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Abstract: Liberalization of the electricity market has forced the use of economic and efficient main-
tenance techniques. Thus, it is necessary to extend the useful life of the facilities in a perfect state
of service, and with quality supply for customers. Furthermore, thermography is a maintenance
technique that can be implemented quickly, has low cost, and is very effective in terms of the results
provided. For this reason, it is very widespread within the electricity sector. As substations are
critical facilities within the electrical supply, thermographic inspections are carried out on them very
frequently. However, to ensure that the results obtained are reliable, a series of requirements must
be met. A compilation of the complete process of the performance of a correct thermography in
substations is shown. The factors that affect performing a correct thermographic inspection are indi-
cated. These can be procedural, technical, and environmental. In addition, conditions for conducting
thermographic inspections and the action to performed on a hot spot are indicated. The hot spot is
usually identified with a current and wind speed other than nominal; these two variables can mask
the true severity of the hot spot. For this reason, the extrapolation of the detected temperature to
the nominal current conditions and in the absence of wind is carried out using a proposed formula.
Finally, two examples of application of the proposed formula and the recommended action on them
are exposed.

Keywords: infrared thermography; nondestructive evaluation; defect detection; defect criticality;
substation

1. Introduction
1.1. Context

The importance of sustainability is clearly reflected in the declaration of the Sustainable
Development Goals of the United Nations [1]. In addition, the sectors considered as
priorities for the achievement of these goals can be identified by analyzing them. Thus,
energy is one of the most repeatedly mentioned goals. It appears in goals 7, 11, 12 and
13. Goal 7 is dedicated to affordable and clean energy; Goal 11 focuses on achieving
sustainable cities; Goal 12 is based on a responsible production; and Goal 13, on climate
action. Electricity is one of the most important sources of energy; therefore, it becomes an
essential element to be able to achieve the aforementioned goals.

To play that crucial role, power companies must be efficient. However, the sector has
undergone great changes in the last 30 years. This transformation has affected almost all
countries. Some have made the modifications before others, but all have followed the same
path. Companies that were vertically integrated and monopolistic have become competing
companies with separate activities [2]. However, this has not happened in all company
sectors, but only in generation and commercialization. In them, it is the market mechanism
that marks the competition. By contrast, transmission and distribution continue to be
considered natural monopolies due to the economies of scale they produce. In addition,
developing this type of facility in parallel has been considered to not result in improving
the quality of service or in efficiency [3].
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Market competition is replaced by state intervention in these new transmission and
distribution monopolies. This is done through regulatory agencies. They are responsible
for ensuring that electricity companies are efficient in the operation and maintenance of
their facilities and carry out the necessary investment plans. However, this efficiency
cannot come at the cost of a reduction in the established quality of service [4]. Furthermore,
many facilities are considered critical, mainly substations [5]. For this, a remuneration is
recognized for the activities of the electricity companies, among them the maintenance of
the assets [6]. In this way, the lengthening of its useful life and its good conservation for
service are encouraged. Therefore, maintenance is deemed to be of relevant importance.

1.2. Substation Maintenance

The assets of the facilities are subject to different types of maintenance. Corrective
maintenance is the one used exclusively in low voltage, consisting of repairing or replacing
the damaged element, depending on its cost. Preventive maintenance is the one that is
carried out every certain interval of time: a series of established activities are carried out
on the element in question. In this way, possible defects that are in the early stages can be
identified and repaired before they get worse. On the contrary, it has the drawback that, if
the equipment is intervened unnecessarily, a defect may be introduced during handling.
Condition-based maintenance analyzes the main parameters of the element and acts on
it only if it is considered necessary. In this case, many parameters must be monitored,
which can be expensive. Reliability-centered maintenance, in addition to considering the
condition of the element, takes into account its importance and the economic consequences
that the failure may cause.

Substations, as one of the most critical facilities of electric companies, must be main-
tained in accordance with the required quality criteria. Within them, batteries, circuit
breakers, and power transformers are the most important elements. The former, because
they are the ones that feed the protection and telecommunications circuits; the second,
because they open and close the energized circuits, with the consequent arc created in these
maneuvers; and the latter, because they are the essential components of the substations,
since they are responsible for the voltage changes in the circuits, and this is the goal of
most substations.

Battery maintenance is carried out, considering it as a single element due to its small
size [7] and analyzing its internal functioning by thermography [8]. Unlike the battery, the
circuit breaker is a more complex piece of equipment, so its components are examined in
its maintenance: SF6, which is used as a dielectric to extinguish the arc [9], although other
types of nonpolluting compounds are also being studied [10]; the state of its mechanical
parts, through speed and pole displacement [11] and coil consumption [12]; or detecting
the presence of hot spots [13]. The power transformer is the most complex element of
the substation and, in its maintenance, its components are also examined: the state of the
oil, both in its main tank [14], or as a consequence of having been contaminated from the
on-load tap-changer (OLTC) [15]; its mechanical behavior, both of the main coils [16] and
of the OLTC contacts [17]; the existence of partial discharges [18]; detecting turn-to-turn
faults [19] and using acoustic methods [20]; looking for the presence of the possible hot
spots [21]; or assessing the technical condition of the transformer [22]. A state of the art of
maintenance in power transformers is shown in [23].

