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Abstract: Electricity demand has surged over the last several years and will persist in the future.
Increased transmission loads cause transmission lines to operate much closer to their security limits,
leading to thermal and mechanical stress and thus affecting the transmission reliability and thermal
aging. Accordingly, monitoring the conductor temperature over time is critical to identifying power
transmission networks that may need extra attention and perhaps maintenance. This paper presents
a fuzzy thermal aging model for transmission lines equipped with a fuzzy dynamic thermal rating
system based on the IEEE 738 standard. In this framework, the ampacity of the transmission line
was calculated. The conductor temperature was computed with the back-calculation method by
considering the fully loaded transmission line. The estimated conductor temperature was employed
to determine the corresponding conductor fuzzy loss of tensile strength, i.e., the fuzzy annealing
degree of the conductor based on the Harvey model. Additionally, a tensile strength loss cost profile
is provided. Simulation and numerical results indicate that the proposed framework is robust
against various operating conditions of the parameters considered in the study and provides crucial
information for managing transmission assets and transmission network operation.

Keywords: fuzzy dynamic thermal rating systems; transmission line; thermal aging; annealing; loss
of tensile strength

1. Introduction

The electricity demand is increasing faster than the transmission capacity. Thus, to
meet the energy demand, electric power networks are continuously evolving [1]. Power
networks can be improved by integrating more renewable power sources without com-
promising overhead conductors. Power utilities need to adopt new and flexible network-
enhancement approaches that improve power transfer capabilities while avoiding or defer-
ring investments in major assets [2]. The objective of such developments is to transform
conventional power networks into smart systems that can accommodate various types of
ever-growing energy demands.

Considering the aforementioned scenarios, realizing the maximum capacity of existing
transmission lines is one of the cost-effective and sustainable approaches to improving the
transfer capacity of transmission systems [3]. Therefore, dynamic thermal rating (DTR) is
recognized as one of the most promising and effective solutions for congested transmission
lines [4]. It improves the overall reliability and provides greater flexibility during load
shedding [5,6]. Following the implementation of DTR with demand-side management,
the load demand transforms from fixed to dynamic and gains active response capacity.
This allows the power system and power equipment to operate safely by controlling
flexible resources on the load side [1,7]. Dynamic thermal rating with storage technologies
and management systems could also improve the reliability and utilization of electric
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power [8,9]. Numerous studies have examined the impact of DTR on the penetration of
renewable energy sources, particularly wind turbines [10]. In turn, this process allows
for satisfying additional load points while maintaining financial viability in the case of
emergencies and reduces the need for additional transmission assets. In addition, DTR
is less expensive than constructing new lines or upgrading major infrastructure [3,11].
Therefore, switching from static dynamic rating (STR) to DTR is beneficial.

The dynamic line rating approach is more practical for upgrading the load-carrying
capacity and meeting load demands. However, excessive load leads to high conductor
temperatures [12]. In turn, this process will accelerate the mechanism involved in conductor
degradation, such as annealing and aging. Accordingly, a component’s aging rate depends
directly on the magnitude of the thermal overload and the duration of exposure to high
temperatures. The progressive deterioration of electric components has a detrimental effect
on the reliability and economics of the power system [13].

Therefore, research on improving the load capacity of overhead transmission lines (OHL)
and conductor thermal behavior and upgrading existing lines must be addressed [14,15].
Numerous studies have been conducted to address challenges such as the thermal stress
and aging of conductors to enhance their performance or line rating [16,17].

The thermal rating is an essential consideration when designing and operating trans-
mission lines. Recent research on thermal stress along transmission lines has focused on
the causes and effects of thermal stress as well as approaches to improve the reliability and
optimize the performance of transmission lines [18,19]. To address the problem of thermal
stress along transmission lines, different monitoring techniques have been developed on
the basis of extensive studies [20,21] by evaluating thermal aging [22]. The reliability
evaluation of transmission lines can be improved by better understanding the degradation
mechanisms that cause component aging and failure [23]. Several industrial standards
have been established, thereby providing a framework for determining the temperature of
overhead lines [24,25].

Furthermore, DTR calculations contain high uncertainty due to the lack of sample
stations along the transmission lines, inherent measurement inaccuracies, and unpredictable
weather changes. The reliability and safety of monitoring stations and the communication
system as a whole have been discussed [26]. To obtain a more accurate estimate of the line
rating and conductor temperature, including uncertainties in the computation is necessary.
Although probabilistic tools are capable of modeling parameter uncertainties, they are
somewhat restricted in their application due to the requirement of a specified standard
probability distribution for uncertain parameters [27,28]. Instead, the fuzzy set has been
determined to be the best for modeling the uncertainty associated with meteorological
data [18–29]. Additionally, fuzzy reasoning has been effectively employed for the optimal
control of transmission line overloading [30], and a fuzzy-based control method for the
computation of transmission line ampacity has been presented [31].

To analyze the thermal behavior of the conductor, the heat balance equation of the
overhead line’s conductor has been used in various studies to estimate the conductor
temperature for different conditions. These equations are employed using the real-time
monitoring of meteorological conditions to calculate the dynamic thermal rating of the
line [24].

Thus, to demonstrate the proposed uncertainty evaluation framework, the transmis-
sion line thermal aging model was applied with the fuzzy dynamic thermal rating (FDTR).
The FDTR system was considered because it is able to postpone and avoid substantial line
investments [30]. It is cost-effective and faster to deploy than standard line enhancement
approaches. Meanwhile, historical weather conditions were considered during the FDTR
calculation. Numerical simulations were carried out on the basis of data taken from real
databases. Fuzzy analyses were performed to illustrate the efficiency of the proposed
methodology.
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2. Thermal Rating Evaluation of Overhead Transmission Lines

This paper proposes the integration of the fuzzy dynamic thermal rating (FDTR) sys-
tem and a thermal aging model (TAM) to form an FDTR-TAM. The FDTRs were computed.
Subsequently, line ratings were assigned, and the line was deemed to be fully loaded.
Section 4 addresses and describes the uncertainty in the collection of meteorological data.

