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Abstract

The transmission line is a fundamental asset in the power grid. The sag condition of the
transmission line between two support towers requires accurate real-time monitoring in
order to avoid any health and safety hazards or power failure. In this paper, state-of-the-
art methods on transmission line sag monitoring are thoroughly reviewed and compared.
Both the direct methods that use the direct video or image of the transmission line and
the indirect methods that use the relationships between sag and line parameters are inves-
tigated. Sag prediction methods and relevant industry standards are also examined. Based
on these investigation and examination, future research challenges are outlined and use-
ful recommendations on the choices of sag monitoring methods in different applications
are made.

1 INTRODUCTION

Transmission line is an integral and important part of the power
grid that connects the power plants at the generation end to
the consumers at the distribution end. Its reliability is of utmost
importance, as any disturbance or failure in the transmission
line could lead to significant and large-scale disruption of the
power supply. On the other hand, due to the fast pace and
growing pressure of the transition to low carbon economy
from governments around the world, the electricity network
has to integrate bulk renewable connections to meet future
energy needs. This necessitates a significant increase in power
transfer capability in the transmission network. Considering the
cost, long lead time and challenges in planning and consents
for building new transmission lines, it is more economical to
maximise the power transfer capability of the existing circuits.
Therefore, many transmission owners have explored ways to
unlock/increase the transfer capacity of existing transmission
lines, in addition to building new lines [1].

An increased power transfer capability closely correlates with
an increased current in the transmission lines. However, an
increase in current could lead to an increase in temperature,
which could consequently expand or distort the transmission
lines from their designed limits and cause potential risks to the
network as well as properties and humans near the network.
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For example, in 2003, a large blackout happened in the US and
part of Canada affecting more than 50 million people, which
was believed to be caused by overloaded transmission lines
that drooped into foliage [2]. In addition to this, snow, icing,
wind and other factors could all lead to unexpected events in
the transmission lines and the power network as a whole by
changing the sagging conditions of the lines [3].

In the UK, the transmission lines mainly operate at 400 kV
and 275 kV, while the distribution lines operate at 132 kV, 33 kV,
11 kV and 230 V, for transfer efficiency. To protect the safety of
the general public and ground properties, the transmission lines
need to be at least 5.2 m above the ground according to the
UK Electricity Safety, Quality and Continuity Regulations 2002
17(2) Schedule 2. Consequently, most transmission towers in the
UK have a height between 15 and 55 m and most of them are
located in remote areas. The high voltage and remote location
of the transmission lines make it difficult to monitor their status
in real-time.

Different types of conductors are used as transmission
lines to transfer electricity. Their selection depends on their
sizes, electrical and mechanical properties. In general, they
can be classified as homogeneous conductors that use the
same strand material and composite conductors that mix
strands of wires with different materials for better electri-
cal and mechanical properties. A good conductor can not
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1420 CHEN AND DING

only increase the power transfer capacity but also operate
at a higher temperature with lower sag by using new mate-
rials [4]. The conventional composite conductors include all
aluminium conductor (AAC), all aluminium alloy conductor
(AAAC), aluminium-conductor alloy-reinforced (ACAR), alu-
minium conductor-steel reinforced (ACSR) and aluminium
alloy conductor steel-reinforced (AACSR). They contain all-
aluminium alloy strands, while the aluminium core of the strands
is replaced by other core materials, such as steel or alloy, to
improve the electrical and mechanical properties. For example,
aluminium wire has a high thermal expansion coefficient, giving
faster expansion of the core strand when it is exposed to a high
temperature. Among them, ACSR has several advantages and is
widely used.

Recently, conventional composite conductors have been
modified to improve their power transfer performance by using
different types of coating for corrosion resistance, deformation
of strand shape, and changing the geometric configuration of
the conductor. These modifications aim to improve their elec-
trical and mechanical properties to strengthen their ability to
resist strong wind (galloping), low wind speed (Aeolian vibra-
tion), ice loading, and high temperatures. The high-temperature
low sag (HTLS) conductors thus became a good choice in
recent years. It operates at a temperature of between 150◦ to
250◦, much higher than conventional conductors. Also, it is able
to address the vibration and galloping issues and increase the
power capacity of transmission lines to meet the increasing elec-
tricity demand. It also has less weight, less sag and more strength
compared with ACSR.

In general, overhead line sag is defined as the distance from
the straight line connecting two support towers to the lowest
point of the transmission line. It is an important state parame-
ter of the transmission line and is directly related to the ground
clearance (which is the difference between the height of support
towers and the sag of the line). Sag is deliberately introduced
into the transmission line for safety reasons.

∙ Tension: When a transmission line is held by two towers,
tension will be generated and if the tension is above a cer-
tain limit, either the transmission line could be broken or
the transmission towers could be tilted. Hence, sag is closely
related to tension, and the larger the sag is, the smaller the
tension will be.

∙ Current: Sag depends on the current flowing through the
transmission line. When the current in the line increases,
the transmission line will be heated to expand its length.
Consequently, this increases the sag.

∙ Length: When the length increases, the power transfer loss
increases due to the increased reactance of the transmission
line. This reduces the power transfer efficiency. Meanwhile,
for the same span length, the sag also increases with the
increase in length. Hence, the line length affects both the sag
and the power transfer efficiency.

∙ Weather: Sag relies on weather conditions too. For exam-
ple, ice will add weight to the transmission line to increase
the sag. Wind could cause swings in the transmission lines
that change the sag, while hot or cold weather affects the

ambient temperature of the transmission line thus also affects
sag directly.

∙ Clearance: To protect ground facilities and assets and also
to prevent short-circuit caused by vegetation, and so on sag
must be below a limit to maintain a reasonable clearance to
the ground. Thus, the power line corridor clearance is vital.

In summary, the amount of sag in the overhead line has a
huge impact on the allowable thermal capability of the line as
well as the safety of the power network. The line sag must be
maintained at clearance limits required by the regulators in all
conditions. If one span of the line has a very small safety clear-
ance margin to the ground, the current this span can carry will
be restricted to prevent breaching the required clearance lim-
its. Then this span will become a bottleneck in the network. It
is therefore very important to monitor and measure the sag,
preferably in real-time, for the best operation of power net-
works. If the sag of a line can be monitored in real-time, the
remaining safety clearance margin can be understood and moni-
tored frequently to fully explore the potential to operate the line
with a higher power. Moreover, although the issue of sagging
could be alleviated by using modified composite conductors or
new materials, it is costly to replace all conductors in the existing
network and the outage access required is challenging to obtain.
Since sagging is also dynamic and dependent on the environ-
ment, one still needs to develop monitoring methods to measure
them for safety.

A related topic to sag monitoring is dynamic thermal line
rating [5]. The maximum power transfer capacity of the trans-
mission line is usually limited by the heating consideration to
keep them safe. Traditional networks often use static line rating,
which is usually calculated using very conservative assumptions
about the operating environment. This has greatly restricted the
exploration of the full potential of transmission lines. The core
of dynamic thermal line rating is to monitor the temperature of
the transmission line in real-time instead of using conservative
assumptions and then deliver the power based on the practical
operating environment [6–8].

In this paper, the state-of-the-art methods for overhead
transmission line sag monitoring will be surveyed. These
methods either measure the line sagging directly using spe-
cialist equipment carried by different platforms, or take
advantage of the relationships between sag and the electro-
magnetic/mechanical properties of the transmission lines to
measure the line sagging indirectly using sophisticated signal
processing software. These methods are compared in terms of
their accuracy and their cost. Then, future research challenges
on overhead line sag monitoring are outlined. To the best of the
authors’ knowledge, this is the most comprehensive survey on
line sag monitoring to provide useful guidance and insights on
how to select different methods for different requirements.

The rest of the paper is organised as follows: In Section 2, the
direct methods for line sagging monitoring will be discussed.
In Section 3, the indirect methods for line sagging monitoring
will be reviewed. Section 4 will present the sag prediction
methods, while Section 5 will present some commonly used
sagging monitoring devices and relevant industrial standards. In
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CHEN AND DING 1421

FIGURE 1 Sag for a levelled span.

Section 6, future research challenges on line sag monitoring will
be examined and finally, Section 7 will conclude the paper.

2 DIRECT METHODS

Due to its importance, sag monitoring has been well-studied
since the power network was built more than a century ago.
Figure 1 illustrates the sag for a levelled span, where S indi-
cates the sag. Many monitoring methods have been developed
in the past few decades to tackle this problem. These methods
can be mainly categorized as direct methods and indirect meth-
ods. The direct methods often capture an image of the overhead
line, either as a video sequence, 3D point cloud or a static pic-
ture, based on which the sag can be extracted through image
processing or manual inspection by engineers. The indirect
methods often measure some geometrical, electrical, magnetic
or mechanical parameters of the overhead line, such as ten-
sion, temperature, space potential and magnetic flux density, and
then use the theoretical or heuristic relationships between these
parameters and the line sag to calculate the sag. In this section,
the focus will be on the direct methods and in the next section,
the indirect methods will be discussed.

As mentioned before, the direct methods capture an image
of the overhead line to calculate the sag directly. Based on the
platforms or sensors they use to capture the image, these can
be aerial, terrestrial, line robots, cameras, GPS or other specially
designed sensors. Aerial, terrestrial or line robots refer to the
different platforms used to carry the sensors, while cameras or
GPS refer to different sensors.

2.1 Aerial

The aerial methods use either manned helicopters or unmanned
aerial vehicles (UAVs) to take videos, laser scans or pictures of
the overhead line, and then analyse images in these data for sag
calculation via either manual inspection by humans or image
processing by software. In some special applications, satellite

imaging may also be used but in general, this method does not
give good accuracy unless they use very expensive equipment or
complicated image processing software. Hence, satellite imaging
is not discussed here.

In [9], a camera was carried by a UAV to acquire images of
the power line corridor for clearance detection. Using a series
of images taken at slightly different times for the same power
lines, decorrelation stretch was used for initial image process-
ing, a modified Prewitt filter was used for edge enhancement,
random sample consensus was used to line fitting, and epipo-
lar geometry was used for 3D reconstruction. Digital surface
model points intruding into the corridor were then detected by
calculating the spatial distance between the reconstructed 3D
power line and the point cloud representation of the corridor.
Dangerous objects in the corridor were localised by segmenting
points into voxels and subsequent clusterisation. This method
was compared with terrestrial laser scanning and a total station
survey. The accuracy of the 3D reconstruction for medium-
power overhead lines was 15 cm and less than 30 cm for
high-voltage lines.