The maintenance techniques applied to each piece of equipment are usually specific
to each one. However, thermography is common to all. Moreover, it is also used for the
maintenance of facilities [24], usually carried out with human resources, although it can be
also carried out with fixed cameras [25] or autonomous systems [26]. In addition, when
reviewing the maintenance of electrical installations, thermography is one of the most
widely used techniques for all equipment and facilities [27].
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1.3. Research Motivation

The importance of substations as critical facilities has been highlighted, as well as the
need to extend the useful life of electrical facilities as an incentive for the remuneration of
utilities. In addition, the way to ensure that facilities are in perfect condition and safe for
both people and equipment is through maintenance. Among the different maintenance
techniques, thermography is one that stands out in particular. However, for this, it must be
done properly. Furthermore, the factors that mask their results must be eliminated.

For all these reasons, it is of great interest to have a global vision of the complete cycle
of the thermography process in substations: from its realization in the field, followed by
the processing of the measurements and ending with the recommendation to eliminate the
detected defect. It is this complete cycle that this work tries to cover.

1.4. Aim of the Research

The object of the manuscript is two-fold. On the one hand, a compilation of the
complete process of performing a correct thermography in substations is made. On the
other hand, a formula to extrapolate the temperature of the identified hot spot to the
nominal operating conditions is presented. This formula is obtained from those already
proposed in the literature but combining the factors that can most affect a substation
under the most unfavorable conditions. An example of its application in the field is also
shown. With the values obtained from the application of the formula, an action on the
element is recommended according to existing standards. In this way, the complete cycle
of performing thermography in substations is compiled.

The manuscript is structured as follows: the main factors that affect the performance of
a correct thermography are exposed in Section 2; Section 3 presents a formula to determine
the temperature that the hot spot will reach under nominal conditions and in the absence
of wind; Section 4 shows some examples of application of the formula to hot spots detected
in the field; finally, the conclusions are presented in Section 5.

2. Performance of a Correct Thermography

Thermography is a non-destructive maintenance technique that is applied in different
sectors. The electricity sector is one of them, and its use is very widespread. It is applied to
all types of facilities and voltages. Through thermography, points are located that reach
an abnormal temperature, known as hot spots. These points are identified in both the
equipment and facilities. The connections between elements are the places where they
usually appear. They are mainly caused by a loose connection or an incorrect tightening
torque at the time of assembly. This anomaly can cause a deterioration of the element and
cause a breakdown. The connections are made through the connectors.

Thermography has advantages such as being able to perform the inspection with the
facility energized; low cost; fast execution; and effectiveness of the results. For all these
reasons, it is a highly appreciated maintenance technique. In addition, it must be kept in
mind that the important thing about thermographic inspection is the identification of hot
spots, with the accuracy of the values in second place in importance. This is because, as
this is a work carried out in the field, levels of precision similar to those of laboratory tests
cannot be expected.

Another thing to keep in mind is that a medium-sized power company may have
around a thousand substations. In each of them, thermography can be performed on
about a thousand elements. Usually, at each substation, a thermographic inspection can be
performed two or more times a year. Therefore, the number of points to be inspected can
exceed one million per year.

2.1. Factors Influencing Thermographic Inspection

To carry out a correct thermography inspection, a few factors that influence the
accuracy of the results obtained must be considered. These factors can be procedural,
technical, and environmental [28]. The procedural factors are those that are a consequence
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of the thermography inspection. It must be performed by a qualified operator with sufficient
experience [29]. The most important technical factors are the emissivity of the inspected
elements, the current that circulates through the circuit, the distance to the target element,
and the specifications of the camera used. Regarding environmental factors, the most
influential are the ambient temperature, rain, the wind, and the solar radiation [30].

With respect to technical factors, a sufficiently precise camera must be used to perform
the thermography at a certain distance. It must be borne in mind that the operator cannot
approach the elements to which thermography must be performed, as they are energized
equipment located at a certain height. For this reason, a thermographic camera with a lens
that allows sufficient resolution and image increase should be used. The resolution will
allow sufficient image quality and precision to detect the hot spots at the safe distances to
which the thermography must be made. In addition, thermal imaging cameras compensate
for these factors to provide the correct values of the measurements. To do this, it is necessary
to introduce the required parameters with values that are as close as possible to reality,
since otherwise the results obtained may differ greatly from the actual values measured.