2.1. Dynamic Thermal Rating System Theory

The steady-state dynamic thermal rating of bare overhead conductors can be char-
acterized by the meteorological conditions surrounding the line based on the IEEE 738
standard [24]. The major variables affecting DTR are the heat obtained from the sun, the
convection heat lost by the surrounding air, the radiation heat obtained due to the differ-
ence between the conductor and ambient temperatures, and the current flowing through
the line. If the environmental conditions surrounding the conductor remain constant, the
conductor’s carrying current is determined by the amount of heat gained and lost [9]. The
steady-state heat balance equation for the conductor is represented below:

Qc(Tc, Ta, Vw, ϕ) + Qr(Ta, Tc) = Qs(ω) + I2R(Tc), (1)

where Qc indicates the convection heat loss, Qr represents the radiation heat loss, Qs
is the radiation heat gain, and I2R(Tc) denotes the joule heat gain due to current flow
through a conductor, where (I) is the maximum allowed value equal to the line rating.
Additionally, each of these heat elements is determined as a function of various weather
parameters, which include ambient temperature, solar radiation angle, wind speed (Vw),
and incident wind angle ((ϕ)) with respect to the line, ambient temperature Ta, solar angle
(ω), conductor temperature (Tc), and conductor resistance (R), which is dependent on
conductor temperature.

Therefore, under certain meteorological conditions, the maximum allowed current
capacity is as follows:

I =

√
Qc(Tc, Ta, Vw, ϕ) + Qr(Tc, Ta)−Qs(ω)

R(Tc)
. (2)

The allowable temperature of the conductor is certainly different in steady-state and
dynamic situations. Each span’s allowed current may be different from the others due to
different meteorological conditions. Logically, the line rating is adopted as the lowest value
of permissible currents measured over the entire span of the line.

The calculation in Equation (1) is based on various inputs. Among them, frequent
changes in the meteorological data may cause sampling errors given the inherent uncertain-
ties in weather sensors. Even though some inputs, such as conductor properties, are fixed,
the uncertain nature of weather data results in the modification of Equation (1), which
implies the use of fuzzy logic, as stated in Section 4.

2.2. Assessment of Conductive Heat Loss Rate

The air surrounding the conductor is heated due to the high surface temperature of
the conductor. This means that wind velocity determines two instances of convection:
(a) the natural flow of air takes place when the wind speed is zero; by contrast, (b) forced
convection causes the dispersal of heated air as a result of the forced mass flow. Overhead
transmission lines are thus cooled primarily by forced convection heat loss.

The convective heat loss of the conductor is determined by the maxim of QcL, QcH , QcN ,
which is applicable for low, high, or zero wind speed [24]. Based on the surface condition
of the conductor, the conductor absorptivity ranges from 0.23 to 0.91.
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2.3. Assessment of Radiative Heat Loss Rate

Additional heat loss occurs through thermal radiation, depending on the conductor’s
surface temperature. Weathered conductors have a higher emissivity than new conductors,
resulting in increased radiative heat loss. Radiative cooling is often negligible, particularly
when forced convection is used due to the relatively low operating temperature of overhead
lines [24].

2.4. Assessment of Solar Heat Gain Rate

The intensity of solar heat varies throughout the seasons as well as the various hours
of the day. Therefore, its energy is based on the projected area of the conductor (Ar),
latitude (Lat), and solar absorptivity (α). α is considered identical to emissivity ε. Thus,
latitude (Lat) lies in the range of −90,+90◦, and solar declination ranges from 0 to 90◦.
The key factors influencing heat flux density are solar altitude (Hc), hourly angle (ω), and
atmospheric clarity [24].

3. Thermal Rating Evaluation of Overhead Transmission Lines

The high operating temperature results in excessive thermal stress, which leads to
permanent damage to the conductor. The operation of an overhead transmission conductor
above its maximum current carrying capacity subjects it to faster aging, which can lead
to the annealing of the conductor and therefore reduce the tensile strength; this effect is
known as “elevated temperature creep” [32]. These factors reduce the conductor’s residual
lifetime. The creep of aluminum conductor steel reinforced (ACSR) is evaluated on the
basis of the IEEE 1283 standard as follows:

εc = 0.24(%RS)1.3 αTct0.16. (3)

Aluminum-based conductors such as ACSR and all-aluminum conductors (AACs)
undergo annealing at temperatures exceeding 95 ◦C [16]. The first experimental results
showing the aging of aluminum conductors were presented by Schamberger [33]. Alu-
minum annealing curves and a graphical method for determining the loss of tensile strength
are discussed in [34]. Harvey [35] created a systematic model for analyzing the loss of
strength associated with increased conductor operating temperature, and this model was
further modified to consider the loss of strength in the cross-sectional area [36]. The use-
fulness of this approach has been validated with real-time data [37]. To the best of the
authors’ knowledge, no one has considered the uncertainties associated with meteoro-
logical data. However, the method proposed in Section 4 considers the uncertainties of
meteorological data to calculate the total quantity of the loss of strength of the conductor.
Harvey’s model [35] was adopted to evaluate thermal aging described in this paper. It
provides a generic technique applicable to a wide range of conductor sizes and is often
used in practice.

4. Thermal Rating Evaluation of Overhead Transmission Lines

The DTR system discussed in Section 2 assumes no error in sensors used for data
sampling, and the resulting values are crisp according to fuzzy theory. However, when
uncertainty is considered, ranges of values can be derived, which are referred to as fuzzy
numbers. In this section, the fuzzy approach is applied to the dynamic thermal rating
system (DTR) and thermal aging model (TAM) to create the fuzzy-based version known as
the FDTR-TAM. All of the models presented in Sections 2 and 3 remain valid despite the
addition of fuzzy theory.

