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Abstract: Dynamic thermal line rating (DTLR) allows us to take advantage of the maximum transmis-
sion capacity of power lines, which is an imperious need for future smart grids. This paper proposes
a real-time method to determine the DTLR rating of aluminum conductor steel-reinforced (ACSR)
conductors. The proposed approach requires a thermal model of the line to determine the real-time
values of the solar radiation and the ambient temperature, which can be obtained from weather
stations placed near the analyzed conductors as well as the temperature and the current of the
conductor, which can be measured directly with a Smartconductor and can be transmitted wirelessly
to a nearby gateway. Real-time weather and overhead line data monitoring and the calculation
of DTLR ratings based on models of the power line is a practical smart grid application. Since it
is known that the wind speed exhibits important fluctuations, even in nearby areas, and since it
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plays a key role in determining the DTLR, it is essential to accurately estimate this parameter at the
conductor’s location. This paper presents a method to estimate the wind speed and the DTLR rating
of the analyzed conductor. Experimental tests have been conducted to validate the accuracy of the
proposed approach using ACSR conductors.

Keywords: wind speed; dynamic thermal line rating; ACSR conductor; real-time monitoring; wire-
less communications
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Academic Editor: Fco Javier 1. Introduction

Rodriguez With the widespread deployment of heat pumps, electric vehicles, and different

electric and electronic technologies, the consumption of electrical power is increasing
steadily, so there is a need to increase the capacity of existing power lines. However, any
increase of the transmission capacity must not compromise safe operation, supply security,
and reliability [1].

High-voltage overhead transmission lines typically use aluminum conductor steel-
reinforced (ACSR) cables [2]. It is known that due to the steel core, ACSR conductors have
a larger ac/dc resistance ratio compared to all-aluminum conductors due to the magnetic
induction in the steel core. This magnetic induction causes power losses due to the induced
eddy currents and the hysteresis effect and redistributes the current in the aluminum wires
layers [3].

The allowable conductor temperature limits the load or current capacity of the power
line, so the operating temperature must be restricted to below the allowable operating
temperature to limit the ground clearance of the conductors [4]. Dynamic thermal line
rating (DTLR) offers a solution to this problem because it is a smart and cost-effective
solution for utilizing the maximum ampacity or ampere capacity of transmission lines [5],
which differs from static line rating (SLR), the conventional and simple approach, which is
Attribution (CC BY) license (https:// ~ ased on conservative criteria [5] that represent severe or worst case weather conditions [6].
creativecommons.org/licenses /by / SLR calculates the ampacity of the line from deterministic or probabilistic methods to
40/). determine the atmospheric operating conditions, which have a heavy influence. SLR
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often results in a conservative rating because it determines the same ampacity limit for
the whole year; it is a static value, regardless of current weather conditions. Conversely,
DTLR is based on measuring the weather variables, so the maximum allowable current
of the line is dynamically calculated to ensure that the line operates within safe operation
limits. Therefore, DTLR requires the current and temperature of the line and the weather
variables in the vicinity of the power line to be monitored online using specific sensors
and weather stations [1]. By applying a DTLR approach, the maximum rating or ampacity
can be calculated from the mathematical line models that can be found in [7,8], with the
results being greatly influenced by the current weather conditions. The current carrying
capacity or ampacity of overhead power conductors can be affected by many factors such
as wind speed, wind direction, solar radiation, and ambient temperature. Among these
factors, wind speed is significant in terms of ampacity calculation [9,10].

Different DTLR approaches can be found in the technical literature. According to [9],
DTLR methods can be roughly classified into indirect and direct methods. Indirect methods
estimate the thermal line rating from the weather data gathered from weather stations
or that have been forecasted, representing the main inputs of the method. These meth-
ods determine the required thermal rating based on solving the conductor heat balance
equation, as detailed in Cigré [7], IEEE [8], or IEC [11]. Direct methods for dynamic line
rating directly measure physical power line variables, including conductor temperature
or/and current, line mechanical tension, conductor sag, or ground clearance, as described
in [6]. Since there is no need to install weather measuring devices on the line and since they
are reliable and not very expensive, indirect methods are simpler and present lower costs
compared to direct methods, so indirect methods are indicated for power lines that are rel-
atively light load. Compared to direct methods, indirect methods are less accurate because
the conductor temperature and line ampacity are estimated indirectly using theoretical
models [12]. Conversely, direct methods rely on field data; thus, they can be more accurate
since no relationship between conductor temperature and the measured data from indirect
methods is needed [9].

