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Abstract
Different harmful events affecting high voltage overhead lines (OHLs) cause changes in the mechanical tension (tensile
strength) of conductors. A mechanical monitoring of OHLs, therefore, can provide useful additional information (compared
with the information provided by the widely used SCADA systems) about the power system state. The tension measurements
combined with a few environmental measurements (air temperature, wind speed) can be used for an automatic (fast) detection
of different events and for their approximate location along an OHL, reducing the impact of these events. Referring to
132–150 kV sub-transmission OHLs, this paper proposes some original algorithms, based on the mechanical monitoring of
OHLs, for the automatic detection of the following events: conductor breaking, fall of trees on the conductors, ice/snow sleeve
accretion on the conductors, strands breaking and galloping. The proposed algorithms require a limited number of sensors
placed along the OHLs for measurements of the conductor tension and weather-related quantities.

Keywords Power transmission lines · Automatic fault detection · Overhead line conductors · Wire breakage · Wind-induced
conductor oscillations · Galloping

1 Introduction

Statistics show that extreme atmospheric events have
increased in recent years, in terms of frequency and intensity,
and that damaging events caused by bad weather are clearly
growing. This trend suggests a revision of the power systems
managing methods, with the purpose of limiting the effects
of faults and/or abnormal conditions. In this regard, a signif-
icant improvement compared with the current standards can
be obtained collecting additional information about the sys-
tem state. Indeed, additional information can allow automatic
detection of different types of damaging events.

This work proposes some original algorithms for auto-
matic detection of specific events on the 132 kV and 150 kV
OHLs of sub-transmission networks. OHLs are concerned
because at least 90% of the total number of faults in HV
networks occur on them, whereas much fewer faults involve
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Table 1 Fault rates for OHLs in Italy (rounded indicative values)

Nominal voltage [kV] 380 220 132–150

Faults/year/100 km 3.0 6.5 7.0

Percentage of total faults 10% 20% 70%

the other system components (busbars, transformers, gener-
ators). Moreover, compared with the transmission networks,
sub-transmission networks generally have larger extension,
lower towers, and narrower right of way, and this finally
leads to more faults and higher fault rates. With regard to
Italy, the overall extension of 132–150 kV OHLs is about
45.000 km, more than twice the total extension of the 380 kV
and 220 kV OHLs considered together. Table 1 reports, for
these different voltage levels, rounded average values of fault
rates (faults/year/100 km) and percentages of the total faults
involving OHLs. These data derive from internal statistics
collected over the years by the Italian TSO and concern all
types of faults (electrical, mechanical, environmental, and so
on).

Table 1 shows that about 70%of faults in theHVnetworks
occur in the 132–150 kV OHLs. These data clearly explain
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the importance of developing new protective logics that can
allow an automatic detection (or at least a faster detection,
compared with the standard practices) of the main causes of
faults and damaging events in 132–150 kV OHLs. Another
important target is to improve the location of a fault/event
along the involved OHL.

Regarding the most frequent causes of faults, Italian sta-
tistical data show that long interruptions of the supply voltage
are mainly caused by atmospheric events (which include
lightning, wind, snow, ice), contact with plants and fall of
trees, conductors breaking and conductors and components
wear. In various practical cases, a chain of different causes
and effects can be found: for example, strong wind can cause
the fall of trees on the OHLs conductors and their possible
break.

Thiswork proposes some original algorithms conceived to
detect automatically the following events: conductor break-
ing1; fall of trees on conductors; snow/ice sleeve accretion
on conductors; breaking of conductor strands; galloping. All
the algorithms proposed are based on a mechanical monitor-
ing of the OHLs. A synthetic description of these events is
provided below.

(1) Conductor breaking

Primary causes of conductor breaking are atmospheric
events: a tension exceeding the mechanical resistance of
the conductor can be caused by ice/snow sleeves and/or
extremely strong wind, fall of trees, galloping, pylons incli-
nation due to landslides. The automatic detection of a broken
conductor, useful to prevent manual and slow auto reclo-
sure on permanent faults, can be challenging because the
conductor fallen to the ground may cause just a low fault
current, depending on the fault resistance. Obviously, con-
ductor earthing is not a condition that can reveal a break, and
the automatic detection of this event must rely on different
conditions.

(2) Fall of trees on the OHL conductors

Contacts between the OHL conductors and the surround-
ing vegetation are frequent and often due to fall of trees,
which in turns are caused by adverse weather. The con-
sequences are often single-phase faults, resistive or highly
resistive, even though multi-phase faults sometimes occur.
The additional mechanical tension due to a fallen tree can
lead conductors to break and even damage the pylons. The
situation aggravates when snow/ice weighs down the tree.