4.1. Fuzzy Numbers

An important aspect of fuzzy analyses is their computational efficiency, which can be
obtained by formulating the membership functions into interval calculations. Kaufman
and Gupta [38] demonstrated that by composing membership functions into intervals,
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fuzzy analysis could reduce mathematical and computational operations. The α-cut is the
composition of each fuzzy interval, and fuzzy α-cut arithmetic is applied to calculate the
results associated with the α-cut. Triangular fuzzy number A and the α-cut of this fuzzy
number illustrated in Figure 1 are described as the follows:

µA(x) =


0 x ≤ a

x−a
b−a a ≤ x ≤ b
c−x
c−b b ≤ x ≤ c

0 x ≥ c

, (4)

∀α ∈ [0, 1] : α A ={x|µA (x) ≥ α} = [ α A1, α A2] = [ α Amin,
α Amax,], (4a)

where µA(x) denotes the triangular membership function of fuzzy number A. To uti-
lize the fuzzy outcomes constructively, various defuzzification methods are employed to
convert the fuzzy results into crisp numbers, such as distance, magnitude, and centroid
point [39–41]. The centroid point method is described as follows:

x(A) =

∫ a2
a1

x·µA(x)dx∫ a2
a1

µA(x)dx
, (5)

where a1 and a2 are the constraints for all fuzzy numbers with a nonzero membership grade.
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4.2. Fuzzy DTR

The transmission line heat balance Equation (1) incorporates several meteorological
data inputs, whose uncertainties are addressed by fuzzy numbers. The calculations are
therefore initiated by fuzzifying the input parameters.

Weather variables such as ambient temperature (Ta), wind speed (Vw), and wind
angle (ϕ) surrounding the transmission line are uncertain due to the change in time and
span. In addition, uncertainties are inherent in the respective measuring instruments.

All of these inputs were thus modeled using fuzzy numbers with their membership
functions, such as µVw(Vw), µϕ(ϕ), and µTa(Ta). In this section, we describe how fuzzifica-
tion changes Equation (1), and the following subsections explain these steps.
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4.2.1. Fuzzy Model of Air Density, αρ f

When a crisp number is added or multiplied by a fuzzy number, the membership
function of the fuzzy number remains the same.

αTf ilm =
[

αTf ilm1 , αTf ilm2

]
=

[ αTa1 + Tc

2
,

αTa2 + Tc

2

]
, (6)

where Ta is fuzzy. Then, the fuzzy air density, αρ f , is as follows:

αρ f =
[

αρ f1 , αρ f2

]
=

[
H

1 + 0.00367 αTf ilm2

,
H

1 + 0.00367 αTf ilm1

]
, (7)

such that
H = 1.293− 1.525× 10−4He + 6.379× 10−9He

2. (8)

4.2.2. Fuzzy Model of Air Dynamic Viscosity, αµ f

Equation (9) contains a positive power. It can be applied directly to the membership
function of αTf ilm because positive power only monotonically increases function values.
Therefore, the fuzzy model of air dynamic viscosity, αµ f , is as follows:

αµ f =
[

αµ f1 , αµ f2

]
=


1.458×10−6

(
αTf ilm1

+273
)1.5

αTf ilm2
+383.4

1.458×10−6( αTf ilm2
+273)

1.5

αTf ilm1
+383.4

, (9)

4.2.3. Fuzzy Model of Air Thermal Conductivity, αk f

As mentioned above, positive powers are directly applied to αTf ilm. Therefore, the
fuzzy model of thermal conductivity (αk f ) is as follows:

αk f =
[

αk f1 , αk f2

]
=

[
Y1 + Y2

αTf ilm1 − Y3
αTf ilm2

Y1 + Y2
αTf ilm2 − Y3

αTf ilm1

]
, (10)

where Y1 = 2.424× 10−2 Y2 = 7.477× 10−5 Y3 = 4.407× 10−9.

4.2.4. Fuzzy Model of Wind Direction Factor, αkangle

The fuzzy model of the wind direction factor αkangle is as follows:

αkangle =
[

αkangle1 , αkangle2

]
=

[
x1 + x2cos(2 α ϕ1) + x3sin(2 α ϕ1)− cos( α ϕ2)
x1 + x2cos(2 α ϕ2) + x3sin(2 α ϕ2)− cos( α ϕ1)

]
, (11)

where x1 = 1.194, x2 = 0.194, and x3 = 0.368.
The effect of a trigonometric function on fuzzy numbers has been discussed [38]. A

wind angle range of 0◦ ≤ ϕ ≤ 90◦ was considered. When the crisp angle is determined
without the fuzzy method by applying either the minimum or maximum constraints [0, 90◦],
it lies in the range of [0.38, 1], which is monotonically increasing. However, the range
of final fuzzy outcomes when applying fuzzy operations does not always fall within the
acceptable crisp range. To address this issue, the range of kangle is always compressed to the
crisp acceptable range. For example, when 30◦ ≤ ϕ ≤ 60◦ is applied to the trigonometric
membership function, the calculated value of crisp kangle ranges between 0.74 and 0.92.
However, upon applying fuzzy arithmetic, the range of k angle ranges between [0.55, 1.11].
In response, the range based on fuzzy numbers is larger than the range computed using
crisp numbers. Consequently, the fuzzy kangle was compressed to comply with the crisp
range only, as shown in Figure 2.
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4.2.5. Fuzzy Model of Convective Heat Loss Rate, αQc

The fuzzy model of convection heat loss rate, ( αQc), is as follows:

αQc = [ αQc1 , αQc2 ] =

[
max

(
αQcH1 , αQcL1 , αQcN1

)
,

max
(

αQcH2 , αQcL2 , αQcN2

) ], (12)

where

αQcH =
[

αQcH1 , αQcH2

]
=


[
1.01 + 1.35( αγ1)

0.52
]
· αλ1,[

1.01 + 1.35( αγ2)
0.52
]
· αλ2

, (13a)

αQcL =
[

αQcL1 , αQcL2

]
=


[
0.754( αγ1)

0.6
]
· αλ1,[

0.754( αγ2)
0.6
]
· αλ2

, (13b)

αQcN =
[

αQcN1 , αQcN2

]
=


[

3.645D0.75 +
(

αρ f1

)0.5
(Tc − αTa2)

1.25
]

,[
3.645D0.75 +

(
αρ f2

)0.5
(Tc − αTa1)