It must be considered that an exact emissivity value for the equipment inspected in
a substation cannot be obtained. This is because of the presence of very diverse elements
whose emissivity will change over time as it ages, until it stabilizes. In addition, they are
equipment subjected to high voltage, and, for that reason, they are not normally accessible.
Therefore, it is not possible to use any of the methodologies that allow for obtaining an
exact value. Furthermore, it would be necessary to obtain this value for each element, and
for each time the thermography inspection was to be carried out (which can happen several
times a year). For this reason, when thermography inspections of all substations of an
electrical utility are to be carried out, it is impossible to carry out all the preparations prior
to the inspection. In fact, thermography cameras have an emissivity table for the operator
to include the exact value of the element, if known, or assign the value of the group to
which it can be associated, such as matte, semi-matte, semi-matte glossy or glossy.

Wind is one of the environmental factors that influence the measurement during
thermography inspections. To correct its influence, methods that manage to obtain the
exact value have been designed. However, some of them are not applicable in substations.
Other weather conditions, such as rain, hail, fog, or storm, are not considered in this
work. The reason is that substations are facilities with energized equipment in a delimited
area and subject to safety distances. For this reason, and due to safety reasons, when
those atmospheric conditions exist, maintenance work cannot be carried out. Therefore,
thermographic inspections cannot be carried out under such conditions.

International standards [31,32] include parameters with conservative values that are
recommended for use. Subsequently, these values are included in the procedures of each
of the electrical utilities. Although these standards are not specifically for substations,
their values apply to them because they are defined for electrical equipment subjected to
similar conditions. Regarding the value of the emissivity, although 0.5 values have been
used in North America, these values have subsequently changed to values between 0.7
and 0.9, finally setting at the same value recommended in [32]: 0.8. Another parameter
to be also considered is the absorptivity, having its value of no less than 0.8, and must be
used with an emissivity of no more than 0.1 below absorptivity. The value normally used
is also 0.8, so both the emissivity and the absorptivity are given the same value. About
wind speed, a value of 0.6 m/s is recommended, which can be considered conservative,
and a solar radiation of 1000 W/m2. Evaporative cooling does not usually occur, so it is
not recommended.

With these recommendations, electrical utilities set their inspection procedures with
conservative values of the parameters that influence the measurements. In this way, the
parameters are established for all elements of all substations, regardless of the year in which
the thermographic inspection is carried out. Thus, the thermography job performed by the
operator in the substations is easier and faster [33].
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2.2. Conditions for Conducting Thermographic Inspections

Substations are high voltage electrical facilities. Thermographic inspections are per-
formed with the facility energized. In it, the distances between elements are smaller than in
other facilities. Therefore, a series of requirements must be met to carry out the work: the
personnel who can work must be qualified; and with adverse environmental conditions,
the work cannot be carried out (wind, fog, rain, hail, or storm).

The operator who performs the thermography has a plan of the substations to be
inspected during the day. Depending on the time of day, the week of the year, and even the
day of the week, circuit load conditions will vary at each substation. The most favorable
condition for the detection of hot spots is when the nominal current circulates through
the element. This current is the maximum that can circulate through that circuit and
corresponds to the facility working at full load. However, that cannot always happen.
Therefore, a series of minimum requirements must be met in the inspected element for the
correct detection of hot spots [34]: the current that circulates through it must be greater
than 20% of the maximum that can circulate; the measurement must be performed at
least 15 min after being energized; and the tightening of the connections recommended
by the manufacturer must be met. Otherwise, hot spots may not be identified and lead to
erroneous conclusions.

To detect hot spots, a minimum current circulating through the element is necessary.
That load is set at 20% of the rated current. Having been crossed by the current, the element
acquires the service temperature. At some point after the current begins to circulate, the
service temperature is acquired and stabilized. For this reason, at least 15 min must pass
from powering on. Subsequently, the change in the current that passes through it does not
have as much influence as the one produced since it is de-energized. This is because current
variations in a substation are usually not abrupt. Another important requirement that must
be met is that the tightening torque of the element connections be those recommended by
the manufacturer. Poor tightening can cause incorrect detection of the hot spot.

Regarding the load, probably when the thermographic inspection is carried out, the
nominal current does not circulate. However, it can be reached at any time. In addition,
it must be considered that the higher the current through the element, the higher the
temperature. Therefore, the results obtained with a given current must be extrapolated to
the case in which the nominal current circulates.

2.3. Action to Be Carried out in a Hot Spot

The purpose of maintenance techniques is to keep the equipment in operating condi-
tion, avoid possible failures, and maintain safety conditions for people and facilities. In this
way, its useful life is increased. The results obtained will allow one to decide what actions
to be taken. Basically, they can be reduced to three: the equipment parameters are adequate,
and therefore there is no action to take; there is some variation in the parameters that
indicate that more continuous monitoring of the equipment is necessary; or the results of
the parameters lead to perform an intervention on the equipment to return it to its normal
service condition. Something similar happens with thermography.

The goal of thermography as a maintenance technique is not to acquire knowledge
of the temperature of an identified hot spot. The goal is to discern whether to take any
action on it. Table 1 shows the actions suggested by the American National Standards
Institute [35]. It is based on the temperature difference between the hot spot and a reference.
The reference can be the temperature of the ambient air or that of another point with similar
characteristics, such as that corresponding to another electrical phase. In each case, the ∆T
ranges are different, being lower when the difference is between the hot spot and another
element. The recommendations vary between a possible defect to observe, a follow-up
of the hot spot through thermographic inspections with different time frequencies, or
immediate repair to avoid a major defect.
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Table 1. Actions suggested by the American National Standards Institute based on the temperature
difference.