1 The Italian 132–150 kV OHLs are equipped with a single conductor
per phase.

(3) Snow/ice sleeve accretion on the OHL conductors

Snowy events in Italy show a significant increasing trend
in recent years [1]. In particular, wet-snow sleeves on OHLs
form more frequently than in the past. Wet snow forms with
air temperatures between 0 °C and + 2 °C and is character-
ized by high liquid water content, cohesion (snowflakes stick
easily among them), adhesion (snowflakes stick to the con-
ductors’ surface), and density (that can reach 500 kg/m3) [2].
The accretion of snow/ice sleeves on the surface of conduc-
tors and ground wires causes their progressive mechanical
overload and can lead to ground faults and even conductor
breakings. The situation aggravates by strong wind.

Events caused by wind

Three basic types of wind-induced vibrations/oscillations
of the OHLs conductors can be identified: (1) aeolian vibra-
tions, the most frequent type; (2) subspan (or wake-induced)
oscillations; (3) galloping. These phenomena depend on dif-
ferent variables, the wind speed being especially important.
Roughly speaking, aeolian vibrations occur with wind speed
up to 7–8 m/s, subspan oscillations with wind speed between
8 and 20 m/s, and galloping with wind speed higher than
15 m/s [3]. Wind-induced oscillations of conductors can
affect the operation of OHLs and their need for maintenance.
Possible damages include break of strands, insulators and fit-
tings and, in theworst cases, conductors breaking, and pylons
collapse. In galloping events, the large oscillations can cause
repeated interventions of the line breakers

Subspan oscillations are not treated in this work since they
occur only with bundled conductors and, therefore, not in the
132–150 kVOHLs that are equipped with a single conductor
per phase.

(4) Strands breaking caused by aeolian vibrations

Aeolian vibrations of phase conductors and ground wires
are characterized by oscillation frequencies between 5 and
100 Hz and very small amplitude, in the order of the wire’s
diameter [3]. They take place under steady wind of moder-
ate speed and are excited by the ‘vortex shedding’, i.e. the
alternate detachment of vortices that gives rise to alternate
forces on the conductor, in direction orthogonal to the wind.
Aeolian vibrations are not a negligible problem for OHLs as,
in the long term, they are the main cause of fatigue breaking
of the conductor strands caused by the conductor bending
near the suspension clamps or other devices installed on the
wire. Strands breakage reduces the effective cross-section
of the conductor, its carrying capacity and its mechanical
resistance. In the breakpoints, the higher electrical resistance
increases power losses and gives rise to ‘hot spots’. Strands
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breaking is usually detected through thermographic inspec-
tion from helicopters using Passive Infrared (PIR) sensors to
reveal the hot spots.

(5) Galloping

Galloping is a large amplitude, low-frequency oscillation
(between 0.1 and 1 Hz) that can occur either on single or
bundled conductors [3]. Statistically, the galloping events
with one or two half-waves (loops) in the span are the most
frequent and also the worst cases since the lower the loop,
the larger the oscillation amplitude. Typical amplitudes are
between 0.1 and 1 times the maximum conductor sag in the
span, which can mean various meters.

Galloping can arise with strong constant wind orthogonal
to the OHL and low air temperature, compatible with the
accretion of snow/ice sleeves on the conductors. Snow/ice
accretions increase the exposed surface and the force applied
by wind and can give an airfoil to the conductor, giving rise
to lift forces that produce vertical oscillations.

Galloping can cause supply interruptions due to contacts
among different phases or with the ground and, in the worst
cases, fatigue break of conductors/components and damages
to the pylons. Moreover, line breakers openings are followed
by automatic reclosures and then contacts reoccur and the
cycle continues, leading to possible damage to line breakers
and reduction of their operative life.

Control room operators can detect galloping from the
repeated line breakers openings andwith the support ofmete-
orological data. Operators can manually open the involved
line, which will be finally closed only when the meteoro-
logical data will suggest that galloping cannot continue or
reoccur. Despite the low frequency of occurrence, automatic
detection of galloping would be useful as it would allow a
faster manual line opening (avoiding repeated line breakers
interventions) and a faster final reclosure, as soon as the end
of the event is detected (in this way, also supply interruptions
can be significantly shortened).