1.25
]
, (13c)

such that
αγ = [ αγ1, αγ2] =

[
D

αρ f1
αVw1

αµ f2

, D
αρ f2

αVw2
αµ f1

]
, (14)

αλ = [ αλ1, αλ2] =

( αkangle1 ·
αk f1

)
· (Tc − αTa2),(

αkangle2 ·
αk f2

)
·(Tc − αTa1)

. (15)

4.2.6. Fuzzy Model of Radiation Heat Loss Rate, αQr

The fuzzy radiation heat loss rate ( αQr) is as follows:

αQr = [ αQr1 , αQr2 ] =


17.8Dε

[(
Tc+273

100

)4
−
( αTa2+273

100

)4
]

,

17.8Dε

[(
Tc+273

100

)4
−
(

αT1+273
100

)4
]
, (16)
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4.2.7. Fuzzy Model of Solar Heat Gain Rate, Qs

The calculation of solar heat gain rate, (Qs), begins as follows:

Hc = arcsin[cos(Lat)·cos(δ)·cos(ω) + sin(Lat)·sin(δ)], (17)

δ = 23.46·sin
[

284 + N
365

·360
]

, (18)

Zc = C + arctan(χ), (19)

such that

χ =
sin(ω)

sin(Lat)·cos(ω)− cos(Lat)·tan(δ)
, (19a)

where the solar azimuth constant C is a function of the fuzzy solar hour angle, ω, and solar
azimuth χ, which can be estimated from the table shown in the IEEE 738 standard.

The following is also considered:

θ = arccos(Hc)·cos(Zc − Zl). (20)

The solar heat intensity at the earth’s surface is corrected for altitude by the following:

Qse = ksolarqs, (21)

such that

qs =

[
u1 + u2(Hc) + u3(Hc)

2 + u4(Hc)
3

+u5(Hc)
4 + u6(Hc)

5 + u7(Hc)
6

]
, (21a)

where u1, u2, ... u7 are the constants available in the IEEE standard 738 [24].
The following are also considered:
where

ksolar = s1 + s2He + s3(He)
2, (21b)

and finally,
Qs = Ψ·Qse·sin(θ)·Ar. (22)

4.3. Fuzzy Thermal Aging of Transmission Lines

As previously stated, the thermal aging of overhead lines is driven by the conductor
temperature, which is influenced by environmental factors such as ambient temperature,
wind angle, wind speed, and solar hourly angle. The uncertainties associated with these
variables are considered fuzzy numbers in Section 4.

Among the different types of conductors used in high-voltage transmission lines, the
aluminum conductor steel reinforced (ACSR) type is now employed globally for technical
and economic reasons. Therefore, the fuzzy thermal aging model was derived only on the
basis of ACSR in this study. Table 1 lists the physical and structural properties of several
ACSR variants according to the American Society for Testing and Materials (ASTM) B
354-98 standard [42].

Table 1. Physical and constructional properties of typical ACSR.

Codeword

Cross-Sectional Area Stranding
Rated Strength of Steel

Core Coating, NAal
mm2

Ast
mm2

Number
ηal/ηsl

Diameter
dal/dst

mm

Kiwi 1098.2 47.5 72/7 4.45/2.97 223,000
Cardinal 483.3 62.6 54/7 3.43/3.43 150,000
Curlew 523.4 67.8 54/7 3.51/3.51 157,000
Drake 403.0 65.6 26/7 4.44/3.45 135,000
Heron 253.4 59.1 30/7 3.45/3.45 118,000

Saguenay 561.2 189.5 36/19 4.50/3.60 298,000
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As mentioned above, positive powers were directly applied to
(

αTf ilm

)
. Therefore,

the fuzzy model of creep (αεc) is as follows:

αεc = [ αεc1 , αεc2 ] =

[
0.24(% αRS1)

1.3 αTc1 t0.16,
0.24(% αRS2)

1.3 αTc2 t0.16

]
, (23)

where % αRS = [% αRS1, % αRS2] is the remaining percentage strength of the conductor,
and t is the number of hours operating at (αTc).

The %RS is determined as follows [34]:

αRS = [ αRS1, αRS2] =

 αRSal1

(
STRal
STRT

)
+ 109

(
STRst
STRT

)
αRSal2

(
STRal
STRT

)
+ 109

(
STRst
STRT

)
, (24)

such that

αRSal = [ αRSal1, αRSal2] =


{

αβ1tφ i f αβ1 l 100
100tφ otherwise

,{
αβ2tφ i f αβ2 l 100

100tφ otherwise

, (25)

where
STRal = πηaldal

2Salkal/4, (26a)

STRsl = πηsldsl
2S1%

sl ksl/4, (26b)

STRT = STRal + STRsl . (26c)

STRal and STRsl in (26a,b) are the strengths of the ACSR’s aluminum and steel strands,
respectively, and STRT is the total strength of the ACSR. (αβ) and (αφ) in (25) were calcu-
lated as follows:

αβ = [ αβ1, αβ2] =

[
134− 0.24 αTc1,
134− 0.24 αTc2

]
, (27)

αφ = [ αφ1, αφ2] =

[
(0.241− 0.00254 αTc1)/dal ,
(0.241− 0.00254 αTc2)/dal

]
, (28)

where dal is the diameter of the aluminum strand, and dsl is the diameter of the steel
strand; the remaining variables in (26a) and (26b), such as ηal and ηsl , are the number of
strands of aluminum and steel provided in Table 1 [43]. Sal is the average breaking stress
of aluminum given in Table 2 [44], and S1%

sl is the average breaking stress of steel’s core at
1% extension given in Table 3 [45], where kal and ksl are the aluminum and steel reduction
factors, respectively [46]. All of the variables are discussed in this study, except for their
SI units.

Table 2. Breaking tensile stress and diameter tolerance of aluminum wires.

Nominal Diameter mm
Breaking Stress, MPa Permissible Variations from

Nominal DiameterAverage/Lot Individual Tests

1.26–1.50 200 185

±0.03

1.51–2.00 195 185
2.01–2.25 190 180
2.26–2.50 185 175
2.51–2.75 180 170
2.76–3.00 175 165
3.01–3.75 170 160

±1%3.76–5.25 165 160
5.26–6.50 160 155
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Table 3. Tensile requirement and diameter tolerance of zinc-coated, steel-core wires.

