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Abstract: Several accidentsccurred in bundle conductor overhead transmission lines due to
large amplitude wind induced vibrations. In evaluating possible causes of these accidents and to
develop apprpriate counter measures, it is important to have a clear interpretation of the nature
of vibrations which actually occurs in the field. This study is carried out to interpret large
amplitude field measured wind induced vibrations based on gust respohsasanfioverhead
transmission lines. Time average characteristics of field measureeingincked vibrations have

been discussed based on spectral analysis and time series acceleration. Eigenvalue analysis
results of developed three dimensional finite edatnFE) model of transmission lines has been
discussed with dominant frequency of field measured response spectrum. Wind force has been
modeled based on field measured characteristics of wind. Gust response of transmission lines has
been evaluated by ugjrdeveloped finite element model of transmission lines and discussed with
field measured vibrations. Results from field measured data analysis and eigenvalue analysis
showed that cause of large amplitude vertical vibration does not happen due to resmihnce
galloping of transmission liné. In case of transmission lir®, some events are found due to
resonance and others events have a possibility of galloping as well as gust responses. Random
peaks have been observed in time series acceleration whidesrmppulsive response and well
confirmed with numerically obtained gust responses by using FE analysis. Suspension span are
more prone in torsional response which are well confirmed with numerical results.

Keywords: Overhead ransmission line,gust response, finite element method, eigenvalue analysis,

resonancetorsional response

1.0 Introduction

In modern days, reliable electricity supply is primary importance for the industry as well
as for the private consumer. The overhead transmission line systems exposed on the
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open air climate and undergo a variety of severe events leading to the failinee of
power transmission. All over the worldcluding Japanseveral accidents happen in
transmission line due to large plitude wind induced vibrationThe interruption of
electrical service occurs due to failure of transmission line structures which may have
devastating economical and social consequences. In September 1996, Manitoba Hydro
Company, Canada, reported that wind damages around ten millidolla& due to the

failure of 19 power transmission lines (McCarthy and Melsness, 1996). Investigations of
transmission line failures in Americas, Australia, South Africa and many other utility
organizations have reported that more than 80% of the magdriyl weather related

line failures were the results of high intensity winds, ranging from fully mature
tornadoes (Dempsey and White, 1996). Damages are caused by wind induced vibrations
of conductors due to wind along or wind combined with an ice dieposhe weight

load of the ice deposit alone. One of the main concerns to the power transmission is the
wind turbulencanduced gust response which is giving rise to the high level dynamic
loads, dramatically affects on power transmission lines. The ggloigal location of the

line plays an important role to determine the risk of such events. For less exposed lines
can also lead to the failure of the power transmission by fatigue of the different
components of the line.

The main concern in the electriower industry is to accurately predict vibrations
phenomena for more rational design of transmission line. It is believed that the accidents
happen due to galloping although actual cause is unknown in majority of the causes. It is
realized that gallopingsia rare and an unpredictable event caused by interaction of wind
and ice accretion in conductors. If either ice or wind is absent, galloping does not occur
but when the both are present, galloping
interpretéion of such response is difficult and sometimes, it may not depend on
theoretical assumptions about which even experts may disagree (Rawlins, 1978). Some
researchers investigated the vibration characteristics of bundle conductors transmission
lines. Yamagchi and Xie (1999) investigated the fundamental characteristics of
galloping in bundle conductors transmission lines with numerical analysis and
comparing the results with field measured data. Gurangal. (2002), identified
galloping as well as gust msnse of iceaccreted transmission lines based on field
observed data analysis and separated the major galloping component from mixed mode
of gust and galloping vibration. Their results show that there is a possibility of having
large amplitude gallopingpgether with gust response in vertical motion ofacereted
transmission lines. Also, Gururgg al. (2003), identified and characterized galloping of
transmission line based on mettiannel modal analysis by using field measured data.
They proposed thenethod to identify galloping which are random decrement method
(RDM) and eigensystem realization algorithm (ERA). Based on those modal parameters,
galloping events were identified and performance of proposed method was tested by
introducing usual buffetingnalysis. Yamaguchi and Gurung (2005) characterized wind
induced vibration by singlehannel field data analysis based on piece wise application
of Pronybés method. Results showed some
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most of events were gustsgonses which were confirmed partly by analytical buffeting
analysis. In spite of this fact, there is usual tendency of paying attention to discuss
galloping based on field data. To do so, there are possibilities of misinterpreting gust
response as gallagy. Presence of large amplitude gust response in transmission lines
cannot be overlooked in gusty wind, which was pointed out by Ohkuma and Marukawa
(1999. Keyhanet al. (2013) have been used gusty winahsmission line conductor
interactions model in stounding moving air to investigate the dynamic interaction
between wind and conductor motiavdiguel et al. (2012) presented the influence of
extended pressure system wind effects on a transmission line response by means of
numerical simulationThese comutational methods are influencing of uncertainties in
wind-force interaction on response prediction.