In [10], a LIDAR was carried by helicopter to measure the
distance between the overhead lines and nearby trees for a safety
inspection. The LIDAR operated at a wavelength of 1.572 µm.
An accuracy of 93 cm for the distance was obtained in their
experiments for transmission lines of all voltages from 66 to
500 kV. This distance can be used to calculate the sag based on
the position of the helicopter and the transmission lines.

In [11], another LIDAR was carried by a helicopter to extract
the transmission line span from images created by laser return
signals. A two-stage method was used, where the LIDAR data
were first classified as transmission line, vegetation or surface,
as they were the main objects that reflect the laser signals, and
then the classified and extracted transmission line data were
segmented into individual spans using local affine models to
identify data points on the lines. It reported an accuracy of
86.9% for identifying data points on the transmission line and
72.1% for extracting the individual spans from the identified
transmission lines.

Aerial LIDAR systems are useful to monitor the power line
sagging but this method only captures the sagging of the trans-
mission lines when and where the images were taken, while in
practice the sagging could change dynamically with tempera-
ture and wind-induced swing so that lines at different locations
in different times could have different sagging. This requires
longer flights, which would increase the cost of the aerial meth-
ods. In [12], the authors simulated the dynamic positions of
power lines under different weather conditions using point
clouds based on mechanical computation. They considered the
tension variation of lines due to weather conditions, such as
temperature, wind, ice, and then simulated the line sag curve
using the parabolic equation from tension. This method can
model the dynamic position of the line with an error of less
than 0.65 m.

In [13], a rod was placed on the transmission line as a tar-
get and then a UAV was used to take in-flight videos of the rod
using a digital camera. From these videos, the 3D coordinates of
the rod were measured using active vision technology. The error
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1422 CHEN AND DING

between the actual coordinates of the rod and the calculated
coordinates of the rod varies from 1.269% to 4.423% in dif-
ferent conditions. The sag was then calculated using non-linear
least squares regression from the calculated 3D coordinates in
the image. The error is small, but this method requires the instal-
lation of a rod on the transmission line and then a UAV flight
to take images of the rod. This incurs a high cost for both
equipment and outage access.

In [14], a 3D LIDAR was carried by a UAV to estimate the
sag by combining the measured point cloud data from laser
scanning with the flight information of the UAV. Again, a ran-
dom sample consensus was used to extract point cloud data
from the overhead line. The difference between the proposed
method and manual inspection using 1D long-range LIDAR
was between 3% and 5% for sag estimation. Similar work has
been done in [15] using a 3D LIDAR carried by a UAV. With
some additional image processing steps, the difference became
1.33% between the proposed method and the traditional total
station method using a long-range 1D LIDAR. The inspection
time has also been greatly reduced by using UAVs.

In [16], a camera carried by a UAV was used to take a single
image of the transmission line based on which sag was calcu-
lated. First, contrast enhancement and threshold segmentation
were used to obtain a binary image with a clear contour. Then,
the connection points between the line and tower were selected
as the interested points and an improved Harris detection algo-
rithm was used to extract corner points and pixel coordinates.
Then contour fitting of the transmission line was applied by
using random circle, hyperbola and parabola fitting functions,
and the best was chosen based on their root mean squared
error. Finally, GPS and laser ranging were used to determine
spatial distances between UAV and the transmission line, based
on which sag was calculated. They reported an error as low as
0.38% for the sag calculation. This method combines almost
all equipment required in the direct method, including UAV,
GPS and LiDAR, and is the most expensive method in the
literature, albeit its high accuracy. Hence, it is not suitable for
large-scale deployment.

Remarks. One sees from the above that the aerial methods use
either UAVs or helicopters to image the transmission lines as
video, point cloud data or pictures and then calculate sag using
image processing algorithms. Their performance largely relies
on the efficiency of image processing algorithms applied, as well
as the equipment used. From [14] and [15], the accuracy can
be improved by using more image processing steps, while from
[16], combining all equipment does give high accuracy.

2.2 Terrestrial

The terrestrial methods are similar to the aerial methods, except
that they perform sag monitoring on the ground rather than in
the air. This certainly places some limitations on such methods.
For example, some line spans may not be accessible from the
ground due to vegetation or buildings, while other line spans in
remote areas may be too far away to monitor from the ground.
Nevertheless, terrestrial methods may be less expensive than
aerial methods if labour cost is low.

In [17]–[23], infrared laser systems were used on the ground
to measure the clearance and sag of overhead lines. The princi-
ple was to send an eye-safe infrared laser beam from a location
near the line to the region where the lines were, and then
scan it angularly on a plane perpendicular to the line to mea-
sure the elevation angle at which the laser signal was reflected
from the conductor. Finally, using this angle and the distance
from the monitor to the line, one can calculate the sag. In [17]–
[19], the laser sag meter using an infrared source at 1550 nm
was applied to calculate the sag and the clearance. Similar sys-
tems have been developed by the same authors for conductive
defects [20], ice accumulation [21], winter icing and summer
overheating [22, 23]. The accuracy is about 5 cm in most cases.

In [24], a terrestrial laser scanner Leica Scan Station P30 was
used to extract the geometry of an overhead line for a span of
220 kV power line with a range of 300 m from the scanner.
Point cloud data were obtained via scanning and then pro-
cessed to extract the geometry, including the sag. The extracted
geometry was compared with the theoretical models using the
catenary and parabola equations. Their difference was less than
0.002 m in their settings. In [25], two optical sensors were used
to measure the sag, where one sensor was mounted on the line
and the other sensor was mounted on the tower. The distance
between the two sensors and the angle to the horizontal line
were calculated and using these two measurements and other
known distances in the span, the sag of the overhead line were
obtained.

In [26], a device called Nova OHLM system was developed to
measure different parameters of the overhead line. It has several
components, including a module installed on the overhead line
for measuring current, temperature, inclination angle and so on,
a digital camera and infrared illuminator installed on the tower
for imaging and viewing of the overhead line, a module to mea-
sure the environment such as weather, solar radiation and ice,
and a module providing the independent photovoltaic power
supply. Sag was directly calculated using images from the digital
camera. No accuracy was provided.

In [27], a camera was placed in front of the overhead line,
not on the tower, to monitor icing and calculate sag. The cam-
era took a picture of the transmission line. After background
removal and contour detection, the smallest and largest x- and
y-coordinates were calculated. The lowest point was then used
to calculate the sag. No accuracy was provided. Similarly, in [28],
a camera was placed close to the transmission line in a labo-
ratory setting and the picture was converted to a binary image
from which the shape of the line was extracted and sag can be
calculated. The error was between +3% and -5%.

In [29], a digital camera was used to measure the static char-
acteristics of the overhead line by computing the displacement
of the line with respect to a known baseline position. Two
high-speed digital cameras and a few markers mounted on the
line were also used to calculate the dynamic characteristics by
capturing two video sequences and then computing the 3D
positions of a reference frame and displacements. Sags for dif-
ferent loading conditions were calculated. The error was about
0.03 mm.

In [30], a camera was installed on the tower to take pic-
tures of the transmission lines for sag monitoring. It used the
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CHEN AND DING 1423

hyperbolic cosine function to generate different templates
tagged with different sagging values. Then, the test image was
matched with different templates to measure the sag. The error
can be as low as 0.13 cm using this method. In [31], a marker was
placed on the overhead line, whose coordinates were captured
by a camera and calculated using the direct linear transforma-
tion method. Similarly, reference [32] also used a camera to
image the overhead line for sag calculation, except that the
images were transmitted from the sensor to the ground via
LoRa communications signals. A detailed review of computer
vision or image processing techniques for sag monitoring using
non-contact cameras can be found in [33]. In [34], a method
similar to crowd sensing was used, where mobile phones from
the general public were used to capture videos of overhead lines
and shared with the system operators who then sampled images
from these videos and converted them into augmented reality.
No performance data was provided.

Remarks: The terrestrial method is one of the earliest and tra-
ditional methods developed. It relies on ground equipment and
therefore is labour-intensive and suffers from many limitations,
such as access, reliability and so on. Nevertheless, it is easy and
simple to use. Image processing or human inspection are still
required once the images are captured on the ground. Within
the terrestrial methods, cameras are commonly available and a
very useful sensor for sag monitoring, combined with computer
vision or image processing algorithms. However, these methods
are vulnerable to external factors, such as rain and fog. Also, it
is important to calibrate the camera before the measurement
takes place to reduce errors for the span of interest. Hence, the
generality of the method is low; that is, one has to profile the
camera in different settings in different spans of the network.
This makes the terrestrial methods even more labour-intensive.

2.3 Line robot

Line robots are mobile platforms installed on the overhead line
to monitor their real-time status. It can carry different sensors,
including cameras and LIDAR, to measure different parameters
of the overhead line, including sag, current and temperature.

In [35], a power line inspection robot was used to measure
the line sagging. The robot moved along the overhead line and
was remotely controlled to acquire and send sensor data. The
measurement error for sag was less than 2%.

Similarly, in [36], another line recon robot was used to mea-
sure the line parameters, including temperature, current and
angle of inclination, using different gyro-accelerometric sensors.
It can work automatically, semi-automatically or manually. The
work showed a successful application of sag calculation but did
not provide any error analysis.

Remarks: Line robots are reliable and convenient. They
provide good real-time monitoring, but they are expensive and
hard to maintain. Their installation also requires outage access
too. They could be a good choice if there is a special or impor-
tant span of the overhead line whose real-time monitoring is
vital. For general monitoring purposes, their deployment cost
may be too high. Also, unlike the aerial and terrestrial methods

discussed before that work in a non-contact way, line robots
operate on the overhead line in a contact way, so that this may
affect the normal operation of the power network, as the weight
can increase the sagging of the line as well.

2.4 GPS

Global positioning system (GPS) is well known for localization
and ranging. It uses signals transmitted by four or more satellites
to calculate the position of a ground target. For security reasons,
GPS signals are deliberately inserted by the US government
with some interference so that a standard measurement error
is often above 30 m known as selective availability. Thus, to use
GPS for sag monitoring, one often needs at least two satellite
receivers to operate in a differential GPS mode to remove the
selective availability error, a base on the ground with a known
location and a rover on the overhead line whose sag is to be
measured. Then, the two received GPS signals can be exchanged
via communications equipment to reduce the calculation error.

In [37], the use of differential GPS was proposed to calcu-
late the sag of overhead lines. One GPS receiver was installed
on the line and one was installed on the ground. Both sent
their received GPS signals to a control centre for processing.
To obtain the 3D coordinates of the rover or the transmission
line, first, time-distance equations need to be solved. Then, dif-
ferential GPS correction was performed to remove the selective
availability error. After that, bad data rejection was performed
before a tuned filter estimation of the three coordinates. With
a confidence level of 70%, the accuracy was in the range of
19.6 cm. A detailed discussion of the method can also be found
in their Ph.D. thesis [38].