Nominal Diameter mm
Breaking Stress, MPa Permissible Variations

from Nominal DiameterCoating Class A Coating Class A Coating Class A
1.60–2.30 1310 1240 1170 +0.04; −0.03
2.31–3.05 1280 1210 1140 ±0.05
3.06–3.60 1240 1170 1100 +0.08; −0.05
3.61–4.80 1170 1100 1070 +0.10; −0.08

The tensile strength of an ACSR is defined as the highest load per unit of cross-
sectional area that a tensioned conductor can withstand during a rupture test. Thus,
an ACSR conductor’s loss of tensile strength (LOTS) is expressed as a percentage and
computed as follows:

αLOTS = [ αLOTS1 , αLOTS2 ] = [100%− αRS1, 100%− αRS2]. (29)

The LOTS of the ACSR conductor is measured by considering αTc, which is obtained
from the fuzzy dynamic thermal model presented in Section 4.3. When determining the
economic cost of conductors based on the LOTS, the following factors are considered: length
L (in meters) of the transmission line on which the conductor is used, weight-to-length ratio
0w:L (kg/m), and cost-to-weight ratio 0c:w (USD/kg), as follows:

αCostLOTS = [ αCostLOTS 1 , αCostLOTS 2 ] =

 αLOTS× (L×0w:L ×0c:w)
[

USD
100%

]
,

αLOTS× (L×0w:L ×0c:w)
[

USD
100%

]
. (30)

4.4. Conductor Temperature

The solution to αεc requires determining αTc. To perform this function, we refer to
the IEEE 738 standard [24], as shown in the following:

αQc(
αTc, αTa, αVw, α ϕ) + αQr(

αTa, αTc) = Qs(ω) + αQj[I, R( αTc)], (31)

where
αQj =

[
α I2R( αTc)

]
. (31a)

Equation (31a) is the modified fuzzy heat balance equation describing the heat ex-
changes of overhead lines due to uncertain meteorological conditions. Owing to the
non-linear state of this equation with the data of αI and all of the remaining parameters
being the same, the equation is applied backwards to compute the αTc that satisfies the
fuzzy heat balance Equation (31a). αTc was initially set at 100 ◦C, and in each iteration, αTc
was increased or decreased by 1 ◦C, and (31a) was computed. This back-calculation process
was ended when the consecutive heat balance (HB) error was less than 1%, as twenty years
of hourly weather data were used in the analysis.

The illustration of this process is as shown in Figure 3.
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Figure 3. Conductor temperature estimation via an iterative process.

5. Sensitivity Analysis of Meteorological Parameters and Conductor Properties

The static thermal rating (STR) continues to be the primary method used by overhead
transmission lines to determine the current carrying capacity. Table 4 outlines the limits
of the static rating. Unlike STR, DTR assesses the current carrying capacity using actual
meteorological parameters. Thus, the line capacity can be increased significantly.

Table 4. Limits of the static rating.

Parameter Value

Wind speed (m/s) 0.61
Wind direction angle (◦) 90
Ambient temperature (◦C) 40
Solar intensity (w/m2) 1000
Radiation factor 0.5
Absorption factor 0.5
Maximum operating temperature (◦C) 1000

The STR calculated at Ta = 40 ◦C and Vw = 0.61 is 768A, and following that, the current-
carrying capacity was evaluated according to the variation in meteorological conditions.
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5.1. Impact of Wind Speed on the Ampacity of Overhead Transmission Line

Convection cooling is affected by wind speed. As long as the other parameters remain
constant, the range of the wind speed change is assumed to be 0–25 m/s. Figure 4a
illustrates the effect of wind speed on the ampacity. As seen in Figure 4a, in the wind speed
section of 0–4 m/s, as the wind speed increases, a small difference is observed in the fuzzy
ampacity from 1172 A to 1232 A; however, the crisp ampacity rating increases rapidly
from 752 A to 1321 A. Relative to the wind speed of 0 m/s, the carrying capacity increased
by 5% and 75.6% for fuzzy and crisp ratings, while in the 4–25 m/s wind speed section,
fuzzy and crisp ampacity increased from 1232 A up to 2765 A and 1321 A up to 2779 A,
respectively. Compared with the wind speed of 0–4 m/s, the ampacity increased by 124%
and 108%, respectively. The impact of wind speed increased as the wind speed increased.
Consequently, the wind speed has a great impact on the ampacity of the transmission line.
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5.2. Impact of Wind Angle on the Ampacity of Overhead Transmission Line

The wind direction is a determining factor for the convective cooling of overhead
lines. While keeping the other environmental conditions constant, the impact of the wind
direction angle (0◦–90◦) on the ampacity of the transmission line is illustrated in Figure 4b.
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In the wind angle range of 0◦–45◦, with the increase in the angle, the crisp and fuzzy
ampacity of the line increased from 787A up to 1041 A and 804 A up to 1100 A, respectively.

Compared with the wind angle of 0◦, the ampacity increased by 32.27% and 36.81%.
In the wind angle range of 45◦–90◦, as the angle increased, the ampacity increased from
1041 A to 1119 A and 1100 A to 1181 A. The ampacity increased by 7.49% and 7.36% with
respect to the wind angle range of 0◦–45◦. Consequently, the wind angle has a great impact
on the ampacity of the transmission line.

5.3. Impact of Solar Intensity on the Ampacity of Overhead Transmission Line

Among the factors affecting the ampacity of overhead transmission lines, solar in-
tensity is the one that affects the solar absorption of overhead lines. By keeping the other
environmental parameters constant and assuming a solar intensity range of 0–1000 w/m2,
the impact of solar intensity on ampacity is shown in Figure 4c.

The impact of solar intensity on the ampacity decreases almost linearly. The solar
absorption of the transmission line increased as the intensity of the sunlight increased, and
the crisp and fuzzy ampacity of the line decreased from 1169 A to 1119 A and 1221.4 A to
1181 A, respectively. The ampacity of the line dropped by 4.2% and 3.2% compared with
a solar intensity of 0 w/m2. Thus, the solar intensity has a relatively small impact on the
ampacity of the transmission line.

