Mode Lamda Tau Freq Wave speed Theoretical Difference Difference %
(m) (s) (Hz) (rad/s) (rad/s) (rad/s)
149.3
3 56.4 0.512 1.95 110.16 39.12 35.51
4 423 0.512 1.95 82.62 66.66 80.68
5 33.84 0.512 1.95 66.09 83.18 125.86
Mode Lamda Tau Freq Wave speed Theoretical Difference Difference %
(m) (s) (Hz) (rad/s) (rad/s) (rad/s)
149.3
3 56.4 0.464 2.16 121.55 27.73 22.81
4 42.3 0.464 2.16 91.16 58.11 63.75
5 33.84 0.464 2.16 72.93 76.35 104.68

Conductor is excited in first mode and continues vibrating in second mode
Experimental and theoretical wave number agree favourably at 149 rad/s within 9.66 < € < 18.13
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7.2.3 Discussion of results for free vibration method on TERN conductor

1.

A damping factor of 0.01<¢5<0.2 was determined from 45 tests. The most
dominant damping factor was ¢ =0.02. See for example Figures 14 to 16 together

with corresponding Tables 21 to 24.

For the free vibration method, decaying of oscillations for the TERN conductor
was observed for a frequency range of 18 < f <28 (Hz). This is an indication of
how fast the energy is dissipated (Also observed as 1% dominant resonance
frequency). See Figures 14 to 16 together with corresponding Tables 21 to 24.

Travelling wave numbers were obtained. Theoretical and experimental wave
numbers agreed favourably. For a tension range of 20—29 kN, a wave number
range of 124-149 rad /s was obtained. This is also known as the c-value given by

equation (3.21). See Figures 14 to 16 together with corresponding Tables 21 to 24.

The travelling wave numbers obtained are directly proportional to tension used.
For T =20kN, ¢ =124rad/s and  was  increasing  until  at
T =29kN, ¢ =149rad/s.

From different tensions used (tension range of 20 —29 kN ) there is no effect of
tension in self damping characteristics of the TERN conductor as the damping
factor is within the same range of 0.01<¢<0.2.

Impulsive forces were introduced at position 1.2 m, as well as at 1/4 and 1/2
span positions measured from the load-end fixed block. The damping factor was
not affected by the position of impulsive forces (as damping factor is
0.01<¢<0.2for positions 1.2m, 1/4 and 1/2) these had an effect on the
mode of vibration of the conductor (the conductor excited in the mode can vibrate

in second mode or vibrate in third mode) as shown in Figures 14 to 16 together

with corresponding Tables 6 to 9.
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7.3 Analysis and discussion of results for free vibration method on the Aero-Z
IEC62219-REV240609 conductor

The tension of the transmission line varied from 24.01 kN to 27.02 kN to show the effect

of conductor tension on the characteristics of the conductor (frequency of decaying

vibrations, log decrements and corresponding damping factors).

The results on the cable without dampers, the cable with one mass absorber damper, and
the cable with two mass absorber dampers were also analysed. This was done to check if it
was necessary for external damping mechanisms to be used together with transmission

conductors.

More results appear in Appendix I1I, including further magnified results stored in the Fluke
ScopeMeter (Figures 106 to 117). Again, a large number of results were decided upon to

represent reasonable statistical data.

7.3.1 ‘Tabulation of calculated results for free vibration method on Aero-Z
IEC62219-REV240609 conductor

The following tabulated results for the Aero-Z IEC62219-REV240609 conductor were
found by following the steps shown in Section 7.2.1 above. The calculated results are the

log decrement, & , damping coefficient, ¢ , and frequency of decaying oscillations, @ .

Referring to Table 10 (from data of Figure 17 and the tension 24.01 kN) the following were
analysed: In the first loop; using least squares method, the log decrement was 0.50,
damping factor was 0.079 and natural frequency was 3927 rad/s. Further more in the

second loop, the log decrement was 0.66, damping factor was 0.105 and natural frequency

was 2480 rad/s.
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Table 10: Calculated results of tension 24.01 kN without mass absorber damper from

data of Figure 17

Aero-Z1 PX Y FREQ WPY Yj(WPY)Y Y2 b a Z _ogDec Zeta Period \atFreNatFreq

J o (ms)  (mV) (H) (rads) ()
1 U8 56 64 0 00 063 -0563 0500079 0.0016 3927 625
2 %4 M6 65 60 1 60 587
3034 160 50 51 2 102 4 537
4 N6 12 83 50 3 151 9 48

SUM 1304 25 6 N3 1

Using least squares method, log-dec = 0.495, zeta = 0.079, frequency of decaying oscilation = 3927 radls (625 Hz)

Aero-ZI PX Y FREQ WPY Y] (PY)Y Y2 Zj ogDec Zeta NatFre(NatFreq
o (ms) (V) (Hz) (radis) ()
1 484 48 61 0 00 06.37-0.66 637 0660105 0.0025 2480 3947
2 58 %0 47 59 1 59 571
3 56 48 ¥ 55 2 10 4 5.05
4 5% 5% 47 40 3 121 9 439

SUM 1112 15 6 20 14

Using least squares method, log-dec = 0.661, zeta = 0.105, frequency of decaying oscilltion = 2480.2radls (3%4.7Hz)

Referring to Table 11 (from data of Figure 18 and the tension 24.01 kN) the following were
analysed: In the first loop; using least squares method, the log decrement was 0.16,
damping factor was 0.026 and natural frequency was 3272 rad/s. Further more in the

second loop, the log decrement was 0.19, damping factor was 0.029 and natural frequency

was 2356 rad/s.

75



Table 11: Calculated results of tension 24.01 kN with one mass absorber damper

from data of Figure 18

Aeo-ZIE  PX PY  FREQ MPY Y] (mPY)Yj Y2 b @  Z LlogDec Zeta Period  NatFreq  NatFreg

j (ms)  (mV) (Hz) (radls) (Hz)
1 % 664 650 0 00 0 66 0461 656 016 006 0002 72 508
2 %8 54 W 62 1 62 1 640
3 08 608 50 641 2 128 4 6.24
4 04 584 650 637 3 191 9 6.08
5 36 M4 833 54 4 B4 16 592
6 56 M 500 560 5 80 % 575
SUM 2976 %9 15 895 5

Using least squares method, log-dec = 0.166, zeta = 0.026, frequency of decaying oscillation = 3272.5 rads (520.8 Hz)

Aero-ZTE  PX PY  FREQ hPY Y (mPY)Y] Y}2 Zj LogDec Zefa NatFreq  NatFreq
| ms)  mV) (H) (ads)  (Ha)
1 552 544 6.30 0 00 0 62 018 62 019 0029 0003  23% 3750
2 58 4 B 5% T 60 1 6.03
3 604 0 #6751 2 15 4 585
4 632 32 ¥4 573 12 9 566

SUM 1560 B8 6 U U

Using least squares method, log-dec = 0661, zeta = 0.105, frequency of decaying oscillation = 2480.2rad/s (394.7Hz)

Referring to Table 12 (from data of Figure 19 and the tension 24.01 kN) the following were
analysed: In the first loop; using least squares method, the log decrement was 0.074,
damping factor was 0.012 and natural frequency was 3491 rad/s. Further more in the
second loop, the log decrement was 0.210, damping factor was 0.033 and natural frequency

was 2285 rad/s.
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Table 12: Calculated results of tension 24.01 kN with two mass absorber dampers

from data of Figure 19

Aeto-ZI PX PY FREQ InPY Y] (WPY)Y Yj*2 b a  Z LogDec Zeta Period NatFreq  NatFreq

i ms) (V) (H) (rads)  (Ha)
1 284 5% 6286 0 00 0 606 0074 606 0074 0012 0002 3491 5556
2 30 29 625 560 1 57 1 598
3 2 38 50 591 2 118 4 591
4 34 328 5000 579 3 174 9 583
5 356 206 6250 569 4 228 16 5.76
6 376 360 5000 589 5 204 25 5.69
7 396 296 560 6 341 36
§ 408 240 548 7 384 49
9 408 24 541 8 433 64

SUM 2044 51835 36 2029 204

Using least squares method, log-dec = 0.074, zeta = 0.012, frequency of decaying oscillation = 3491 rad/s (555.6 Hz)

Aero-Z1 PX PY FREQ IPY Y] (nPY)Y Yj™2 Zj LogDec Zeta NatFreq  NatFreq
i (ms) (mV) (Hz) (rad/s) (Hz)
1 49 312 574 0 00 0 572 -0210 572 0210 0033 0003 2285 363.6
2 528 232 2632 545 1 54 1 551
3 548 192 5000 526 2 105 4 5.30
4 564 192 6250 526 3 158 9 5.09
5 60 120 2778 479 4 191 16 488

SUM 1048 26492 10 509 30

Using least squares method, log-dec = 0.210, zeta = 0.033, frequency of decaying oscillation = 2285 rad/s (363.6 Hz)

Referring to Table 13 (from data of Figure 20 and the tension 27.02 kN) the following were
analysed: In the first loop; using least squares method, the log decrement was 0.694,
damping factor was 0.110 and natural frequency was 3696 rad/s. Further more in the

second loop, the log decrement was 0.416, damping factor was 0.066 and natural frequency

was 2618 rad/s.
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Table 13: Calculated results of tension 27.02 kN without mass absorber damper from
data of Figure 20

Ae-ZI PX  PY FREQ MPY Y IWPY)YY2 b a  Z LogDec Zeta period NatFreq NatFreq

i (ms) (mV) (H) (radls)  (Hz)
1 392 768 664 0 000 0 715 069 7.5 0694 0.110 00017 36%.0 586.2
2 #2 6% 500 65 1 65 1 6.46
3 28 616 625 642 21285 4 576
4 48 248 500 551 316584 9 507
5 46 40 833 369 4 1476 16 437

SUM 2368 2881 10 5069 30

Using least squares method, log-dec = 0.694, zeta = 0.110, frequency of decaying oscillation = 3696 rad/s (588.2 Hz)

AeoLI PX  PY FREQ IPY Y] InPY)YYj2 Zj LogDec Zefa NatFreq NatFreq
i (ms) (mV) (H) (radls)  (Hz)
1 544 59 638 0 000 0 639 -042 639 0416 0066 0002 26180 4167
2 %8 36 47 593 1 5% 1 5.98
3 592 2% 47 569 21138 4 5.56
4 616 160 417 508 31523 9 5.15

SUM 1424 2308 6 3254 14

Using least squares method, log-dec = 0416, zeta = 0,066, frequency of decaying oscillation = 2618.0rad/s (416.7Hz)

Referring to Table 14 (from data of Figure 21 and the tension 27.02 kN) the following were
analysed: In the first loop; using least squares method, the log decrement was 0.216,
damping factor was 0.034 and natural frequency was 4620 rad/s. Further more in the
second loop, the log decrement was 0.168, damping factor was 0.027 and natural frequency

was 2417 rad/s.
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Table 14: Calculated results of tension 27.02 kN with one mass absorber damper
from data of Figure 21

Ae-Z PX PY  FREQ WPY Y] (WPY)YjY}2 b &  Z .ogDec Zeta Period NatFreq Natfreq

J o (ms) (V) () (rads) ()
B2 W 681 0 000 0 681 0216 68102160034 00014 4620 73
2 M4 M 8B 61 1 64 640
3 B6 5% 8B 638 2 127 4 638
4 B2 N6 467 58 3 1145 9 6.17
5 B4 M8 1923 610 4 44 16 595
6 3 3 650 519 5 B9 % 574
SUM 3456 68 15 W3 5%

Using least squares method, log-dec = 0.216, zeta = 0034, frequency of decaying oscilation = 4620 rads (735 Hz)

Ae-Z PX PY  FREQ WPY Y] (WPY)YjY}2 b &  Z .ogDec Zeta Period NatFreq Natfreq

J o (ms) (V) () (rads) ()
1 B4 88 672 0 000 0 263 0168 263 01680027 00026 2417 385
2 4 M0 65 609 1 609 246
3086 5% M 6B 2 127 4 229

SUM 180 19189 3 188 5

Using least squares method, log-dec = 0.168, zeta = 0.027, frequency of decaying oscilation =2417 radls (385 Hz)

Referring to Table 15 (from data of Figure 22 and the tension 27.02 kN) the following were
analysed: In the first loop; using least squares method, the log decrement was 1.38,
damping factor was 0.21 and natural frequency was 3740 rad/s. Further more in the second
loop, the log decrement was 0.30, damping factor was 0.047 and natural frequency was

2732 rad/s.
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Table 15: Calculated results of tension 27.02 kN with two mass absorber dampers
from data of Figure 22

Aeo-Z PX PY FREQ WPY Y] (mPY)Yj Y2 b a Zj LlogDec Zeta Perod  Natfreq  Natfreg

i (ms) (V) (Hz) (radls) (Hz)
1 26 608 641 0 000 0 1187 138 187 138 021 00017 3740 595.24
2 292 4% 65 62 1 621 1 1049

3308 40 625 609 2 1217 4 9.11

4 R4 3 625 597 3 179 9 173

5 U 4R 65 607 4 421 16 6.35

6 ¥ /2 500 586 5 2% B 497

736 20 565 6 3381 36
SUM 3000 224 1 12369 91

Using least squares method, log-dec = 1.380, zeta = 0.21, frequency of decaying oscillation = 3740 radls (595.2 Hz)

Aeo-Z PX PY FREQ WPY Y] (nPY)Yj Y2 Zj LogDec Zefa NatFreq  NatFreq
j(ms) (mV) (Hz) (rads) (Hz)
1 46 592 638 0 000 0 63444 030 634 030 0047 00023 2732 435
2 6 3/ S0 89 1 5% 6.05

3 544 34 37 584 2 1ME8 4 575

4 568 24 47 543 1628 9 545

5 888 176 500 517 4 2068 16 5.16

SUM 1720 876 10 5455 30

Using least squares method, log-dec = 0.297, zeta = 0,047, frequency of decaying oscillation = 2731.8 rads (434.8 Hz)

7.3.2 Analysis and discussion of results for free vibration method on Aero-Z

IEC62219-REV240609 conductor

The use of no damper, one damper or two dampers did not affect the internal damping
factor of the Aero-Z IEC62219-REV240609 conductor as the damping factor was within

the same range of 0.01<¢ <0.2. (Refer to Figures 17 to 22 together with corresponding
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Tables 10 to 15 and also in Appendix III). There was no tension effect in self damping
characteristics of transmission line conductor as the damping factor was within the same

range of 0.01< ¢ <0.2 for the different tensions of 24.01 kN and 27.02 kN.

1. A damping factor of 0.01<¢ <0.2 was determined. See for example Figures 12 to 17
together with corresponding Tables 25 to 30. Other results appear in Appendix III.

2. For the free vibration method, decaying of oscillations for the Aero-Z IEC62219-
REV240609 conductor was observed for a frequency range of 363 < f, <962 (Hz).

This is an indication of how fast the energy is dissipated (Also observed as 1" dominant

resonance frequency). See Figures 17 to 22 together with corresponding Tables 10 to
15.

3. Impulsive forces were introduced at position 1.2 M span measured from the load-end

fixed block.
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Chapter 8

ANALYSIS OF RESULTS FOR THE FORCED VIBRATION EXPERIMENT

8.1 Introduction

In this Chapter, the results for the forced vibration (Chapter 6, Section 6.4) for both TERN
and Aero-Z IEC62219-REV240609 conductors are analysed and discussed. Forced
vibrations of the TERN conductor and the Aero-Z IEC62219-REV240609 conductor
were induced to find the differences in the self damping characteristics of different
conductors. Different tensions (20 to 30 kIN) were investigated to determine their effect on
the self damping characteristics of the conductors. The effects of placing the accelerometer
at mid-span and at the end span of the Aero-Z IEC62219-REV240609 conductor are
analysed as well. Lastly, the inclusion of mathematical model that incorporates self damping

is also discussed in this Chapter.

In this Chapter, Section 8.2 presents analysis of forced vibration results for the TERN
conductor and discussion of forced vibration results for the TERN conductor are also
presented in Section 8.3. Section 8.4 presents analysis of forced vibration results for the
Aero-Z 1EC62219-REV240609 conductor while Section 8.5 presents the discussion of
forced vibration results for the Aero-Z IEC62219-REV240609 conductor.