In [39], differential GPS was studied but focused on digital
signal processing techniques to improve its accuracy over [37].
Specifically, after bad data rejection, least squares parameter esti-
mation and Haar wavelet analysis were performed to improve
the quality of the GPS data further. This improved the accuracy
at 70% confidence level to 17.2 cm. Similar accuracy was also
reported in [40].

In [41], the GPS method was tested in India. One GPS
receiver was used but GPS measurements were taken at 2 to
3 different places to reduce error in raw GPS data. Then, sig-
nal processing was performed by using least squares parameter
estimation, similar to [37]. The estimation error is about 20% of
the true value or around 10 m.

In [42], the authors extended the work of [41] by adding
wavelet analysis of the GPS data, similar to [39]. In this case, the
accuracy of the sag calculation seemed to have improved under
different conditions, varying from an error of 0.03 m for a true
value of 0.8 m to an error of 0.9 m out of a true value of 0.3 m.
A case study was performed by these authors in [43] in India.

In [44] and [45], a real-time sag measurement system using
differential GPS was studied, where a real-time signal process-
ing module was integrated with the GPS system. Different
conditions of the overhead line current were examined using
experiments. It was reported that this method has an accuracy
of about 1 inch. Also, it was found that to balance the real-time
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1424 CHEN AND DING

monitoring and real-time computation, the best processing win-
dow size was about 60 or 120 s using an exponential smoothing
function for GPS measurements.

In [46], to tackle the high cost of GPS receivers, a cluster
of cheap GPS receivers was used to replace the two expensive
receivers to lower the cost. Also, Kalman filter and bad data
rejection were used to reduce the measurement error from 4.5
to 0.45 and 0.37 m, respectively.

Remarks. The GPS method has a high cost in terms of both
equipment and service. Hence, they can be used to monitor
key spans in the power network. Moreover, compared with the
aerial and terrestrial methods discussed above, their accuracy is
not as high. Nevertheless, the GPS methods are not affected
by weather conditions or external disturbances and they can be
used in most areas without any access problems, as GPS satel-
lites have a large coverage. Note that most of them still need
installation of a GPS receiver on the overhead line and hence, it
may have to work in a contact way.

2.5 Summary

In summary, the direct methods use laser scanners, cameras
or GPS receivers as sensors to measure the sag or shape of
the line directly. These sensors could be expensive. The laser
scanners and cameras can operate in a non-contact and non-
invasive manner, but for better accuracy, markers often installed
on the overhead line. The scanners and cameras can be carried
by an aerial platform or a terrestrial platform or be fixed on
the ground or the support tower. The line robots and the GPS
receivers operate in a contact or invasive manner where a sensor
must be installed on the overhead line. Thus, in addition to their
expensive devices, their installation and maintenance are also at
a high cost. Thus, the direct methods also incur high installation
and maintenance costs. Moreover, all these methods will require
sophisticated image processing or signal processing techniques
in order to extract the sag profile from images or signals, and the
accuracy is largely affected by the algorithms applied. Table 1
summarises the direct methods discussed.

3 INDIRECT METHODS

Unlike the direct methods in the above section that measure the
sag or the shape of the overhead line directly using cameras,
laser scanners or GPS receivers, the indirect methods measure
a parameter that is related to or determined by the sag and
then use the mechanical, electrical or magnetic properties of the
overhead line to calculate the sag from the measured param-
eter. The parameters commonly used include the tension, the
temperature, the span length, the tilt, the magnetic flux den-
sity, the vibration frequency, the path loss, the space potential
induced by the transmission line, the PMU measurements, and
the power carrier signal behaviors. Next, we will discuss these
indirect methods one by one for sag calculation. We will start
with the most commonly used method that takes advantage
of the relationship between sag and tension. Many industrial

standards for sagging monitoring are based on the sag-tension
formula.

3.1 Tension

Sag is inversely proportional to the tension in the overhead line.
When the tension is above a certain limit, the overhead line may
break, and hence one often increases the sag to reduce the ten-
sion in the line, at the cost of increased expenditure and reduced
power transfer efficiency due to a longer line. Most works on
sag calculation using tension measurements are based on the
catenary equation

y =
H
W

(
cosh

Wx
H

− 1

)
(1)

where H is the horizontal component of the tension in the line,
W is the weight or loading of the line, cosh(.) is the hyperbolic
cosine function, x is the distance to the middle of the span and y
is any position on the overhead line. The sag is calculated at the
middle of the span when x = L∕2, where L is the span length,
to give

S =
H
W

(
cosh

WL
2H

− 1

)
. (2)

Also the tension at the support or the transmission tower
where it is the largest is determined by

T = H × cosh
WL
2H

. (3)

Using (2) and (3), H can be eliminated to derive a direct rela-
tionship between the sag S and the tension T . However, the
hyperbolic function is not easy to calculate, especially on a sim-
ple calculator for real-time calculation. Hence, many of these
works have focused on simplifying the calculation by using the
parabolic approximation or series expansion. These methods
are referred to as numerical methods. They are often based on
single-material conductors or conventional homogeneous con-
ductors. For composite conductors, the above equations do not
apply and hence, in addition to numerical methods, graphical
methods have also been developed by using the stress–strain
curves. Finally, some works use hybrid methods by combin-
ing numerical and graphical methods for higher accuracy and
better generality.

3.1.1 Numerical methods

One of the earliest works on numerical methods for sag-tension
calculation was by Dwight in 1926 [47], where the hyperbolic
cosine function in the sag-tension formula was expanded into a
Taylor series and approximations were then made by taking the
first few terms of the series in the calculation. Both levelled sup-
ports and inclined supports were studied in [47]. The changes in
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CHEN AND DING 1425

TABLE 1 Comparison of the direct methods for sagging monitoring.

Reference Method Hardware Software Accuracy Contact

[9] Aerial UAV+camera Decorrelation stretch, modified Prewitt filter,
random sample consensus

15–30 cm No

[10] Aerial Helicopter+LIDAR Distance between line and tree 93 cm for distance No

[11] Aerial Helicopter+LIDAR Classification, local affine model 86.9% for classification, 72.1%
for identification

No

[12] Aerial Simulation Weather conditions, mechanical computation 65 cm No

[13] Aerial UAV+rod on the line Active vision, nonlinear least squares regression 1.269–4.423% Yes

[14, 15] Aerial UAV+LIDAR Random sample consensus, flight information 1.33%, 3–5% No

[16] Aerial UAV+camera+GPS+laser Contrast enhancement, threshold segmentation,
improved Harris detection, contour fitting

0.38% No

[17–23] Terrestrial Ground infrared laser system Elevation angle and distance to the line 5 cm No

[24] Terrestrial Laser scanner Leica Scan Station P30 Point cloud 0.2 cm No

[25] Terrestrial Two optical sensors Distance and angle to the line N/A Yes

[26] Terrestrial Nova OHLM N/A N/A Yes

[27, 28] Terrestrial Camera Background removal, contour detection 3–5% No

[29] Terrestrial Two cameras + markers on the line Displacement of the line 0.003 cm Yes

[30, 32] Terrestrial Camera Template matching 0.13 cm No

[31] Terrestrial Camera + markers on the line Direct linear transformation 1.09–29.38% Yes

[35] Line robot Power line inspection robot N/A 2% Yes

[36] Line robot Line recon robot + sensors N/A N/A Yes

[37, 38] GPS Two differential GPS receivers Bad data rejection 19.6 cm Yes

[39, 40] GPS Two differential GPS receivers Bad data rejection, least squares estimation and
Haar wavelet analysis

17.2 cm Yes

[41] GPS One GPS receiver Least squares estimation 1000 cm Yes

[42, 43] GPS One GPS receiver Least squares estimation, wavelet analysis 3–90 cm Yes

[44, 45] GPS Two differential GPS receivers Real-time signal processing 2.54 cm Yes

[46] GPS More than two low-cost GPS receivers Kalman filter, bad data rejection 37 cm–45 m Yes

Abbreviations: GPS, global positioning system; UAV, unmanned aerial vehicles.

temperature corresponding to changes in deflection and load-
ing were also considered in the sag calculation by calculating the
expansion of the span length due to a temperature increase.

In [48], instead of using a series expansion, a Newton– Raph-
son method was used to iteratively solve the hyperbolic cosine
function in the catenary equation for inclined spans. The tem-
perature and loading were not considered and it only provided
a numerical solution to the catenary equation.

In [49] and [50], the authors proposed a mechanical state
estimation method to calculate the sag using a set of known
parameters, including temperature, tension, weight, span length,
slack, and so on. The parabolic approximation was used in the
estimation. Similar parameters were also used in [51] to calcu-
late the sag. In [52] and [53], by using the symmetry of level
spans, only one tension sensor was used to measure the tension
on one support, and then this measurement was applied with
the temperature to calculate the sag to reduce the number of
sensors and amount of data. The calculation method is similar
to [49] and [50] by using mechanical state estimation and the
parabolic approximation.

In [54], the non-linear tension state equation given in [55] was
approximated using polynomials, instead of using iteration or
trial-and-error, and solved to give the tension value, which was
then used to calculate the sag using the sag-tension formula as

S =
WL2

8H
, (4)

where H is the horizontal tension, L is the span length and W is
the weight or loading. In [56], the numerical method was applied
to calculate the sag for inclined spans in hilly areas using the
tension for AAAC conductors. Similar work was performed in
[57] for a 330 kV transmission line supported by either levelled
spans or inclined spans. In addition, the clearance to ground was
also calculated.

In [58], a new method was proposed by using real-time mea-
surements of temperature and inclination at certain point on the
line to improve a non-linear mechanical model that was initially
a catenary curve used to model the 3D shape of the power line.
The sag value was extracted from the line shape.
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1426 CHEN AND DING

3.1.2 Graphical methods

The numerical method works for conventional homogeneous
conductors but not for composite conductors, whose sag-
tension relationship is more complicated. In this case, graphical
methods can be used. For the graphical methods, the earliest
used method was in [59], which has been implemented in many
commercial software programs such as SAG10 or PLS-CADD.
As discussed before, such methods use the stress–strain curves
from experiments instead of the catenary equation from geo-
metrical theories. The curves for the core and the aluminium
are obtained separately to account for the composite structures
of the conductors.