Automatic (fast) detection of the previous events can be
achieved by collection of additional data concerning the
OHLs state. The additional data required by the proposed
algorithms, which will be illustrated in Sects. 4–8, are:

• tension (tensile strength) of the conductors;
• a few basic weather-related quantities (air temperature and
wind speed);

• oscillation frequency of the conductors (only for broken
strands detection).

All these quantities can be measured by cheap sensors
placed along the OHLs. Automatic detection of the previous
events can provide important advantages that include:

1) inhibition of the slow automatic and manual reclosure
sequences2 (in case of permanent fault);

2) additional information to the control room opera-
tors, supporting the manual reclosure sequences (re-
energization and restore management);

3) approximate event location along the involved OHL;
4) reduced time and costs for interventions of the mainte-

nance units, thanks to the knowledge of the event and of
its approximate location;

5) realize de-icing actions on OHLs in order to avoid fail-
ures;

6) power quality improvement, depending on the event
type/location and network topology.

The next section briefly reports an overview of various
methods/proposals for detection of faults/damaging events,
with special regard to the five events considered in this paper.

2 Detection of damaging events

Even though contacts of OHLs with the surrounding veg-
etation are a serious issue, the literature mainly includes
proposals/methods dealing with maintenance scheduling
and, thus, prevention. As to the automatic detection of the
fall of trees on the line conductors, Ref. [4] proposes a
method based on the measurement of partial discharges, but
this method only holds for OHLs with covered conductors.3

More generally, an interesting overview of the possibilities
provided by modern remote sensing sensors in power line
corridor surveys is reported in [5]. Making special attention
to vegetation monitoring, this literature review article dis-
cusses the potential and limitations of different approaches,
which include synthetic aperture radar (SAR) images, opti-
cal satellite and aerial images, thermal images, airborne laser
scanner (ALS) data, land-based mobile mapping data, and
unmanned aerial vehicle (UAV) data.

Concerning conductor breaking, Ref. [6] proposes an
algorithm that uses only single-ended electrical measure-
ments to detect broken conductors and estimate their location
by using the charging current of the line. However, the
method is only suitable for lines that have significant charging
current.AlsoRefs. [7–9] propose different detectionmethods
(tuned on MV systems) based on measurements of electrical
quantities (currents/voltages).

2 In the 132–150 kV networks, the fast automatic reclosure acts after
300ms and, therefore, the available time for its inhibition is very limited.
3 Covered conductors (also called tree wires or weatherproof wires) are
conductors with a thin insulation covering. The covering is not rated for
a full conductor line-to-ground voltage, but it is thick enough to reduce
the chance of flashover when a tree branch falls between conductors.
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For detection of ice/snow sleeves on the conductors, many
TSOs use data collected by weather stations equipped with
sensors of wind, temperature, and in some cases humidity
[10]. These data may be integrated by web-camera images
(UK, Norway, Slovak Republic: the measurements of icing
are both visual and by instruments) and in some cases by the
measurements of load cells. In Finland, a sensor that con-
tinuously measures the ice load on towers has been tested,
and other ice detectors—many sensors designed and labeled
as ice detectors are available today—were also tested [10]).
Also in Norway, where icing is a very real problem, monitor-
ing of these events is made using dynamometers/load cells.

In general, ice accretion can be measured either directly
or indirectly by measuring the variables that cause icing.
For direct measurements, various possibilities include instru-
ments measuring the changes of a vibrating frequency,
changes in electrical properties, the ice load, the ice growth
rate by yielding a yes/no output at regular intervals by a heat-
ing cycle, optically (obstruction of light path, IR or reflection
technologies) [10]. Unfortunately, most of these methods
cannot be operated in an automatic way.

Conductor strands breakage is usually detected through
periodic thermographic inspections from helicopters using
PIR sensors to reveal hot spots. A more timely automatic
detection would be useful to improve the scheduling of
OHLs’ maintenance. Several papers deal with the problem
of broken strand detection, and various works deal with the
approach based on inspection robots equipped with specific
sensors. Ref. [11] proposes to use a HTS-SQUID gradiome-
ter to detect broken strands in compressive conductor joints
by measuring the magnetic field gradient above the wire
caused by an injected AC current. Ref. [12] proposes to use
a magneto-electric transducer such as Hall sensor to detect
broken strands of the steel core in ACSR conductors resort-
ing to the leakage magnetic flux theory. Ref. [13] proposes
to use an inspection robot equipped with a PIR sensor and
proposes wavelet analysis for data processing. Ref. [14] pro-
poses to use an eddy current transducer (ECT) able to reveal
magnetic field changes. Other papers have proposed to equip
inspection robots with image sensors [15, 16]. This approach
can be used to detect external aluminum strand breakage, but
the internal ones are more difficult to detect.