Temperature Difference (∆T)
Based on Comparisons

between Similar
Components under Similar

Loading

Temperature Difference (∆T)
Based on Comparisons

between Component and
Ambient Air Temperatures

Recommended Action on the
Component

1–3 ◦C 1–10 ◦C Possible deficiency; warrants
investigation

4–15 ◦C 11–20 ◦C Indicates probable deficiency;
repair as time permits

- 21–40 ◦C Monitor until corrective
measures can be achieved

>15 ◦C >40 ◦C Major discrepancy; repair
immediately

Another important issue to remember is that the precision of the measurements takes
second place in terms of priority because it involves field inspections, which would not
occur in laboratory tests.

2.4. Hot Spot Temperature Corrections

Almost all factors that influence thermographic inspection are fixed in the procedures
of the electric companies. In this way, the operator can carry out the inspection relatively
quickly without having to change them. It must be remembered that the objective is the
detection of hot spots to take the correct actions on them. Therefore, the accuracy of the
temperature is of secondary importance, since the values of the parameters entered are on
the side of security.

However, there are two factors that are usually modified. These modifications are not
made in the field, but later when the field results are processed. They are the current that
circulates through the circuit and the wind speed at the time of inspection.

To correctly identify a hot spot, a minimum current must circulate through it. However,
the element is dimensioned so that the nominal current flows through it. When the operator
performs the thermographic inspection, the current that passes through it is usually lower
than the nominal one. With the measured temperature, the recommended action of Table 1
would be obtained. However, as the higher the current, the higher the temperature, and
when the nominal current circulates through the element, the temperature of the hot spot
will be higher. Therefore, the recommended action with the measured temperature may
not be correct since the hot spot temperature may be higher.

Something similar occurs with wind speed, but in reverse: the higher the wind speed,
the lower the temperature of the identified hot spot. Therefore, the hot spot and the action
to be considered may be masked. In the presence of wind at the time of inspection, a point
that does not reach the threshold of being considered a hot spot can be considered when
there is no wind. Thus, the action to consider should be when there is no wind, since this is
a circumstance that can occur at any time. That moment can be when the circuit is also at
maximum load.

To prevent the decision taken from being the correct one, an extrapolation of the
measured temperature to what it would reach when the nominal current circulates and, in
the absence of wind, must be made. Thus, the recommended action would be the correct
one when the installation is fully loaded and in the absence of wind.

2.5. Worksheet with the Recommended Action to Carry Out

When performing a thermographic inspection in a substation, four data of interest
need to be collected to elucidate the recommended action to be taken on the element:
ambient air temperature, hot spot temperature, current through the element, and wind
speed. With this information, the detected temperature can be extrapolated to the most



Appl. Sci. 2022, 12, 10381 7 of 12

unfavorable conditions: the nominal current circulates through the element and the wind
speed is zero. The difference in this new temperature with that of the ambient air when the
inspection was carried out allows the recommended action of Table 1 to be identified.

A worksheet with the relevant information about the hot spot is elaborated upon.
At a minimum, it must contain the following data of the element in which it was found:
identification data of the element; position of the hot spot on the element; thermographic
and visible images; current flowing through the element, wind speed and ambient air
temperature at the time of inspection; temperature detected at the hot spot; extrapolated
hot spot temperature; recommendation of action on the element. In this way, the operator
will be able to decide the right time to act and the possible scope of the action.

3. Extrapolation Formula

An extrapolation of the temperature measured when the inspection was performed
must be performed to identify its real importance. It is enough to focus on the factors that
have the most influence and to which the electricity companies do not give standard values
for all their facilities. It should not be forgotten that electricity companies set common
values for all their facilities and thus do not have to change them from one substation to
another or within the same substation. Furthermore, those values and the results obtained
are always on the side of security. These factors are basically two: on the one hand, the
temperature detected with the current measured when carrying out the inspection must be
extrapolated to what it would reach when the nominal current circulated; on the other hand,
the same must be done when instead of existing wind speed at the time of the inspection,
its speed was zero.

The extrapolation to the nominal current is done by the following equation [36]:

∆TR
∆TN

= 1.0537
IR
IN

− 0.055 (1)

where ∆TR is the temperature increase of the hot spot with respect to the ambient temper-
ature when the measurement was made; ∆TN is the temperature increase of the hot spot
with respect to the ambient temperature under nominal current; IR is the circulating current
at the time of inspection; and IN is the nominal current.