In [60] and [61], a graphical method called the strain sum-
mation method was proposed by summing up the measured
strains, including thermal strain, slack, elastic settling and creep
strain, based on which the sag at a given temperature was calcu-
lated. The graphical method relies on the stress–strain curves of
the materials that make up the conductor and is usually used to
calculate the sag of composite conductors.

Similarly, in [62] and [63], the authors developed graphical
methods for different requirements of the gap-type conduc-
tors. These methods were also based on the strain summation
method, but with some additional improvements. For exam-
ple, independent core and aluminium reference lengths were
assumed. Also, the calculation of the creep developed during
the installation and its change was discussed in details.

3.1.3 Hybrid methods

The numerical methods have wide applicability by using sim-
ple yet general mathematical models for the overhead line, but
practical lines may deviate from these models. The graphical
methods are heuristic by obtaining stress–strain curves from
practical experiments but lack generality. Thus, other works
have combined these two methods trying to have “the best of
both.”

In [64], based on the catenary equation, a hybrid method was
developed by using simple arithmetical calculations from the
catenary equation as well as several tables and figures for the
stress–strain chart to calculate the sag for various final and ini-
tial conditions of the overhead line. The method is applicable
to conductors whose modulus of elasticity and coefficient of
expansion are uniform throughout the cross-section.

Ref. [65] is one of the most cited works on sag-tension calcu-
lation. In this work, based on experience from Bonneville Power
Administration in US, a hybrid graphical-numerical method was
developed, where the catenary equation from the numerical
method for a given span length was superimposed with the
tension-strain curve of a considered conductor from the graphi-
cal method for each temperature concerned. The tension-strain
curves were developed using field measurements for different
conductors, including ACSR.

In [66], a hybrid numerical method was proposed for com-
posite conductors based on a modification to the numerical

method to accurately calculate the sag for composite conductors
that have a bilinear relationship between sag and temperature
instead of the linear relationship for single-material conductors.
The main algorithm still followed the numerical method as in
[47] - [58] but it used the stress–strain curves of composite
conductors to determine the initial load distribution between
the components of the conductor for higher accuracy. Specifi-
cally, it calculated the sag as a function of the length and slack
as

S =

√
3D(l − D)

8
, (5)

and then updated the length of the overhead line in the span l as
a function of the thermal expansion and mechanical elongation
using the stress–strain curves, where D is the slack.

In [67], the catenary equation, the stress–strain relation-
ships from curves, the relationship between different strains,
and a tension balance equation were combined into a sin-
gle equation and the tension of the line in a ruling span was
then determined by solving this equation approximated as a
polynomial. The sag was calculated from the solved tension.

In [68] - [70], existing sag-tension calculation methods were
discussed. They also recommended very detailed guidelines on
how to calculate sag from tension.

3.1.4 Factors affecting sag-tension calculations

The previous subsections cover the main methods for the calcu-
lation of sag from tension. However, a lot of factors will affect
the calculation of the sag using the sag-tension relationship,
in addition to the tension. For example, ice could add weight
to the line to increase the sag. Temperature could vary due to
wind or seasons to change the sag. These factors could have
different sensitivities in the calculation of the sag using the sag-
tension formula. Hence, some of the works in the literature
have focused on examining the sensitivity of different factors
to sag calculation.

In [71], using a parabolic approximation for sag, the sensitiv-
ity of sag to different parameters was discussed. It was found
that the conductor type and the age of the line have a signifi-
cant impact on sag calculation. Among the conductor thermal
parameters, the wind speed, wind direction, sunlight have a sig-
nificant impact, while the ambient temperature, the direction
and altitude of the line, and the time of the day have negligi-
ble impact. Also, for the factors ignored by the IEEE standard
in the sag calculation, the vertical wind speed has a significant
impact; while the temperature distribution within the cross-
section, radiation and standard deviation of wind speed have
negligible impact. Also, some known thermal factors, such as
an error in low wind speed measurement, variation of wind
speed along the span have significant impact. Other factors
from installation, design and operation could impact the sag
calculation too, such as deflection, creep, temperature sensing
error. In summary, the conclusion was that, if many of the sag
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CHEN AND DING 1427

calculation error sources cannot be identified, it is better to be
generous with the safety margins, as the use of the sag-tension
relationship alone is not enough.

In [72], another work was performed to analyse the error
sources of sag calculation using the sag-tension formula. It cov-
ered parameters of the conductor, such as weight, modulus of
elasticity, coefficient of thermal expansion, parameters of the
line section, such as the span length, the suspension tower, and
weather parameters. These parameters caused uncertainties in
the sag calculation. It was observed that wind speed, rain have
significant impact on sag calculation. The influence of span
length increases with the length. A negative error in the mod-
ulus of elasticity and a positive error in the weight lead to the
largest error in tension.

In [73], the effects of the measurement errors of six param-
eters, span length, sag, temperature, elasticity modulus, weight
per meter and conductor creep, on the sag calculation error
were analysed. A formula was obtained by differentiating the
state equation for the total error of sag calculation as a weighted
sum of six measurement errors. It was reported that the error
in elasticity modulus and the error in creep have a weak impact
on the total sag error, while sag measurement error, temperature
measurement error have a significant impact.

In [74], the sag was calculated by approximating the catenary
curve as a squared function of y = ax2 and the effects of six
parameters, conductor weight, tensile strength, span length, ele-
vation angle, temperature and wind, were discussed. Simulation
showed that temperature has higher impact than wind on the
sag calculation, while the impact of the elevation angle increases
with the elevation angle.

In [75], the impact of temperature and wind on the sag calcu-
lation was studied. It was shown that an increase in temperature
has a direct impact on sag, while an increase in wind speed has
a direct impact on tension and therefore an indirect impact on
sag. In [76], the impact of conductor heating due to transmission
line uprating was studied by linearizing the non-linear stress-
elongation equation and then calculating the sag variation due
to the span length and stress changes caused by temperature
change. For a given span length, there is a special conduc-
tor stress where the sag variation due to heating is the largest.
Thus, conductor elastic strain variation due to heating should
be considered. Also, sag variation due to heating is larger for
longer span. In [77] and [78], the icing effect on sag calcula-
tion was investigated and online monitoring systems for icing
were developed.

The above studies reveal that the sensitivities of differ-
ent parameters in the sag calculation using the sag-tension
formula are different and must be considered in order to eval-
uate the sources of errors for sag calculation. Thus, other
researchers have tried to improve the accuracy of sag calcula-
tion by modelling these sources of errors and account them in
the calculation of sag. In [79] and [80], affine arithmetic mod-
els were used to model the errors caused by ice, wind, load and
weight and then applied them to the sag-tension formula in (5)
for better results. For example, instead of using a single value
of weight or loading W in (4), this calculation used an affine

model of

W = W0 +

m∑
i=1

Wi𝜖i (6)

where Wi are partial derivatives of weight with respect to dif-
ferent parameters and 𝜖i are the errors in different parameters.
In [81], probabilistic models of these factors were assumed to
calculate the sag using the catenary equation.

Remarks. The sag-tension method is one of the earliest and
also the most widely used method to calculate the sag from the
tension. It can be calculated using the numerical method based
on the catenary equation and its approximations, or the graphi-
cal method using the stress–strain curves or their combination.
The numerical method is accurate and general but the overhead
line must follow the mathematical models assumed. In practice,
there are a lot of factors and dynamics that may make the model
invalid. The graphical method comes from experiments but is
then limited by the experimental conditions, such as tempera-
tures and spans, and it does not apply to all cases. In addition to
tension, many factors affect the sag calculation directly or indi-
rectly. It is important to identify as many such factors as possible
to make the calculation accurate and to give sufficient mar-
gins of error in designs. Finally, these factors may be modelled
deterministically as affine arithmetic or probabilistically as ran-
dom variables for better accuracy. Table 2 summarizes different
tension methods for sagging monitoring.

3.2 Temperature-current

In addition to the sag-tension relationship, the sag-temperature
relationship is often used to calculate the sag as well. The tem-
perature is actually an important parameter for sag monitoring,
as thermal expansion is one of the main reasons of sagging. It
is also the key parameter for dynamic line rating and is closely
related to the current in the overhead line.

In [82], the authors used an existing real-time ampacity pro-
gram to predict the instantaneous temperature from the current
in the line and then used this temperature in an existing sag-
tension program to calculate the sag. It was designed to predict
temperature and sag for temperatures as high as 250◦. The
prediction was compared with measurements on two ACSR
conductors. The accuracy of the predicted sag was found to
decrease as the average conductor temperature increases. For
temperatures less than 150◦, nearly 70% of the time the pre-
dicted sag was within 5% of the measured value, while for
temperatures greater than 150◦, only 65% of the time the pre-
dicted sag was within 5% of the measured value. Compared
with the graphical method for composite conductors in the
tension calculation that only assumes specific temperature and
location for the stress–strain curves, this method used real-
time temperature. Also, this method can be applied to the new
high-temperature low-sag (HTLS) conductors.

In [83], the ruling span method used for sag calculation
was improved. Traditional ruling span method gives satisfactory
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1428 CHEN AND DING

TABLE 2 Comparison of the tension methods for sagging monitoring.

Reference Method Theory Factors considered

[47] Numerical Taylor series expansion Temperature, deflection and loading

[48] Numerical Newton– Raphson None

[49]–[51] Numerical Mechanical state estimation Temperature, tension, weight, span length

[52, 53] Numerical Symmetry of span and mechanical state estimation Temperature

[54] Numerical Non-linear tension state equation, polynomial approximation Weight, span length

[56, 57] Numerical Tension for AAAC conductors None

[58] Numerical Non-linear mechanical model Temperature, inclination

[59] Graphical Stress– strain curves None

[60, 61] Graphical Strain summation Temperature

[62, 63] Graphical Improved strain summation Temperature, creep

[64] Hybrid Catenary equation + stress– strain chart Constant elasticity modulus and
expansion coefficient

[65] Hybrid Catenary equation + tension– strain curve Temperature, span length

[66] Hybrid Bilinear between sag and temperature + stress– strain curves Slack, span length

[67] Hybrid Catenary equation+stress– strain curves + strain relationships
+ tension balance equation

None

Abbreviations: AAAC, aluminum alloy conductor.

accuracy for levelled lines with relatively uniform spans at
any temperature or any span length of a levelled line at low
temperature, but it may have large errors in a line segment
with significantly unequal spans at high temperature. This new
method used the rotational stiffness of suspension insulator
strings to calculate sags of multi-span line segments at different
temperatures using the parabolic approximation and balance of
horizontal force at each conductor support. The change in span
length due to temperature change was analysed.