Ref. [17] proposes a continuous onlinemonitoringmethod
for wire break detection in OHLs, based on ultrasonic
elastic waves generated in the conductor by means of a
sending/receiving transducer attached to the surface of the
conductor. Other proposals are based on recognition of
images collected by visual detectors: an image detection
method with Gabor filter is proposed in Ref. [18]. The draw-
backs of this approach include visual detectors placement,
presence of blind areas, dirt on conductors. In addition,
experience with the traditional ACSR conductors has shown
that they are vulnerable to significant deterioration of the

aluminum conductor and internal steel core before there is
visible external evidence.

Different approaches are needed for galloping detection,
as the event is not localized at a specific point along the
OHL. A first approach is based on visual monitoring/image
systems [19, 20]. A different approach concerns the use of
acceleration sensors [21]. In this case, the conductor twist
can reduce the accuracy of the results. Smaller errors can
be obtained by means of inertia sensors [22, 23]. Ref. [24]
proposes a novelmonitoring scheme based on the fiber Bragg
grating sensor. The method requires the presence of optic
fibers on the line and is based on the relationship between the
galloping amplitude and the horizontalmechanical tension of
the conductors. Finally, MEMS (Micro Electro-Mechanical
Systems) technology makes available today ever smaller and
cheaper sensors for acceleration, angular speed, and position
measurements, which could be used for galloping detection
[25, 26].

3 OHLsmechanical monitoring

The information on the power system state provided by the
current SCADA systems concerns various electrical data.
However, these data are not sufficient to identify the type
of many harmful events. For this purpose, a monitoring sys-
tem of the mechanical state of OHLs can provide very useful
additional information. Properly managed, this additional
information can allow an automatic (fast) detection of some
harmful events. Depending on the type of event, a timely
detection allows to achieve the important advantages already
listed in the introduction.

Mechanical monitoring field tests have started in the
North-East of Italy in 2019–20. Field tests involve 26 HV
OHLs, in an area that has been heavily affected, in autumn
of 2018, by the Vaia storm, one of the worst natural disas-
ters occurred in Italy in the last decades. More generally, the
Italian TSOhas recently started a pilot project with the instal-
lation of distributed sensors and advanced analysis tools for
fault localization, pylons structural and environmental mon-
itoring, and the creation of a platform for data centralization.

In connection with these topics, the basic idea developed
in this paper is that changes in the mechanical tension of
the conductors can allow a timely detection of some harmful
events. For this purpose, the OHLs must be equipped with
strain gauges that measure the axial tension T of each con-
ductor (phase), being T[N] the vector sum of the horizontal
and vertical components Th and Tv:
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T �
√
T 2
h + T 2

v (1)

The strain gauges are contained in ‘load cells’, installed
on each dead-end tower. In Fig. 1, the load cells are indicated
with small black squares close to the strain insulators (grey
rectangles).

Figure 1 also shows the small connection cabinets,
attached to the dead-end towers, which collect the signals
received from the local sensors (strain gauges, accelerome-
ters, and others if required) and contain the supply and the
remote connection necessary for data transmission. In the
pilot project mentioned above, communication from load
cells to connection cabinets is based on LoRa (long range)
transmission methods, with LTE backup technology. The
data are finally sent to the remote data centers through the
optical fibers placed in the ground wires.

A weather station installed on (some of) the connec-
tion cabinets contains the environmental data sensors which
include (at least) a thermometer and an anemometer.

In each line section between two dead-end towers, the hor-
izontal tension Th is assumed to be constant. On the contrary,
the vertical tension Tv can change in the spans of the section,
depending on:

1) the ‘weight span’, which can be different at each tower
(and should be understood as known);

2) the total mechanical load per unit length of the conductor
qS, being:

• S[mm2] the conductor cross-section;
• q[N/m·mm2] the total weight per unit length and unit cross
section of the conductor, which takes into account the con-
ductor natural weight qp, the weight of the snow/ice sleeve
qs, and the wind push qw (assumed horizontal and perpen-
dicular to the line) according to:

q �
√(

qp + qs
)2 + q2w (2)

Clearly, Tv depends, in addition to the known quantity
qp, on the possible presence of wind and snow/ice on the
conductor.