5.4. Impact of Ambient Temperature on the Ampacity of Overhead Transmission Line

The ambient temperature surrounding the overhead transmission line is the influ-
encing factor on the radiation dissipation. Keeping the other environmental conditions
constant, the impact of the ambient temperature ranging from 0 ◦C–40 ◦C on the ampacity
is shown in Figure 4d.

The impact of ambient temperature on the current carrying capacity of the line de-
creases almost linearly. The difference between the conductor temperature and the ambient
temperature decreased as the ambient temperature rose from 0 ◦C to 40 ◦C. Therefore,
radiation cooling was reduced. Thus, the crisp and fuzzy ampacity of the line was re-
duced from 1457 A to 1118 A and 1538 A to 1180 A, respectively. The ampacity of the line
dropped by 23.26% and 22.27% compared with the temperature of 0 ◦C. Hence, the ambient
temperature also has a great impact on the ampacity of the transmission line.

5.5. Impact of Emissivity on the Ampacity of Overhead Transmission Line

The emissivity is also one of the factors influencing the capacity of the overhead
transmission line. The emissivity of the overhead conductor surface affects the amount of
heat radiation from the conductor, as described in Equation (16). In stranded conductors,
each strand of a conductor radiates heat in all directions. The emissivity factor of a new
conductor is low, around 0.23, whereas that of an aged conductor is much higher at
approximately 0.91. Thus, keeping the other environmental conditions constant, the impact
of the emissivity constant (0.23 to 0.91) on the ampacity of the transmission line is illustrated
in Figure 5a.

The impact of emissivity on the current carrying capacity of the line increases almost
linearly. As the emissivity constant value increased, the crisp and fuzzy ampacity of the
line increased from 1069 A to 1192 A and 1114 A to 1240 A, respectively. The ampacity of
the line increased by 11.05% and 11.31% compared with the emissivity constant of 0.23. The
emissivity constant has a relatively small impact on the ampacity of the transmission line
at a higher current carrying limit and has a great impact at a lower current-carrying limit.
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5.6. Impact of Solar Absorption on the Ampacity of Overhead Transmission Line

The solar absorption factor directly influences the capacity of the overhead transmis-
sion line. The solar absorption factor has a direct impact on the heat gain rate (Qs), as
described in (22). In contrast to conductor emissivity, solar absorption has the opposite
impact on capacity. In stranded conductors, each strand of a conductor radiates heat in all
directions. Assuming that the solar absorption factor varies between 0.23 and 0.91 while
keeping the other environmental conditions constant, the impact of the solar absorption
factor on the ampacity of the transmission line is illustrated in Figure 6.
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The impact of the solar absorption factor on the current carrying capacity of the line
decreases almost linearly. As the solar absorption factor value increased, the crisp and fuzzy
ampacity of the line decreased from 1146 A to 1077 A and 1203 A to 1149 A, respectively.
The ampacity of the line decreased by 6.02% and 4.48% compared with a solar absorption
factor of 0.23. Consequently, the solar absorption factor has a relatively small impact on the
ampacity of the transmission line.
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6. Case Studied

To illustrate the application of the fuzzy thermal aging analysis on a real-time power
transmission system, a 150 km sample transmission line is considered. The conductor is
assumed to be a Drake ACSR conductor, and the properties of the conductor are provided
in Tables 1–3, with a weight-to-length ratio w:L of 1.6266 kg/m and a cost-to-weight ratio
c:w of USD 1.86/kg [47]. Given these values, the cost of 100% conductor annealing is
approximately USD 302 K based on (30). The historical wind speed data along the power
transmission line were derived from the British Atmospheric Data Centre (BADC) [48]
website for the period from 1991 to 2010, provided in 1 h time resolutions. The historical
weather data were used to back-calculate the conductor temperature Tc following the fuzzy
dynamic thermal model presented in Section 4.4. The maximum line loading was arbitrarily
set at 3500 A, along with a transmission capacity reserve of 10% [49]. The conductor
temperature Tc was subsequently used to determine the conductor’s Lots, annealing, and
economic value, as given in Section 4.3.

To emulate the real operation of a transmission system, the first part of the study
considered the fuzzy dynamic thermal rating (FDTR) of the transmission line using the
methodology described in Section 4. The meteorological data obtained from (BADC)
were used for FDTR. Weather data are highly uncertain due to the absence of sample
stations along the transmission lines, measurement inaccuracies, and unpredictable weather
changes. The measurement errors associated with ambient temperature (Ta), wind speed
(Vw), and wind angle (ϕ) were assumed to be 5 times those in [29]. Thus, the triangle
membership function was used to create the membership function for all parameters. The
membership function’s domain is equal to the range of possible values for the relevant
parameter. Each parameter’s membership function was created on the basis of its changes
throughout the preceding period.

The dynamic ratings of the transmission line were calculated by applying the fuzzy
and crisp approaches, and the obtained results were compared with the real-time dynamic
rating. Figure 6a,b illustrate the fuzzy DTR, crisp DTR, and real-time DTR of the line for
24 h in winter and summer. Figure 7 shows the fuzzy dynamic rating on 30 June 2010 at
11 am. It shows that the possible line rating lies between 1260 and 1376 A, which is higher
than the static rating. Power utilities can use 1260 A or 1376 as the line’s rating or use the
defuzzified number.
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We recall that the static rating of the line is 768 A from Section 5. The dynamic rating
of the line is always higher than its static rating, as shown in the figures. During certain
periods of time, DTR is nearly twice as high as the static rating. Thus, adopting the dynamic
rating is critical for alleviating the congestion of the transmission system. As shown in
Figure 6a,b, the fuzzy model considers the changes in parameters during each period and
generates a value close to the average during that time period. However, in crisp DTR, it is
demonstrated that the estimated DTR is excessively high at some points, i.e., the 20th hour
in Figure 6a and the 10th and 17th hours in Figure 6b. Thus, the fuzzy model obviously
performs better than crisp analysis, as it considers all of the changes in the line rating for
each time interval.