Therefore, in evaluating possible causes of such accidents and developing appropriate
counter measures, it is important to have a clear interpretatibe ofture of vibrations

that actually occurs in the field. Usually large amplitude vibrations are interpreted based
on field measured data such as time series, lissajous diagrams and power spectra. Some
researchers also proposed some method and wenigthtbose methods to interpret

field measured response. In this study, gust response analysis of transmission lines have
been conducted based on developing three dimensional finite element (FE) model to
interpret field measured wind induced vibratiorGugy wind forces havebeen
simulated from field measured wind characteristics data.

20 Outline of Overhead TransmissionL ines

This study was conducted of two overhead transmission lines; both are bundle conductor
type and due to geographical condititg cable profile are inclined. Detail geometric
properties are given in Table 1. Spacer arrangement of both transmission lines are
shown in Figire 1. Deadend span data of transmission Tideare given, whose cable
attached point difference at two endd@®m and the maximum sag is 35.1 m. In case of
suspension span of transmissioniliBethree spans maximum sags are 3.3 m, 10.26 m
and 9.43 m respectively, those were measured at the time when temperat@¥was

400 mm

ie" 14.2 _Conductor
A
¢ 16 mrrk

Spacer

(a) Transmission lineA (b) Transmission lineB

Figure 1: Detailed of bundle conduats with spacers



270 Malaysian Journal of Civil Engineering 27(3):3355 (2015)

Table 1 Geometric properties of two overhead transmission lines

Description Transmission lineéA Transmission lineB
No. of conductors 8 2

No. of spans 1 3

Span length (m) 615 249, 439, 421
Sag to span ratio 0.057 0.013, 0.023, 0.022
Per single conductor

unit mass(kg/m/conductor) 3.056 1.328
Conductor diameter (mm) 40.3 24.5
Conductor spacing (m) 0.40 0.40
Youngés modul us

(N/mm2) 69900 90600

No. of spacers 13 7,10, 10
Spacer weight (kg) 28 6.7
Insulator length (m) 13.905 35
Insulator weight (kg) 14330 290

30 Field MeasuredData Study

Field measured data analysis is necessary to predict the maximum vertical amplitude of
wind-induced responses. It is essential to design tthesmission line under the
conditions of design wind velocity. The fietdeasured data is, however, lacking both in
guality and in quantity, and their reliability is not necessarily high, while there is an
advantage of directly dealing with one of the miosportant parameters in the design
(American Society of Civil Engineerd990). But, it gives us the information of the
nature and behaviour of vibrations that actually occur in the figid. field measured

data used in this study gpewercompany suplied data.
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Wireless sensor was used to measure the vibration acceleration of the conductors in
three directions. The wind and acceleration data were sampling in different frequencies.
The 10 min average wind dasad acceleration datare commonly practiceshat are

used in this studyTime series displacements are obtained fromelacation databy

writing some codein excel sheet.

Figure 2 shows the pealo-peak displacements of vertical and horizontal dioes of
transmission line- A. From this figure it can be observed that one pmekk
displacement is very large about 4.9 m. This maximum displacement is on vertical
direction at quarter span, occurs at time 16:53, when mean wind velocity was 23.1 m/s.
Also the temperature was 7.3°@ that timeand there was no rain as well ice storm in
that day shown in Figre 3. Time series displacements and accelerations at quarter span
are shown in Figres 4 and 5respectively In case of vertical direction, it can be clearly
shown that there ararnge amplitudes of displacements as well as accelerations that
occur randomly. Other cases like horizontal and torsional displacements and time series
accelerations areot occurring randomly The Power Spectrum Density (PSD) of
vertical, horizontal and tsional responses for maximum amplitude on time 16:53 are
shown in Figire6. The frequency obtained in vertical spectrismery lowwhich isless