Th can be computed as a function of the thermo-
mechanical state of the conductor, and depends on q and,
thus, also on the wind. The wind pressure on the conductors,
Wp[N/m2], depends on the wind speedWs[km/h]. Assuming
the wind perpendicular to the line and parallel to the soil,Wp

can be expressed as:

Wp � 0.043 W 2
s + 0.002 Ws (3)

Equation (3) is obtained by interpolation with a second-
degree polynomial of the pressure values on a cylindrical
surface at different wind speeds reported in [27]. The pres-
sure values reported are based on the assumption of wind
perpendicular to the surface and hold for any height from the
ground of the conductors.

With a snow/ice sleeve on the conductor, the exposed sur-
face increases, depending on the external diameter (the sleeve
is conventionally assumed cylindrical in shape), and accord-
ingly the wind push qw increases.

Since the wind speedWs is continuously measured by the
weather stations placed along the line,Wp can be considered
a (more or less) known quantity.

Changes in Th caused by changes in the thermal and
mechanical state can be computed by means of the well-
known ‘change of state’ equation. Dividing the parameters
by the cross section S of the conductor (t � T /S; t[N/mm2]),
the ‘change of state’ equation can be written as:

t3h2 − t2h2

{
th1 − E

[
α(τ2 − τ1) +

q21 l
2

24t2h1

]}
� E

q22 l
2

24

(4)

where:

• E[N/mm2] � (ScEc + SaEa)/S is the resulting modulus of
elasticity of the ACSR conductor (the subscript ‘c’ indi-
cates the inner steel core and ‘a’ the outer aluminum);

• α[°C−1] � (αcScEc + αaSaEa)/(ScEc + SaEa) is the
resulting thermal expansion coefficient;

• τ [°C] is the conductor temperature;
• q[N/m·mm2] is the total mechanical load (weight) of the
conductor (2);

• subscripts 1 and 2 indicate the initial and final states,
respectively;

• l[m] is the span.

The conductor temperature can be either evaluated using a
thermal model, taking the weather conditions and the actual
line current as input values, or operating a direct measure on
the conductor. In this regard, the Italian TSO has already
developed a thermo-mechanical model (named Dynamic
Thermal Rating—DTR) with the goal to increase the short-
term transport capacity of OHLs with respect to the design
limits. The DTR estimates the main parameters of the con-
ductor, including the temperature, for each span of the line
(and themaximumcurrent the line can carry for the following
30 min). Therefore, the conductor temperature is an already
estimated and available parameter.

For each phase of the line, the measures provided by the
two load cells (TMA and TMB) give the current (real) conduc-
tor tension at the two ends of the line section. The conductor
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Fig. 1 Section of line, composed
of two spans, between two
dead-end towers. Dead-end
towers are equipped with strain
insulators, whereas the central
tower is equipped with
suspension insulators

tension can be also predicted (computed) using the ‘change
of state’ Eq. (4) and the environmental data provided by the
weather stations.4 The difference between the real and pre-
dicted tensions (TPA and TPB) can be used for automatic
detection of some events.

Sections 4 through 8 describe the algorithms proposed for
automatic detection of the five types of events considered in
this work.

4 Automatic detection of a broken conductor

When a conductor breaks, the tension measured by the load
cells located at the extremities of the involved line section
suddenly decreases. This variation can be exploited for the
automatic detection of this event and for its approximate loca-
tion along the OHL.

Consider first the case where the break happens in an
extremity span of the line section. In this case, the ‘local’
load cell detects a big tension drop since before break the
measured tension T is mainly given by the horizontal com-
ponent Th

5 that vanishes after break when the remaining
tension is due only to the weight of the conductor hanging
from the strain insulator. Conversely, the load cell installed
at the other end of the line section is ‘far’ from the breakpoint
and detects a smaller tension drop because of the mechanical
action of the suspension insulators. After break, the conduc-
tor tension is not easily predictable, but it is lower than the
minimum tension of the healthy conductor.

4 The conductor tensions at the two ends of the line section (TPA and
TPB) are computed using the following input data: conductor and line
parameters (S, E, α, l), horizontal tension in EDS condition, air tem-
perature and wind speed.
5 For example, a practical value of the tension of a standard conductor
can be 15,000 N.

If the break happens in an internal span of the line section,
both load cells are far from the breakpoint and measure a
limited tension drop.

Therefore, in any case, a conductor break causes a sudden
drop of the tension measured by the load cells (TM ) below
a proper threshold TLIM lower than the minimum possible
tension (corresponding to the maximum conductor sag in
the spans) of the healthy conductor. Accordingly, the logical
scheme proposed for automatic detection of a broken con-
ductor is illustrated in Fig. 2, where the ‘No tension’ states
indicate the condition TM < TLIM .