The ampacity of the transmission line was calculated using the fuzzy and crisp method,
corresponding to 1 h intervals for the 20-year meteorological data. Figure 8 shows the
scatter diagram. The current carrying capacity is higher in winter than in summer, which is
consistent with meteorological parameters, such as low ambient temperature in winter and
high ambient temperature in summer.
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The average current carrying capacity of the fuzzy rating is 1818, and the crisp rating
is 1876. The scatter plots show that very few data points are below the static rating of 768 A,
which verifies that DTR can significantly improve the utilization of available transmission
capacity. As shown in Figure 9a, the frequency sum of data greater than 1190 A is 95%, and
the frequency sum of data greater than 1306 A is 90% in the fuzzy rating. Therefore, when
the current value is 1190 A and 1306 A, the operational risks are 5% and 10%, respectively.
The dynamic carrying capacity improved by 54.6% and 75%, respectively, compared with
STR. As shown in Figure 9b, the frequency sum of data greater than 1210 A is 95%, and the
frequency sum of data greater than 1349 A is 90% in the crisp rating. Therefore, when the
current values are 1210 A and 1349 A, the operational risks are 5% and 10%, respectively.
The dynamic carrying capacity improved by 57.56% and 75.65%, respectively, compared
with STR. The findings indicate that STR is a conservative method, whereas DTR can
substantially improve the usage of available transmission capacity.
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Figure 9. (a) Frequency histogram of fuzzy dynamic ratings based on twenty years of meteorological
data; (b) frequency histogram of crisp ratings based on twenty years of meteorological data.

Drake ACSRs are conductors that can withstand increased demand and high tempera-
tures of up to 250 ◦C. To the best of the authors’ knowledge, the effect of high temperature
on overhead transmission lines has been studied only in emergency conditions. In this
study, we analyzed the thermal behavior of overhead transmission lines on the basis of
the dynamic thermal rating. Thermal stress is largely influenced by weather conditions.
Weather is the most challenging aspect of monitoring the overhead conductor tempera-
ture. The temperatures of conductors vary in each span length due to climate change.
Thus, the range of conductor temperatures may reach or exceed their limit under complex
terrain conditions.

All of the weather sensors have their own measuring errors, and determining the error
is difficult due to the high variability of meteorological parameters. In the first set of studies,
the fuzzy model was validated to consider the fluctuation of parameters during each period
and outperformed the crisp and real-time DTR method according to the above method,
corresponding to 1 h time intervals for 20 years based on real-time meteorological data. The
ampacity of the transmission line was calculated assuming that the line studied will be in
service for 20 years. Section 4.1 presents the real-time weather data used to back-calculate
the conductor temperature Tc in accordance with the dynamic thermal model.

Figure 10a,b show a frequency histogram of conductor temperatures for a period of
twenty years for fuzzy and crisp ratings. The exposure times for different temperatures
over twenty years were calculated on the basis of the histogram. Tables 5 and 6 summarize
the detailed histograms for fuzzy and crisp temperatures over 100 ◦C for aluminum and
are illustrated in Figure 10c,d.
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Figure 10. (a) Temperature frequency histogram for fuzzy rating over a twenty-year period; (b)
temperature frequency histogram for crisp rating over a twenty-year period; (c) temperature fre-
quency histogram above 100 ◦C for fuzzy rating over a twenty-year period; (d) temperature frequency
histogram above 100 ◦C for crisp rating over a twenty-year period.

Table 5. Exposure time according to the frequency of conductor temperatures for fuzzy dynamic
rating over a twenty-year period.

Temp
◦C

Time
(h)

Temp
◦C

Time
(h)

Temp
◦C

Time
(h)

Temp
◦C

Time
(h)

Temp
◦C

Time
(h)

Temp
◦C

Time
(h)

Temp
◦C

Time
(h)

101 3907 113 159 125 41 137 31 149 9 161 7 173 2
102 810 114 139 126 34 138 17 150 15 162 6 174 4
103 413 115 133 127 35 139 15 151 9 163 6 175 1
104 351 116 113 128 33 140 19 152 13 164 5 177 1
105 290 117 104 129 40 141 17 153 11 165 6 178 3
106 289 118 106 130 33 142 24 154 3 166 5 180 2
107 291 119 93 131 36 143 15 155 10 167 3 188 1
108 243 120 57 132 24 144 18 156 11 168 1 193 1
109 224 121 66 133 35 145 15 167 5 169 4 213 1
110 184 122 57 134 29 146 14 168 7 170 3 250 1
111 191 123 49 135 16 147 15 159 4 171 2
112 180 124 34 136 16 148 10 160 10 172 1
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Table 6. Exposure time according to the frequency of conductor temperatures for crisp dynamic
rating over a twenty-year period.

Temp
◦C

Time
(h)

Temp
◦C

Time
(h)

Temp
◦C

Time
(h)

Temp
◦C

Time
(h)

Temp
◦C

Time
(h)

Temp
◦C

Time
(h)

Temp
◦C

Time
(h)

101 12,653 109 268 117 58 125 36 133 14 141 6 151 1
102 2167 110 210 118 57 126 26 134 6 142 3 156 2
103 660 111 192 119 53 127 29 135 8 143 4 163 1
104 472 112 170 120 60 128 30 136 12 1441 3 168 1
105 453 113 146 121 40 129 28 137 1 146 2 187 1
106 381 114 101 122 48 130 14 138 6 147 2 225 1
107 322 115 92 123 40 131 19 139 8 148 2
108 290 116 70 124 38 132 11 140 5 149 1

The conductor loss of tensile strength due to annealing at a certain temperature was
calculated according to its exposure time. The combined loss of tensile strength of the
conductor was determined by considering the physical properties of the conductor. The
loss of strength values of the aluminum strands of the conductor for fuzzy and crisp
dynamic ratings are 30.05% and 22.16%, respectively. The Drake conductor is a composite
conductor with a steel core. Therefore, its total loss of tensile strength is substantially
reduced. The total loss values of tensile strength in a composite conductor for fuzzy
and crisp ratings are 9.37% and 4.71%, respectively. The loss of strength increases when
the conductor’s exposure time to high temperature increase, as illustrated in Figure 11.
Table 7 illustrates the loss of tensile strength for fuzzy and crisp ratings for a duration
of 20 years. The resulting conductor loss of tensile strength will affect the service life of
transmission lines. Furthermore, the calculated creep values under these conditions are
540.03 and 441.17 micro-meters/meter for fuzzy and crisp ratings, and the economic costs
are 2.9385 × 104 and 1.428 × 104, respectively.
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Table 7. Loss of tensile strength in aluminum strands and in the complete conductor over a twenty-
year period.