Hence, the increase in temperature due to the fact that the nominal current circulates
through the circuit is:

∆TN =
∆TR

1.0537 IR
IN

− 0.055
(2)

A theoretical measure of the temperature obtained in the field is presented in [37]:

∆θ = 4.906 · 10−5 · I2 − 1.241 · XWS + 6.626 · 10−3 · XSR − 1.428 · XR + 13.079 (3)

where ∆θ is the measured temperature of the hot spot, I the current at the time of the
measurement, XWS the wind speed, XSR the solar radiation and XR the rain. In this way,
the temperature of a point in the electrical circuit is calculated. However, of the weather
variables present in the equation, only the wind speed is applicable in a substation because,
for safety reasons, maintenance in a substation cannot be carried out in the presence of rain.
Solar radiation is similar between substations in the same area and is usually defined in
the standards of electric companies. Furthermore, it is the current through the circuit that
primarily sets the temperature that the hot spot reaches. This can also be seen from the
coefficient corresponding to solar radiation in Equation (3).

With respect to the influence of the current, it should not be forgotten that the objective
is to find the temperature that a hot spot would reach under nominal conditions, which
is shown with Equation (2). However, Equation (3) shows the temperature of a point that
is crossed by a current I. That is why the influence of I in Equation (3) is not considered
and, on the other hand, it is considered in Equation (2). Something similar happens with
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the added constant in Equation (3). It becomes necessary for the objective intended by that
equation, but not for what is sought in this work.

Therefore, using Equation (3), the extrapolation at zero wind speed is defined by the
following equation:

∆TV = 1.241 v (4)

where ∆TV is the increase in temperature of the hot spot due to the absence of wind; and v
is the wind speed when the inspection was carried out.

Therefore, considering the most unfavorable load and wind conditions, the increase in
the temperature of the hot spot over the ambient air temperature is obtained as follows [38]:

∆T =
∆TR

1.0537 IR
IN

− 0.055
+ 1.241 v (5)

where ∆T is the temperature increase above the ambient air temperature.
Obtained this increment from Equation (5), the recommended action is determined

from Table 1.

4. Application of the Proposed Formula in the Field
4.1. Actions in the Field

Thermographic inspection in the field must be carried out by a qualified operator from
a safety point of view of safety. For this, appropriate training to work in substations has
had to be received. From a technical point of view, the operator must be accredited to carry
out thermographic inspections. Therefore, training must have been received to handle
thermographic equipment, to know the factors that affect the inspection and to know
how to interpret the results [39,40]. In addition, he must know the company’s technical
procedures for action. They include, among others, the values of the factors that must be
used in all substations and the conditions under which thermographic inspections cannot
be carried out.

After field inspections, the operator must determine the plan of action. With the
information collected in the field and the use of Equation (4), the recommended action is
obtained. Thus, the information of the temperature that would reach the hot spot at full
load and without wind is calculated. Finally, the maintenance schedule at the repair points
to be repaired can be planned with the written report. All the information necessary for
the maintenance operator to carry out the intervention in the hot spot will be perfectly
defined in it. Among them, visible and thermal images; element in which it is located;
corresponding phase; and recommended action.

4.2. Field Results

The formula proposed in Equation (4) has been applied to hot spots detected in the
field. In that way, the correct action to take has been identified. In fact, hot spots where it
was necessary to act would have had another recommendation if it had not been applied,
which could have caused an untimely failure.

Figure 1 shows the hot spot detected in a transformer bushing connector of a 66/15 kV
transformer. The values of the parameters when the inspection was carried out were the
following: hot spot temperature: 26 ◦C; ambient air temperature: 10 ◦C; current: 200 A;
wind speed: 1 m/s. The nominal current of the circuit is 720 A. As the difference between
the temperatures of the hot spot and the ambient air is 16 ◦C, Table 1 indicates the probable
deficiency and the recommended action: repair as time permits. However, to know the
temperature of the hot spot under the nominal conditions of the facility, Equation (5) must
be applied. Thus, the extrapolation is to a current of 720 A and no wind is made. In that
case, the hot spot would reach a temperature of 68 ◦C and the recommended action is repair
immediately (Table 1). Following that recommendation, the hot spot was repaired and the
need for immediate repair was confirmed. This confirms the need to extrapolate the hot
spot temperature to correctly identify the severity of the problem.
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Figure 2 shows the case of a hot spot on a 66 kV wall bushing connector. The pa-
rameters measured during the thermographic inspection were the following: hot spot
temperature: 50 ◦C; ambient air temperature: 32 ◦C; current: 200 A; wind speed: 1 m/s.
The nominal current of the circuit is 720 A. The difference between the temperatures of the
hot spot and the ambient air is 18 ◦C. Therefore, Table 1 indicates probable deficiency and the
recommended action: repair as time permits. However, Equation (5) indicates that the hot
spot would reach 77 ◦C when extrapolating the temperature to the nominal conditions of
the facility and without wind. In this case, the recommended action from Table 1 is to repair
immediately. According to that recommendation, the hot spot was repaired immediately, and
its severity was confirmed. This reaffirms the need to extrapolate the hot spot measurement
obtained to its nominal condition values, and that, by design, can be achieved.
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Figure 2. Visible and infrared images of a hot spot in a 66 kV wall bushing connector.