The fast progress made in the development of communication systems, sensors, and
control algorithms has led to the development of smart grids, which integrate distributed
energy resources, loads, energy storage, and control systems. They present substantial
advantages, such as enhanced power supply reliability, reduced power losses, energy
independence, and the integration of renewable energy sources [13]. To this end, smart
grids integrate information technology to share power data in real-time for the efficient
management of the power demand to maximize power efficiency, so DTLR methods repre-
sent a key element for smart grid development [14-20]. Recent studies have suggested that
IoT solutions allow smart grid reliability to be enhanced while also remarkably improving
their capacity of [21-24].

Nowadays, DTLR is a hot topic because of the widespread use of accurate, reduced-
size, and cost-effective sensors; the development of several communication systems that
are compatible with high-voltage applications; the need to expand power transmission
capability; and the fact that DTLR allows the ampacity of overhead power lines to be
improved through the measurement of the line and weather variables.

In [25], wind speed and DTLR ampacity are estimated by measuring different pa-
rameters such as the conductor current, temperature, and mechanical tension; ambient
temperature; and solar radiation and by applying the sag-tension method. Sag-tension
monitoring methods require precise state change equations to relate the conductor temper-
ature to the sag-tension [26]. In [27], the DTLR rating of a distribution line was calculated
using a low cost sensing probe to measure the conductor temperature and to transmit
the data wirelessly. However, the line current was not measured in real-time, which is an
important parameter in this application [26]. In [28], a self-powered high-voltage sensor
is presented that measures line temperature, voltage, current, and the active and reactive
power to determine the SLR and DTLR ratings. It also requires environmental data such as
average wind speed and direction or air pressure from local weather stations. Nevertheless,
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the average wind speed taken from nearby weather stations is often not accurate, as wind
speed changes with terrain topography and vegetation. In [29], a reverse calculation is
presented to estimate the wind speed from an online conductor current and temperature,
solar radiation, and ambient temperature measurements, but the paper does not present
estimates of the DTLR rating.

This paper presents an approach to estimate the DTLR rating of power lines based
on ACSR conductors, combining the real-time monitoring of weather and line data. Itis a
practical smart grid application since the proposed DTLR approach allows the power lines
to operate at their maximum capacity by adapting the rating according to the current real-
time weather conditions. Solar radiation and ambient temperature are important variables
that can be used to determine the maximum allowable power transmission conductor
current. Nevertheless, in this paper, they are not directly measured. Instead, such variables
are obtained from a nearby weather station. The principal reason for this is because of
the similarities between the ambient temperature and the solar radiation measured by the
weather station and the local values at the conductor’s surface. Secondly, there is a need
to simplify the system with the purpose of reducing the power consumption and the cost
of the sensors installed in the high-voltage conductors. Finally, wind speed plays a much
more significant role than that of ambient temperature and solar radiation in terms of DTLR
calculation [9]. The proposed method presents several novelties and contributions. First, it
develops the Smartconductor prototype, which measures the current and temperature of the
conductor in real-time. Second, it requires reduced computational resources and presents
a low computational burden to minimize the hardware requirements for compatibility,
only requiring inexpensive devices global smart grid deployment. Third, the proposed
method estimates the wind speed; thus, there is no need to use a wind speed sensor. Since
the DTLR rating depends heavily on the local wind speed and since the wind speed has
an important cooling effect, it is estimated based on a reverse calculation by applying
a thermal model of the ACSR conductor. Once the wind speed has been estimated, the
DTLR rating is calculated from the thermal model. Fourth, the proposed method estimates
the joule and magnetic losses of the ACSR conductor from the measured ac resistance of
the conductor, this being another contribution of the paper. The proposed approach has
been validated under different operating conditions by means of experimental tests by
considering different controlled wind speeds.

The experimental results prove that the real-time approach presented in this paper can
predict both the value of the local wind speed and the DTLR rating with accuracy and with
a reduced computational burden, so the calculations can be implemented in the low-power
microprocessors that are used in inexpensive devices that are required for global smart grid
deployment. Therefore, the developments made in this paper contribute the research area
focusing on smart grids. The proposed DTLR approach allows us to take advantage of the
maximum transmission capacity of power lines by adapting the rating of the line according
to the current weather conditions in real-time, making it a smart solution of paramount
importance in future smart grids.

Section 2 describes the Smartconductor device, including its sensors and wireless
communications. Section 3 details the equations required to estimate the wind speed
and the dynamic thermal line rating. Section 4 outlines the strategy applied to estimate
the wind speed and the dynamic thermal line rating and includes a flow chart detailing
the full process. Section 5 describes the experimental setup, including the power source,
conductors, sensors, and measuring devices. Section 6 presents and explains the results
that were attained, and finally, Section 7 concludes the study.