In [84], for HTLS conductors, a holistic approach for cal-
culating the sag at any temperature and power frequency was
proposed by considering the mechanical and electrical param-
eters of the overall system. The calculation was performed at
three different levels: mechanical, electrical and aging. Each level
was fed with the overhead line structure data, such as span
length, type of insulation set and heights above the ground,
weather data, such as ice thickness, ice density and wind speed,
conductor data, such as density, modulus of elasticity, coeffi-
cient of thermal expansion and finally the operational data, such
as maximum operating temperature and system frequency dur-
ing its operation. These three levels of computation were then
combined to give the final conductor tension and sag with creep.

In [85] and [86], a sag monitoring system was developed for
a 138 kV transmission line. An optoelectronic current trans-
former was used to measure the line current and a temperature
sensor was used to measure the line temperature. A marker was
installed in the middle of the span to measure the sag from pho-
tographs taken by a camera and use neural networks for image
processing. Then these measurements were sent to a ground
receiver via optical fibres to obtain the sag-current relationship
and the sag-temperature relationship. Using these two relation-
ships, temperature and current were then measured to estimate
future sags.

Remarks. The temperature–current methods essentially still
use the sag-tension formulas but through the parameters of
temperature and current to calculate the sag more indirectly. On
the other hand, the effects of the temperature and the current
have also been considered in the tension method in the previ-
ous subsection. Thus, the temperature– current method and the
tension method are closely related with similar performance.

3.3 Span length

Most methods in Sections 3.1 and 3.2 calculate the sag in the
middle of the span or from the straight line joining two supports
to the lowest point of the span. However, it is also useful to
calculate the sag as a function of any interval on the span varying
from zero to the maximum and then to zero again.

In [87], the sag as a function of the length of any inter-
nal on the span was derived. Both levelled spans and inclined
spans were considered. Also, both the catenary equation for
long spans and the parabolic approximation for short spans
were studied.

In [88], the sag was calculated as a function of the span length
as

S =
WL2

8𝜎 cos(𝛼)
, (7)

where W is the loading, L is the span length, 𝜎 is the stress
and 𝛼 is angle of elevation. The stress was obtained by solving a
cubic polynomial from the state equation of stress for overhead
lines at different temperatures and loading.

Remarks. The span length methods are very similar to the
numerical methods in Section 3.1, by using the parameter
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CHEN AND DING 1429

of the span length instead of tension. Thus, they have
similar complexity.

3.4 Tilt

The sag is also a function of the angle of tilt of the line at
the support, which can be derived from the catenary equa-
tion using the geometry of a sagged line. This can be observed
from Figure 1 too. Hence, one can measure this angle and then
to calculate the sag from the angle of tilt.

In [89], a dual-axis tilt sensor was installed near the support to
measure the angle of tilt of the line to the ground and the swing
angle simultaneously. The measurement was sent to a controller
via GPRS communications link to calculate the sag. A maximum
error of −0.32% was reported. Similarly, in [90], a dual-axis tilt
sensor was also used to measure the slope angle or tilt angle of
the line and then used these measurements to calculate the sag
based on the catenary equation for inclined supports when the
line swings. In the US patent [91], a similar idea was proposed
by using an accelerometer sensor to measure the tilt angle based
on which the sag was monitored.

In [92], the tension, temperature, tile angle and other trans-
mission line parameters were used to calculate the sag. Unlike
previous works, it considered the tilt of transmission tower due
to hazards or attacks by applying a least squares state estimation
method to the sag-tension formula that has been geometrically
transformed to account for the tower tilt. It was shown that the
increase of sag could be 55% of the non-tilted-tower case and
that the proposed method had a maximum sag calculation error
of 1.5% in this case.

Remarks: Similar to the tension and the span length, the tilt is
just another geometrical parameter related to the sag. Thus, the
sag-tilt relationship is highly relevant to the sag-tension relation-
ship for inclined supports and with swings. This method often
gives high accuracy but requires the installation of accelerom-
eter sensors near the support towers to measure the angle of
tilt.

3.5 Air pressure

The sag is the height difference between the lowest point on
the span and the support tower. Barometer can measure the
height or the altitude through the change in air pressure. Hence,
in [93], two barometers were used: one installed at the bottom
of the span and the other on the support tower. Then their air
pressures were measured to calculate the altitudes as

h =

(T + 273.15)

(
(101.325∕P )

1

5.257 − 1

)
0.0065

, (8)

where P is the atmospheric pressure measured in kPa and T is
the temperature in degrees. The sag was calculated as the differ-
ence of two altitudes. The accuracy of this method relies heavily
on the precision of the barometer used.

Remarks. The air pressure method is one of the most straight-
forward and easiest ways to calculate the sag. However, it is a
contact method, as barometer needs to be installed on the line.
Its accuracy is predominantly determined by the sensitivity of
the barometer used, as the sag is a very small height difference
for significant air pressure change.

3.6 Magnetic Field

The relationship between the sag and the magnetic field is
probably the second widely used method for sag monitoring.
When the current flows through the power line, it will gener-
ate a magnetic field around the line and the amplitude of the
magnetic field depends on the intensity of the current and the
distance to the overhead line. Hence, by measuring the ampli-
tudes of the magnetic field at different positions using magnetic
sensors, the sag can be calculated as the difference between
distances.

Most of these methods rely on the Biot– Savart law for
magnetic field, given by

B̂0 = 𝜇0 ∫
I (l )dl × a0(l)

4𝜋|r0(l)|2 (9)

where I (l ) is the current at the position of l in the line, r0(l) is a
position vector from the source of the magnetic field to a point
in the field, and a0(l) is a unit vector in the direction of r0(l).
Many works have assumed that the overhead line l is a straight
line with infinite length. In this case, the integral can be solved
to give

B =
𝜇0I
2𝜋r

(10)

so that the amplitude of the magnetic field is a function of the
current in the conductor I and the distance from the conductor
to the observation point r , such as the ground. In [94], instead of
a straight line, a more realistic catenary curve was used to solve
the Biot– Savart integral. The magnetic field is still a function
of the current and the distance. Hence, if one can use several
sensors to measure the magnetic field at different observation
points and know the values of the currents, the distances cal-
culated from the integral can be used to estimate the sag as the
difference between two heights.

One of the earliest works on this method was in [95], where
three magnetic field sensors were buried underground right
below the middle of the span with known locations. Then,
these locations were used with the magnetic field measurements
to estimate the clearance, the phase current, the ampacity as
well as sag. Since the measurement was non-contact, no power
cut or field personnel were required. This became a patent
in [96].

Similarly, in [97], the authors used magnetoresistive sensors
to measure the emanated magnetic field from the line at var-
ious locations on the ground and then calculated the source
position and current to estimate the sag. Again the method is
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1430 CHEN AND DING

non-contact with simple installation and without power cut. It
was then tested on a 500 kV transmission line. The error was
around 0.246%. It used two sensors. This method was extended
in [98] to measure more parameters. In this work, the magnetic
field distribution at the ground level was sampled at various
locations for transmission lines operating with sagging, gallop-
ing and current imbalance. The relationships between magnetic
field variations and different operation states of the line were
obtained, based on which a source reconstruction was per-
formed to reconstruct the spatial and electrical parameters of
the line based on the magnetic field distribution. This was then
tested on 500 and 220 kV transmission lines. The error was less
than 0.2%.

In [99]–[101], a uniaxial magnetic sensor was installed at the
support tower to measure the magnetic field and an electrical
sensor was used at the substation to measure the phase current.
The relationship between the variation of sag and the variation
of the magnetic field was observed for the same current. This
relationship was then simulated and compared with measured
magnetic fields to estimate the change due to sag. The error
was less than 1%. Moreover, in [101], an array of magnetic sen-
sors was used and their optimal locations were studied, as the
magnetic flux density and therefore the sag was sensitive to the
location of the sensor.

In [102], ground magnetoresistive sensor was used to mea-
sure the magnetic flux density along the centre line from the
three-phase transmission lines to estimate the support tower
inclination, the transmission line sag and the transmission cur-
rent simultaneously. An algorithm based on artificial immune
system was applied to estimate the sag and the tower tilt angle
and reconstruct the current. The error of sag calculation was
less than 0.3%. An array of five dual-axis magnetic sensors was
used.

In [103], two magnetic field sensors were combined into one
probe to measure the magnetic field at different distances to the
line, based on which the positioning of the line and the current
in the line were calculated. Some special signal processing was
applied when the current was low and the magnetic field was
weak. The average error for distance calculation was about 1%.

In [104, 105], the magnetic flux density was again used to cal-
culate the sag of the conductor. However, instead of using the
catenary curve in the Biot– Savart integral, the authors proposed
to use a tilted straight line model to approximate the catenary
curve for simple and real-time calculation of sag. The model was
then calibrated by tuning the model coefficients to match flux
density vectors in the real catenary curve for enhanced accu-
racy. The sag can be calculated using the y component of the
measurement with an error of less than 2%.

Remarks. The magnetic field method provides very accurate
estimation of the sag. It can also be non-contact, without any
installation on the line or on the tower (although some works do
require sensors installed on the tower, they can alternatively be
placed on the ground). This makes its use simple. On the other
hand, accurate estimation of sag often requires several sensors
and the placement of sensors also determine the accuracy so
that the choices of locations are important.

3.7 RF

The path loss in radio frequency communications depends
on the distance between the transmitter and the receiver, as
the strength of the radio signal attenuates when the distance
increases. Hence, if one knows the received signal strength and
the transmitted signal strength, the distance may be calculated.
In the case of sag calculation, if the transmitter is in the mid-
dle of the span of an overhead line and the receiver is on the
ground, the sag may be estimated using these distances from
the received signal strengths.

In [106], the authors used the millimetre wave radio signal
to measure the distance between the line and the ground to
estimate the sag. Specifically, a single transmitter was placed on
the line to transmit millimetre wave signals to a receiver on the
ground. The path loss was calculated from the received signal
power and then the sag was calculated using the averaged dis-
tance. The error of sag was quite large, 6.6%, 9.3% and 12.9%
for a distance of 5 m, 10 m and 15 m, respectively. To improve
the accuracy, a further work was conducted in [107], where in
addition to a transmitter on the line, both a receiver and an
angle-of-arrival sensor were placed on the support tower to
measure not only the received signal power but also the angle
of its arrival. The sag was then calculated using the distance
from the path loss in the received signal power and the angle of
arrival. The calculation was very sensitive to the angle of arrival
error. When the angle can be measured accurately, the error of
sag was less than 4% in most cases considered. More details of
this method can be found in [108] and [109] by the same authors.