8.2 Analysis of forced vibration results for the TERN conductor

The tension of the transmission line varied from 20.73 kN, then 25.11 kN, to 29.56 kN.

This was done to show the effect of conductor tension on the characteristics of the

conductor (the most dominant resonance frequencies, f, bandwidth, Af | quality factor,

Q, and the damping factor, ). Channel 15 represented results captured when
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accelerometer was placed at end-span. Channel 10 also represented results captured when

the accelerometer was placed at mid-span.

The results for the forced vibration of the TERN conductor under the tensions of 25.11
kN and 29.56 kN were analysed and discussed as shown in Appendix II. More results for
all tension with corresponding channels appeared in Appendix II. Again, a large number of
results were decided upon to represent reasonable statistical data. The analysed results are

within the frequency range of 5 Hz to 300 Hz.

8.2.1 Calculation of results for forced vibration

Figure 39 is a graph of acceleration versus frequency obtained from the results of the
spreadsheet data extracted from the PUMA system for a cable tension of 25.11 kN. The
same graph appears in the spectral dynamic viewer as shown in Figure 23. This spreadsheet

graph is more amenable to analysis. Furthermore, the frequency peaks are extracted to

form Table 16 below.

Channel 15 Acceleration vs.

Frequency
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Figure 39: Graph showing acceleration (G) versus frequency (Hz)
Channel 15 represents data from the accelerometer at end-span)

Using results given in Figure 39: The results were calculated as follows:
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Given f, =41.489 from Figure 39 (also recorded in the first column of Table 16 below),
with the excitation frequencies f,and f,that correspond to a magnification factor of

0.707/2¢ (as shown in Figure 11), then f; =18.4 Hz and f, =67.6 Hz. From the theory

developed in Chapter 4, it follows that

f 41.489

= ~0.843
f,—f, 67.6-18.4

Q=

Therefore

Q=0.0843= % and ¢ =0.592.

8.2.2 Tabulation of forced vibration calculated results for the TERN conductor

Referring to Table 16 and Figure 40, at frequencies higher than 100 Hz, the values of the
damping factors were0.023 < <0.039. The maximum damping factor(0.592) is
observed at 41.49 Hz. These results presented wete for the tension of 25.11 kN and the

accelerometer was placed at end-span. Moreover the conductor was without Stockbridge

dampers.
Table 16: Data collected from Figure 39
resonance half- half- quality damping
frequency acceleration power power bandwidth factor factor
Sn a Ji Sz Af Q g
41.490 0.433 18.4 67.6 49.15 0.8 0.592
94.361 1.238 914 104.0 12.66 7.5 0.067
153.936 0.907 148.7 160.6 11.92 12.9 0.039
206.064 1.124 203.1 2135 10.43 19.8 0.025
239574 1.785 2359 247.0 11.17 214 0.023
280.532 1.800 278.3 2954 17.13 16.4 0.031

84



Damping Coefficient
0.700
e —
0.400 \

0.300

0.200 \\

0.100

0.000 ~—— ——p——t

0.000 50.000 100.000 150.000 200.000 250.000 300.000

Zeta (§)

Frequency (Hz)

Figure 40: Graph showing damping factor (& ) versus frequency fn Hz)

Figure 41 is a graph of acceleration versus frequency obtained from the results of the
spreadsheet data extracted from the PUMA system for a cable tension of 25.11 kN. The
same graph appears in the spectral dynamic viewer as shown in Figure 24. This spreadsheet

graph is more amenable to analysis. Furthermore, the frequency peaks are extracted to

form Table 17 below.

Channel 10 Acceleration vs.
Frequency

O N b O
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0 50 100 150 200 250 300 350

Frequency (Hz)

Figure 41: Graph showing acceleration (G) versus frequency (Hz)
Channel 10 represents data from the accelerometer at mid-span)
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Referring to Table 17 and Figure 42, at frequencies higher than 100 Hz, the values of the

damping factors were0.025< ¢ <0.032. The maximum damping factor(0.451) is

observed at 20.638 Hz.

These results presented were for the tension of 25.11 kN and the accelerometer was placed

at mid-span. During the experiment, the conductor was without Stockbridge dampers.

Table 17: Data for Figure 41

Resonance Half- Half- Band-  Quality Damping
frequency  Acceleration power power width factor factor
In a T Iz Af Q 4
20.638 7.587 12.4 31.1 18.62 1.1 0.451
92.128 3.425 90.0 95.9 5.87 15.7 0.032
152.447 3.103 148.7 157.2 8.45 18.0 0.028
223.936 4.573 218.0 2291 11.17 20.0 0.025
Damping Coefficient
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Figure 42: Graph showing damping factor (& ) versus frequency fn Hz)

Figure 43 is a graph of acceleration versus frequency obtained from the results of the

spreadsheet data extracted from the PUMA system for a cable tension of 29.56 kN. The
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same graph appears in the spectral dynamic viewer as shown in Figure 25. This spreadsheet
graph is more amenable to analysis. Furthermore, the frequency peaks are extracted to

form Table 18 below.

Channel 15 Acceleration vs.

Frequency
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Figure 43: Graph showing acceleration (G) versus frequency (Hz)
Channel 15 represents data from the accelerometer at end-span)

Referring to Table 18 and Figure 44, at frequencies higher than 100 Hz, the values of the
damping factors were0.044 < ¢ <0.052. The maximum damping factor(0.532) is
observed at 50.426 Hz. These results presented were for the tension of 29.56 kN and the

accelerometer was placed at end-span. Moreover the conductor was without Stockbridge

dampers.
Table 18: Data for Figure 43
Resonance Half-  Half- Band- Quality Exciting  Damping
frequency  Acceleration power power width factor force factor
I a(G) T J2 Af Q Fon 4

50.426 0.489 214 75.0 53.62 0.9 577.6 0.532
98.085 1.301 951 1241 29.04 3.4 428.2 0.148
171.809 0.876 166.6 184.5 17.89 9.6 101.4 0.052
223.936 1.468 203.8 2262 2234 10.0 162.9 0.050
259.681 1.827 2455 268.6 23.09 11.2 180.6 0.044
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Figure 44: Graph showing damping factor (& ) versus frequency fn Hz)

Figure 45 is a graph of acceleration versus frequency obtained from the results of the

spreadsheet data extracted from the PUMA system for a cable tension of 20.73 kN. The

same graph appears in the spectral dynamic viewer as shown in Figure 26. This spreadsheet

graph is more amenable to analysis. Furthermore, the frequency peaks are extracted to

form Table 19 below.
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Figure 45: Graph showing acceleration (G) versus frequency (Hz)
Channel 15 represents data from the accelerometer at end-span)
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Referring to Table 19 and Figure 46, at frequencies higher than 100 Hz, the values of the

damping factors were0.016 < ¢ <0.048. The maximum damping factor(0.495) is

observed at  38.06 Hz. These results presented wete for the tension of 20.73 kN and the

accelerometer was placed at end-span. Moreover the conductor was without Stockbridge

dampers.
Table 19: Data for Figure 45
Resonance Half- Half- Band- Quality Exciting Damping
frequency  Acceleration power power width factor force factor
fn a fa Iz Af Q Fo 4
38.060 0.371 19.6 57.3 37.66 1.0 408.3 0.495
89.011 1.144 87.5 97 1 9.60 9.3 137.2 0.054
138.486 0.669 166.5 1924 25.84 54 138.8 0.093
177.622 0.937 167.3 184.3 16.98 10.5 99.7 0.048
213.805 1.793 2079 2145 6.65 32.2 62.0 0.016
252.941 1.430 243.3 260.3 16.98 14.9 106.8 0.034
282.478 1.592 275.8 295.0 19.20 14.7 120.3 0.034
Damping Factor
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Figure 46: Graph showing acceleration (G) versus frequency (Hz)
Channel 15 represents data from the accelerometer at end-span)

89



8.3 Discussion of forced vibration results for the TERN transmission line

conductor

Using the forced vibration method, the values of the damping factors obtained using the

free vibration method described in Chapter 7 were confirmed.

1. At frequencies lower than 100 Hz , the damping factors were high, and the graph
of damping factor versus frequency was plotted for one set of data as shown in
Figures 40, 42, 44 and 46.

2. At frequencies higher than 100 Hz , the damping factors levelled to constant values
of § <0.05, which compared favourably with those obtained using the free
vibration method. Refer to Figures 40, 42, 44 and 46.

3. For the forced vibration method, the first dominant resonance frequency was
observed, using the sweep tests, to be between 12 < f <51 (Hz). This is in close
agreement with that obtained for the free vibration method as shown in Figures 14
to 16 together with corresponding Tables 6 to 9.

4. At frequencies higher than 100 Hz , the damping factors levelled to constant values
for both accelerometers at mid-span and end-span. Also the dominant frequency
peaks levels were approximately the same. Refer to Figures 40, 42, 44 and 406.

5. At frequencies lower than 100 Hz, the damping factors were different for

accelerometers placed at mid-span and end-span. Also the dominant frequency

peaks levels were not the same as shown in Figures 40, 42, 44 and 46.

8.4 Analysis of forced vibration results for the Aero-Z iec62219-REV240609
transmission line conductor

The tension of the transmission line varied from 24.01 kN to 27.02 kN in order to show
the effect of conductor tension on the characteristics of the conductor. The results on the

cable without Stockbridge dampers, the cable with one Stockbridge damper or mass
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absorber damper, and the cable with two Stockbridge damper or mass absorber dampers
are also analysed in order to check if it was necessary for external damping mechanisms to
be used with transmission conductors. The difference when placing the accelerometer at

mid-span and at the end of the conductor was also observed.

8.4.1 Tabulation of forced vibration calculated results for the Aero-Z iec62219-
REV240609 conductor

The following tabulated results for the Aero-Z IEC62219-REV240609 conductor were

found by following the steps shown in Section 8.2.1 above. Attention was focused on the

most dominant (resonance) frequency peaks with corresponding accelerations and the

damping factor, &.

More results appear in Appendix V. Again, a large number of results were decided upon to

represent reasonable statistical data.

Figure 47 is a graph of acceleration versus frequency obtained from the results of the
spreadsheet data extracted from the PUMA system for a cable tension of 24.01 kN. The
same graph appears in the spectral dynamic viewer as shown in Figure 26. This spreadsheet
graph is more amenable to analysis. Furthermore, the frequency peaks are extracted to

form Table 20 below.
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Figure 47 Sweep test extracted from Microsoft Excel data
(Channel 15 represents data from the accelerometer at mid-span)

Referring to Table 20 and Figure 48, at frequencies higher than 50 Hz , the values of the
damping factors were0.020 < £ <0.157. The maximum damping factor(0.626) is
observed at 21.593 Hz.

The results presented were for the tension of 24.01 kNN and the accelerometer was placed at

mid-span and the conductor was without Stockbridge dampers.

Table 20: Data at mid-span for tension 24.01 without dampers, collected from Figure 47

half- half- quality damping
resonance frequency  acceleration power power bandwidth factor factor
Jn a Ji Sz Af Q g
21.593477 9.93031 14.0 40.982899  27.021223 0.799 0.626
86.549149 26.7413 84.644798  88.103424  3.458626 25.024 0.0200
164.99675 8.34953 137.48105 189.40128 51.920227 3.178 0.1573
255.18811 37.2414 246.26372  263.26184 16.998123 15.013 0.0333
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Figure 48: Graph showing damping factor vs. Frequency

Figure 49 shows the results for the sweep test plotted by the spreadsheet of the PUMA

system for a cable tension of 24.01kN. The same graph appears in the spectral dynamic

viewer as shown in Figure 27. The results were captured from the accelerometer positioned

at end-span of the Aero-Z IEC62219-REV240609 conductor. This spreadsheet graph is

more amenable to analysis. Furthermore, the frequency peaks are extracted to form Table

21 below.
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Figure 49: Sweep test extracted from Microsoft Excel data
(Channel 15 represents data from the accelerometer at end-span)
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Referring to Table 21 and Figure 50, at frequencies higher than 50 Hz, the values of the

damping factors were 0.032 < ¢ <0.069, and at the frequencies below 50 Hz

The results presented were for the tension of 24.01 kNN and the accelerometer was placed at

the end-span position and the conductor was without Stockbridge dampers.

Table 21: Data at end-span for tension 24.01 without dampers, collected from Figure 49

resonance frequency

Sn
85.401459
195.393631
255.18811

half- half-
acceleration power power bandwidth
a S Sz Af
3.82825 84.3 89.685615  5.416625

4.38334 17717212 204.2845  27.112381
16.285 250.6862  267.98959  17.303391

quality damping

factor factor
Q g
15.767 0.032
7.207 0.0694
14.748 0.0339

Damping factor
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Figure 50: Graph showing damping factor vs. Frequency

Figure 51 is a graph of acceleration versus frequency obtained from the results of the

spreadsheet data extracted from the PUMA system for a cable tension of 24.01 kN. The

same graph appears in the spectral dynamic viewer as shown in Figure 28. This spreadsheet

graph is more amenable to analysis. Furthermore, the frequency peaks are extracted to

form Table 22 below.
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Figure 51 Sweep test extracted from Microsoft Excel data
(Channel 15 represents data from accelerometer at mid-span)

Referring to Table 22 and Figure 52, at frequencies higher than 50 Hz, the values of the
damping factors were0.011< £ <0.089. The maximum damping factor(0.626) is
observed at 21.593 Hz.

These results presented were for the tension of 24.01 kN and the accelerometer was placed

at mid-span and conductor was with one Stockbridge damper.

Table 22: Data at mid-span for tension 24.01 with one damper, collected from Figure 51

half- half- quality damping
resonance frequency  acceleration power power bandwidth factor factor
S a Ji J2 Af Q g
21.593477 9.84096 14.7 30.689524  15.962075 1.353 0.370
85.401459 27.7198 85.401459 87.322823  1.921304 44.448 0.0112
191.946594 11.0894 168.70885  200.6806  31.971756 6.004 0.0833
250.686203 30.628 2495732 294.23914  44.66594 5.612 0.0891
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Figure 52: Graph showing damping factor vs. Frequency

Figure 53 is a graph of acceleration versus frequency obtained from the results of the
spreadsheet data extracted from the PUMA system for a cable tension of 24.01 kN. The
same graph appears in the spectral dynamic viewer as shown in Figure 29. This spreadsheet
graph is more amenable to analysis. Furthermore, the frequency peaks are extracted to

form Table 23 below.
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Figure 53: Sweep test extracted from Microsoft Excel data
(Channel 15 represents data from the accelerometer at end-span)
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Referring to Table 23 and Figure 54, at frequencies higher than 50 Hz, the values of the
damping factors were 0.032 < £ <0.073.

The results presented were for the tension of 24.01 kN and the accelerometer was placed at

end-span. and conductor was with Stockbridge one damper.

Table 23: Data at end-span for tension 24.01 with one damper, collected from Figure 53

half- half- quality damping
resonance frequency  acceleration power power bandwidth factor factor
S a Ji J2 Af Q 4
83.151535 2.90829 83.2 88.496338  5.344803 15.557 0.032
186.059952 4.3049 17250449  199.78961  27.285126 0.819 0.0733
246.263718 13.6564 24517035 277.70132  32.530975 7.570 0.0660
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Figure 54: Graph showing damping factor vs. Frequency

Figure 55 is a graph of acceleration versus frequency obtained from the results of the
spreadsheet data extracted from the PUMA system for a cable tension of 24.01 kN. The
same graph appears in the spectral dynamic viewer as shown in Figure 30. This spreadsheet
graph is more amenable to analysis. Furthermore, the frequency peaks are extracted to

form Table 24 below.
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Figure 55: Sweep test extracted from Microsoft Excel data
(Channel 15 represents data from the accelerometer at mid-span)

Referring to Table 24 and Figure 56, at frequencies higher than 50 Hz, the values of the
damping factors were0.022 < <0.184. The maximum damping factor(0.368) is
observed at 21.688 Hz.