than 0.05 Hz and horizontal and torsional spectrum are quite different then the vertical
case Many peaks olined in different frequencies in both horizontal and torsional cases.
Also horizontal and torsional frequéesare coupling that is, same frequency peak is
obtained in both cases
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Peakto-peak displacements of suspension span of transmissio lare shown in
Figure 7. There are several number of events occur when thetpgalak vertical
displacements are betweerl@.5 m at midpoint of both spans. These large amplitude
vibrations occur on different days and different times. After observing the different days
meteorological data it can be seen that all days temperature is negsftve-10°C)

and also rain occurs on those days. Therefore, there is a possibility of ice stioice an
accumulation on transmission line conductors on those days. Among those maximum
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displacements, one petixpeak highest vertical displacement is 10.69 m on times
20:55. In this case time series displacements and accelerations are shown in Figures 8
and 9 respectively. In case of vertical direction, there are large amplitudes of
displacements as well as accelerations that occur randomly. Other cases like horizontal
and torsional displacements and time series accelerations are not occurring randomly.
Figure 10a shows the maximum spectrum p&akjuencyis very low, less than 0.05 Hz.

Also there are two clear peaks in 0.19Hz and 0.28Hzhénsame timemaximum
horizontal pealfrequency also very low, besides this there are also two peaks in 0.28 Hz
and 0.49 Hz, and torsional spectrum consists many peaks. After studying all events
spectrum excluding the low frequency responsis, dgbservedhat in vertical case, 0.19

Hz and 0.28 Hz are mostly dominated and in horizontal case 0.17Hz, 0.28Hz and
0.49Hz ae mostly dominated. In case of torsional vibration many peaks are observed
between 0.24~0.6 Hz and some of them are coupling with horizontal.

According to the galloping theory, large amplitude galloping vibration occurs when ice
storm occurs and usualbyundle conductors galloping are selcited modal response.

In case of galloping response, vertical and torsional vibrations are coupling and negative
damping occurs (Gururgf al, 2003). Therefore, in transmission hAeit is observed

that maximum pak occurs in vertical direction for very low frequency and there is not
any possibility of dynamic amplification due to resonance and this response component
can be considered as a qustsitic response. That is, most of the energy of wind
fluctuations isassociated with low frequency component. From spectral analysis result,
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it is observed thatsertical vibration are not coupled with torsional vibration but
horizontal vibrations are coupled with torsional vibration. Also from meteorological
data shown in Figre 3, there is no ice storm and no ices are accumulated on the
conductor. Up to this discussionjs understood that cause of large amplitude vibration
that occurs in transmission life are not galloping. Also from time series datasit
observedhat displacement and acceleration are randomly occurred. That is, it is related
to randomly fluctuatedvind components. These types of peaks give us the information
of how quickly change the velocity as well as displacement. Also acceleration is directly
related to the inertia force. Inertia is a FApmantifiable property of matter by which it
remains at r&t or in uniform motion in the same straight line unless acted upon by some
external forces which is similar to the behavior of gust response.

In case of suspension span of transmissiorBini is seen that maximum peak shows

in vertical direction, whee frequency is very low. Also there are two clear peaks in
0.19Hz and 0.28Hz in second span. Spectral analysis result also shows torsional
dominant frequency are in high frequency between 0.24~0.6 Hz. Some of higher
frequencies of vertical as well as tmmntal directions are coupled with torsional
frequency. Observing the different days meteorological dais seen that all days
temperatures are negative and also rain occur on those days. Therefore, possibility of ice
storm and ice accumulation on tramission line conductors on those days. Also from
time series displacement and acceleration sjatais seen that some peaks occurs
randomly, but other large peaks do not occur randomly. Up to this discussion, it can be
understood that cause of large arygle vibration of transmission lif that occur in

the field are due to mixed mode vibratio@nly for discussing field measured ddtds

not possible to interpret the results accurately. For that reason, it is necessary to do the
numerical analysis fothese two transmission lines. Eigenvalue analysis is needed to
check the resonance and also gust response analysis is needed to check the behaviors of
gust response.