5. Conclusions

Thermography is one of the most effective and widespread maintenance techniques in
different sectors. One of them is the electrical sector, and it is used in all kinds of facilities
and voltages and, in particular, in substations, which are one of the most critical facilities. A
compilation of the factors that affect the performance of a correct thermographic inspection,
conditions to carry it out properly and actions to be carried out in a hot spot are presented.
Regarding the procedures, the operator must be qualified from the point of view of safety,
have the required training, and have previous experience. With regard to technical factors,
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adequate thermographic equipment should be used. Finally, the environmental factors
must be such that they allow access to the substation for the inspection. This is because the
substation is a high-voltage facility with particular characteristics under which maintenance
is prevented in adverse environmental conditions. As for the values of the factors that
affect thermography, the same are usually used for all the facilities. These are set by the
internal procedures of the companies. In them, the international standards are collected,
varying those that the company itself considers appropriate.

For the correct identification of the hot spot, two additional aspects to consider have
been identified: the maximum current of the circuit and the wind speed. When performing
the inspection, the facility may not be under its nominal conditions. However, they can be
reached. In addition, the contingency of the nonexistence of wind can occur. Therefore, a
formula for extrapolating of the hot spot temperature to the conditions of nominal current
and zero wind speed has been proposed. It is based on existing results in the literature, but
which, to the authors’ knowledge, have not been combined for practical use.

In addition, examples of the application of the proposed formula to field results and
a table with the recommended actions to follow as a consequence of the extrapolated
temperature of the hot spot has been presented.

Author Contributions: Conceptualization, P.J.Z.-P., F.J.Z.-S., I.M.Z.-S. and J.L.M.-R.; methodology,
P.J.Z.-P. and F.J.Z.-S.; validation, P.J.Z.-P., F.J.Z.-S. and I.M.Z.-S.; formal analysis, P.J.Z.-P., F.J.Z.-S.,
I.M.Z.-S. and J.L.M.-R.; investigation, P.J.Z.-P. and F.J.Z.-S.; data curation, P.J.Z.-P., F.J.Z.-S. and I.M.Z.-
S.; writing—original draft preparation, P.J.Z.-P., J.Z. and I.M.Z.-S.; writing—review and editing,
P.J.Z.-P., F.J.Z.-S., I.M.Z.-S. and J.L.M.-R.; visualization, P.J.Z.-P. and F.J.Z.-S.; supervision, P.J.Z.-P.,
F.J.Z.-S., I.M.Z.-S. and J.L.M.-R.; project administration, P.J.Z.-P.; funding acquisition, J.L.M.-R. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Spanish State Research Agency: Project PID2020-116433RB-
I00 funding by MCIN/AEI/10.13039/501100011033. The authors would also like to thank the support
of the CERVERA Research Programme of CDTI, under the research Project HySGrid+ (CER-20191019).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. United Nations Educational, Scientific and Cultural Organization (UNESCO). Available online: https://en.unesco.org/sdgs

(accessed on 29 June 2022).
2. Rothwell, G.; Gómez, T. Electricity Economics: Regulation and Deregulation; IEEE-Wiley Press: Piscataway, NJ, USA, 2003.
3. Viscusi, W.K.; Vernon, J.M.; Harrington, J.E. Economics of Regulation and Antitrust, 2nd ed.; MIT Press: Cambridge, MA, USA, 1995.
4. Drosos, D.; Kyriakopoulos, G.L.; Arabatzis, G.; Tsotsolas, N. Evaluating customer satisfaction in energy markets using a

multicriteria method: The case of electricity market in Greece. Sustainability 2020, 12, 3862. [CrossRef]
5. Yao, X.; Wei, H.H.; Shohet, I.M.; Skibniewski, M.J. Assessment of terrorism risk to critical infrastructures: The case of a power-

supply substation. Appl. Sci. 2020, 10, 7162. [CrossRef]
6. Zarco-Periñán, P.J.; Martínez-Ramos, J.L.; Zarco-Soto, F.J. On the remuneration to electrical utilities and budgetary allocation for

substation maintenance management. Sustainability 2021, 13, 10125. [CrossRef]
7. Searles, C.; Cantor, W. New regulatory battery maintenance requirements mandated by NERC PRC-005-2/3. In Proceedings of

the IEEE PES Genearl Meeting Conference & Exposition, National Harbor, MD, USA, 27–31 July 2014. [CrossRef]
8. Streza, M.; Nut, C.; Tudoran, C.; Bunea, V.; Calborean, A.; Morari, C. Distribution of current in the electrodes of lead-acid batteries:

A thermographic analysis approach. J. Phys. D Appl. Phys 2016, 49, 055503. [CrossRef]
9. Seeger, M.; Schwinne, M.; Bini, R.; Mahdizadeh, N.; Votteler, T. Dielectric recovery in a high-voltage circuit breaker in SF6. J. Phys.