The results presented were for the tension of 24.01 kNN and the accelerometer was placed at

mid-span.and the conductor was with two Stockbridge dampers.

Table 24: Data at mid-span for tension 24.01 with two dampers, collected from Figure 55

half- half- quality damping
resonance frequency  acceleration power power bandwidth factor factor
Jn a Ji Sz Af Q g
21.68777 7.00361 19.6 35.543701  15.963932 1.359 0.368
86.549149 20.508 85.022285 88.890999  3.868714 22.372 0.0223
192.802597 7.55625 14246326 21357991 71.116653 2.711 0.1844
260.929352 37.9182 250.6862 26443591  13.74971 18.977 0.0263
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Figure 56: Graph showing damping factor vs. Frequency

Figure 57 is a graph of acceleration versus frequency obtained from the results of the

spreadsheet data extracted from the PUMA system for a cable tension of 24.01 kN. The

same graph appears in the spectral dynamic viewer as shown in Figure 31. This spreadsheet

graph is more amenable to analysis. Furthermore, the frequency peaks are extracted to

form Table 25 below.
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Figure 57: Sweep test extracted from Microsoft Excel data
(Channel 15 represents data from the accelerometer at end-span)
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Referring to Table 25 and Figure 58, at frequencies higher than 50 Hz, the values of the
damping factors were 0.011 < £ < 0.080.

The results presented were for the tension of 24.01 kN and the accelerometer was placed at

end-span and the conductor was with two Stockbridge dampers.

Table 25: Data at end-span for tension 24.01 with two dampers, collected from Figure 57

half- half- quality damping
resonance frequency acceleration power power bandwidth factor factor
S a Ji J2 Af Q 4
83.522362 2.34719 83.5 85.401459  1.879097 44.448 0.011
179.553085 2.8266 16573257  194.52611  28.793534 0.236 0.0802
257.469299 11.8604 250.6862  289.04831  38.362106 0.712 0.0745
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Figure 58: Graph showing damping factor vs. Frequency

Figure 59 is a graph of acceleration versus frequency obtained from the results of the
spreadsheet data extracted from the PUMA system for a cable tension of 27.02 kN. The
same graph appears in the spectral dynamic viewer as shown in Figure 32. This spreadsheet

graph is more amenable to analysis. Furthermore, the frequency peaks are extracted to

form Table 26 below.
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Figure 59: Sweep test extracted from Microsoft Excel data
(Channel 15 represents data from the accelerometer at mid-span)

Referring to Table 26 and Figure 60, at frequencies higher than 50 Hz, the values of the
damping factors were0.020 <& <0.157. The maximum damping factor(0.544) is
observed at 23.394 Hz.

The results presented were for the tension of 27.02 kNN and the accelerometer was placed at

mid-span and the conductor was without Stockbridge dampers.

Table 26: Data at mid-span for tension 27.02 without dampers, collected from Figure 59

half- half- quality damping
resonance frequency  acceleration power power bandwidth factor factor
S a Ji Sz Af Q g
23.394167 1.00811 13.1 38.50771  25.447505 0.919 0.544
86.549149 2.72685 83.522362 86.935127  3.412765 25.360 0.0197
164.99675 0.851415 136.87065 188.56036 51.689713 3.192 0.1566
255.18811 3.79756 246.26372  262.09302 15.8293 16.121 0.0310
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Figure 60: Graph showing damping factor vs. Frequency

Figure 61 is a graph of acceleration versus frequency obtained from the results of the
spreadsheet data extracted from the PUMA system for a cable tension of 27.02 kN. The
same graph appears in the spectral dynamic viewer as shown in Figure 33. This spreadsheet
graph is more amenable to analysis. Furthermore, the frequency peaks are extracted to

form Table 27 below.
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Figure 61: Sweep test from spectral dynamic viewer
(Data extracted from the accelerometer positioned at end-span)
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Refetring to Table 27 and Figure 62, at frequencies higher than 50 Hz, the values of the
damping factors were 0.011 < £ < 0.0895.

The results presented were for the tension of 27.02 kNN and the accelerometer was placed at

end-span and the conductor was without Stockbridge dampers.

Table 27: Data at end-span for tension 27.02 without dampers, collected from Figure 61

half- half- quality damping
resonance frequency acceleration power power bandwidth factor factor
Jn a S 2 Af Q g
83.151535 0.296563 83.2 85.022285 1.87075 44.448 0.011
186.059952 0.438977 165.73257 193.66245 27.929871 6.662 0.0751
246.263718 1.39256 24626372  290.33737  44.073654 5.588 0.0895
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Figure 62: Graph showing damping factor vs. Frequency

Figure 63 is a graph of acceleration versus frequency obtained from the results of the
spreadsheet data extracted from the PUMA system for a cable tension of 27.02 kN. The
same graph appears in the spectral dynamic viewer as shown in Figure 34. This spreadsheet

graph is more amenable to analysis. Furthermore, the frequency peaks are extracted to

form Table 28 below.
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Figure 63: Sweep test extracted from Microsoft Excel data
(Channel 15 represents data from the accelerometer at mid-span)

Referring to Table 28 and Figure 64, at frequencies higher than 50 Hz, the values of the
damping factors were0.009 < <0.089. The maximum damping factor(0.365) is
observed at 21.593 Hz.

The results presented were for the tension of 27.02 kNN and the accelerometer was placed at

mid-span and the conductor was with one Stockbridge damper.

Table 28: Data at mid-span for tension 27.02 with one damper, collected from Figure 63

half- half- quality damping
resonance frequency  acceleration power power bandwidth factor factor
Sn a S S2 Af Q 4
21.593477 1.0035 14.9 30.689524  15.764156 1.370 0.365
85.401459 2.826063 85.401459  86.935127  1.533668 55.684 0.0090
191.946594 1.1308 168.70885 199.78961  31.080765 06.176 0.0810
250.686203 3.12319 249.5732 29423914  44.66594 5.612 0.0891
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Figure 64: Graph showing damping factor vs. Frequency

Figure 65 is a graph of acceleration versus frequency obtained from the results of the
spreadsheet data extracted from the PUMA system for a cable tension of 27.02 kN. The
same graph appears in the spectral dynamic viewer as shown in Figure 35. This spreadsheet
graph is more amenable to analysis. Furthermore, the frequency peaks are extracted to

form Table 29 below.
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Figure 65: Sweep test extracted from Microsoft Excel data
(Channel 15 represents data from the accelerometer at end-span)
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Referring to Table 29 and Figure 66, at frequencies higher than 50 Hz, the values of the
damping factors were 0.032 < £ < 0.074.

The results presented were for the tension of 27.02 kN and the accelerometer was placed at

end-span and the conductor was with one Stockbridge damper.

Table 29: Data at end-span for tension 27.02 with one dampet, collected from Figure 65

half- half- quality damping
resonance frequency  acceleration power power bandwidth factor factor
S a Ji J2 Af Q 4
83.1515235 0.296563  83.151535 88.496338  5.344803 15.557 0.032
186.059952 0.438977 17327379  200.6806  27.406815 6.789 0.0737
246.263718 1.39256 24517035 277.70132  32.530975 7.570 0.0660
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Figure 66: Graph showing damping factor vs. Frequency

Figure 67 is a graph of acceleration versus frequency obtained from the results of the
spreadsheet data extracted from the PUMA system for a cable tension of 27.02 kN. The
same graph appears in the spectral dynamic viewer as shown in Figure 36. This spreadsheet

graph is more amenable to analysis. Furthermore, the frequency peaks are extracted to

form Table 30 below.
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Figure 67: Sweep test extracted from Microsoft Excel data
(Channel 15 represents data from the accelerometer at mid-span)

Referring to Table 30 and Figure 68, at frequencies higher than 50 Hz , the values of the
damping factors were0.020 < <0.187. The maximum damping factor(0.381) is
observed at 21.593 Hz.

The results presented were for the tension of 27.02 kNN and the accelerometer was placed at

mid-span and the conductor was with two Stockbridge dampers.

Table 30: Data at mid-span for tension 27.02 with two dampers, collected from Figure 67

half- half- quality damping
resonance frequency  acceleration power power bandwidth factor factor
Sn a 1 S2 Af Q g
21.593477 0.71417 18.3 34761631  16.446077 1.313 0.381
85.401459 2.09123 83.894844  87.322823  3.427979 24913 0.0201
191.946594 0.770523 14097411 212.63165 71.657541 2.679 0.1867
250.686203 3.86658 249.5732  262.09302 12.519822 20.023 0.0250
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Figure 68: Graph showing damping factor vs. Frequency

Figure 69 is a graph of acceleration versus frequency obtained from the results of the
spreadsheet data extracted from the PUMA system for a cable tension of 27.02 kN. The
same graph appears in the spectral dynamic viewer as shown in Figure 37. This spreadsheet
graph is more amenable to analysis. Furthermore, the frequency peaks are extracted to

form Table 31 below.
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Figure 69: Sweep test extracted from Microsoft Excel data
(Channel 15 represents data from the accelerometer at end-span)
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Referring to Table 31 and Figure 70, at frequencies higher than 50 Hz | the values of the
damping factors were 0.011< £ < 0.0864.

The results presented were for the tension of 27.02 kN and the accelerometer was placed at

end-span and the conductor was with two Stockbridge dampers.

Table 31: Data at end-span for tension 27.02 with two dampers, collected from Figure 69

half- half- quality damping
resonance frequency  acceleration power power bandwidth factor factor
Jn a S Sz Af Q g
83.522362 0.239347 83.2 85.022285 1.87075 44,646 0.011
179.553085 0.288236 165.73257 193.66245 27.929871 6.429 0.0778
255.18811 1.04982 246.26372  290.33737 44.073654 5.790 0.0864

Damping Coefficient
_ o1
2 o008 e
& 006 //
£ 004 —~
& 002 P
g O
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Figure 70: Graph showing damping factor vs. Frequency

8.5 Discussion of forced vibration results for the Aero-ZIEC62219-REV240609
transmission line conductor cable

For transmission lines with no dampers, one damper or two dampers, the damping

coefficient § <1.0. Whether the Stockbridge damper is present or not, the self-damping

coefficient is roughly the same. Damping of transmission lines is therefore confirmed not
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to depend on the tuned absorbers but rather on the viscous or friction damping mechanism.
The term “mass absorber damper” as used by the Stockbridge manufacturing firm is mere
jargon. The actual external damping mechanism is called a “tuned absorber” in vibration
theory. This mechanism tunes to certain dominant frequencies in order to cancel the

resonance modes of vibration.

Using the forced vibration method, the values of the damping factors obtained using the
free vibration method were confirmed as shown in Figures 47 to 70 together with

corresponding Tables 20 to 31.

At frequencies lower than 50 Hz, the damping factors were high (for examples, see

Figures 48, 52, 56, 60, 64 and 68, which show graphs of damping factor versus frequency,
for corresponding data sets extracted from Figures 47, 51, 55, 59 63 and 67, respectively). A

possible reason for the high damping factors in this frequency range 12< f <51 (Hz) , is
that it coincides with the dominant resonance frequency for the transmission line and also
coincides with the region where the shaker control system ramps up, before reaching steady

state conditions and affects results. This is evident in Figures 23 to 26, shown by orange

and yellow lines. The sensitivity of the control system is not good in this region.

1. At frequencies higher than 50 Hz, the damping factors levelled to constant values
of {<0.2, which compared favourably with those obtained using the free

vibration method.

2. Tor the forced vibration method, the first dominant resonance frequency was
observed, using the sweep tests, to be 12< f <51(Hz). This is in close

agreement with that found using the free vibration method.

3. At frequencies higher than 50 Hz, the damping factors levelled to constant values

for both accelerometers at mid-span and end-span. Also the dominant frequency
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peaks levels were the same. Refer to Figures 48,50,52,54,56,58,60,62,64,66,68 and
70.

At frequencies lower than 50 Hz for the accelerometer placed at end-span, the

damping factors were not analysed, the most dominant frequency were not easy to
pick. Also for the accelerometer placed at mid-end span; at frequencies lower than

50 Hz the damping factors were high (0.3<¢ <0.7).
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Chapter 9

DISCUSSIONS OF RESULTS

9.1 Introduction

In this Chapter, a concise summary is provided with an emphasis based on the important
findings from the experimental analysis and discussion of results from both the TERN and

Aero-Z IEC62219-REV240609 conductors due to free and forced vibration methods.

In this Chapter, Section 9.2 will be the discussions of results for free and forced vibration
methods on the TERN conductor. Section 9.3 will be the summary and discussion of
results for both free and forced vibration methods of the Aero-Z IEC62219-REV240609
conductor. Lastly, Section 9.4 will be the mathematical model for both free and forced

vibration methods.

9.2 Discussion of results for free and forced vibration methods on the TERN
conductor

A procedure for self-damping characteristics has been developed, with the characteristic
curves for the damping factor versus frequency for the TERN conductor in good
agreement with similar results obtained by other researchers. For both the free and forced
vibration methods, the following results were found (see Table 32 and Table 33 which

gives out the summary of calculated results for both free and forced vibration methods).

1. A damping factor of ¢ =0.02 was determined using the free vibration method

from 45 tests. Refer also to Table 32 shown below.

2. Tor the free vibration method, decaying of oscillations for the TERN conductor

was observed for a frequency range of 18 < f <28 (Hz). This is an indication of
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how fast the energy is dissipated (Also obsetved as 1% dominant resonance
frequency). See also the summary shown in Table32 below.

Travelling wave numbers were obtained. Theoretical and experimental wave
numbers agreed favourably. For a tension range of 20—29 kN, a wave number
range of 124 —-149 rad /s was obtained. This is also known as the Cvalue given by
equation (3.21). See Figures 14 to 16 together with corresponding Tables.

Using the forced vibration method, the results were able to confirm the values of
the damping factors obtained using the free vibration method. Refer to the results
by comparing Table 32 and Table 33 below.

At frequencies lower than 100 Hz, the damping factors were high, and the graph
of damping factor versus frequency was plotted for one set of data as shown in
Figure 17. See also Table 33 below.

At frequencies higher than 100 Hz , the damping factors levelled to constant values
of § <0.05, which compared favourably with those obtained using the free
vibration method. Refer also to the summary of the results in Table 33.

For the forced vibration method, the first dominant resonance frequency was
observed, using the sweep tests, to be 12< f <51(Hz). This is in close

agreement with that found for the free vibration method. See also Table 33 for the

confirmation of the results.

Table 32: summary of results for free vibration of the TERN conductor
Tension (kN) Damping coefficient Frequency (Hz)

0.018 (sece Table 6) 27.2 (see Table 6)
0.020 (sece Table 6) 23.2 (see Table 6)
0.026 (see Table 8 22.7 (see Table 8)
0.020 (see Table 8) 27.8 (see Table 8)
0.012 (see Table 9) 25.0 (see Table 9)
29.56 0.213 (sce Table 9) 18.3 (see Table 9)
0.042 (sce Table 9) 17.9 (see Table 9)

20.73

25.11

113



Table 33: summary of results for forced vibration of the TERN conductor

Tension of 20.73 kN (see Table 19) Tension of 25.11 kN (see Table 16)  Tension of 29.56 kN (see Table 18)
Damping coefficieni Frequency (Hz) Damping coefficienFrequency (Hz)  Damping coefficient Frequency (Hz)

0.495 38.06 0.592 41.49 0.532 50.426
0.054 89.011 0.067 94.361 0.148 98.085
0.093 138.486 0.039 163.936 0.052 171.809
0.048 177.622 0.025 206.064 0.05 223.936
0.016 213.805 0.023 239.574 0.044 259.681
0.034 252.941 0.031 280.532

0.034 282.478

9.3 Discussion of results for free and forced vibration methods on the Aero-Z
IEC62219-REV240609 conductor

A procedure for self-damping characteristics has been developed, with the The

characteristic curves for the damping factor versus frequency for the Aero-Z IEC62219-

REV240609 conductor in good agreement with similar results found by other researchers.