Tension transients due to wind-induced oscillations, snow
detachment, and so on, may cause detection errors. To avoid
this (unlikely) possibility and to increase the robustness of the
methodology, the proposed algorithm complements the pre-
viousmechanical conditionwith a further electrical condition
consisting of the starting signals of the distance protections
located at the OHL ends. In Fig. 2, the starting signals are
represented as output signals from the BPU (Bay Protection
Unit) of each line end, labeled 1 and 2. When both these
conditions occur, the alarm ‘broken conductor’ is generated.

5 Automatic detection of a fallen tree
on the line conductors

The fall of trees increases the tension of the involved con-
ductors. If the event occurs in an extremity span of the line
section, the tension increase is measured by the local load
cell. Conversely, the tension increase measured by the far
load cell is much lower. Compared to the case of conductor
break, the tension change caused by a fallen tree has opposite
sign and is usually smaller. If the event occurs in an inter-
nal span of the section, both load cells will measure a small
tension increase.

The algorithm for the automatic detection of this event is
built on the difference, continuously calculated, between the
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Fig. 2 Logical scheme of ‘broken
conductor’ alarm generation

Fig. 3 Error signal conditioning

tension TM and the computed (or predicted) tension TP, at
both ends of the line section. In Fig. 3, these differences are
Diff. A � TMA—TPA at the section end A, and similarly at
the section end B.

TP is computed using the change-of-state Eq. (4), inwhich
the line and environmental variables (for example, the current
air temperature) are known and, of course, no mechanical
overload due to the surrounding vegetation is considered.

Measurement errors in TM , approximations in the calcu-
lation of TP, and (variable and not predictable) wind push on
the conductors can lead to wrong detection (false positives).
In order to limit these problems, the algorithm generates an
output error signal (named eA and eB in Fig. 3) only when
the difference TM—TP exceeds a threshold value. However,
a wrong detection could be generated also by a short transient
tension change due, for example, to a strongwind gust lasting
for a short time. To increase the robustness of the method,
these situations must be discarded. In view of this, the algo-
rithm is built to identify a ‘fallen tree’ event only when the
error persists more than a preset time6 (this condition is indi-
cated by the labels ‘persistent overload’ in Fig. 4).

Finally, as Fig. 4 shows, the algorithm generates the alarm
‘fallen tree’ if, in addition to a persistingmeasured conductor
tension higher than expected at least at one of the section ends
A and B, the OHL protection startings are also detected (dis-
tance protections or, if present, the protection against highly
resistive faults). Clearly, also, in this case, the detection of

6 The time of persistent overload could be estimated in about 10 s, or
in any case in a time sufficiently shorter than the automatic or manual
slow reclosing time (generally 60 s in the Italian grid for any voltage
level).

a fallen tree event is based on the contemporary occurrence
of mechanical and electrical conditions. Moreover, the line
section involved is identified allowing to speed up crew inter-
vention and reducing the OHL downtime.

6 Automatic detection of snow/ice accretion
on the line conductors

In accordance with (2), the accretion of snow/ice sleeves on
the conductors increases their mechanical load. The accre-
tion normally involves the whole (or most of the) line
section between two dead-end towers, causing a more or less
uniformly distributed mechanical overload on the conduc-
tors. However, compared with the previous two event types,
the tension change is much slower and gradual over time.
Accordingly, the load cells along the line are expected to
measure a progressive and slow tension increase.

The aim of the automatic detection logic is to avoid that
snow/ice sleeves can become too heavy7 and damage the
OHL or cause faults. The proposed algorithm considers the
difference TM–TP over a sufficiently long time period (for
example, one or more hours). Since TP is computed assum-
ing no snow/ice overload, the basic condition for detection
of snow/ice accretion is a progressive increase of the dif-
ference TM–TP. Likewise explained in the previous Sect. 5,
the algorithm generates the error signals eA and eB shown
in Fig. 5 when the difference TM–TP exceeds a threshold
value. The progressive increase of the errors can be detected
in different ways. For example, the algorithm can store the
highest values of eA and, respectively, eB collected over a
certain time interval (for example some minutes) and com-
pare a certain number of consecutive stored values. For the
automatic detection of this event, the algorithm illustrated (in
a simplified way) in Fig. 5 requires two further conditions:

• - air temperature (τ a) andwind speed (WS) consistent with
snow/ice accretion;

• - no starting signals of the line protections (because this
event is not a fault).