Thermal Effect of Fuzzy Dynamic Rating Thermal Effect of Crisp Rating

Range of
Temperature

◦C
Percentage of

Exposure Time

Loss of
Aluminum

Strands
Strength (%)

Loss of Tensile
Strength of

Conductor (%)

Range of
Temperature

◦C
Percentage of

Exposure Time

Loss of
Aluminum

Strands
Strength (%)

Loss of Tensile
Strength of

Conductor (%)

100–125 92.32 9.51 0 100–125 98.67 9.20 0
126–150 6.06 6.30 1.81 126–150 1.3 3.56 0.51
151–175 1.61 6.19 4.53 151–250 0.03 9.40 4.20
175–250 0.01 8.05 3.396 Total 22.16 4.71Total 30.05 9.736

However, no loss of strength occurred for real-time DTR, as it does not consider the
uncertainties of weather data. Fuzzy and crisp ratings comparatively consider variations in
weather data and provide compressive information regarding the thermal analysis of the
transmission line. Hence, this method provides an opportunity to mitigate the operational
risk to the transmission line.

Conductors with higher-than-normal temperatures generate unwanted thermal stress
and have a negative effect on their thermal behavior, reducing their strength, affecting
their vertical ground clearance, and hastening their annealing process. As the conductor
is operated over a long period of time, both its performance and service life deteriorate.
Hence, momentarily raising the conductor temperature limit can possibly meet the need
for higher line ampacity depending on the load demand. However, its operational risk
must first be assessed and determined to ensure that it is within the permissible limit.

7. Conclusions

This study presents a fuzzy thermal aging framework for overhead transmission
lines equipped with the DTR system. Based on the transmission conductor characteristics,
load, and weather data, the method determines a time series of conductor temperatures
and corresponding thermal aging. Moreover, the impact of uncertain meteorological
parameters and conductor physical properties on the ampacity of transmission lines is
discussed. The method presented in this paper helps eliminate network congestion because
it considers the real-time load, actual physical properties, and aging of the conductor. It
enables other renewable integrations to achieve a low-carbon network. Following the aging
assessment of conductors performed based on real-time meteorological data, the results
indicate that thermal aging and transmission capacity are strongly correlated, and the
framework is robust such that uncertain variations in meteorological parameters are also
addressed adequately. This information is crucial for line inspections, maintenance, and
reconductoring procedures within transmission networks, as well as effective transmission
asset management.

Author Contributions: Conceptualization, A.M.; Formal analysis, Y.Y.; Funding acquisition, J.T.; In-
vestigation, A.M.; Methodology, C.-M.L.; Project administration, J.T.; Resources, C.-M.L.; Supervision,
J.T.; Validation, J.T.; Writing—original draft, Y.Y.; Writing—review & editing, Y.Y. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

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.



Energies 2022, 15, 4395 21 of 23

Nomenclature

Constants
Ar Projected area of conductor to the sun per unit length (m2/m)
He Conductor elevation above sea level (m)
D Conductor diameter (m)
Lat Degrees of latitude in degrees
ρ f Density of air

(
kg/m3) s

ε Emissivity of conductor (0.23 to 0.91)
Ψ Solar absorptivity (0.23 to 0.91)
δ Solar declination in degrees

(
0
◦

to 90
◦)

Zl Azimuth of line in degrees
{ Solar azimuth constant in degrees
TH , TL Maximum and minimum conductor temperatures

( ◦
C
)

R(TL),R(TH) Ac conductor resistance at TL and TH , respectively (Ω/m)
Fuzzy number
α A α− cut of fuzzy number A
α A1, α A2 Lower and upper limits of fuzzy number A
µA(x) Membership function of fuzzy number A
Measured variables
I Allowable conductor current in amperes (A)

α I1, α I2
Minimum and maximum allowable conductor current
limits in amperes (A)

Vω : αVω = αVω1, αVω2 Wind speed (m/s)
Ta: αTa = αTa1, αTa2 Ambient air temperature

◦
C

ϕω : α ϕ = α ϕ1, α ϕ2 Wind angle in degrees
ω Solar hour angle in degrees
Calculated variables

αTf ilm =

[
αTf ilm1

,
αTf ilm2

]
Average of conductor and ambient temperatures

◦
C

αkangle =

[
αkangle1

,
αkangle2

]
Wind direction factor

αρ f =
[

αρ f1
, αρ f2

]
Density of air

(
kg/m3)

αµ f =
[

αµ f1
, αµ f2

]
Dynamic air viscosity (Pa. s)

αk f =
[

αk f1
, αk f2

]
Thermal conductivity of air

(
W/m· ◦C

)
αQc = [ αQc1 , αQc2 ] Convection heat loss

(
w/m2)

αQr = [ αQr1 , αQr2 ] Radiation heat loss
(
w/m2)

Hc Altitude of sun in degrees
Qse Radiation heat gain at elevation corrected w/m2

qs Heat gain rate from sun w/m
Zc Azimuth of sun in degrees
χ Solar azimuth variable
θ Incidence sun angle in degrees
Qs Radiation heat gain w/m2

αTc = [ αTc1 , αTc2 ] Conductor temperature
◦
C

αεc = [ αεc1 , αεc2 ] Creep of conductor µm/m
αRS = [ αRS1, αRS2] Remaining strength of conductor
αRSal = [ αRSal1, αRSal2] Remaining strength of aluminum
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