40 EigenvalueAnalysis of TransmissionLines

The usual first step to perform a dynamic analysis is determining natural frequencies
and mode shapes of the structure with damping neglected. These results characterize the
basic dynamic behavior of the structure and are indications of how the strudture w
respond to dynamic load (Blakey, 1993). The number of natural frequencies and
associated mode shapes is equal to the number of degieesdom (DOF), that have

mass or the number of dynamic DOF in a structure. Natural frequencies and mode
shapes aréunctions of the structural properties and boundary condit@omputation

of the natural frequencies and mode shapes is performed by solving an eigenvalue
problem.Here numerical analysis was done based on Finite Element (FE) analysis. This
section is dvoted to develop a FE model of transmission lines and finally eigenvalue
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analysis is done for checking dominant frequency and comparing those with field
measured results.

4.1 Finite ElementModel of TransmissiorLines

Transmission lines were modeldry using commercially available ANSYS (2005)
software. Conductors were modeled by PIPE59 element with rotation degree of freedom.
This element has stress stiffening, large deflection capabilities and dynamic analysis is
useful of this element. Insulatorere modeled by BEAM4 element. Bundled conductor
arrangements consists spacers to keep the distance between the sub conductors. Spacers
were modeled by BEAM4 element and considering each spacer as a rigid body. So, the
spacer possesses in general six B@#so, connection between cable and insulator are
considered as rigid bodynd boundary conditioim both displacement and rotation in all
directions arerestrain. Transmission liné\ is the bundle conductor transmission line
which consists of 8 conductoiSpan length of transmission lideis 615 m, conductor
attached point difference of this span is 40 m and sag is 35EEmodeled of
transmission liné\ is shown in Figre 11. In this model total number of elements used

is 1098 total number of node 872, and total number of DOF is 5832. Figure 12 shows
the FE modeled of transmission liBe which consists of 2 conductors. Conductor
attached difference, sag, insulator and spacer are also shown in this figure. In this model
total number of element usésl 467, total number of node is 442, and total number of
DOF is 2652.

| 615m >
545 3
........................................... 40”
35 i,
Insulator ey e
i l Go e v
Conductors Spacer

Figure11: FE model of transmission lin&



Malaysian Journal of Civil Engineering 27(3):33565 (2015) [ietiy/

421m ———>

Tensicn insulato Spacer gy spension
’L' ; inSU|ator

. Tower N. 4
Figure 12: FE model of transmission liBe

4.2 EigenvalueAnalysisResults

The mode shapes and the natural frequencies of transmissigx dingé Bare shown in
Figures 13 and 14 respectivelyfeach mode is symbolized by a letter indicating the kind

of displacementH = horizontal,V = vertical, T = torsional) andy a number giving the
number of loops in the span (ie. 1, 2, 3 or 4). The subscripts-d, u-d-d, d-u-d means

up-up, updown, updowndown and dowrup-down modes respectively. In case of
multi span transmission line system with suspension insulator this type of modes will
happen because of span length differendamm eigenvalue analysis result of
transmision lineA, it is seen that first horizontal frequency is 0.099 Hz, however the
first natural frequency on vertical direction is missed due to the initial sagging
configuration of cable. Second horizontal as well as vertical natural frequencies are
0.197 Hz and 0.195 Hz respectively also third horizontal as well as vertical natural
frequencies are 0.296 Hz and 0.279 Hz respectively. Also a pure torsional mode was
found in 0.607 HzThese eigenvalue analysieduencies are comparimgth dominant
frequencyfrom PSD of field measured respons€dear peak of vertical response at
guarter span on same days and time 18:27 occur when frequency is 0.1947 Hz and this
response is resonant with 2nd vertical mode. Also, clear peak of horizontal response at
mid span a same day and time 19:23 occur when frequency is 0.295 Hz and this
response is resonant with 3rd horizontal mode
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Figure 13: Eigenvalue analysis results of transmissiorAilig) Vertical mode
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Also from eigenvalue analysis result of transmission-Bné is seen that there are -up

up, updown mode are obtained due to the multi span with different span length. In this
case first horizontal upp and updown mode are obtained at 0.164 Hz &nti74 Hz
respectively, also first span first mode frequency is very high 0.288 Hz because of small
span corresponding to others span. However the first natural frequencies of vertical
direction on dowrup-down and updowndown modes are 0.19 Hz and 0.27% H
respectively. Second horizontal mode occur in 2nd and 3rd span with the frequency of
0.327 Hz and in this time first span goes to first mode. Second vertical mode obtained in
2nd span when the frequency is 0.34 Hz as well as 3rd span 2nd vertical modé na
frequency is 0.35 Hz. Also pure torsional mode was found in 0.377 Hz.