For both the free and forced vibration methods, the following results were found:

For transmission lines with no dampers, one damper or two dampers, the damping
coefficient § <1.0. Whether the damper is present or not, the self-damping coefficient is
roughly the same. Damping of the transmission lines is therefore confirmed not to depend
on the tuned absorbers but rather on wiscous or friction damping mechanism. The name
“mass absorber damper” used by Stockbridge is mere jargon. The actual external damping
mechanism is termed a “tuned absorber” in vibration theory. This mechanism tunes to

certain dominant frequencies in order to cancel the resonance modes of vibration.

For both the free and forced vibrations methods, the following was determined:
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1.

The damping factors (damping coefficients) of 0.012 < ¢ <0.2 were determined. See
Figures 17 to 22 together with corresponding Tables 25 to 30. Other results appear in
Appendix III. Refer also to the summary of results shown in Table 34 below.

For the free vibration method, decaying of oscillations for the Aero-Z IEC62219-
REV240609 conductor was observed for a frequency range of 50 < f, <100 (Hz).
This is an indication of how fast the energy is dissipated. (Also observed as 1%

dominant resonance frequency.) See Figures 17 to 22 together with corresponding

Tables 25 to 30.

Impulsive forces were introduced at position 1.2 Mspan measured from the load-end

fixed block. While the damping coefficient was not affected by the position of impulsive

forces, these had an effect on the mode of vibration of the conductor as shown in Figures

17 to 22 together with corresponding Tables 25 to 30. Also the summary shown in Table

34 and Table 35 showed the effects of damping coefficient at different impulse forces.

3. At frequencies lower than 50 Hz, the damping factors were high, and the graph of

damping factor versus frequency was plotted for one set of data as shown in Figure 18
above Refer also to Table 35 below.

At frequencies higher than 50 Hz, the damping factors levelled to constant values of
0.011<¢ <0.2, which compared favourably with those obtained using the free
vibration method. At frequency below 50 Hz the damping coefficient are high but less
than 1 ( ' <1.0).See Figures 48, 52, 56, 60, 64 and 68 with corresponding Tables. See
also Table 35 below.

For the forced vibration method, the first dominant resonance frequency was observed,
using the sweep tests, to be 12< f <51(Hz). This is in close agreement with that

found for the free vibration method. The results are compared in Tables 34 and 35

below.
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The summary of results for the Aero-Z IEC62219-REV240609 conductor is shown in

Tables 34 and 35 below.

Table 34: summary of results for free vibration of the Aero-Z IEC62219-REV240609

conductor
Tension of 24.01 kN Tension 27.02 kN
damping coefficient Frequency (Hz) damping coefficient Frequency (Hz)
no mass abssorber 0.079 (see Table 10) 625 0.11 (see Table 13) 588
0.105 (see Table 10) 395 0.066 (see Table 13) 417
0.039 (see Table 72 962 0.102 (see Table 78) 625
0.046 (see Table 72) 714 0.057 (see Table 78) 435
one mass absober 0.026 (see Table 11) 521 0.21 (see Table 79) 658
0.029 (see Table 11) 375 0.04 (see Table 79) 400
0.062 (see Table 74) 465 0.034 (see Table 14) 735
0.023 (see Table 74) 385 0.027 (see Table 14) 385
two mass absober 0.012 (see Table 12) 556 0.21 (see Table 15) 595
0.033 (see Table 12) 364 0.047 (see Table 15) 435
0.012 (see Table 76) 583 0.22 (see Table 82) 625
0.042 (see Table 76) 417 0.074 (see Table 82) 417

Table 35: summary of results for forced vibration of the Aero-Z IEC62219-REV240609

conductor
Tension of 24.01 kN Tension 27.02 kN
damping coefficient Frequency (Hz) damping coefficient Frequency (Hz)
mid-span  end-span  mic-spna  end-span  mid-span end-span  mid-span end-span
no mass abssorber  0.626 0.032 22 85 0.544 0.011 23 83
0.020 0.069 87 195 0.020 0.075 87 186
0.157 0.034 165 255 0.157 0.090 165 246
0.033 255 0.031 255
see Table 20 see Table 21 see Table 20 see Table 21 see Table 26 see Table 27 |see Table 26/ see Table 27
one mass absober  0.370 0.032 22 83 0.365 0.032 22 83
0.011 0.073 85 186 0.009 0.074 85 186
0.083 0.066 192 246 0.081 0.066 192 246
0.089 251 0.089 251
see Table 22 | see Table 23 see Table 22 see Table 23 see Table 28 see Table 29 see Table 28 see Table 29
two mass absober 0.368 0.011 2 84 0.381 0.011 2 84
0.022 0.080 87 180 0.020 0.078 85 180
0.184 0.075 193 257 0.187 0.086 192 255
0.026 261 0.025 251

see Table 24 | see Table 25 see Table 24 see Table 25 see Table 30 see Table 31 'see Table 30 see Table 31
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9.4 Mathematical model

The equation of motion for a system possessing a combination of friction and viscous
damping is complex. Structural or hysteretic damping can be summarised in the following

equation taken from Beard (1995).

m5<+(c—“j>'<+kx:0
[0}

Under harmonic excitation, the response is given by

X=Xe!, X = joXe' = jox and it follows that (—H)X = Jc, X
a

The equation of motion reduces to

mX + (jc, +K)x=0 or mx+k'x=0
. C .
k™ = k(1+ j?H): k(1+ jn)

Some definitions according to Beard (1995) and Meirovitch (2001).

AE,. =X ? =cnaX’®

a=Crnw

A EEnergy dissipated per cycle

k™ = complex stiffness

C =viscous damping coefficient
k = elastic constant

M =mass

AE.. = aX ? =croX?

(04 . . .
C, = — = hysteretic or structural damping coefficient
T

1 =hysteretic or structural damping loss factor (Beard)
¥ =hysteretic or structural damping loss factor (Meirovitch)
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How do we define viscons damping coefficient, C in light of mass, M, elastic constant, K and damping
factor or ratio, & ?

c . . .. . .
cZ=4mk where ¢ =— (ie. C=¢C,) and C, =viscous critical damping coefficient, the
C

c
damping ratio, 0 < ¢ < 0.2 is obtained from experiments using the log decrement, & (free
vibration) method or quality factor, Q (forced vibration) method.

The self damping characteristics of transmission lines, usually not supplied by
manufacturers, were therefore successfully determined using simple approaches developed

in the dissertation. In the transmission lines investigated, the damping ratio 0 < < 0.2 is

considered to summarize the self damping characteristics. This damping factor or ratio is

(24 .
used to define €C=¢C,, then a=Czw and then C, =—, the circular frequency
T

® =27f is any excitation frequency of vibration. The hysteretic or structural damping

coefficient is then included in the mathematical model or equation of motion.
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Chapter 10

CONCLUSION

A simple procedure for determining the self-damping characteristics of the TERN and
Aero-Z TEC62219-REV240609 conductors was developed, with the damping factor found
to be § <£0.2 for both conductors. The damping factor of the TERN conductor was

confirmed to be { <0.05, whereas the damping factor of the Aero-Z IEC62219-
REV240609 was confirmed to be { <0.2from both the free and forced vibration

methods.

The self-damping of the transmission lines is confirmed not to depend on tuned absorbers
such as Stockbridge dampers, but on the wviscous or friction damping mechanism. The self-

damping of the transmission lines is weak and not adequate to suppress Aeolian vibration.

The mathematical model was developed based on the books by Beard (1995) and
Meirovitch (2001).
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Chapter 11

RECOMMENDATIONS

An experimental procedure for determining the self-damping characteristics of
transmission line conductors subjected to free and forced vibration has been developed in

this research. However, a number of issues require further investigation:

The optimal position of external damping mechanisms on a general transmission line; and

The most suitable size for external damping mechanisms on a general transmission line.
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Appendices

APPENDIX I

RESULTS FOR FREE VIBRATION METHOD ON TERN CONDUCTOR

Irput &

Mirimum = Underload
—— CursorValues
1

02 =

512 me 200me/Div

Figure 71: Excitation at 1.2 M measured from load end, cable tension = 20.8 kN
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Table 36: Calculated results from data of Figure 71

TERN PX  PY
i (ms)  (mv)

744 9600.00
768 9000.00
800 8000.00
832 9000.00
872 8000.00
928 4600.00
SUM 48200.0

D OB WN =

FREQ
(H2)

417
31.3
31.3
25.0
17.9

In PY

9.1695
9.1050
8.9872
9.1050
8.9872
8.4338
53.788

Vi (INPY)Yj

0 0.0000
1 9.1
2 179744
3 27.3149
4 359488
5 42.1691
15 132512

Yjh2 Zj LogDec Zeta NatFreq NatFreq

0 9.2442 0.112 0.018
1 9.1324

4 9.0205

9 8.9087

16 8.7969

25 8.6850

55

(radls) (Hz)

170.8

Using least squares method, log-dec = 0.112, zeta = 0.018, frequency of decaying oscillation is 170.8 rad/s (27.2Hz)

TERN PX  PY
i (ms)  (mv)

1376 7400.00
1408 7200.00
1440 7000.00
1480 7000.00
1528 5200.00
1592 3800.00
SUM 37600.0

DO WN -

FREQ
(H2)

31.3
31.3
25.0
20.8
15.6

In PY

8.9092
8.8818
8.8537
8.8537
8.5564
8.2428
52.298

Yj (IPY)Y,

0  0.0000
1 8.9
2 17.7073
3 26.5610
4 34.2257
5 412138
5

1 128.590

Yjr2 Zj LogDec Zeta NatFreq

0 9.0240 0.123 0.020
1 8.9009

4 8.7778

9 8.6547

16 8.5316

25 8.4085

55

(rad/s)

145.5

Using least squares method, log-dec = 0.123, zeta = 0.020, frequency of decaying oscillation is 145.5 rad/s (23.2 Hz)

Mode Lamda Tau
(m) (s)
846 0.624
56.4 0.624
423 0.624
33.84 0.624

(S, S SVIN O

Mode Lamda Tau

m) (s)
2 846 0528

4 423 0.528
5 3384 0528

Mode Lamda Tau

m) (s)
846 0.456

2
3
4 423 0456
5 3384 0456

Conductor is excited in first mode but eventually vibrates in third mode

Freq Wave speed Theoretical Difference Difference %

(Hz)
1.60
1.60
1.60
1.60

Freq
(Hz
1.89

1.89
1.89

Freq
(Hz
219

2.19
2.19

(rad/s)
135.58
90.38
67.79
54.23

(rad/s) (rad/s)

124.6 (10.99)
34.20
56.80
70.36

8.10
37.84
83.79

129.74

Wave speed Theoretical Difference Difference %

(rad/s)
160.23

80.11
64.09

(rad/s) (rad/s)
124.6 (35.64)

44.48
60.50

2224

55.52
94.39

Wave speed Theoretical Difference Difference %

(rad/s)
185.53

92.76
74.21

(rad/s) (rad/s)

124.6 (60.94)

31.83
50.38

32.85

34.31
67.89

Experimental and theoretical wave number agree favourably at 124 rad/s within 0.73 < ¢ < 16.64

272

232
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Figure 72: Excitation at 1/4 span measured from load end, cable tension = 20.8 kN

Table 37: Calculated results from data of Figure72

Mode Lamda Tau  Freq Wave speed Theoretical Difference Difference %

(m) (s) (Hz) (rad/s) (rad/s) (rad/s)

2 846 0344 291 24593 1246 (121.34)
3 56.4 0.344 2.91 163.95 (39.36)
4 423 0344 291 122.97 1.62
5 3384 0344 291 98.37 26.22

49.34
24.01

1.32
26.65

Mode Lamda Tau Freq Wave speed Theoretical Difference Difference %

(m) (s) (Hz) (rad/s) (rad/s) (rad/s)
2 846 0.328 3.05 25793 1246 (133.34)
3 56.4 0.328 3.05 171.95 (47.36)
5 3384 0328 3.05 103.17 21.42

51.70
27.54

20.76

Mode Lamda Tau Freq Wave speed Theoretical Difference Difference %

(m) (s) (Hz) (rad/s) (rad/s) (rad/s)
2 846 0304 3.29 27829 1246 (153.70)
3 56.4 0.304 3.29 185.53 (60.94)
5 3384 0304 329 111.32 13.27

Conductor is excited in first mode and continues vibrating in fourth mode

55.23
32.85

11.92

Datablock
Name = Input A
Dale = 2008/11/14
Tie  =125225PM
\VScde = 5 V/Div
vas0z= 02V
X Scde = 200 msiDiv
KA0% =512 ms
XSbe = 300(300)
Masimum = 136V
Mirimum = 158V

—— Cursor Values —
%1 2 me

X2 376 ms

dX: 3 me

V1 ROV

V2 7BY

ks A4y

Experimental and theoretical wave number agree favourably at 124 rad/s within 1.32 < € < 10.46
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Figure 73: Excitation at 1/2 span, cable tension = 20.8 kN
Table 38: Calculated results from data of Figure 73
Mode Lamda Tau Freq Wave speed  Theoretical Difference Difference %
(m)  (s) (Hz) (rad/s) (rad/s) (rad/s)
2 84.6 0.632 1.58 133.86  124.6 (9.27) 6.93
3 56.4 0.632 1.58 89.24 35.35 39.61
4 423 0.632 1.58 66.93 57.66 86.15
5 33.84 0.632 1.58 53.54 71.04 132.68
Mode Lamda Tau Freq Wave speed  Theoretical Difference Difference %
(m) (s) (Hz) (rad/s) (rad/s) (rad/s)
124.6
3 56.4 0.632 1.58 89.24 35.35 39.61
4 42.3 0.632 1.58 66.93 57.66 86.15
5 33.84 0.632 1.58 53.54 71.04 132.68
Mode Lamda Tau Freq Wave speed  Theoretical Difference Difference %
(m) (s) (Hz) (rad/s) (rad/s) (rad/s)
124.6
3 56.4 0.584 1.71 96.58 28.01 29.01
4 42.3 0.584 1.71 7243 52.16 72.01
5 33.84 0.584 1.71 57.95 66.64 115.01

Conductor is excited in first mode and continues vibrating in second mode
Experimental and theoritical wave number agree favourably at 124 rad/s within 6.93 <€ < 14
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Figure 74: Excitation at 1.2 M measured from load end, cable tension = 25.12 kN

Table 39: Calculated results from data of Figure 74

TERN PX PY FREQ In PY Yj (InPY)Yj Yjr2 Zj LogDec Zeta NatFreq NatFreq
j (ms) (mV) (Hz) (rad/s) (Hz)
1 632 9400.0 9.15 0 0.00 0 9.20 0.162 0.026 143 22.7
2 664 9400.0 31.3 9.15 1 9.15 1 9.04
3 720 6800.0 17.9 8.82 2 17.65 4 8.88

SUM 25600.0 27.12 3 26.80 5

Using least squares method, log-dec = 0.162, zeta = 0.026, frequency of decaying oscillation is 143 rad/s (22.7Hz)

TERN PX PY FREQ In PY Yj (InPY)Yj Yjr2 Zj LogDec Zeta NatFreq
j (ms) (mV) (Hz) (rad/s)
1 1200 8000.0 8.99 0 0.00 0 899 0.127 0.020 175
2 1232 7200.0 31.3 8.88 1 8.88 1 8.87
3 1272 6200.0 25.0 8.73 2 17.46 4 8.74

SUM 21400.0 26.60 3 26.35 5

Using least squares method, log-dec = 0.127, zeta = 0.020, frequency of decaying oscillation is 175 rad/s (27.8 Hz)

Mode Lamda Tau Freq Wave speed Theoretical Difference Difference %
(m) (s) (Hz) (rad/s) (rad/s) (rad/s)
2 846 0.568 1.76 148.94 136.9 (12.03) 8.07
3 56.4 0.568 1.76 99.30 37.62 37.89
4 423 0.568 1.76 74.47 62.45 83.85
Mode Lamda Tau Freq Wave speed Theoretical Difference Difference %
(m) (s) (Hz) (rad/s) (rad/s) (rad/s)
136.9
3 56.4 0.648 1.54 87.04 49.88 57.31
4 423 0.648 1.54 65.28 71.64 109.75
5 33.84 0.648 1.54 52.22 84.69 162.18
Mode Lamda Tau Freq Wave speed Theoretical Difference Difference %
(m) (s) (Hz) (rad/s) (rad/s) (rad/s)
136.9
3 56.4 0.528 1.89 106.82 30.10 28.18
4 423 0528 1.89 80.11 56.80 70.90
5 33.84 0.528 1.89 64.09 72.83 113.63