7 The weight of wet-snow sleeves can reach 20 kg/m, i.e. ten times the
weight of a standard conductor.
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Fig. 4 Logical scheme of ‘fallen
tree’ alarm generation

Fig. 5 Simplified logical scheme
of ‘snow/ice accretion’ alarm
generation

7 Automatic detection of broken strands

The break of one or more strands reduces the stiffness of the
wire and, thus, its natural frequency of oscillation (conduc-
tors have several oscillation modes and relevant oscillation
frequencies) [28, 29]. Therefore, automatic detection of bro-
ken strands in the wires can rely on detection of falls in their
natural oscillation frequency.

The n-th natural oscillation frequency, f n[Hz], depends
on the conductor data (diameter, cross section, length in the
span L[m], weight per unit length μ[N], stiffness EI[N·m2],
etc.), on the air temperature (which affects L and EI) and on
the mechanical tension, T . It can be computed as [28]:

fn �
(nπ

L

)2
√

E I

μ

√
1 +

T L2

E In2π2 (5)

Therefore, the n-th natural oscillation frequency changes
during time according to the changes in temperature and ten-
sion (which can be caused by wind and/or other events).

The actual oscillation frequency can be measured by an
accelerometer (f o). The signal provided by the sensor (con-
sidering the typical frequencies of the aeolian vibrations, a
suitable sampling frequency can be 1 kHz)must be processed
by a dedicated software. The oscillation frequency can be
extracted by means of FFT-Fast Fourier Transform.

A low measured frequency (f m), compared with the fre-
quency computed assuming the conductor undamaged (f n),
can reveal the presence of broken strands (see Fig. 6).

Actually, the experimental results reported in [28] show
that the largest reduction of the oscillation frequencies, in the
range 3–4%, occurswhen only one strand is broken.With two
broken strands, the reduction is valued in the range 4–5%, etc.
Therefore, the main difficulty connected with this approach

consists in the limited reductions of the oscillation frequen-
cies, and this requires small overall measurement errors. The
threshold for the generation of a ‘broken strands’ alarm can
be set around 4%, as indicated in Fig. 6, and should be cho-
sen on the basis of experimental results involving the specific
conductors of the line.

Note that in this case, the proposed algorithm relies only
on a mechanical condition and that the mechanical tension of
the conductors is not involved. Finally, the proposed method
allows to identify the involved span (not just the line section).

8 Automatic detection of galloping

Damaging galloping events cause variations (at the same
frequency of the conductors oscillations and with ampli-
tudes large enough to allow detection) of the axial tension of
the conductors. Therefore, we propose to detect such events
through a spectral analysis of the tension measured by the
load cells and contemporary check of the data provided by the
weather stations. Indeed, galloping can occur with specific
meteorological conditions: constant wind with speed higher
than 15 m/s and air temperature lower than 2 °C, needed to
form snow/ice sleeves that make conductors unsymmetrical.

In order to detect the tension oscillations, a quite low
sampling frequency, eg 10 Hz, is sufficient. The oscilla-
tion frequency is obtained through FFT of the signal of the
measured tension. Conditions for galloping detection are a
tension oscillation frequency (indicated as f t in Fig. 7) in
the range 0.1–1 Hz and an amplitude higher than a proper
threshold. The latter condition has the objective to avoid any
protective intervention in case of non-dangerous oscillations.
Of course, the threshold should be chosen case by case.

In addition, the above-reported conditions for wind speed
(WS) and air temperature (τ a) can be also imposed. As
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Fig. 6 Logical scheme of broken
strands automatic detection

Fig. 7 Logical scheme of
galloping automatic detection

Fig. 7 shows, a ‘galloping’ alarm is generated when all these
mechanical and environmental conditions are verified at the
same time.

9 Discussion

This section discusses the practical implementation of the
five algorithms described above.

1) Sensors required.

All but one of the proposed automatic detection methods
require only strain gauges placed on the dead-end towers and
some thermometers (for the measure of the air temperature)
and anemometers (for the measure of the wind speed) placed
along the line. For example, a single circuit OHL requires
installation of 6 load cells and 1 connection cabinet on each
dead-end pylon, and 1 weather station on some of the cabi-
nets along the line. Considering a 30 km long OHL with an
average span length of 300 m and 5 spans per section, this
means a total number of 120 load cells, 20 cabinets, and a
few weather stations.

The further installation of inclination sensors on the con-
ductors could increase the robustness of the algorithms for
detection of conductor breakings and fall of trees. In this
case, the inclination measurements should be synchronous
with the tension measurements.