D Appl. Phys. 2012, 45, 395204. [CrossRef]
10. Pan, B.; Wang, G.; Shi, H.; Shen, J.; Ji, H.K.; Kil, G.S. Green gas for grid as an eco-friendly alternative insulation gas to SF6: A

review. Appl. Sci. 2020, 10, 2526. [CrossRef]
11. Pochanke, Z.; Chmielak, W.; Daszcsynski, T. Experimental studies of circuit breaker drives and mechanisms diagnostics. In

Proceedings of the Progress in Applied Electrical Engineering, Koscielisko-Zakopane, Poland, 26 June 2016. [CrossRef]

https://en.unesco.org/sdgs
http://doi.org/10.3390/su12093862
http://doi.org/10.3390/app10207162
http://doi.org/10.3390/su131810125
http://doi.org/10.1109/PESGM.2014.6939811
http://doi.org/10.1088/0022-3727/49/5/055503
http://doi.org/10.1088/0022-3727/45/39/395204
http://doi.org/10.3390/app10072526
http://doi.org/10.1109/PAEE.2016.7605102


Appl. Sci. 2022, 12, 10381 11 of 12

12. Watanabe, T.; Sugimoto, H.; Imagawa, H.; Chan, K.K.; Chew, T.Y.; Qin, S.Z. Practical application of diagnostic method of circuit
breaker by measuring three current waveforms. In Proceedings of the International Conference on Condition Monitoring and
Diagnosis, Beijing, China, 21–24 April 2008. [CrossRef]

13. Bagavathiappan, S.; Lahiri, B.B.; Saravanan, T.; Philip, J.; Jayakumar, T. Infrared thermography for condition monitoring—A
review. Infrared Phys. Technol. 2013, 60, 35–55. [CrossRef]

14. Chen, Y.; Wang, Z.; Li, Z.; Zheng, H.; Dai, J. Development of an online detection setup for dissolved gas in transformer insulating
oil. Appl. Sci. 2021, 11, 12149. [CrossRef]

15. Bustamante, S.; Manana, M.; Arroyo, A.; Laso, A.; Maertínez, R. Determination of transformer oil contamination from the OLTC
gases in the power transformers of a distribution system operator. Appl. Sci. 2020, 10, 8897. [CrossRef]

16. Al-Ameri, S.M.; Kamarudin, M.S.; Yousof, M.F.M.; Salem, A.A.; Siada, A.A.; Mosaad, M.I. Interpretation of frequency response
analysis for fault detection in power transformers. Appl. Sci. 2021, 11, 2923. [CrossRef]

17. Al-Ameri, S.M.; Almutari, A.; Kamarudin, M.S.; Yousof, M.F.M.; Abu-Siada, A.; Mosaad, M.I.; Alyami, S. Application of frequency
response analysis technique to detect transformer tap changer faults. Appl. Sci. 2021, 11, 3128. [CrossRef]

18. Besharatifard, H.; Hasanzadeh, S.; Heydarian-Forushani, E.; Alhelou, H.H.; Siano, P. Detection and analysis of partial discharges
in oil-immersed power transformers using low-cost acoustic sensors. Appl. Sci. 2022, 12, 3010. [CrossRef]

19. Liu, C.H.; Muda, W.H.P.; Kuo, C.C. Turn-to-turn fault diagnosis on three-phase power transformer using hybrid detection
algorithm. Appl. Sci. 2021, 11, 2608. [CrossRef]

20. Ma, X.; Luo, Y.; Shi, J.; Xiong, H. Acoustic emission based fault detection of substation power trsnsformer. Appl. Sci. 2022, 12,
2759. [CrossRef]

21. Mariprasath, V.; Kirubakaran, V. A real time study on condition monitoring of distribution transformer using thermal imager.
Infrared Phys. Technol. 2018, 90, 78–86. [CrossRef]

22. Bohatyrewicz, P.; Plowucha, J.; Subocz, J. Condition assessment of power transformers based on health index value. Appl. Sci.
2019, 9, 4877. [CrossRef]

23. Meira, M.; Ruschetti, C.R.; Álvarez, R.E.; Verucchi, C.J. Power transformers monitoring based on electrical measurements: State of
the art. IET Gener. Transm. Distrib. 2018, 12, 2805–2815. [CrossRef]

24. Pal, D.; Meyur, R.; Menon, S.; Reddy, M.J.B.; Mohanta, D.K. Real-time condition monitoring of substation equipment using
thermal cameras. IET Gener. Transm. Distrib. 2018, 12, 895–902. [CrossRef]

25. Carneiro, A.M.; Pasquali, A.; Romero, M.E.R.; Martins, E.M.; Santos, R. SIDAT—Integrated system for automati diagnostic on
power transformers. In Proceedings of the 10th IEEE/IAS International Conference on Industry Applications, Fortaleza, Brasil,
5–7 November 2012. [CrossRef]