Conductor is excited in first mode and continues vibrating in second mode
Experimental and theoritical wave number agree favourably at 137 rad/s within 4.87 < € < 14.55
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Figure 75: Excitation at 1/4 span measured from load end, cable tension = 25.12 kN
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Table 40: Calculated results from data of Figure 75

Lamda Tau
(m) (s)
84.6 0.328
56.4 0.328
42.3 0.328
33.84 0.328
Lamda Tau
(m)  (s)
84.6 0.320
56.4 0.320
33.84 0.320
Lamda Tau
(m)  (s)
84.6 0.288
56.4 0.288
33.84 0.288
Lamda Tau
(m)  (s)
84.6 0.320
56.4 0.320
33.84 0.320

Freq

(Hz)
3.05
3.05
3.05
3.05

Freq

(Hz)
3.13
3.13

3.13

Freq

(Hz)
3.47
3.47

3.47
Freq
(Hz)
3.13
3.13

3.13

Wave speed
(rad/s)
257.93
171.95
128.96
103.17

Wave speed
(rad/s)

264.38

176.25

105.75

Wave speed
(rad/s)

293.75

195.83

117.50
Wave speed
(rad/s)
264.38
176.25

105.75

Theoretical
(rad/s) (rad/s)
136.9 (121.01)
(35.03)
7.95
33.75

Theoretical Difference

(rad/s) (rad/s)

136.9 (127.46)
(39.33)
31.17

Theoretical Difference

(rad/s) (rad/s)

136.9 (156.83)
(58.92)
19.42

Theoretical Difference

(rad/s) (rad/s)

136.9 (127.46)
(39.33)
31.17

Conductor is excited in first mode and continues vibrating in third mode
Experimental and theoretical wave number agree favourably at 137 rad/s within 3.58 < € <6.78

Hinimum = 17,6V
— Cursor Values ——
%1 2 ms

K2 360 ms

d¥: 328 me

V1 BEY

V2 B4V

dY D2V

Difference Difference %

46.92
20.37

6.17
32.71

Difference %

48.21
22.32

29.47

Difference %

53.39
30.08

16.53

Difference %

48.21
22.32

29.47

131



Input &

138 — Datablock ——
Name  =Inputd

Date = 2008/11/14
Time = 11.07:38AM

148 Y Geale = 5 ViDiv
Y AED% = 02V

48
D2V e L

102

162

202

Ei2ms 200 ms/Div

Figure 76: Excitation at 1/2 span, cable tension = 25.12 kN

Table 41: Calculated results from data of Figure 37

Mode Lamda Tau Freq Wave speed Theoretical Difference Difference %
(m)  (s) (Hz) (rad/s) (rad’s) (rad/s)
2 846  0.608 1.64 139.14  136.9 (2.23) 1.60
3 56.4  0.608 1.64 92.76 44,15 47.60
4 423  0.608 1.64 69.57 67.34 96.80
5 33.84  0.608 1.64 55.66 81.26 146.00
Mode Lamda Tau Freq Wave speed Theoretical Difference Difference %
(m) (s) (Hz) (rad/s) (rad/s) (rad/s)
136.9
3 56.4  0.560 1.79 100.71 36.20 35.95
4 423  0.560 1.79 75.54 61.38 81.26
5 33.84 0560 1.79 60.43 76.49 126.58
Mode Lamda Tau Freq Wave speed Theoretical Difference Difference %
(m) (s) (Hz) (rad/s) (rad/s) (rad/s)
136.9
3 56.4  0.504 1.98 111.90 25.01 22.35
4 423  0.504 1.98 83.93 52.99 63.14
5 3384 0504 1.98 67.14 69.77 103.92

Conductor is excited in first mode and continues vibrating in second mode
Experimental and theoretical wave number agree favourably at 137 rads/s within 1.6 < € < 18.43
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Figure 77: Excitation at 1.2 M span measured from load end, cable tension = 29.86 kN

Table 42: Calculated results from data of Figure 77

TERN PX PY FREQ In PY Yj (InPY)Yj Yjr2 Zj LogDec Zeta NatFreq NatFreq
j (ms) (mV) (Hz) (rad/s) (Hz)
1 496 10600.00 9.269 0 0.0000 0 9.269 0.078 0.012 157 25.0
2 536 9800.00 25.0 9.190 1 9.2 1 9.190

SUM 20400.0 18.459 1 9.190 1

Using least squares method, log-dec = 0.078, zeta = 0.012, frequency of decaying oscillation is 157 rad/s (25.0 Hz)

TERN PX PY FREQ In PY Yj (InPY)Y;j Yjr2 Zj LogDec Zeta NatFreq
j (ms) (mV) (Hz) (rad/s)
1 1000 11800.00 9.376 0 0.0000 0 9.376 1.369 0.213 115
2 1056 3000.00 17.9 8.006 1 8.0 1 8.006

SUM 14800.0 17.382 1 8.006 1

Using least squares method, log-dec = 1.369, zeta = 0.213, frequency of decaying oscillation is 115 rad/s (18.3 Hz)

TERN PX PY FREQ  InPY Yij (INPY)Yj Yjr2 Zj LogDec Zeta NatFreq
j (ms) (mV) (Hz) (rad/s)
1 1464 7800.00 8.962 0 0.0000 0 8.962 0.262 0.042 112
2 1520 6000.00 17.9 8.700 1 8.7 1 8.700

SUM 13800.0 17.661 1 8.700 1

Using least squares method, log-dec = 0.262, zeta = 0.042, frequency of decaying oscillation is 112 rad/s (17.9 Hz)

Mode Lamda Tau Freq Wave speed Theoretical Difference Difference %
(m) (s) (Hz) (rad/s) (rad/s) (rad/s)
2 84.6 0.464 2.16 182.33 149.3 (33.05) 18.13
3 56.4 0.464 2.16 121.55 27.73 22.81
4 42.3 0.464 2.16 91.16 58.11 63.75
5 33.84 0.464 2.16 72.93 76.35 104.68
Mode Lamda Tau Freq Wave speed Theoretical Difference Difference %
(m) (s) (Hz) (rad/s) (rad/s) (rad/s)
149.3
3 56.4 0.512 1.95 110.16 39.12 35.51
4 42.3 0.512 1.95 82.62 66.66 80.68
5 33.84 0.512 1.95 66.09 83.18 125.86
Mode Lamda Tau Freq Wave speed Theoretical Difference Difference %
(m) (s) (Hz) (rad/s) (rad/s) (rad/s)
149.3
3 56.4 0.464 2.16 121.55 27.73 22.81
4 42.3 0.464 2.16 91.16 58.11 63.75
5 33.84 0.464 2.16 72.93 76.35 104.68

Conductor is excited in first mode and continues vibrating in second mode
Experimental and theoretical wave number agree favourably at 149 rad/s within 9.66 < € < 18.13

18.3

17.9
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Figure 78: Excitation at 1/4 span measured from load end, cable tension = 29.86 kN

Table 43: Calculated results from data of Figure 78

Mode Lamda Tau Freq Wave speed Theoretical Difference Difference %
(m)  (s) (Hz) (rad/s) (rad/s) (rad/s)
2 84.6 0.248 4.03 341.13 149.3 (191.85) 56.24
3 56.4 0.248 4.03 227.42 (78.14) 34.36
4 42.3 0.248 4.03 170.56 (21.29) 12.48
5 33.84 0.248 4.03 136.45 12.83 9.40
Mode Lamda Tau Freq Wave speed Theoretical Difference Difference %
(m) (s) (Hz) (rad/s) (rad/s) (rad/s)
2 84.6 0.248 4.03 34113 149.3 (191.85) 56.24
3 56.4 0.248 4.03 227.42 (78.14) 34.36
4 42.3 0.248 4.03 170.56 (21.29) 12.48
Mode Lamda Tau Freq Wave speed Theoretical Difference Difference %
(m) (s) (Hz) (rad/s) (rad/s) (rad/s)
2 84.6 0.192 5.21 440.63 149.3 (291.35) 66.12
3 56.4 0.192 5.21 293.75 (144.47) 49.18
4 42.3 0.192 5.21 220.31 (71.04) 32.24

Conductor is excited in first mode and continues vibrating in fifth mode
Experimental and theoretical wave number agree favourably at 149 rad/s within 9.40 < € < 15.30
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Figure 79: Excitation at 1/2 span, cable tension = 29.86 kN
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Table 44: Calculated results from data of Figure 79

Lamda Tau
(m)  (s)
84.6 0.424
56.4 0.424
42.3 0.424
33.84 0.424
Lamda Tau
(m)  (s)
84.6 0.504
56.4 0.504
42.3 0.504
33.84 0.504
Lamda Tau
(m)  (s)
56.4 0.520
42.3 0.520
33.84 0.520
Lamda Tau
(m)  (s)
84.6 0.384
42.3 0.384
33.84 0.384

Freq

(Hz)
2.36
2.36
2.36
2.36

Freq

(Hz)
1.98
1.98
1.98
1.98

Freq
(Hz)

1.92
1.92
1.92

Freq
(Hz)
2.60

2.60
2.60

Wave speed
(rad/s)

199.53

133.02

99.76

79.81

Wave speed
(rad/s)

167.86

111.90

83.93

67.14

Wave speed
(rad/s)

108.46
81.35
65.08

Wave speed
(rad/s)
220.31

110.16
88.13

Theoretical
(rad/s)
149.3

Theoretical
(rad/s)
149.3

Theoretical
(rad/s)
149.3

Theoretical
(rad/s)
149.3

K2 4B ms
dX: 432 ms

Y1 104y
Y2 4BY
dY S8V

—— CusorVabass —
L[«

Difference Difference %

(rad/s)

(50.25) 25.19
16.26 12.22
49.51 49.63
69.47 87.04

Difference Difference %
(rad/s)

(18.58) 11.07
37.37 33.40
65.35 77.86
82.13 122.33

Difference Difference %
(rad/s)

40.82 37.63
67.93 83.51
84.20 129.39

Difference Difference %

(rad/s)
(71.04) 32.24
39.12 35.51
61.15 69.39

Conductor is excited in first mode, vibrates in second mode twice and then in third mode
Experimental and theoretical wave number agree favourably at 149 rad/s within 1.64 < £ < 12.22
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Figure 80: Excitation at1.2 M span

Table 45: Calculated results from data of Figure 80

X dx v r delta zeta time f

80 0 19.4

116 36 10.8 1.796 0.586 0.0928 0.036 28

Mode Lambda Tau Freq Wave speed  Theoretical ~ Difference  Difference %

2 84.6 3.50E-01 281E+00 23764E+02 1243791  -1.1326E+02 -4.7661E+01
3 564  356E-01 281E+00 1.5843E+02 -3.4048E+01 -2.1491E+01
4 423 3.56E-01 281E+00 1.1882E+02 5.5588E+00  4.6784E+00
5 3384  3.56E-01 281E+00 9.5056E+01 29323E+01  3.0848E+01

Tension: 20.73 kN

A28 ms 50 ms/Div

Figure 81: Excitation at1.2 M span
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Table 46: Calculated results from data of Figure 81

X dx v
80 0 22
116 36 11.2
Mode Lambda Tau
2 84.6 3.80E-01
3 56.4 3.80E-01
4 42.3 3.80E-01
5 33.84  3.80E-01

Tension: 20.73 kN

1.904

Freq
2.63E+00
2.63E+00
2.63E+00
2.63E+00

delta

0.6751

Wave speed
2.2263E+02
1.4842E+02
1.1132E+02
8.9053E+01

50 ms/Div

zeta time

0.107 0.036

Theoretical
124.3791

Difference
-9.8253E+01
-2.4042E+01
1.3063E+01
3.5326E+01

Figure 82: Excitation at1.2 M span

Table 47: Calculated results from data of Figure 82

X dx v
52 0 184
78 26 18.2
114 36 9.6
Mode Lambda Tau
2 84.6 3.48E-01
3 56.4 348E-01
4 423 3.48E-01
5 33.84  3.48E-01

1.010989
1.895833

Freq
2.87E+00
2.87E+00
2.87E+00
2.87E+00

delta

0.01097
0.6396

Wave speed
2.4310E+02
1.6207E+02
1.2155E+02
9.7241E+01

zeta time
0.001739 0.026
0.101281 0.031
Theoretical ~ Difference
1243791  -1.1872E+02
-3.7690E+01
2.8273E+00
2.7138E+01

28

Difference %
-4.4132E+01
-1.6199E+01
1.1735E+01
3.9669E+01

32

Difference %
-4.8837E+01
-2.3255E+01
2.3260E+00
2.7908E+01
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Figure 83: Excitation at1.2 M span

aaaaaaaa

Table 48: Calculated results from data of Figure 83

v

18.2

16.6
8

Tau
3.58E-01
3.58E-01
3.58E-01
3.58E-01

Tension: 20.73 kN

1.096386
2.075

Freq
2.79E+00
2.79E+00
2.79E+00
2.79E+00

Figure 84: Excitation at1.2 M span

delta

0.0920189
0.72996115

Wave speed
2.3631E+02
1.5754E+02
1.1816E+02
9.4525E+01

50 ms/Div

zeta

0.014644
0.115401

Theoretical
124.3791

time

0.024
0.03

Difference
-1.1193E+02
-3.3163E+01
6.2226E+00
2.9854E+01

33

Difference %
-4.7367E+01
-2.1050E+01
5.2664E+00
3.1583E+01
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dx
0
24
36

Lambda

84.6

56.4

42.3
33.84

Table 49: Calculated results from data of Figure 84

v
14.4
13.2
72

Tau
3.56E-01
3.56E-01
3.56E-01
3.56E-01

Tension: 25.11 kN

-56
-32

Mode
2

3
4
5

0
24
40

Lambda

84.6
56.4

423
33.84

1.090909
1.833333

Freq
2.81E+00
2.81E+00
2.81E+00
2.81E+00

Figure 85: Excitation at1.2 M span

delta

0.08701138
0.6061358

Wave speed
2.3764E4+02
1.5843E+02
1.1882E+02
9.5056E+01

Inpt &,

zeta

0.013847
0.096024

Theoretical
124.3791

50 ms/Div

time

0.024
0.03

Difference

-1.1326E+02

-3.4048E+01
5.5588E+00
2.9323E+01

Table 50: Calculated results from data of Figure 85

<

12
11.2
54

Tau
3.18E-01
3.18E-01

3.18E-01
3.18E-01

1.071429
2.074074

Freq
3.14E+00
3.14E+00

3.14E+00
3.14E+00

delta

0.06899287
0.72951482

Wave speed
2.6604E+02
1.7736E+02

1.3302E+02
1.0642E+02

zeta

0.01098
0.115331

Theoretical
136.8898

time

0.024
0.032

Difference
-1.2915E+02
-4.0469E+01

3.8709E+00
3.0475E+01

33

Difference %
-4.7661E+01
-2.1491E+01
4.6784E+00
3.0848E+01

31

Difference %
-4.8545E+01
-2.2817E+01

2.9100E+00
2.8638E+01
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Tension: 25.11 kN
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Figure 86: Excitation atl.2 m span
Table 51: Calculated results from data of Figure 86
X dx v r delta zeta time f
284 0 13.8
310 26 134 1.029851  0.02941389  0.004681 0.026
346 36 9.6 1.395833  0.33349161 0.053002 0.031 32
Mode Lambda Tau Freq Wave speed  Theoretical ~ Difference  Difference %
2 84.6 3.18E-01 3.14E+00 2.6604E+02  136.8898  -1.2915E+02 -4.8545E+01
3 56.4 3.18E-01 3.14E+00 1.7736E+02 -4.0469E+01  -2.2817E+01
4 42.3 3.18E-01 3.14E+00 1.3302E+02 3.8709E+00  2.9100E+00
5 3384  3.18E-01 3.14E+00 1.0642E+02 3.0475E+01  2.8638E+01
Tension: 25.11 kN
AR