In [110], instead of using the millimetre wave signals, radio
frequency identification (RFID) technique was used, where an
RFID tag was placed on the line and a reader acting as a pas-
sive radar was placed on the ground to measure the received
signal power and angle of arrival from the tag. A more detailed
discussion can be found in their thesis [111].

In [112] and [113], an Internet-of-Things based sag moni-
toring system was proposed, where the sag sensor contains a
tri-axial accelerometer installed on the line to measure the angle
between the gravity and the z-direction, which was used to cal-
culate the sag based on the catenary equation. Then this was
sent using the ZigBee protocol wirelessly to the remote con-
troller. This method actually used something similar to tilt to
measure the sag but then transmitted the sag value using radio
waves. Finally, in [114], the authors compared different wireless
communications techniques to transmit measurements from
the line to the ground remote controller, as the radio signals
would be interfered by the electromagnetic field generated by
the transmission line and this interference has different impact
on different wireless techniques.

Remarks. The RF method in principle is similar to laser scan,
as laser is a type of optical wave too, except that the radio
wave has much larger wavelength and therefore lower resolution
than the optical wave. Nevertheless, wireless communications
is moving from microwave to millimetre wave to future ter-
ahertz wave so that their wavelength is getting smaller and
smaller for better resolution. In the future, this method can
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CHEN AND DING 1431

become more accurate by calculating the sag from the distance.
Also, radio communications is important for data transmis-
sion from sensors to ground controllers. This requires further
investigation too.

3.8 Vibration

Due to the wind and actions of other external and internal loads
on the line, the line span between two support towers can swing
like a pendulum, where the conductor acts as the body rotat-
ing around the straight line between two support towers. In
this case, the sag is the radius of the swing around the straight
line. Hence, one can measure the period or frequency of the
vibration or swing of the line to obtain the sag.

In [115], the authors treated the conductor as a physical pen-
dulum around the straight line between the two support towers
and derived the relationship between the sag and the period of
swing as

S = 0.31T 2 (11)

where T is the period of the swing or the oscillation period.
Thus, the sag can be calculated by measuring the natural har-
monic vibration of the conductor hanging in a span with
supports at the same heights. An inclinometer was used to
measure the period then. This method turned out to be very
accurate with an error of less than 0.85% in the considered
setting. A more detailed discussion was provided in [116], con-
sidering different cases of swing, with reduced errors of less
than 0.1%.

In [117], instead of inclinometer on the line, the authors
installed markers on the line and then used high-speed digi-
tal cameras to capture the motion of the markers in the video
sequence, based on which the vibration was measured and the
clearance to ground was calculated.

In [118], the authors reported works by two system opera-
tors in Europe on their Ampacimon system that measured the
sag of an overhead line in real time by measuring the conduc-
tor vibrations using accelerometers. The conductor sag was then
calculated based on these measurements using data processing
(fast Fourier transform) and simple mathematical equations. No
details on the calculation were revealed in the work but the fast
Fourier transform should be used to extract the vibration fre-
quency from accelerometer measurements for sag calculation.
More technical details were provided in [119]. In this work,
using the catenary equation and the dynamics of the line, the
relationship between the sag and the vibration frequency was
obtained as

S =
W

32 f 2
0

(12)

where W is the loading of the line as defined before and f0 is
the frequency of vibration. The work reported an error of sag
calculation within 2%.

Remarks. The vibration method has nicely utilized the rela-
tionship between sag and vibration period/frequency to give
very accurate sag calculation. The relationship between the
vibration frequency or period and the sag is also very simple that
only requires the parameter of the loading or a constant. How-
ever, this simplicity is achieved at the cost of lack of generality.
For example, different temperatures will lead to different fre-
quencies etc. leading to different constants. Hence, this method
has to be re-tuned every time the conditions or span change.
Another disadvantage is that its accuracy becomes low when
the vibration is small or the line does not swing at all.

3.9 Space potential

In addition to the magnetic field, the current in the overhead
line also generates an electrical field, which can be used for non-
contact measurement of sag as well, similar to the magnetic flux
density method discussed previously. In this case, the electri-
cal property of the overhead line is used. The principle of all
these methods is to first solve the electromagnetic field distri-
bution of the transmission line, then establish the relationship
between the field source parameter and the spatial electromag-
netic field distribution value, and finally inversely calculate the
field source parameter by collecting the electromagnetic field
distribution values collected at various points in space during
the operation of the overhead line.

In [120], inspired by the magnetic field method, the authors
proposed the use of space potential in the electrical field to mea-
sure the amplitude and relative phase of the transmission line’s
space potential in two or more selected locations in the space.
It measured the sum of currents induced on space potential
probes placed at strategic locations near a transmission line such
that the sum of currents was zero for some critical condition of
the transmission line to make the measurement extremely sensi-
tive to small changes from this condition, such as a small change
in sag. The space potential was determined by the voltage of the
line as well as the geometry of the line so that the sag will affect
the shape of the line and therefore the space potential. A passive
phase shifter was also used to enhance sensitivity.

Similarly, in [121], an electrostatic coupling model between
the transmission line and the measuring locations was estab-
lished and the sag was calculated from potential measurements
using a potential measurement array. In this case, the space
potential describing the field distribution was used to calculate
the field source locations related to sag. In [122], the effects
of span configuration and the conductor sag on the electric
field distribution were studied for a 3D model and then these
relationships and probes of electric field were used to calculate
the sag.

In [123] and [124], the current induced in a grounded resistive
wire due to quasi-static space potential of the transmission line
was used to calculate the sag, as the potential was determined by
the line geometry including the sag. This method works well for
delta configured transmission lines but not so well for the more
common horizontal lines.
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1432 CHEN AND DING

Remarks. Both the electrical field method in this subsection
and the magnetic field method in Section 3.6 give non-contact
ways of measuring the sag via space potential or magnetic
flux density, respectively. In some spans, this is important
because the span may be too important to shut down or be
blocked for access. However, both methods are quite sensi-
tive to the locations chosen and their accuracy could be low
if they are not set up properly. Also, the electromagnetic field
may be more complicated than assumed, as interference may
occur.

3.10 PMU

Phasor measurement units (PMUs) take current, voltage and
frequency readings in the power network and time stamp
them using GPS before sending them to the control centres
for planning and operation purposes. They are one of the
most important measurements in the power network. These
measurements can be used to calculate the sag indirectly as
well.

In [125], the line admittance and impedance were calculated
from the current and voltage measurements in PMUs. The aver-
age line temperature was then calculated as a function of the line
resistance from the real part of the line impedance. After that,
the line length was calculated from the temperature using the
thermal expansion coefficient. Finally, the sag of the line was
calculated from the line length and the span length using the
sag-tension formula as in (5).

Similarly, in [126] and [127], the least squares method was
used to estimate the line resistance and the line temperature
from a series of PMU measurements. Then the sag was calcu-
lated from the line length due to the thermal expansion and the
span length as in (5).

Remarks. The PMU method is convenient as the PMU
measurements are often available in the network without the
need for any extra sensors or their installation. Its calculation
essentially depends on the sag-tension relationship using the
parabolic approximation by considering the thermal heating
effect. Thus, it has similar limitations and advantages as the
tension method.

3.11 Carrier signal

The sag is part of the line geometry. The change of sag leads
to changes in the line geometry, which will not only change the
electrical and magnetic fields near the transmission line but also
change the power line carrier signal inside the transmission line.
Thus, by measuring the variation of the power line carrier signal
between two stations, the sag may be calculated.

In [128], a power line carrier hybrid coupler was used to
inject multi-frequency continuous-wave monitoring signals in
the band from 50 to 500 kHz into the transmission line. Based
on the theory of natural modes for multi-conductor transmis-
sion lines, the monitoring tones were appropriately chosen at
unallocated PLC frequencies to avoid interference to the normal

operation of power line carrier systems. During the transmission
over the multi-conductor overhead line, the tones of the signal
was decomposed into natural modes which propagated at differ-
ent velocities and attenuation factors to the remote PLC station.
They were decoupled using an additional hybrid coupler there
and the decoupled signal was analysed in the frequency domain
to extract information on the physical height of the overhead
conductor and therefore calculate the sag as the height change.
The amplitude of the carrier signal was found to be highly cor-
related to the average height measured, up to 99% correlation
or an error of 1%. More detailed discussion of this method can
be found in their Ph.D. thesis [129].

Remarks. This method was tested and used by the transmis-
sion operator in South Africa. It uses the relationship between
the amplitude of the power line carrier signal and the variation
in the height of the line. It has good accuracy. The theory is
simple but it requires a power line carrier signalling system with
two stations. Not only the set-up is complicated but also the
maintenance cost is high.

3.12 Optical

The sag and the tension not only change the transmission line
electromagnetically but also optically. Hence, optical sensors
could be used to measure the optical changes caused by sag
and then use their relationships to calculate the sag. Moreover,
optical sensors are not sensitive to the electromagnetic field
generated by the transmission line and hence, unlike the RF,
magnetic field or space potential methods, they are immune to
electromagnetic interference.

In [130] and [131], the chirped fibre Bragg grating sensor
was used on an ACSR conductor to measure its strain, from
which the sag was calculated. If one can select the chirped fiber
Bragg grating transducer and the optical parameters of such a
sensor appropriately, high sensitivity to the line elongation can
be achieved and hence high accuracy for sag, while reducing the
sensitivity to the temperature. Similar work was also conducted
in [132] using fibre Bragg grating sensor.

For the photoelectric composite conductors, such as optical
fibre composite overhead ground wire, it is possible to apply
distributed optical fibre sensors (DOFS) to the transmission
line status monitoring. Ref. [133] used a phase sensitive optical
time domain reflectometry sensor to measure the phase change
in the optical fibre part of the conductor caused by the sag
of the line and then used these phase changes to calculate the
sag as

S =

√
3𝜆L
32𝜋n

Δ𝜃 + S 2
0 (13)

where Δ𝜃 is the phase change or difference, S0 is the initial
sag before the change, L is the span length, n is the refrac-
tive index of the optical fibre core and 𝜆 is the wavelength of
the optical signal. The calculation error was less than 5.8% on
the centimetre scale. In [134], an international patent was filed
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CHEN AND DING 1433

to couple an optical fibre with the transmission line and then
use a strain sensor to transmit an optical signal in the fibre and
use the backscattered optical signal to measure the strain of the
transmission line. Using the measured strain, the sag value was
calculated using the sag-strain relationship. The shape of the line
was also determined.

