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ABSTRACT
In this paper, we present the observation results of the galloping of ice-accreted
overhead transmission lines. We conducted field observations of four-bundled
conductors in a full-scale test line constructed at a site where ice accretion was found
to occur frequently. On December 21, 2009, we observed galloping of ice-accreted
overhead transmission lines. The conductors vibrated mainly in the vertical twoloop/span mode, in accompaniment with horizontal and torsional oscillations. The
maximum peak-to-peak amplitudes of the vertical, horizontal, and torsional vibrations
were as large as 5 m, 3 m, and 90°, respectively. Furthermore, we observed galloping
to occur in a limited wind-speed range. This conditional occurrence of galloping can be
explained as follows. The range of the angle of attack where galloping occurred was
limited, whereas the static angle of attack increased with the wind speed. Galloping
thus occurs when the angle of attack increases to values in the limited range. With
further increases in wind speed, the angle of attack exceeds the limited range and
galloping ceases to occur.
1. Introduction
Galloping of overhead transmission lines is occasionally observed when the lines
undergo ice accretion. This phenomenon involves significant vertical oscillation with
horizontal and torsional oscillations at low frequency. An increase in the amplitude of
oscillation lines has the potential to cause an interphase short-circuit and fatigue on the
crossarm of the tower and insulator. Given these considerations, a considerable
amount of research has been focused on this phenomenon (CIGRE 2007). One of the
research methods has been to conduct field observations of full-scale transmission
lines to investigate the actual characteristics of ice accretion and analyze the dynamic
response of the lines caused by galloping (Yukino 1995, Morishita 1984). However,
obtaining galloping data is difficult because the climate conditions that cause galloping
rarely occur during the observation period. To increase the chances of obtaining
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Figure 1 Location of Tsuruga test line

Figure 2 Full view of the target span

galloping data, observation of transmission lines with accretion of imitated ice made of
plastic have been conducted (Mitsuzuka 2007, Dyke 2008). Although galloping was
observed in these field tests, identifying a set of detailed conditions under which
galloping occurs—e.g., the tension of the conductor, oscillation amplitude of
displacement, oscillation mode of displacement, and wind speed distribution—is difficult.
To discuss the incidence conditions of galloping, further research and detailed data are
needed. In particular, the dynamic response of conductors caused by galloping under
“natural” conditions with “actual” ice accretions and their shapes associated with
galloping should also be observed.
Accordingly, we conducted field observations of a full-scale test line constructed at a
site where ice accretion was found to occur frequently. The target line consists of fourbundled conductors, and various observation instruments were placed to obtain a set of
data while galloping occurred. On December 21, 2009, we observed galloping of iceaccreted overhead transmission lines at this site. In this study, we present the
observation results and provide a discussion on the incidence conditions of galloping.
2. Observation system of full-scale test lines
The observation site is the "Tsuruga test line," which is located at the border
between Fukui and Shiga prefectures about 10 km from the Sea of Japan, as shown in
Figure 1. The targeted span of line is the phase C segment between tower Nos. 2 and
3, which is located on a mountain ridge about 700 m above sea level, as shown in
Figure 2. The target line consists of four-bundled ACSR410 conductors (aluminum
conductor steel reinforced, nominal cross-sectional area of 410 mm2). The structural
conditions are the same as those commonly used in Japan without any anti-galloping
device. The diameter of each subconductor is 28.5 mm and the distance between
subconductors is 400 mm. The span length, sag, and height difference between the
two towers are 343.9 m, 10.5 m, and 95.7 m, respectively, and the line extends toward
100° in the azimuthal direction. Figure 3 shows the longitudinal section profile of the
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line and the positions of the observation instruments. A vane anemometer, vertical
anemometer, and tension meter for the conductors are installed in tower No. 2. A vane
anemometer is also installed in the observation pole between the two towers. A simple
hygrothermograph is installed in tower No. 3.
Furthermore, industrial television (ITV) cameras are installed in tower No. 2. LED
lamp markers are installed in the spacers nearest to the 1/4, 1/2, and 3/4 positions of
the span. Two LED lamps are placed at each spacer with distances of ±500 mm from
the axis of symmetry. Therefore, the vertical, horizontal, and torsional displacements of
the line at the position-setting markers are obtained by analyzing the images taken by
the ITV cameras. However, the visibility of camera images often decreases because of
the severe weather when galloping occurs. This is why identifying the detailed states of
each condition is difficult. Therefore, in addition to the LED lamp markers, GPS
displacement sensors (Trimble Navigation Limited, BD950) and a 3D-MEMS
inclinometer (VTI Technologies, SCA121T-D03) are set in the spacers nearest to the
1/4 and 1/2 positions of the span in this study (Figure 4). Furthermore, horizontal,
vertical, and axial displacements at the centimeter level are obtained in real time from
the GPS displacement sensor by using the real-time kinematic (RTK) method (Tamura
2002). Although two GPS sensors are placed in each spacer at distances of ±200 mm
from the axis of symmetry, one sensor was out of order in each spacer on December
21, 2009, presumably because of a stroke of lightning. Therefore, the horizontal and
vertical displacements from a GPS sensor on only one side can be used in this study.
In contrast, when the line is subjected to significant vibration, the inclinometer cannot
measure real-time data correctly, owing to the mechanical characteristics of this device.
Therefore, only those inclination angles obtained by the inclinometer averaged across 1
min are used in this study; their accuracy is confirmed by comparing them to data
obtained by analyzing images taken by ITV cameras at a certain time of day.
With the exception of the simple hygrothermograph, measurements with the
observation instruments were continued for 10 min by event triggers when the mean