50 ms/Div

Figure 87: Excitation at1.2 M span
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X dx

-4 0
26 30

Mode Lambda

2 84.6

3 56.4

4 423

5 33.84

Table 52: Calculated results from data of Figure 87

v
17.6
94

Tau
3.74E-01
3.74E-01
3.74E-01
3.74E-01

Tension: 25.11 kN

X dx
48 0

72 24
108 36

Mode Lambda

2 84.6

3 56.4

4 423

5 33.84

1.87234

Freq
2.67E+00
2.67E+00
2.67E+00
2.67E+00

delta
0.62718921

Wave speed
2.2620E+02
1.5080E+02
1.1310E+02
9.0481E+01

Input &

50 ms/Div

zeta

0.099327

Theoretical
136.8898

Figure 88: Excitation at1.2 Mspan

time

0.03

Difference
-8.9313E+01
-1.3912E+01
2.3788E+01
4.6408E+01

Table 53: Calculated results from data of Figure 88

19.8
19.8
10.6

Tau
3.50E-01
3.50E-01
3.50E-01
3.50E-01

1.868

Freq
2.86E+00
2.86E+00
2.86E+00
2.86E+00

delta

0
0.6248

Wave speed
24171E+02
1.6114E+02
1.2086E+02
9.6686E+01

zeta

0
0.098956

Theoretical
136.8898

time

0.024
0.03

Difference
-1.0482E+02
-2.4253E+01

1.6033E+01
4.0204E+01

33

Difference %
-3.9484E+01
-9.2256E+00
2.1033E+01
5.1291E+01

33

Difference %
-4.3367E+01
-1.5051E+01
1.3266E+01
4.1582E+01
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Tension: 25.11 kN

Figure 89: Excitation at1.2 M span

Table 54: Calculated results from data of Figure 89

X dx v r Delta zeta time f

70 204

104 34 13.2 1.545455  0.43531807  0.069117 0.034 29

Mode Lambda Tau Freq Wave speed  Theoretical ~ Difference  Difference %

2 84.6 3.52E-01 2.84E+00 24034E+02  136.8898  -1.0345E+02 -4.3044E+01
3 564  352E-01 284E+00 1.6023E+02 -2.3338E+01  -1.4565E+01
4 423 3.52E-01 284E+00 1.2017E+02 1.6719E+01  1.3913E+01
5 33.84  352E-01 284E+00 9.6136E+01 4.0753E+01  4.2391E+01

Tension: 29.56 kN

Input &

128 ms 50 ms/Div

Figure 90: Excitation at 1.2 M span
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X dx

66

96 30
Mode Lambda

2 84.6

3 56.4

4 423

5 33.84

Table 55: Calculated results from data of Figure 90

v
17.2
11.2

Tau
3.18E-01
3.18E-01
3.18E-01
3.18E-01

Tension: 29.56 kN

X dx
46
68 22
98 30
Mode Lambda
2 84.6
3 56.4
4 423
5 33.84

r delta zeta

1.535714  0.42899561 0.068118

Theoretical
148.5251

Freq
3.14E+00
3.14E+00
3.14E+00
3.14E+00

Wave speed
2.6604E4+02
1.7736E+02
1.3302E+02
1.0642E+02

Input &

50 ms/Div

Figure 91: Excitation at 1.2 M span

time

0.03

Difference

-1.1751E+02

-2.8833E+01
1.5506E+01
42110E+01

Table 56: Calculated results from data of Figure 91

19.6
19.2
124

Tau
3.00E-01
3.00E-01
3.00E-01
3.00E-01

r delta zeta
1.020833  0.02061929 0.003282
1.548387  0.43721381 0.069417

Freq Wave speed  Theoretical
333E+00 2.8200E+02  148.5251
3.33E+00 1.8800E+02
3.33E+00 1.4100E+02
3.33E+00 1.1280E+02

time

0.022
0.026

Difference
-1.3347E+02
-3.9475E+01
7.5251E+00
3.5725E+01

33

Difference %
-4 4171EA+01
-1.6257E+01
1.1657E+01
3.9571E+01

38

Difference %
-4.7332E+01
-2.0997E+01
5.3369E+00
3.1671E+01
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Tension: 29.56 kN

Figure 92: Excitation al.2m span

Table 57: Calculated results from data of Figure 92

X dx v r delta zeta time f

32 16.4

52 20 15.6 1.051282  0.05001042  0.007959 0.02

86 34 11.2 1392857 033135714 0.052664 0.027 37
Mode Lambda Tau Freq Wave speed  Theoretical ~ Difference  Difference %

2 84.6 3.12E-01 321E+00 27115E+02 1485251  -1.2263E+02 -4.5225E+01

3 564  312E-01 321E+00 1.8077E+02 -3.2244E+01 -1.7837E+01

4 423 3.12E-01 321E+00 1.3558E+02 1.2948E+01  9.5504E+00

5 33.84  3.12E-01 3.21E+00 1.0846E+02 4.0064E+01  3.6938E+01

Tension: 29.56 kN

128 ms 50 ms/Div

Figure 93: Excitation at 1.2 M span
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X dx
32
52 20
84 32
Mode Lambda
2 84.6
3 56.4
4 423
5 33.84

Table 58: Calculated results from data of Figure 93

v

16.6

15.8
8.6

Tau
3.18E-01
3.18E-01
3.18E-01
3.18E-01

Tension: 29.56 kN

X dx
44
66 22
96 30
Mode Lambda
2 84.6
3 56.4
4 423
5 33.84

1.050633
1.837209

Freq
3.14E+00
3.14E+00
3.14E+00
3.14E+00

Figure 94: Excitation at 1.2 M span

delta

0.04939276
0.60824774

Wave speed

2.6604E+02
1.7736E+02
1.3302E+02
1.0642E+02

Input &

50 ms/Div

zeta

0.007861

0.096355

Theoretical

148.5251

time

0.02
0.026

Difference

-1.1751E+02

-2.8833E+01
1.5506E+01
42110E+01

Table 59: Calculated results from data of Figure 94

v
19
17.8
10.2

Tau
3.00E-01
3.00E-01
3.00E-01
3.00E-01

1.067416
1.745098

Freq
3.33E+00
3.33E+00
3.33E+00
3.33E+00

delta

0.06524052
0.55681074

Wave speed
2.8200E+02
1.8800E+02
1.4100E+02
1.1280E+02

Zeta

0.010383
0.088273

time

0.022
0.026

Theoretical ~ Difference

148.5251

-1.3347E+02
-3.9475E+01
7.5251E+00
3.5725E+01

38

Difference %
-4 4171EA+01
-1.6257E+01
1.1657E+01
3.9571E+01

38

Difference %
-4.7332E+01
-2.0997E+01
5.3369E+00
3.1671E+01
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APPENDIX II

RESULTS FOR FORCED VIBRATION METHOD ON TERN CONDUCTOR

Accelaration (g)

Channel15 Acceleration vs Frequency

N

-
(-]

-
o

-
H

-
N

-

150 200
Frequency (Hz)

300 350

Figure 95: Graph showing acceleration (G) versus frequency (Hz)

Table 60: Data for Figure 95

25.11 kN channel 15

F (Hz) G (m/s)
41.489 0.433
94.361 1.238
153.936 0.907
206.064 1.124
239.574 1.785
280.532 1.800
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Table 61: Data collected from Figure 95

25.11 kN channel 15

Resonance Half- Half- Band- Quality Exciting Damping
frequency  Acceleration power power  width factor force factor
fn a f1 f2 Af Q Fo 4
41.490 0.433 18.4 67.6 49.15 0.8 570.4 0.592
94.361 1.238 91.4 104.0 12.66 7.5 184.7 0.067
153.936 0.907 148.7 160.6 11.92 12.9 78.0 0.039
206.064 1.124 203.1 213.5 10.43 19.8 63.2 0.025
239.574 1.785 235.9 247.0 11.17 21.4 92.6 0.023
280.532 1.800 278.3 295.4 17.13 16.4 122.2 0.031
Damping Coefficient

0.650

0.600

0.550 ’\\

0.500 \

0.450 \

0.400

Zeta0350 \

0.300 \ —e— Series1

0.250

0.200

0.150

0.100 \\

0.050 N — e —

0.000 T T T T T

0.000 50.000 100.000 150.000 200.000 250.000 300.000
Frequency

Figure 96: Graph showing damping factor (& ) versus frequency fn Hz)

Viscous
damping

Cc
35008.2
9016.8
8486.9
7426.3
7956.2
12197.9
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channel10 Acceleration vs frequency

Acceleration (g)
»

— Y

1] 50 100 150 200 250 300 350
Frequency (Hz)

Figure 97: Graph showing acceleration (G) versus frequency (Hz)

Table 62: Data for Figure 97

25.11 kN channel 10
F (Hz) G (m/s) V (m/s) d (mm)
20.638 7.587 0.574 8.850
92.128 3.425 0.0547 0.2005
152.447 3.103 0.0318 0.0663
223.936 4.573 0.0319 0.0453
232.128 4.225 0.0284 0.0390

Table 63: Data for Figure 97

25.11 kN channel 10

Resonance Half- Half- Band-  Quality Exciting Damping Viscous
frequency  Acceleration power power width factor force factor damping
In a T f2 Af Q Fo 4 c
20.638 7.587 12.4 31.1 18.62 1.1 7611.3 0.451 13260.6
92.128 3.425 90.0 95.9 5.87 15.7 242.6 0.032 4179.0
152.447 3.103 148.7 157.2 8.45 18.0 191.2 0.028 6016.7
223.936 4.573 218.0 2291 11.17 20.0 253.7 0.025 7956.2
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Figure 98: Graph showing damping factor (& ) versus frequency fn Hz)

Accelaration (g)

channel 15 Accelaration vs. Frequency

50 100

150 200
Frequency (Hz)
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Figure 99: Graph showing acceleration (G) versus frequency (Hz)
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Table 64: Data for Figure 99

29.56 kN channel 15
f (Hz) a (G) V (m/s) d (mm)
50.426 0.488 0.0151 0.0954
98.085 1.301 0.0207 0.0671
171.808 0.876 0.00795 0.0147
212.021 1.372 0.0101 0.0152
223.936 1.465 0.01023 0.0145
259.681 1.827 0.0110 0.0135
Table 65: Data for Figure 99
29.56 kN channel 15
Resonance Half- Half- Band- Quality Exciting Damping Damping
frequency  Acceleration power power width factor force factor coefficient
Iz a(G) T I Af Q Fom 4 C (Ns/m)
50.426 0.489 214 75.0 53.62 0.9 577.6 0.532 38190.7
98.085 1.301 951 1241 29.04 34 428.2 0.148 20687.0
171.809 0.876 166.6 184.5 17.89 9.6 101.4 0.052 12742.8
223.936 1.468 203.8 226.2 2234 10.0 162.9 0.050 15912.5
259.681 1.827 2455 268.6 23.09 11.2 180.6 0.044 16443.1

Damping coefficient

50.43, 0.55

50 100 150

Frequency

200

250

259.68, 0.05

300

Figure 100: Graph showing damping factor (& ) versus frequency fn Hz)
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Channel 10 Acceleration vs Frequency

Acceleration (g)
N

50 100

150

200

Frequency (Hz)

350

Figure 101: Graph showing acceleration (G) versus frequency fn Hz)

Table 66: Data for Figure 101

29.56 kN channel 10
F (Hz) G (m/s) V (m/s) d (mm)
25.106 7.393 0.460 5.827
96.596 2.545 0.0411 0.136
146.489 2.529 0.0269 0.0584
171.809 2.535 0.0230 0.0427
232.128 4.506 0.0303 0.0415
252.234 3.803 0.0235 0.0297
Table 67: Data for Figure 101
29.56 kN channel 10
Resonance Half- Half- Band- Quality Exciting Damping
frequency  Acceleration  power  power width factor force factor
In a T J2 Af Q Fo 4
25.106 7.393 11.7 47.4 35.75 0.7 11705.8 0.712
96.596 2.545 93.6 99.6 5.96 16.2 174.5 0.031
146.489 2.529 119.7 153.2  33.51 4.4 643.4 0.114
171.809 2.535 168.1 184.5 16.38 10.5 268.8 0.048
232.128 4.506 228.4 2329 4.47 52.0 96.5 0.010

Viscous
damping

c
25460.7
4243.1
23869.5
11669.4
3182.5
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Damping coefficient
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Figure 102: Graph showing damping factor (& ) versus frequency fn Hz)

Channel 15 Acceleration vs frequency

Acceleration (g)

0 50 100 150 200 250 300 350
Frequency (Hz)

Figure 103: Graph showing acceleration (G) versus frequency fn Hz)
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Table 68: Data for Figure 103

20.73 kN channel 15
F (Hz) G (m/s) V (m/s) d (mm)
38.060 0.371 0.0152 0.127
89.011 1.144 0.0201 0.0717
138.486 0.669 0.00754 0.0173
179.099 0.943 0.00822 0.0146
213.805 1.793 0.0131 0.0195
227.096 1.005 0.00691 0.00968
252.941 1.430 0.0088 0.0111
282.478 1.592 0.0088 0.00991
Table 69: Data for Figure 103
20.59 kN channel 15
Resonance Half- Half- Band- Quality Exciting Damping Viscous
frequency  Acceleration power power width factor force factor damping
I a b I2 Af Q Fo 4 [
38.060 0.371 19.6 57.3 37.66 1.0 408.3 0.495 26824.7
89.011 1.144 87.5 97.1 9.60 9.3 137.2 0.054 6838.0
138.486 0.669 166.5 1924 2584 5.4 138.8 0.093 18408.3
213.805 1.793 2079 2145 6.65 32.2 62.0 0.016 4733.9
252.941 1.430 243.3 260.3 16.98 14.9 106.8 0.034 12097.5
282.478 1.592 2758 295.0 19.20 14.7 120.3 0.034 13675.2
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Figure 104: Graph showing damping factor (& ) versus frequency fn Hz)
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Channel 10 Velocity vs frequency
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Figure 105: Graph showing acceleration (G) versus frequency fn Hz)
Table 70: Data for Figure 105
20.73 kN channel 10
F (Hz) G (m/s) V (m/s) d (mm)
12.954 7.6816 0.634 15.583
75.720 0.218 0.0313 0.132
89.011 0.158 0.0248 0.0888
124.45 0.0804 0.0324 0.0829
213.8047 0.0273 0.0288 0.0427
282.478 0.0156 0.0145 0.0164
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APPENDIX III

RESULTS FOR FREE VIBRATION METHOD ON AERO-Z IEC62219-
REV240609 CONDUCTOR

Tension 24.01 kN without mass absorber dampers

5 Input &,
a0 T Datablock

I Name = Inputh
Date  =4/11/2010
I Time = 947:55 AN
B0 | ¥ Scale =

200 mY/Div
my

Minimum = -850 md
Cursor Values

BA6 ms
536 ms
-360 6 mi
48 96 mi
Iz 0O i

10.0ms 5 me/Div

Figure 106: Excitation at 1.2 M measured from load end, cable tension = 24.01 kN

Table 71: Calculated results from data of Figure 106

Aero-Z 11 PX PY FREQ InPY Yj (InPY)Yj Yj*2 b a Zj LogDec Zeta Period NatFre(NatFreq

j (ms) (mV) (Hz) (rad/s) (Hz)
1 34.8 576 6.4 0 0.0 0 6.36 -0.5 6.36 0.50 0.079 0.0016 3927 625
2 36.4 416 625 6.0 1 6.0 1 5.87
3 38.4 160 500 5.1 2 10.2 4 5.37
4 39.6 152 833 5.0 3 15.1 9 4.88

SUM 1304 225 6 31.3 14

Using least squares method, log-dec = 0.495, zeta = 0.079, frequency of decaying oscillation = 3927 rad/s (625 Hz)