Remarks. The optical method uses optical sensors to measure
the changes in the optical signals coupled with the transmis-
sion lines and caused by the sag to calculate the sag. It is free
from electromagnetic interference and can be tuned to make the
optical parameters sensitive to the change in the sag for highly
accurate sag calculation. However, it requires extra optical sen-
sors as well as extra optical fibres installed. Some method only
works for certain conductors.

3.13 Summary

In summary, the indirect methods rely on the relationships
between the sag and different mechanical, thermal, electrical or
magnetic parameters of the overhead line. Among them, the
tension method, the temperature– current method, the span
length method, the tilt method are the simplest by using the
sag-tension formula. However, one has to be careful in this
case, as the sag-tension formula has made a lot of simplifica-
tions and assumptions, sometimes ignoring important factors
or uncertainties. The magnetic field method, the space poten-
tial method and the optical method rely on the electromagnetic
or optical fields generated by the transmission line. For accurate
calculation, a large number of sensors are often required. But
they do give very high accuracy. Finally, the air pressure method
is very simple but needs high-precision barometers. The RF
method, the vibration method, the PMU method and the car-
rier signal method take advantage of the geometrical property
of the overhead line. Their performances vary a lot, depend-
ing on the set-up. Table 3 summarizes the indirect methods
discussed, excluding the tension method that mainly focus on
theories rather than monitor designs.

4 SAG PREDICTION

The methods discussed in Sections 2 and 3 mainly focus on the
estimation of sag that is, acquisition of the current value of line
sag. However, sag changes dynamically with time and location
in practice. For more efficient network planning and control, it
may be useful to predict the value of sag in the future. There are
very few works on sag prediction. In this section, various sag
prediction methods in the literature will be discussed.

In [135], using the line design, the conductor temperature,
the loading history, wind speed and direction, and ice load,
the sag of the line was predicted using a computer program
developed by Ontario Hydro for the Canadian Electrical Associ-
ation. The prediction used 13 thermalcouples on the line to get
the temperature readings, a sag and tension device to measure
the current sag and a local weather station to get the current

weather conditions. The predicted sag was within 5% of the
measured sag.

In [136], a tension sensor was installed between the dead-end
insulator and dead-end structure. The sag was then calculated
using the measured tension. The singular value decomposition
chaotic method in chaos theory was applied to the time series
of sag to predict the sag value in the near future. The prediction
error was less than 6%.

In [137], the authors used the tensions and the current tem-
perature, along with loading parameters and the span length to
predict the temperature in the future minutes and then used
the predicted temperature and the sag-temperature relation-
ship to calculate the sag in the future. The experiment results
showed the method can predict the sag in the upcoming 15 min
with high reliability and for the upcoming hour with a 96%
confidence level.

In [138], the sag measurements from laser scan were used
to predict future sag using the support vector machine algo-
rithm, whose parameters were optimized using the particle
swarm optimization. The prediction error was at a maximum
of around 7.8% without particle swarm optimization but 4.5%
with particle swarm optimization.

Sag prediction is still a research area at its infancy in
overhead line sagging monitoring. The methods used in the
current works are not very reliable with considerable errors.
However, sag values are relatively stable and there should be
better ways to predict them by using advanced time series
processing techniques.

Finally, for a review of some widely used sag calculation and
sag prediction methods in the literature, one can refer to [139] -
[142]. Note that, although [139] also provides an overview of
overhead line sag monitoring methods, there is significant dif-
ference between our work and [139]. Firstly, our coverage is
much wider. For example, the sag prediction method was largely
ignored in [139], while this method is important for timely plan-
ning of the power network and hence, it has been discussed in
detail here. Also, the graphical method and the hybrid method
in sag-tension calculation were not discussed in [139], while
they play crucial roles in the overhead line installation prac-
tice and have been discussed here. Secondly, our discussion is
much deeper. For example, in the direct methods, this work has
investigated 26 works that use different aerial or terrestrial sys-
tems to measure the sag directly (references [9] - [34]), while
[139] only discussed five of them briefly. Even for the GPS
method that received great attention in [139], only six works
were discussed there while our work has covered ten works
(references [37] - [46]). Thirdly, in addition to these coverage
and discussion, our work has also offered detailed compari-
son of different methods in terms of hardware, software and
quantitative accuracy in Tables 1–3, which are missing in [139].
These tables will allow power system designers to easily identify
which methods can fit their purposes. Finally, this work has out-
lined research challenges in overhead line sag monitoring from
different perspectives. Ref. [139] focused mainly on the wire-
less communications issue in sag monitoring, while this work
focuses on learning, modelling and deployment issues.
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1434 CHEN AND DING

TABLE 3 Comparison of the indirect methods for sagging monitoring (excluding tension).

Reference Method Hardware Software Accuracy Contact

[82] Temperature– current Real-time ampacity for ACSR, HTLS
conductors

Sag-tension program 5% Yes

[83] Temperature– current Ruling span Parabolic approximation, balance of
horizontal forces

2% Yes

[84] Temperature– current HTLS conductor Structure data, weather data, conductor data,
operational data at mechanical, electrical
and aging

1–20 cm Yes

[85, 86] Temperature– current Optoelectronic current
transformer+temperature sensor + marker
on the line + camera

Neural networks N/A Yes

[87] Span length Levelled and inclined spans Catenary equation and parabolic
approximation

N/A Yes

[88] Span length N/A State equation of stress N/A Yes

[89] Tilt Dual-axis tilt sensor Angle of tilt, swing angle −0.32% Yes

[90, 91] Tilt Dual-axis tilt sensor or accelerometer sensor Slope angle and tilt angle N/A Yes

[92] Tilt Accelerometer sensor Least squares state estimation, sag-tension 1.5% Yes

[93] Air pressure Two barometers Altitude-atmospheric pressure relationship N/A Yes

[95, 96] Magnetic field Three magnetic field sensors Biot– Savart integral 2 cm No

[97] Magnetic field Magnetoresistive sensors Biot– Savart integral 0.246% No

[98] Magnetic field Magnetoresistive sensors Source reconstruction 0.2% No

[99]–[101] Magnetic field Magnetic sensor at support + electrical sensor
at substation

Magnetic field-sag relationship 1% Yes

[102] Magnetic field Five magnetoresistive sensors Artificial immune system 0.3% No

[103] Magnetic field Two magnetic field sensors Magnetic field-positioning-current
relationship

1% No

[104, 105] Magnetic field Magnetic field sensors Tilted straight line model for Biot– Savart
integral

2% No

[106] RF mmWave transmitter and receiver Path loss 6.6–12.9% Yes

[107]–[109] RF mmWave transmitter and receiver +
angle-of-arrival sensor

Path loss, angle of arrival 4% Yes

[110, 111] RF RFID on the line + tag reader on the ground Received signal power, angle of arrival N/A Yes

[112, 113] RF IoT + tri-axial accelerometer on the line ZigBee <3.14% Yes

[115, 116] Vibration Inclinometer Swing period-sag relationship 0.1–0.85% Yes

[117] Vibration Camera + markers on the line Swing period-sag relationship N/A Yes

[118, 119] Vibration Accelerometers Fourier transform, vibration frequency-sag
relationship

2% Yes

[120] Space potential Single and differential space potential probes Potential-voltage-sag relationship N/A No

[121] Space potential Potential measurement array Electrostatic coupling model 0–4.13% No

[122, 123] Space potential Electric field probes 3D model, electric field distribution-span
configuration-sag relationship

N/A No

[124] Space potential Grounded resistive wire + delta configured line Potential-line geometry relationship 2% No

[125] PMU PMU device Line admittance and impedance, line
temperature, line length

N/A Yes

[126, 127] PMU PMU device Line resistance, line temperature, least
squares

0.03–0.3 ft Yes

[128, 129] Carrier signal Power line carrier hybrid coupler Power line propagation theory, mode
decomposition

1% Yes

[130]–[132] Optical Chirped fibre Bragg grating sensor + ACSR
conductor

Sag-optical parameters relationship 5–15% Yes

[133] Optical Phase sensitive optical time domain
reflectometry sensor

Sag-phase change relationship 5.8% Yes

[134] Optical Optical fibre coupler + strain sensor Sag-strain relationship N/A Yes

Abbreviations: ACSR, aluminum conductor-steel reinforced; HTLS, high temperature low sag; PMU, Phasor measurement units; RF, radio frequency; RFID, radio frequency identification.
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CHEN AND DING 1435

5 DEVICES AND INDUSTRIAL
STANDARDS

Sag monitoring has been an important part of asset condition
monitoring in the transmission networks for many years. Several
companies and organizations have developed sag monitoring
devices in the market for such applications.

One of the earliest such devices is the video sagometer devel-
oped by the Electric Power Research Institute (EPRI) [143].
This device uses cameras to capture the image of a marker
located on the line and different sensors to measure wind speed,
temperature and solar irradiance, based on which sag is cal-
culated. The New York Power Authority used sagometer on
their 230 kV transmission lines to show a 30–40% improvement
compared with static line rating.

Another device is the overhead transmission line monitor
(OTLM) developed by C&G Ljubljana. It contains several
sensors to measure the temperature, wind speed, inclination,
current and humidity. These are then used in the sag-tension
relationship to calculate the sag for monitoring. These sen-
sors are installed on the line but can transmit measurements
to the ground via cellular, LoRA, WiFi or satellite with GPS
time stamps. OTLM was used in the 110 kV transmission lines
in Slovenia.

Ampacimon is another device developed for ampacity mon-
itoring in dynamic line rating, including sag monitoring. It uses
the vibration of the line to compute the sag, as discussed before
in [118]. This has been used in Belgium and France in their
transmission networks for ampacity improvement.

In addition to the above, Power Donut is an online dynamic
rating monitoring system, including sag monitoring, that has
been widely used by several companies [144] - [146]. Power
Line Systems Inc. in the US developed a device called SAGSEC
back in 1997 to monitor sag with multi-span tension sec-
tion [147]. Also, CAT-1 and sagmeter have been developed for
sag monitoring only [148, 149].

Despite the difference of networks in different countries,
several industrial standards for sag monitoring have also been
established. The IEEE Standard 524-2016 gives guidelines
for the installation of overhead transmission line conductors.
Specifically, it defines ways of creating sags in the overhead line
to meet the tension and safety requirements of the conductors.
It gives three methods in the standard for creating the sag: tran-
sit method, stopwatch method and dynamometer method. The
transit method uses calculated angle of sight, horizontal line of
sight and target. The stopwatch method measures the time taken
by the reflected wave to reach the jerking point. The dynamome-
ter method measures the tension when inserted in the same line
where the sag is measured. The stopwatch and dynamometer
methods are more suitable for short spans, while the transit
method is for both short and long spans [150].