Table 1 Observed data of various observation instruments
Observation data
Wind direction and wind speed
Vertical wind speed
Temperature and humidity
Tension
Horizontal and vertical displacements
Incline angle*
Image of Ice accretion
Image of full view of the span
Horizontal, vertical, and torsional
displacement

Instruments
Vane anemometer
Vertical anemometer
Simple hygrothermograph
Tension meter
GPS displacement sensors
3D-MEMS inclinometer
Spacer cameras

Sampling frequency
20 Hz (with event trigger)
20 Hz (with event trigger)
Every hour
20 Hz (with event trigger)
20 Hz (with event trigger)
5 Hz (with event trigger)
Every 10 min (if visible)

ITV cameras
LED lamp markers

30 Hz (with event trigger,
if visible)

* The inclinometer is unable to measure real-time data correctly because of its mechanical
characteristics; hence, only 1-min averages of the inclination angle could be used in this study.

wind speed was over 8 m/s and the tension difference between the maximum and
minimum values was over 2.94 kN (per subconductor) in a 5-s period. The types of
data obtained by the various observation instruments are presented in Table 1.
Moreover, it should be noted that, to identify ice-accreted shapes, cameras are set at
the spacers in the span to capture images every 10 min.
3. Ice accretion and galloping on December 21, 2009
Field observations were conducted at the Tsuruga test line from December 2009
onward. On December 21, 2009, at about 11:00–19:00, large variations in tension
occurred, and data from each sensor were measured by event triggers. Images taken
by the ITV cameras show the occurrence of galloping of the four-bundled conductor in
the vertical two-loop/span mode accompanied by horizontal and torsional oscillations.
This section describes the observation results and characteristics of the observed
galloping.
3.1. Observation results of anemometer and tension meter
On December 21, the atmospheric pressure exhibited the west-high and east-low
pressure pattern typical of winter, and adverse weather conditions such as strong wind
and heavy snow continued. At the Tsuruga test line, the electric power went out
because of a stroke of lightning at about 3:00, and just as power was restored at 10:54,
each sensor started to measure data as the trigger conditions were fulfilled. Figure 5
shows the maximum and average values of wind speed in each 10-min interval. The
average wind speed was around 10 m/s at tower No. 2 and the observation pole, and
the average wind blew upwards at an angle of 11–14° at tower No. 2. The wind
direction is shown in Figure 6. It was around 0°, which is almost perpendicular to the
line.
Figure 7 shows the average value and range (difference between maximum and
minimum values) of the tension in each 10-min interval. Here, the tension is converted
to the value per subconductor. The average tension is larger than the incipient value
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Figure 8 Time courses of temperature
and humidity (Tower No. 3)