Aero-Z I PX PY FREQ InPY Yj (InPY)Yj Yj*2 Zj LogDec Zeta NatFrecNatFreq
j (ms) (mV) (Hz) (rad/s) (Hz)
1 48.4 448 6.1 0 0.0 0 6.37 -0.66 6.37 0.66 0.105 0.0025 2480 394.7
2 50.8 360 417 5.9 1 5.9 1 5.71
3 53.6 248 357 5.5 2 11.0 4 5.05
4 56 56 417 4.0 3 12.1 9 4.39

SUM 1112 215 6 29.0 14

Using least squares method, log-dec = 0.661, zeta = 0.105, frequency of decaying oscillation = 2480.2rad/s (394.7Hz)
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100 ms

Input &

Datablock
Name  =Input nput
Date  =4/11/2010 41172010

Time  =355094M  |35509AM
Y Goale = 200 mW/Div| 50 mW/Div
TASDE = 0 50 m

Figure 107: Excitation at 1.2 M measured from load end, cable tension = 24.01 kN

AeroZIt PX
(ms) (mV) (Hz)

j
1
2
3
4
5
6

SUM

16.8
176
184
19.6
20.8

22

Table 72: Calculated results from data of Figure 107

880
872
592
488
400
264

3496

1250
1250
833.3
833.3
833.3

6.78
6.77
6.38
6.19
5.99
5.58

0 0.00
1677
2 12717
3 18,57
4 2397
5 27.88

3769 15 89.95

PY FREQ InPY Yj(nPY)YYj"2 b a Z LogDec Zeta Period NatFreqNatFreq

(radfs) (Hz)

0 6.89 -0.244 689 0244 0.039 0.001 6041.5 961.5
1 6.65

4 6.40

9 6.16

16 5.92

25 5.67

55

Using least squares method, log-dec = 0.244, zeta = 0.039, frequency of decaying oscillation = 6041rad/s (962Hz)

Aero-ZII PX
(ms) (mV) (Hz)

j
1
2
3
4

5
SUM

244
25.6
26.8
28
30

840
808
672
328
312

2960

833.3
833.3
833.3
500.0

6.73
6.69
6.51
5.79
5.74

PY FREQ InPY Y] (InPY)Y Y}"2

0 0.00
1 6.69
2 13.02
3 17.38
4 2297

31.47 10 60.07

NatFreqNatFreq
(radls) (Hz)

Zj LogDec Zeta

0 6.87 -0.288 6.87 0.288 0.046 0.0014 4488.0 714.3
1 6.58

4 6.29

9 6.01

16 5.72

30

Using least squares method, log-dec = 0.288, zeta = 0.046, frequency of decaying oscillation = 4488 rad/s (714Hz)
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Tension 24.01 kN with one mass absorber damper

Input &

Datablock

oo} £
b |Mame  =lnputd Input B
Dt =4A1/2000  |a71122000
I U [T =T026798M [112518AM
0 | [ |¥Scale = 20 mv/Div| 50 mv/Div
| Loz = W | R
XSeals = 5 meDiv| 5 meDiv
%A% = 100ms | 100ms
0 Sos  -150(300) |150 (300)
Wasinum = Overload B
Mirirum = Undeioad | 28 mv
Corsor Values
m .
%2 E3Ems
X 596ms
Y1 22 24
2 6 182 v
it a2 232

I

]

am |

g

g

100 ms 5 ms/Div

Figure 108: Excitation at 1.2 M measured from load end, cable tension = 24.01 kN

Table 73: Calculated results from data of Figure 108

Aero-ZIt  PX PY FREQ InPY Yj (nPY)Yj Yj*2 b a Zj LogDec Zeta  Period NatFreq NatFreq

j (ms) (mV) (Hz) (rad/s) (Hz)
1 36 664 6.50 0 0.0 0 66 -0161 656 0.16 0.026 0.002 3272 520.8
2 388 504 357 6.22 1 6.2 1 6.40
3 40.8 608 500  6.41 2 128 4 6.24
4 424 584 6250  6.37 3 191 9 6.08
5 436 344 8333 584 4 234 16 5.92
6 456 272 5000 561 5 280 25 5.75
SUM 2976 36.9 15 895 55

Using least squares method, log-dec = 0.166, zeta = 0.026, frequency of decaying oscillation = 3272.5 rad/s (520.8 Hz)

Aero-ZIE  PX PY FREQ InPY Yj (nPY)Yj Yj*2 Zj LogDec Zeta NatFreq NatFreq
j (ms) (mV) (Hz) (rad/s) (Hz)
1 55.2 544 6.30 0 00 0 62 -018 622 019 0029 0.003 2356 375.0
2 58 384 3571 595 1 60 1 6.03
3 60.4 320 4167 577 2 115 4 5.85
4 63.2 312 3571 574 3 172 9 5.66

SUM 1560 238 6 347 14

Using least squares method, log-dec = 0.661, zeta = 0.105, frequency of decaying oscillation = 2480.2rad/s (394.7Hz)
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Input & .

Datablack
Name  =lnputh Input 8
Date  =4/11/2010  [4711/2000
Tine  =1105245M  [11:25244M
VSeale = 200 mV/Div| 50 mv/Div
VASIZ= 0 omy | 50 Y
}Scale = 5 mDiv| 5 ms/Div
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Cursor Values

il .,A““M ==

o0 !

100 ms 8 ma/Div

Figure 109: Excitation at 1.2 M measured from load end, cable tension = 24.01 kN

Table 74: Calculated results from data of Figure 109

Aero-Z  PX PY FREQ  InPY Yj (InPY)Yj  Yj*2 b a Zj  LogDec Zeta NatFreq  NatFreqg
j (ms) (mV)  (Hz) (rad/s) (Hz)
1 35.6 616 6.4 0 0.0 0 648 -0142 648 0142 0023 00022 2856.0 4545
2 376 600 500 6.4 1 6.4 1 6.34
3 392 480 625 6.2 2 12.3 4 6.20
4 4.2 488 500 6.2 3 18.6 9 6.06
5 444 336 313 58 4 233 16 592

SUM 2520 3 10 606 30

Using least squares method, log-dec = 0.142, zeta = 0.023, frequency of decaying oscillation = 2856 rad/s (454.6 Hz)

Aero-Z  PX PY FREQ  InPY Yj (InPY)Y]  Yj*2 Zj  LogDec Zeta NatFreq  NatFreqg
j (ms) (mV)  (Hz) (rad/s) (Hz)
1 51.6 552 6.3 0 0.0 0 646 -03%0 646 039 0062 00026 2416.6 384.6
2 54 448 47 6.1 1 6.1 1 6.07
3 56.8 376 357 59 2 11.9 4 5.68
4 58.4 192 625 53 3 15.8 9 5.29
5 62 120 218 48 4 191 16 4.90

SUM 1688 284 10 529 30

Using least squares method, log-dec = 0.390, zeta = 0.062, frequency of decaying oscillation = 2416.6 rad/s (384.6 Hz)
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Tension 24.01 kN with two mass absorber dampers

f Input &

£00 + Datablock.
rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr Mame = Inpu

Date

it A Input B
=4/11/2010 /1172010
120314PM 120374 PM

200 mv/Div| S0 mV/Div
0 my 0 m
10 meDiv | 10 meDiv
i 20.0

Time
600 v Seale
v AL 50
X Seale
A0 = 200ms 20,0 ms
3 Size  =300(300) 300 (300)
Masimum = 760 myv | 102 v

Minimum = 768 mv 32 mv
Cursorvalues
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2.  B3Ems

dX:  53Ems

1. 752 TEDm
v2: 120 240m
dY. 872 520w

00 = —
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Figure 110: Excitation at 1.2 M measured from load end, cable tension = 24.01 kN

Table 75: Calculated results from data of Figure 110

Aero-Z1 PX PY FREQ InPY Yj (nPY)Y Yj*2 b a Zj LogDec Zeta Period NatFreq  NatFreq

j (ms) (mV) (Hz) (rad/s) (Hz)
1 284 536 6.28 0 0.0 0 6.06 -0.074 6.06 0.074 0.012 0.002 3491 555.6
2 30 296 625 5.69 1 5.7 1 5.98
3 32 368 500 5.91 2 118 4 5.91
4 34 328 500.0 5.79 3 174 9 5.83
5 356 296 625.0 5.69 4 228 16 5.76
6 376 360 500.0 5.89 5 294 25 5.69
7 396 296 5.69 6 341 36
8 40.8 240 5.48 7 384 49
9 428 224 5.41 8 433 64
SUM 2944 51.835 36 2029 204

Using least squares method, log-dec = 0.074, zeta = 0.012, frequency of decaying oscillation = 3491 rad/s (555.6 Hz)

Aero-Z1 PX PY FREQ InPY Yj (InPY)Y Yj*2 Zj LogDec Zeta NatFreq  NatFreq
j (ms) (mV) (Hz) (rad/s) (Hz)
1 49 312 5.74 0 0.0 0 572 -0.210 5.72 0.210 0.033 0.003 2285 363.6
2 52.8 232 263.2 5.45 1 5.4 1 5.51
3 548 192 500.0 5.26 2 105 4 5.30
4 56.4 192 625.0 5.26 3 158 9 5.09
5 60 120 277.8 4.79 4 191 16 4.88

SUM 1048 26.492 10 509 30

Using least squares method, log-dec = 0.210, zeta = 0.033, frequency of decaying oscillation = 2285 rad/s (363.6 Hz)
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Figure 111: Excitation at 1.2 M measured from load end, cable tension = 24.01 kN

Table 76: Calculated results from data of Figure 111

Aero-Z PX PY
P ms) (mv)
1 26.4 520
2 27.6 232
3 30 344
4 31.2 384
5 33.2 272
6 35.2 360
7 37.2 304
8 38.4 176
SUM 2592

FREQ

(Hz)

833
417
833
500
500

In PY

6.25
5.45
5.84
5.95
5.61
5.89
5.72
517
45.87

Yj

~N o ok W N -~ O

28

(InPY)Y] Y2 b

0.0 0 6.002
5.4 1
1.7 4
17.9 9
22.4 16
294 25
34.3 36
36.2 49
157.3 140

-0.08

Zj

6.00
5.93
5.85
5.77
5.70
5.62

LogDec Zeta Period NatFreq NatFreq
(rad/s)  (Hz)

0.077 0.012 0.0017 3665 583.3

Using least squares method, log-dec = 0.077, zeta = 0.12, frequency of decaying oscillation = 3665 rad/s (583.3 Hz)

Aero-Z  PX PY
j (ms)  (mV)
1 47.2 344
2 50 232
3 52.4 232
4 54.4 144
SUM 952

FREQ

(Hz)

357
417
500

In PY

5.84
5.45
5.45
4.97
21.704

Yj

D W N = O

(InPY)Y]  Yj*2
0.0 0 5818
5.4 1
10.9 4
14.9 9
31.2 14

-0.26

Z

5.82
5.56
5.30
5.03

LogDec Zeta NatFreq NatFreq

(rad/s)  (Hz)

0.261 0.042 0.0024 2618 416.7

Using least squares method, log-dec = 0.261, zeta = 0.042, frequency of decaying oscillation = 2618 rad/s (416.7Hz)
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Figure 112: Excitation at 1.2 M measured from load end, cable tension = 27.02 kN

Table 77: Calculated results from data of Figure 112

AeroZI PX  PY FREQ WPY Y] InPY)YYj"2 b a Zj LogDec Zeta NatFreq NatFreq
j (ms)  (mV) (Hz) (radls)  (Hz)
1 392 768 664 0 000 0 715 069 7.15 0.694 0.110 0.0017 3696.0 588.2
2 42 6% 500 65 1 655 1 6.46
3 428 616 625 642 21285 4 5.76
4 448 248 500 551 3 1654 9 5.07
5 46 40 833 369 41476 16 437

SUM 2368 2881 10 50.69 30

Using least squares method, log-dec = 0.694, zeta = 0.110, frequency of decaying oscillation = 3696 rad/s (588.2 Hz)

AeroZI PX  PY FREQ IPY Yj InPY)YYj*2 Zj LogDec Zeta NatFreq NatFreq
j (ms)  (mV) (Hz) (radls)  (Hz)
1 544 592 638 0 000 0 639 -042 639 0416 0.066 0.002 26180 416.7
2 5.8 376 417 593 1 593 1 5.98
3 592 26 47 569 2 1138 4 5.56
4 616 160 417 508 31523 9 515

SUM 1424 2308 6 3254 14

Using least squares method, log-dec = 0.416, zeta = 0.066, frequency of decaying oscillation = 2618.0rad/s (416.7Hz)
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Figure 113: Excitation at 1.2 M measured from load end, cable tension = 27.02 kN

Aero-ZI PX PY FREQ InPY Yj (nPY)Yj Yj2 b a Z LogDec Zeta
(ms) (mV) (Hz)

j

S 0 N —

SUM

388
408
424
436

Table 78: Calculated results from data of Figure 113

768
552
184
128
1632

500
625
833

6.64
6.31
5.21
485
23.02

0.00
6.31
1043
14.56
31.30

NatFreq NatFreq
(radls)  (Hz)

0 6.73 0647 6.73 0647 0102 00016 3927  625.0
1 6.08

4 543

9 478

14

Using least squares method, log-dec = 0.647, zeta = 0.102, frequency of decaying oscillation = 3927 0rad/s (625Hz)

Aero-ZI PX PY FREQ InPY Y} (nPY)Yj Yj*2
(ms) (mV) (Hz)

j

(&2 B S o O

SUM

50
524
548
572

59.2

536
528
480
232

136
1912

a7
a7
a7

500

6.28
6.27
6.17
545

491
29.09

0.00
6.27
12.35
16.34

19.65
54.608

Zj LogDec Zeta NatFreq NatFreq

(radls)  (Hz)

0 653 0357 653 0357 0.057 00023 2732 4348

1 6.17

4 582

9 546
16 510
30

Using least squares method, log-dec = 0.375, zeta = 0.057, frequency of decaying oscillation = 2731.8 rad/s (434.8 Hz)
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Tension 27.02 kN with one mass absorber damper

200 ms

Mo i | o

| Ll

Input &

10 ms/Div

Datablock:

=Input &
=411/2010
=12:48:17 PM

= 200 miv/Div

Input B

41/2m0

12:4817 PM
S0 e Dy

VAE0X = 0 my 50 m

KScale = 10 ms/Div| 10 ms/Div

KA0% = 200ms 20,0 ms

< Gize =300 (300) 300 (300)

Masimum = Dverload 150 i/

Minimur = Underoad A6
Cursor Values

K1:  100ms

X2 E3Bms

dx: 596

ms
V1 Underoad  Underload
184 288 my

Figure 114: Excitation at 1.2 M measured from load end, cable tension = 27.02 kN

Aero-Z PX
j (ms)

36.4
37.6
39.6
412
42.8

44
45.6

~NOo O WN -

SUM

Table 79: Calculated results from data of Figure 114

PY FREQ InPY

(mv) (Hz)
784 6.66
592 833 6.38
696 500 6.55
664 625 6.50
488 625 6.19
632 833 645
480 6.17

4336 44.90

Y]

oD O WD -~ O

21

(IPY)Y Yj"2 b

00 0 1231
64 1
13.1 4
195 9
248 16
22 25
370 36
1330 91

a

-1.38

Zj LogDec Zeta Period NatFrecNatFreq

12.31
10.93
9.55
8.17
6.79
5.41

(rad/s)

1.380 0.21 0.002 4134

Using least squares method, log-dec = 1.380, zeta = 0.21, frequency of decaying oscillation = 4134 rad/s (658 Hz)

Aero-Z PX
i ms)
1 50.4
2 52.8
3 55.2
4 57.6
5 60.4

SUM

PY FREQ InPY
(mv) (H)

680 6.52
632 417 6.45
472 417 6.16
304 417 572
280 357 5.63
2368 30.48

Yj

o B WO -~ O

(INPY)Y Yj2

0.0 0
6.4 1
12.3 4
17.2 9
225 16
58.5 30

6.60

-0.25

Zj LogDec Zeta

6.60 0.251
6.35
6.10
5.85
5.59

(Hz)

658

NatFrecNatFreq

(rad/s)