CIGRE Taskforce B2.12.3 developed technical report on
sag-tension calculation in 2007 and then updated it in 2016.
It summarizes the sag-tension method used in Section 3.1
with details on the mathematical models used. For example,
it discussed both the catenary equation and its parabolic

approximation, the ruling span method, elongation models
for different types of conductors and the effects of different
parameters on the conductor sag [69].

In addition to the IEEE and CIGRE guidelines, there are
also transmission line design manuals developed by different
operators in different countries.

6 RESEARCH CHALLENGES

Although a lot of works have been conducted on overhead
line sag monitoring with many methods available in the litera-
ture, especially the indirect methods, several challenges remain
in order to have low-cost high-accuracy real-time monitors for
overhead line sag. In the following, some of these challenges will
be outlined.

6.1 Machine learning

The accuracy of the direct method relies largely on the image
processing algorithms applied. These methods do not assume
any theoretical or heuristic models for the sag and therefore
their accuracy is not restricted by the models. Thus, they can
be applied to any spans in any networks. However, the images
or video sequences captured from the laser scans, line robots
or cameras need careful processing and/or pre-processing. The
final accuracy depends on how good such processing is. Thus,
some direct methods have errors as large as 14% while others
have errors as small as 0.38%. To reduce errors, one has to either
increase the complexity of the software for better processing
or increase the complexity of the hardware for better equip-
ment. Since the direct methods have already had high hardware
cost, software improvement will be a better option for this pur-
pose. In this case, machine leaning and deep learning algorithms
should be used. These learning methods are well known for
their high accuracy in image processing. Thus, it is a future chal-
lenge to apply more machine learning algorithms to process
images and videos in the direct methods for enhanced accuracy.
Also, the main application of machine learning is prediction
or function approximation. Thus, another future challenge is
to apply better machine learning algorithms to approximate
the functional relationships between sag and other parameters
in the indirect methods for higher accuracy or to replace the
sag-temperature relationship and chaos theory used in [135]
- [137] with machine learning algorithms to predict sag using
measurements directly. For example, convolutional neural net-
works could be used to extract the sag information from the 3D
point cloud data captured by LIDAR or 2D images captured
by camera instead of using filtering and fitting. Model-based
deep learning can improve accuracy by combining deep learning
methods with catenary models of the overhead line. Recurrent
neural networks or long-short term memory methods could
be used to predict sag. Generative adversarial networks could
be used to synthesize samples to make up the limited flight
time in aerial systems for better training. As well, learning-based
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1436 CHEN AND DING

methods could be used to replace the deterministic relationship
between sag and line parameters currently adopted in the indi-
rect methods for better accuracy. For example, it was discussed
in Section 3.1 that the accuracy of the sag-tension method could
be affected by many factors that have been ignored in the for-
mula, such as ice and wind. This problem could be addressed by
using an online machine learning algorithm to approximate the
relationship between sag and tension directly. The parameters
of the machine learning models will be trained to adapt to the
ice and wind conditions for high accuracy.

6.2 Overhead line modelling

The indirect methods require models for the sag, such as the
sag-tension model, sag-temperature, the Biot– Savart law etc.
Hence, the accuracy of these methods relies largely on the
accuracy of these models. For example, if the line curve does
not follow the catenary equation any more due to unevenly
distributed icing or wind, many indirect methods may have
poor accuracy or even collapse. The RF method may suf-
fer from the inaccurate path loss model and interference
from the electromagnetic field generated by the transmission
line. The temperature– current method may suffer from non-
uniformly distributed temperature on the conductor and inside
the conductor. The PMU method may suffer from the limited
availability of PMU in the network. Hence, for better accuracy, it
is a future challenge to model the transmission line as accurately
as possible in the indirect methods. For example, channel mod-
elling should be performed to obtain more realistic relationship
between the distance and the received signal for the RF method,
more temperature sensors should be used to take temperature
readings across the span in the temperature– current method,
and more PMUs should be used to measure phases more locally
or even for a specific span in the PMU method. Also, new
probabilistic and deterministic models for errors in sag-tension
calculation should be established. These models will treat tem-
perature, current, tension and other parameters that affect the
sag as random variables or Markov processes to more accurately
describe sag in a hybrid stochastic-deterministic model. Also, in
the Biot– Savart law and space potential methods, finite element
analysis could be used to calculate the electromagnetic field
without assuming the catenary equation. In the RF method,
geometry-based stochastic models could be used, as they are
more accurate than deterministic methods by making scatters
random to cover more scenarios.

6.3 Wide deployment

The direct methods are generally expensive or at least more
expensive than the indirect methods. Thus, they are not suit-
able for large-scale deployment. For the indirect methods, their
cost relies on the cost of individual sensors and the number of
sensors used. However, most of these methods are designed
for individual spans. In a power grid, there is a huge num-
ber of spans. Even a cheap monitor could incur high cost if

the whole network needs to be monitored. Thus, to signifi-
cantly reduce the deployment cost for large-scale monitoring,
a paradigm shift in overhead line sagging monitoring design is
required. For example, a camera should capture images of multi-
ple spans at the same time for processing. Differential methods
in electromagnetic fields near the transmission line should be
developed to focus on the change of sag across spans so that
the sag in the neighbouring spans can be calculated from the
current span. It is a future challenge to develop sagging mon-
itoring methods suitable for large-scale deployment. This will
be enabled with the development of technologies in other areas.
For example, as hardware technology advances, the cost of each
sensor in the aforementioned methods may decrease to facilitate
large-scale deployment. As cellular systems evolve towards the
sixth-generation, hybrid satellite-terrestrial networks and inte-
grated sensing and communications can be implemented to
monitor the sag at large scale. Also, energy harvesting and wire-
less power will allow the prolonged operation of a massive
number of low-power sensors.

6.4 More new methods

Although there have been many methods on overhead line sag
monitoring, more new methods could be developed. The meth-
ods presented in the literature have their own advantages and
disadvantages. These methods could be mixed and matched to
combine their advantages while avoiding their disadvantages.
For example, the disadvantage of the magnetic field method is
the large number of sensors required to sample the magnetic
field, while it has high accuracy. They can be combined with the
space potential method by designing sensors that can measure
the magnetic field and the electric field at the same time so that
less sensors are needed. Also, the direct method can be com-
bined with the magnetic field method so that the line shape can
be extracted from images and then used in the magnetic field
method for sag calculation. Also, UAVs can play a more impor-
tant role with on-board processing. Finally, state-of-art wireless
communications provide radio coverage in a large area, which
can be used to monitor line sagging via radio sensing. The key
idea is to combine different existing methods in such a way that
their advantages can be utilized while their disadvantages can
be circumvented. Also, exploration of the relationships between
sag and new physical, electrical, mechanical and electromagnetic
parameters will lead to new methods.

7 CONCLUSIONS

In this paper, different methods for overhead line sagging
monitoring have been reviewed. Sag prediction methods have
also been discussed. Some widely used monitoring devices
with relevant industry standards have been outlined and future
research challenges have been discussed. The survey reveals the
following conclusions.

In terms of accuracy, the direct methods generally have high
accuracy. Among the indirect methods, the magnetic field and
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CHEN AND DING 1437

space potential methods (both use electromagnetic field), the
tension, tilt, span length methods (all use sag-tension formula),
the vibration method and the optical method have good accu-
racies. They are followed by the RF method, the carrier signal
method, the current/temperature method, and the PMU and
air pressure methods.

In terms of cost, the direct methods are generally of high
cost. The use of aerial platforms, such as UAVs and helicopters,
leads to huge operational costs for maintenance, personnel, fuel
and so on. The use of terrestrial platforms, such as vehicles or
humans, incurs large labour costs. The use of cameras, GPS and
line robots also requires costly equipment. Hence, direct meth-
ods should only be used for a limited number of important
spans, such as crossings. For the indirect methods, the mag-
netic field sensor, the space potential probe, the RF transceivers
have low cost. However, these methods often require multi-
ple sensors for high accuracy. The tension tensor, temperature
tensor, current transformer, inclinometer, accelerometer and
high-precision barometer cost more but these methods have
good accuracy by using only one or two such sensors so that the
total cost may still be reasonable. Finally, for the PMU method,
carrier signal method and optical method, their sensors are more
expensive. Hence, from the cost’s point of view, magnetic field
and space potential methods should be used, followed by the
tension, tilt, span length, temperature– current, vibration and
air-pressure methods.

Another issue is installation. Among the direct methods, the
aerial and terrestrial methods in general only use laser or cam-
era to remotely capture the line in a non-contact way. The GPS
and line robot methods will need installation of markers, GPS
receivers or robots on the overhead line and/or support towers.
Among the indirect methods, the magnetic field and the space
potential methods can measure the electromagnetic field on the
ground. Hence, these methods are non-contact and do not need
the installation of any sensors on the overhead line or their sup-
port towers. Other indirect methods, such as tension, vibration,
PMU and optical, will require installation of sensors on the over-
head line and/or support towers. For the non-contact methods,
their installation does not require any power outage and their
maintenance is also simple. Thus, they should be used in scenar-
ios when land access is a problem for installation or when the
power network operation and safety will be adversely affected
by over-the-line sensors.

Finally, the generality of the method is also important.
Some methods may need different settings and calibrations for
different spans or conditions. This will restrict their use and
deployment, as one has to customize their software and/or
hardware to different uses or scenarios, while it may be prefer-
able to use the same software and hardware for all cases without
any further calibration for wide deployment. The direct method
has high generality of being applied to any spans and any
scenarios, weather permitting. Thus, they have high generality.
Among the indirect methods, the magnetic field, space poten-
tial, RF and air pressure methods have higher generality, while
the tension, temperature– current, span length, tilt, vibration,
PMU, carrier signal and optical methods have lower generality.
For example, the vibration method only works when the line

TABLE 4 Summary of different methods (H, High; M, Medium; L, Low).

Methods Accuracy Cost Installation Generality

Aerial L H L H

Terrestrial L– M H L H

Line robot H H H H

GPS L H H H

Tension H M H L

Temperature–current L M H L

Span length H M H L

Tilt H M H L

Air pressure L M H M

Magnetic field H L L M

RF L L H M

Vibration H M H L

Space potential H L L M

PMU L H H L

Carrier signal L H H L

Optical H H H L

Abbreviations: GPS, global positioning system; PMU, phasor measurement unit; RF,
radio frequency.

swings. The tension, temperature– current, span length and
tilt methods need to be adapted for different conductors or
weather conditions. Thus, the magnetic field, space potential,
RF and air pressure methods should be used for generality.
Table 4 summarizes their comparison.
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