without ice accretion, and maintains almost the same value after 10:54. Therefore, ice
accreted to the conductor before 10:54 when power was restored, and the amount of
ice accretion remained unchanged while the data were obtained. The temperature and
humidity measured by the simple hygrothermograph at tower No. 3 are shown in Figure
8. Given that the temperature was around -3°C, the ice accretion was mainly of "rime
ice," which is caused by collisions of super-cold water drops in the cloud with the
conductor. In contrast, the variation in the tension is large, as shown in Figure 7. This
suggests the occurrence of galloping. Furthermore, images taken by ITV cameras show
occurrences of galloping when the variation in tension is particularly large.
Figure 9 shows images captured by the camera installed on the spacer. On
December 21, ice accreted on the front surface of one of the cameras, which was thus
unable to show the state of ice accretion until December 22. As mentioned above, the
amount of ice accretion probably remained unchanged after 10:54 on December 21.
Therefore, the shapes of ice accretions during occurrences of galloping are thought to
be the same as those shown in Figure 9. The images indicate that the height of ice
accretion is almost the same as the diameter of the conductor.
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3.2. Characteristics of observed galloping
Figure 10 shows the standard deviation of the horizontal and vertical displacements
obtained by the GPS sensor at the spacer nearest to the 1/4 or 1/2 position of the span
(hereafter denoted as "1/4 span" or "1/2 span"). The images captured by the ITV
cameras show that galloping occurred mainly in the vertical two-loop/span mode (antisymmetric 1st mode) in accompaniment with horizontal and torsional oscillations.
Therefore, the standard deviation of the vertical displacement for the 1/4 span is
generally larger than that for the 1/2 span. Figure 11 shows the time-dependent
variation in the power spectrum density of the vertical displacement for the 1/4 span in
10-min intervals. The peak frequency of the power spectrum density is around 0.35 Hz,
which is the frequency of two-loop/span mode galloping. In contrast, the standard
deviation of the horizontal displacement for the 1/2 span is occasionally larger than that
for the 1/4 span (Figure 10) because horizontal vibration is also caused by buffeting
oscillations.
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As shown in Figure 10, the standard deviation of the vertical displacement for the
1/4 span is largest at around 11:30. At this time, the LED lamps of the 1/4 span are
visible in the images captured by ITV cameras and can thus be traced, whereas they
cannot at many other times because of fog and clouds. In contrast, the LED lamps of
the 1/2 and 3/4 spans can hardly be seen at any observation time. Therefore, torsional
displacement is obtained in addition to horizontal and vertical displacements for the 1/4
span. Figure 12 shows the time series data and locus of the phase-averaged
displacement in the period of 11:31–11:32. The oscillations in the horizontal, vertical,
and torsional displacements are coupled, with peak-to-peak amplitudes of the vertical,
horizontal, and torsional vibrations being as large as 5 m, 3 m, and 90°, respectively.
Furthermore, the period of oscillation is as low as 3 s, and the phase difference of the
vertical and torsional displacements is about 1/4 of the period.

4. Discussion on incidence conditions of galloping
As shown in Section 3, the occurrence of galloping and oscillation amplitude varies
with time, whereas the ice accretion shapes probably remain almost the same. In this
section, we discuss the incidence conditions of galloping by statistically analyzing all of
the obtained data on December 21.
4.1. Galloping incidence conditions with respect to wind speed
Figure 13 shows the relation between the mean wind speed and the standard
deviation of the vertical displacement for the 1/4 span in each 1-min interval. The mean
wind speed is distributed in the range of 5 to 15 m/s, whereas the standard deviation of
the vertical displacement peaks at around 10 m/s. With further increases in the wind
speed, the standard deviation of the vertical displacement decreases. In other words,
galloping occurs in a limited wind-speed range.

4.3. Galloping incidence mechanism of
ice-accreted transmission lines
Figure 15 shows the relation between
the mean wind speed and the average
inclination angle. The average inclination
angle increases with the mean wind
speed. As mentioned above, the range of
the angle of attack where galloping
occurred is limited. Therefore, galloping
occurs when the wind speed increases,
the inclination angle increases, and the
angle of attack increases to values in the
limited range. With further increases in
the wind speed, the angle of attack goes
beyond the limited range and galloping
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4.2. Galloping incidence conditions with
respect to inclination angle
Figure 14 shows the relation between
the average inclination angle and the
standard deviation of the vertical
displacement for the 1/4 span in each 1min interval. The average inclination
angle is obtained by the inclinometer.
This value is distributed in the range of 0
to -40°, whereas the standard deviation of
the vertical displacement peaks at around
-10 to -20°. This means that the range of
the angle of attack where galloping
occurred is limited under conditions in
which the accreted shapes are the same.
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We conducted field observations of
four-bundled conductors in a full-scale
test line and observed ice accretion and
galloping of overhead transmission lines.
The conductors vibrated mainly in the
vertical
two-loop/span
mode
in
accompaniment with horizontal and
torsional oscillations. The maximum peakto-peak amplitudes of the vertical,
horizontal, and torsional vibrations were
as large as 5 m, 3 m, and 90°,
respectively and the phase difference of
vertical and torsional displacements was
about 1/4 of the period. The observed
galloping of overhead transmission lines
occurred in a limited wind-speed range,
whereas the aerodynamic instability of
other objects—e.g., galloping on a square
cylinder and flutter on a bridge girder—
intensifies with the wind speed. This is
because the range of the angle of attack
where galloping occurred was limited and
the static angle of attack increased with
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ceases to occur. Consequently, galloping
occurs in a limited wind-speed range.
Figure 16 shows the relation between
the mean wind speed and the average
horizontal displacement, in which the
latter increases with the former. Figure 17
shows the relation between the average
horizontal
displacement
and
the
inclination angle. The variation in the
aerodynamic moment coefficients of the
ice-accreted four-bundled conductors with
the angle of attack is intricate (Matsumiya
2011), whereas the average inclination
angle monotonically increases with the
average horizontal displacement. This
suggests the possibility that the
conductors are rotated not only by the
aerodynamic moment but also by
structural characteristics when they are
swept away downwind.
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the wind speed. As these characteristics are exhibited in only a single observed event,
in future studies we intend to conduct sustained observations, wind tunnel tests with a
sector model of the conductors, as well as numerical simulations.
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