0.04 0.003 2513

Using least squares method, log-dec = 0.251, zeta = 0.040, frequency of decaying oscillation = 2513 rad/s (400 Hz)
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Figure 115: Excitation at 1.2 M measured from load end, cable tension = 27.02 kN

Table 80: Calculated results from data of Figure 115

AercZl PX  PY  FREQ WPY Y] (nPY)YjYj2 b a Zj LogDec Zeta Period NatFreq NatFreq

i (ms)  (mV) (Hz) (radls)  (Hz)
1 22 4 681 0 000 0 681 -0216 681 0216 0.034 00014 4620 735
2 244 848 833 674 1 674 1 6.60
3 256 592 8% 638 2 1217 4 6.38
4 22 36 4167 58 3 1745 9 6.17
5 284 448 1923 610 4 2442 16 5.95
6 0 3B 6260 579 5 289 25 5.74
SUM 3456 37648 15 90.35 55

Using least squares method, log-dec = 0.216, zeta = 0.034, frequency of decaying oscillation = 4620 rad/s (735 Hz)

Aev-Zl PX  PY  FREQ WPY Y] (nPY)YjYj2 b a Zj LogDec Zeta Period NatFreq NatFreq

i (ms) (mV) (Hz) (radls)  (Hz)
1 B4 88 672 0 000 0 263 -0168 263 0.168 0.027 00026 2417 385
2 40 40 625 609 1 609 1 246
3 436 52 28 638 2 1211 4 2.9

SUM 1860 19189 3 1885 5

Using least squares method, log-dec = 0.168, zeta = 0.027, frequency of decaying oscillation =2417 rads (385 Hz)
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Tension 27.02 kN with two mass absorber dampers
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Figure 116: Excitation at 1.2 M measured from load end, cable tension = 27.02 kN

Table 81: Calculated results from data of Figure 116

AeroZ PX PY FREQ InPY Yj (nPY)Yj Yj"2 b a Zj LogDec Zeta  Period  NatFreq

j (ms) (mV) (Hz) (rad/s)
1 276 608 641 0 000 0 1187 -1.38 1187 138 021 00017 3740
2 292 4% 625 621 1 621 1 10.49

3 308 440 625 609 2 1217 4 9.11

4 24 392 625 597 3 1791 9 7.73

5 34 432 625 607 4 2427 16 6.35

6 3% 352 500 58 5 2932 25 4.97

7 376 280 563 6 3381 36
SUM 3000 4224 21 12369 9

Using least squares method, log-dec = 1.380, zeta = 0.21, frequency of decaying oscillation = 3740 rad/s (595.2 Hz)

Aero-Z PX  PY FREQ InPY Yj (InPY)Y] Yj*2 Zj LogDec Zeta NatFreq
j (ms)  (mV) (Hz) (rad/s)
1 496 592 6.38 0 000 0 63444 -030 634 030 0047 00023 2732
2 516 384 500 59 1 595 1 6.05
3 544 344 357 584 2 1168 4 5.75
4 568 224 417 541 3 1623 9 5.45
5 588 176 500 517 4 2068 16 5.16

SUM 1720 2876 10 5455 30

Using least squares method, log-dec = 0.297, zeta = 0.047, frequency of decaying oscillation = 2731.8 rad/s (434.8 Hz)

NatFreq
(Hz)

595.24

NatFreq
(Hz)

435
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Figure 117: Excitation at 1.2 M measured from load end, cable tension = 27.02 kN

Aero-Z1  PX

j

~N o O B W N —

SUM

(ms)

256
26.8
284

30

32
336
356

Table 82: Calculated results from data of Figure 117

PY FREQ

(mv) (Hz)
624
376 833
408 625
2 62
512 500
20 62
208

2704

InPY

6.44
593
6.01
5.69
6.24
563
5.34
41.28

Y]

0
1
2
3
4
5
6

21

(nPY)Yj

0.00
593
12.02
17.07
24.95
2817
32.03
120.18

Y2

0
1
4
16
2%

36
91

LogDec Zeta  Period

NatFreq
(rad/s)

022 00016 3927

using least squares method, log-dec = 1.39, zeta = 0.22, frequency of decaying oscillation = 3927 rad/s (625 Hz)

Aero-Z1  PX
i (ms)
1 472
2 496
3 52
4 544
SUM

PY FREQ
(mv) (Hz)
608
304 417
304 417
128 417
1344

In PY

6.41
5.72
5.72
485
2270

Y

(InPY)Y]

0.00
5.72
1143
14.56
317

Y2

0 638

1
4
9
14

LogDec Zeta

NatFreq
(rad/s)

6.38 047 0.074 0.0024 2618

Using least squares method, log-dec = 0.467, zeta = 0.074, frequency of decaying oscillation = 2618 rad/s (416.7Hz)

NatFreq
(Hz)

625

NatFreq
(Hz)

a7
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APPENDIX IV

RESULTS FOR FORCED VIBRATION METHOD ON AERO-Z IEC62219-
REV240609 CONDUCTOR

Tension 24.01 kN without mass absorber dampers

4 Sine m/=7 (3]

| ®:10,y:0.401119 |

mis® (Log)
|

Hz (Log)

Figure 118: Sweep test from spectral dynamic viewer
(Data extracted from the accelerometer positioned at mid-span)

Figure 118 shows the results from the sweep test plotted by the spectral dynamic viewer of

the PUMA system for a cable tension of 24.01kN. The results were captured from the
accelerometer positioned at mid-span of the Aero-Z IEC62219-REV240609 conductor.
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Acceleration vs. frequency
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Figure 119: Sweep test extracted from Microsoft Excel data
(Channel 15 represents data from the accelerometer at mid-span)

Figure 119 is a graph of acceleration versus frequency obtained from the results of the
spreadsheet data extracted from the PUMA system for a cable tension of 29.56 kN. The
same graph appears in the spectral dynamic viewer as shown in Figure 118. This

spreadsheet graph is more amenable to analysis (see Section 6.3.1).
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Figure 120: Sweep test from spectral dynamic viewer
(Data extracted from the accelerometer positioned at end-span)
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Figure 120 shows the results from the sweep test plotted by the spectral dynamic viewer of
the PUMA system for a cable tension of 24.01kN. The results were captured from the
accelerometer positioned at end-span of the Aero-Z IEC62219-REV240609 conductor.

Acceleration vs. Frequency
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Figure 121: Sweep test extracted from Microsoft Excel data
(Channel 15 represents data from the accelerometer at end-span)

Figure 121 is a graph of acceleration versus frequency obtained from the results of the
spreadsheet data extracted from the PUMA system for a cable tension of 29.56 kN. The
same graph appears in the spectral dynamic viewer as shown in Figure 120. This

spreadsheet graph is more amenable to analysis (see Section 6.3.1).
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Figure 122: Sweep test from spectral dynamic viewer
(Data extracted from the accelerometer positioned at mid-span)
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Figure 122 shows the results from the sweep test plotted by the spectral dynamic viewer of
the PUMA system for a cable tension of 24.01kN. The results were captured from the
accelerometer positioned at mid-span of the Aero-Z IEC62219-REV240609 conductor.

Acceleration vs. Frequency
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Figure 123: Sweep test extracted from Microsoft Excel data
(Channel 15 represents data from the accelerometer at mid-span)

Figure 123 is a graph of acceleration versus frequency obtained from the results of the
spreadsheet data extracted from the PUMA system for a cable tension of 29.56 kN. The
same graph appears in the spectral dynamic viewer as shown in Figure 122. This

spreadsheet graph is more amenable to analysis (see Section 6.3.1).

mis® (Log)

Figure 124: Sweep test from spectral dynamic viewer
(Data extracted from the accelerometer positioned at end-span)
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Figure 124 shows the results from the sweep test plotted by the spectral dynamic viewer of
the PUMA system for a cable tension of 24.01kN. The results were captured from the
accelerometer positioned at end-span of the Aero-Z IEC62219-REV240609 conductor.
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Figure 125: Sweep test extracted from Microsoft Excel data
(Channel 15 represents data from the accelerometer at mid-span)

Figure 125 is a graph of acceleration versus frequency obtained from the results of the
spreadsheet data extracted from the PUMA system for a cable tension of 29.56 kN. The
same graph appears in the spectral dynamic viewer as shown in Figure 124. This

spreadsheet graph is more amenable to analysis (see Section 6.3.1).
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Figure 126: Sweep test from spectral dynamic viewer
(Data extracted from the accelerometer positioned at mid-span)
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Figure 126 shows the results from the sweep test plotted by the spectral dynamic viewer of
the PUMA system for a cable tension of 24.01kN. The results were captured from the
accelerometer positioned at mid-span of the Aero-Z IEC62219-REV240609 conductor.
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Figure 127: Sweep test extracted from Microsoft Excel data
(Channel 15 represents data from the accelerometer at mid-span)

Figure 127 is a graph of acceleration versus frequency obtained from the results of the
spreadsheet data extracted from the PUMA system for a cable tension of 29.56 kN. The
same graph appears in the spectral dynamic viewer as shown in Figure 126. This

spreadsheet graph is more amenable to analysis (see Section 6.3.1).
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Figure 128: Sweep test from spectral dynamic viewer
(Data extracted from the accelerometer positioned at end-span)

173



Figure 128 shows the results from the sweep test plotted by the spectral dynamic viewer of
the PUMA system for a cable tension of 24.01kN. The results were captured from the
accelerometer positioned at end-span of the Aero-Z IEC62219-REV240609 conductor.
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Figure 129: Sweep test extracted from Microsoft Excel data

(Channel 15 represents data from the accelerometer at mid-span)
Figure 129 is a graph of acceleration versus frequency obtained from the results of the
spreadsheet data extracted from the PUMA system for a cable tension of 29.56 kN. The
same graph appears in the spectral dynamic viewer as shown in Figure 128. This

spreadsheet graph is more amenable to analysis (see Section 6.3.1).
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Figure 130: Sweep test from spectral dynamic viewer
(Data extracted from the accelerometer positioned at mid-span)
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Figure 130 shows the results from the sweep test plotted by the spectral dynamic viewer of
the PUMA system for a cable tension of 27.02kN. The results were captured from the
accelerometer positioned at mid-span of the Aero-Z IEC62219-REV240609 conductor.

Damping Coefficient
4
3.5 T
<
3
>
S 25 9
B 3 —e— Series1
Kk 2
§ —
f 1.5
1
0.5 -
O - T
o 100 200 300 400
Frequency

Figure 131: Sweep test extracted from Microsoft Excel data
(Channel 15 represents data from the accelerometer at mid-span)

Figure 131 is a graph of acceleration versus frequency obtained from the results of the
spreadsheet data extracted from the PUMA system for a cable tension of 29.56 kN. The
same graph appears in the spectral dynamic viewer as shown in Figure 130. This

spreadsheet graph is more amenable to analysis (see Section 6.3.1).
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Figure 132: Sweep test from spectral dynamic viewer
(Data extracted from the accelerometer positioned at mid-span)
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Figure 132 shows the results from the sweep test plotted by the spectral dynamic viewer of
the PUMA system for a cable tension of 24.01kN. The results were captured from the
accelerometer positioned at mid-span of the Aero-Z IEC62219-REV240609 conductor.
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Figure 133: Sweep test extracted from Microsoft Excel data
(Channel 15 represents data from the accelerometer at mid-span)

Figure 133 is a graph of acceleration versus frequency obtained from the results of the
spreadsheet data extracted from the PUMA system for a cable tension of 29.56 kN. The
same graph appears in the spectral dynamic viewer as shown in Figure 132. This

spreadsheet graph is more amenable to analysis (see Section 6.3.1).
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Figure 134: Sweep test from spectral dynamic viewer
(Data extracted from the accelerometer positioned at mid-span)
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Figure 134 shows the results from the sweep test plotted by the spectral dynamic viewer of
the PUMA system for a cable tension of 27.02kN. The results were captured from the
accelerometer positioned at mid-span of the Aero-Z IEC62219-REV240609 conductor.
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Figure 135: Sweep test extracted from Microsoft Excel data
(Channel 15 represents data from the accelerometer at mid-span)

Figure 135 is a graph of acceleration versus frequency obtained from the results of the
spreadsheet data extracted from the PUMA system for a cable tension of 29.56 kN. The
same graph appears in the spectral dynamic viewer as shown in Figure 134. This

spreadsheet graph is more amenable to analysis (see Section 6.3.1).

2| w:zz1.628, v 10212

m's® (Log)
I

100 200 330
Hz (Log)

Figure 136: Sweep test from spectral dynamic viewer
(Data extracted from the accelerometer positioned at mid-span)
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Figure 136 shows the results from the sweep test plotted by the spectral dynamic viewer of
the PUMA system for a cable tension of 27.0kN. The results were captured from the
accelerometer positioned at end-span of the Aero-Z IEC62219-REV240609 conductor.
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Figure 137: Sweep test extracted from Microsoft Excel data
(Channel 15 represents data from the accelerometer at mid-span)

Figure 137 is a graph of acceleration versus frequency obtained from the results of the
spreadsheet data extracted from the PUMA system for a cable tension of 29.56 kN. The
same graph appears in the spectral dynamic viewer as shown in Figure 136. This

spreadsheet graph is more amenable to analysis (see Section 6.3.1).
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APPENDIX V

CALCULATION OF RESULTS FOR INITIAL CONFIGURATION OF
CONDUCTOR

From Figure 7, the initial conductor configurations may be calculated as detailed below.
For a parabolic cable:

At mid-span: Using equation (3.8)

T =wl1+(1,/2h,)’

20730 =1.34x9.81x42.3,/1+ €2.3/(2xh, >

2 h. =h, =56.7cm at midspan

At V4 span: Deriving the expression using equations (3.5) and (3.8) we find that

2
WX
-y,=h ——A4 1
max yA max 2-|-0 ()

h,=h
wx?

A Ll
hl/4 max 2-|-0

(1.34x9.81)21.15
2(20730)

=0.567 -

=42.5¢cm

Similatly, at % span:
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2
_ e

=h
h]/B max 2T0
2
_o5e7_ (1:34x9.81)31.725
2(20730)
= 24.8cm

For catenary cable:

At mid-span: Using equation (3.14) h_,, =Y at mid-span
Noax = E[cosh &~ —1)
H 0

20730 (1.34x9.81)42.3
hax = ——————| cosh -1
(1.34x9.81) 20730

s h, =56.7Cm

At V4 span: Deriving the expression using equation (3.14) we find that

1 (cosh o 1) 2
T

hA = hmax —Ya = hmax -
0

Y7

hys = N —T—O(coshﬂ—xj“—lj
H 0
20730 ( o (1:34x9.81)21.15 1)
(1.34%9.81) 20730

=42.5cm

=0.567

At J span: Using equation (2)
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X
Mys = N —E(cosh s —1]
H 0

= 0.567

20730 ( (1.34x9.81)31.725 )
—————— | cosh -1

(1.34x9.81) 20730
=24.8cm

% difference calculated — measured «100%
calculated
_ (0.567 —0.5555)

0.567

=2.03%

«100% )

Other calculated results appear in Table 83:

Table 83: Initial configurations — Calculated results

Position Position (m) Tension (N)
Span 84.6 20730 25110 29560
Sag (m) Sag (m) Sag (m)
1/2 Span 42.3 0.567 0.468 0.398
% difference at 1/2 Span 2.03 1.18 2.38
1/4 Span \ 21.2 0.426 0.351 0.298
% difference at 1/4 Span 3.88 2.70 1.00
1/8 Span | 10.6 0.248 0.205 0.174
% difference at 1/8 Span 9.88 11.22 17.40
Max Tension (N) 20737 25116 29565
Max Length (m) at x=L 84.6 84.641 84.628 84.620
Parabolic cable
Sag (m) Sag (m) Sag (m)
1/2 Span 42.3 0.567 0.468 0.398
1/4 Span 21.2 0.425 0.351 0.298
1/8 Span 10.6 0.248 0.205 0.174

As shown in Tables 5 and 83, the measured and calculated configurations are in good

agreement, with a smallest error of £ =1.00% and largest error of € =11.22%. In

general, the difference is smallest at mid-span.
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