26. Silva, B.P.A.; Ferreira, R.A.M.; Gomez, S.C.; Calado, F.A.R.; Andrade, R.M.; Porto, M.P. On-rail solution for autonomous
inspections in electrical substations. Infrared Phys. Technol. 2018, 90, 53–58. [CrossRef]

27. Aksyonov, Y.P.; Golubev, A.; Muchortov, A.; Rodionov, V.; Minein, V.; Romanov, B.; Churtin, C.; Ignatushin, A. On-line & off-line
diagnostics for power station HV equipment. In Proceedings of the Electrical Insulation Conference and Electrical Manufacturing
and Coil Winding Conference, Cincinnati, OH, USA, 28 October 1999. [CrossRef]

28. Jadin, M.S.; Taib, S. Recent progress in diagnosing the reliability of electrical equipment by using infrared thermography. Infrared
Phys. Technol. 2012, 55, 236–245. [CrossRef]

29. ISO 9712:2021; Non-Destructive Testing—Qualification and Certification of NDT Personnel. International Organization for
Standardization (ISO): Geneva, Switzerland, 2021.

30. Snell, J.; Renowden, J. Improving results of thermographic inspections of electrical transmission and distribution lines. In Pro-
ceedings of the International Conference on Transmission and Distribution Construction, Operation and Live-Line Maintenance
(ESMO), Montreal, Canada, 8–12 October 2000.

31. IEEE Std 738; IEEE Standard for Calculating the Current-Temperature Relationship of Bare Overhead Conductors. IEEE Power
Engineering Society: Piscataway, NJ, USA, 2012.

32. CIGRE WG B2.12; Guide for Selection of Weather Para Meters for Bare Overhead Conductors Rating, Technical Brochure 299.
International Council on Large Electric Systems: Paris, France, 2006.

33. G&T Operations Commitee. NERC Standard FAC-008-3; Facility Rating Methodology and Communication for Associated Electric
Cooperative, Inc. North American Electric Reliability Corporation: Washington, DC, USA, 2017.

34. Zarco-Periñán, P.J.; Martínez-Ramos, J.L. Influential factors in thermographic analysis in substations. Infrared Phys. Technol. 2018,
90, 207–213. [CrossRef]

35. ANSI/NETA; Standard for Maintenance Testing Specifications for Electrical Power Equipment and Systems. American National
Standards Institute: New York, NY, USA, 2011.

36. Zarco-Periñán, P.J.; Martínez-Ramos, J.L.; Zarco-Soto, F.J. A novel method to correct temperature problems revealed by infrared
thermography in electrical substations. Infrared Phys. Technol. 2021, 113, 103623. [CrossRef]

37. Santos, L.D.; Bortoni, E.; Souza, L.E.; Bastos, G.S. Infrared thermography applied for outdoor power substations. In Proceedings
of the SPIE—the International Society for Optical engineering, Orlando, FL, USA, 18–20 March 2008. [CrossRef]

38. Zarco-Soto, F.J.; Zarco-Periñán, P.J. Intellectual Property 04/2019/2029; World Intellectual Property Organization: Geneva, Switzer-
land, 2019.

http://doi.org/10.1109/CMD.2008.4580311
http://doi.org/10.1016/j.infrared.2013.03.006
http://doi.org/10.3390/app112412149
http://doi.org/10.3390/app10248897
http://doi.org/10.3390/app11072923
http://doi.org/10.3390/app11073128
http://doi.org/10.3390/app12063010
http://doi.org/10.3390/app11062608
http://doi.org/10.3390/app12052759
http://doi.org/10.1016/j.infrared.2018.02.009
http://doi.org/10.3390/app9224877
http://doi.org/10.1049/iet-gtd.2017.2086
http://doi.org/10.1049/iet-gtd.2017.0096
http://doi.org/10.1109/INDUSCON.2012.6451393
http://doi.org/10.1016/j.infrared.2018.01.019
http://doi.org/10.1109/EEIC.1999.826285
http://doi.org/10.1016/j.infrared.2012.03.002
http://doi.org/10.1016/j.infrared.2018.03.014
http://doi.org/10.1016/j.infrared.2020.103623
http://doi.org/10.1171/12.782034


Appl. Sci. 2022, 12, 10381 12 of 12

39. EPRI. Infrared Thermography Guide; Electric Power Research Institute: Palo Alto, CA, USA, 2011.
40. Technical Service Center, Thermal Analysis. Facilities Instructions, Standards, and Techniques Volume 4-13; US Department of the

Interior, Technical Service Center: Denver, CO, USA, 2011.


	Introduction 
	Context 
	Substation Maintenance 
	Research Motivation 
	Aim of the Research 

	Performance of a Correct Thermography 
	Factors Influencing Thermographic Inspection 
	Conditions for Conducting Thermographic Inspections 
	Action to Be Carried out in a Hot Spot 
	Hot Spot Temperature Corrections 
	Worksheet with the Recommended Action to Carry Out 

	Extrapolation Formula 
	Application of the Proposed Formula in the Field 
	Actions in the Field 
	Field Results 

	Conclusions 
	References