Eigenvalue analysis results are comparing with dominant frequency from PSD of field
measured responses. Clear peak of vertical response at quanten ¢ne 14:47 occur

when frequency is 0.196 Hz and this response is resonant with first verticalug®wn
down mode of transmission life In this case there is also a clear peak on 0.35 Hz
which is resonant with 2nd vertical mode on 3rd span. Clear peak of horizontal response
at mid span on time 12:49 occur when frequency is 0.32 Hz and this response is
resonant with 2nd horizontal «gown mode of 2nd and 3rd span. Beside this there are
also some dominant frequencies of mid span as well as quarter span are resonant with
natural fregiencies of transmission lisl® But when maximum response occurs
frequencies are not always resonant with natural frequencies of the transmissi®n line
For example, when the maximum vertical amplitude (10.69 m) occurs, in that time
maximum peak value fopiency is very low, less than the natural frequency of
transmission lind3, besides this there are also two clear peaks in 0.19 Hz and Q.28 Hz
which is resonant with natural frequency of the structure. So, the small frequency peak
response will be happetue to quassteady gust force and it can be checked by gust
response analysis

50 Simulation of Turbulence Wind

Normally fluctuating considered Kaimal proposed spectrum (Ruogingl., 2012;
Xuanyi et al, 2013). Also in this study, both longitudinand vertical fluctuating
component are simulated by considering Kaimal proposed spectrum given in eguation
(1) and (2) respectively.

f,S.(f,) _  200f O
2

Longitudinal fluctuating component 3
3

*

(1+50f)
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f,S,(f) _ 2f

Vertical fluctuating component 9y 5 2
' (1+5.3f)3
f kU (z
In which, the nondimensional quantity= _”Z , and friction velocity isl, = —= i ) ,
U (Z) |n =
zZ,

Where, k. is Karman constant and usually taken approximately as 0.4 (Simiu and
Scanlan, 1996)U(Z) is the mean wind velocity at elevatiany 3 is the surface

roughness. Mean wind velocity was taken by considering mean wind speed that actually
happened in the field. Palmetto type surface roughness was considered and roughness
coefficient is suggested by Simiu and Scanlan (1996).

Spectrums of both longitudinal and vertical directions are simulated from Kaimal
proposed spectrumnd hen applying nverse Fourier transform to simulated spectrum

to getthe time series data of fluctuating components are showkigares15 and 5.
Longitudinal turbulence intensity of transmission {ifés ranged between 122% and
transmission linéB is 15%. Here target longitudinal turbulence intensity is set as 20%
for transmission lind\ and 15% for transmission lif®. The vertical turbulence
components are generally lower in magnitude than the corresponding longitudinal value.
For welldeveloped boundasayer winds, Holmes (2007) established a relation
between longitudinal and vertical turbulence intensity. In which, vertical turbulence
intensity is 55% of longitudinal turbulence intensity, which is considered in this study.
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6.1 GustForces onfransmissiorLine

As overhead transmission line is the flexible structure, therefore interactions between
wind flow and conductor are most sensitive to winduced forces. In this study, self
excited force is not considered; only moving by static force is considéfied flow
develops local pressure over the body. The integration of these surface pressures over
the body surface results in the centre of gravity of the cable cross section in a net force.
The components of the force along wind and cross wind direction referredRigtine

17 are as drag forcep and lift forceF,. Because the circular cylindricadosssection is

only considered, there cannot be the aerodynamic moment for one condactoding

to Simiu & Scanlan (1996) and Holmes (2007), buffeting force acting on a conductor
per wit length can be considered as;

F, (t):% rG 2D, nsin® d.[C, ZWT“)]

F (t)=% rU D nsin® d.[C, (t)] (3a, b)