On the contrary, the algorithm for broken strands detection
(forwhichmechanical tensionmeasurements are not needed)
requires the installation of accelerometers at the ends of each
span.

2) Sampling frequency.

1 Hz or less is a suitable sampling frequency for detection
of the sudden tension changes caused by conductor break-
ings and fall of trees. Clearly, a higher sampling frequency
increases uselessly the amount of data, whereas a too low fre-
quency is not suitable to detect a sudden change and slows
down the automatic detection.

For detection of snow/ice accretion on the line conductors,
an increasing trend of the conductor tension over a relatively
long time period can be detected under-sampling (for exam-
ple over a time interval of 1 to 5 min) the maximum values
of the tension measurements.

In conclusion, suitable sampling times/frequencies for
automatic detection of the different events considered in this
study are:

• conductor break and fall of trees: ≥ 1 s / f ≤ 1 Hz;
• snow/ice accretion: ≥ 60 s / f ≤ 0.016 Hz;
• broken strands: 1 ms / f � 1 kHz;
• galloping: 0.1 s / f � 10 Hz.

3) Practical difficulties in the proposed detection methods.

Automatic detection of conductor break, fall of trees, and
snow/ice accretion requires installation of a limited number
of sufficiently simple and cheap sensors. Field measure-
ments enter as direct input data (without any processing)
in the detection algorithms. The practical implementation
of the proposed algorithms requires a careful setting of the
threshold values that, obviously, are case-specific. A possible
difficulty is given by the high reliability requested for strain
gauge operation.

Also the automatic detection of galloping can be consid-
ered easily achievable: the required processing of the tension
measurements is not a significant problem. Some attention
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must be paid to the bigger amount of data that derives from
the higher sampling frequency.

Conversely, more critical appears the automatic detection
of broken strands, because of:

- wider set of sensors;
- accurate and precise sensors and small overall measure-

ment errors required for a correct detection;
- possible interference between the oscillations of conduc-

tors and towers and between consecutive spans;
- higher sampling frequency that results in bigger amount

of data.
Finally, for its implementation, the proposedmethodmust

be extended to several natural oscillation modes.

4) Reliability.

The reliability of the whole detection system is mainly
connected with that of the load cells (obviously, this does
not hold for broken strands detection). The other equipment
(weather stations, connection cabinets, and communication
systems) do not pose particular reliability concerns. Com-
munication systems are robust, and also the sensors power
supply can be duplicated using PV panels and/or microeolic
turbines.

Load cells are requested to be robust and enough accu-
rate. Interesting information about their practical operation
is expected from field tests like those mentioned at the begin-
ning of Sect. 3.

5) Cost/benefit assessment.

In view of practical realization, the installation along an
OHL of load cells, connection cabinets, a few simpleweather
stations and the relevant communication systems entails a
limited additional cost compared with the expected benefits
that include increased resilience and quality of supply, and
lower risks.

10 Conclusions

Referring to 132–150 kV sub-transmission OHLs, this paper
proposes some original algorithms for the automatic detec-
tion of conductor breakings, fall of trees on the conductors,
ice/snow sleeve accretion, strands breaking, and gallop-
ing. The five proposed algorithms are mainly based on the
mechanical monitoring of the OHL conductors and can be
used for revision of the sub-transmission networks manage-
ment criteria, with the aim of reducing the impact of these
damaging events. Indeed, an automatic (fast) detection of
these events can provide significant advantages that include:

• inhibition of the slow automatic and manual reclosures in
case of permanent faults;

• reduced maintenance/intervention times, allowed by the
knowledge of the event type and its (approximate) position
along the line;

• reduced OHL downtime and line breakers stress in gallop-
ing events;

• avoidance of faults/damages caused by heavy ice/snow
sleeves.

In addition, the first two items can improve the continuity
of supply and, thus, power quality.

For practical implementation, the conductors tension and
a few weather-related quantities must be continuously mea-
sured. All these quantities can be measured by means of
a limited number of sensors (strain gauges, thermometers,
and anemometers) placed along the OHLs. Installation of
the required equipment and data communication systems
entails a limited additional cost compared with the expected
benefits. The only exception concerns broken strands detec-
tion, which requires accelerometers on each span of the line.
The algorithm for broken strands detection requires also
higher sampling frequency and small measurement errors
and, among the proposed algorithms, is clearly the most crit-
ical. All the other algorithms are cost-effective and require
low sampling frequencies with limited amount of data.
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