2. Smartconductor. Sensors and Wireless Communications

This section describes the sensors used in the Smartconductor device as well as the
wireless communications approach that is applied.
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2.1. Current Sensor

Different sensor technologies can be applied to measure the current flowing through
a conductor, such as giant magneto resistive, Rogowski coils, current transformers, or
Hall effect sensors [30]. The Hall effect sensor was selected for the Smartconductor because
this technology offers miniaturization, low power consumption, high linearity, and the
possibility of sensing high magnetic fields. This sensor measures the magnetic flux density B
that is generated by the conductor and generates an output voltage Vi, that is proportional
to the measured magnetic flux density as described in (1):

Vian = kB [V] @

where k [V/T] is the sensitivity constant.
According to the Biot-Savart law [31], the magnetic flux density detected by a sensor
placed on the top of a cylindrical conductor can be expressed as

_ Ml
B = 2(r +h) [T] )

where pg = 4710~7 H/m is the permeability of air, I (A) is the current in the conductor, 7 (m)
is the radius of the conductor, and % (m) is the radial distance between the outer surface of
the conductor and the sensor.

Hence, when placing the sensor on the surface of the conductor, the position r + I (m)
is known as well as the magnetic flux density B in Equation (1), so the current I (A) through
the conductor can be obtained as

_ Vaau(r+h)
I= kx2x10-7 [A] ©)

2.2. Temperature Sensor

Since the conductor temperature is considered to be an essential parameter in deter-
mining the dynamic thermal line rating [32], it is of paramount importance to use a suitable
temperature sensor. It should be considered that the maximum allowable temperature of
the tested ACSR conductor for continuous operation is 90 °C [33]. Therefore, the tempera-
ture sensor should reach this range. When focusing on the expected linearity and accuracy
and by taking the high current application into account, a positive temperature coefficient
(PTC) resistor is a suitable choice, so a Pt1000 sensor was selected. When dealing with
Pt1000 platinum sensors, each temperature value corresponds to exactly one resistance
value, the correspondences can be tabulated in the EN 60,751 standard [34] as follows

RT:R0(1+aT+bT2) for T >0°C @)

Ry = R0(1 +aT +bT2 +¢(T — 100)T3) for T < 0°C )

where 4 = 39083 x 1073 °C™!, b = —4183 x 1077 °C"!,c = —4.183 x 10712 °C" 1,
Rg = 103 Q, and R is the resistance of the temperature sensor at the measured temperature
in ohms.

2.3. Wireless Communications

The wireless communication of the proposed system is based on the Bluetooth SoC
(System on Chip) nRF52832 from Nordic Semiconductors (Trondheim, Norway). This chip
was selected since it contains an inbuilt BLE (Bluetooth Low Energy) module, inbuilt ADC
converters, and low power consumption modes, and it is also inexpensive.

With respect to the gateway, after considering several features, such as cost and size,
the Raspberry Pi 4 module was selected. It is worth noting that a Huawei 3372 LTE 4G



Sensors 2021, 21, 7388

50f17

Wi-Fi dongle was mounted in Raspberry Pi because 4G technology allows it to remotely
control the Raspberry Pi and send data to the cloud.

Figure 1 shows the applied strategy to estimate the ampacity. To this end, the solar
radiation and ambient temperature values are obtained from a nearby weather station,
whereas the Smartconductor measures the conductor current and temperature. These values
are sent wirelessly via BLE to the local gateway, which, in turn, sends the data to the cloud,
where it is stored. The Smartconductor was programmed to connect to the gateway and to
send the measured line current and conductor temperature values in a packet every 7 s via
Bluetooth. Once the gateway receives the data by means of a python script implemented in
the Raspberry Pi, the data that are received are decoded, and the ampacity is calculated.
The proposed DTLR model takes the ambient temperature and solar radiation data from a
nearby weather station, whereas the line current and the temperature of the conductor are
directly measured by the Smartconductor. From these data, in the first stage, the wind speed
is estimated, and in the second stage, the dynamic ampacity is estimated in real-time. Once
the calculation is complete, the results are sent to a cloud server via 4G communication.

& Weather station
e
=

.

’ Ambient temperature ‘

Solar radiation

{

Smartconductor measurements

Gateway Cloud

’ Packet decodification ‘

’ Real-time monitoring ‘

’ Temperature measurement ‘

’ Current measurement ‘ BLE 4G
-l Apply proposed DLR o
model
’ Store the data ‘
Wind & Ampacity
estimation
(a)
Weather station Smartconductor
e Ambient temperature e Conductor current (Hall effect)
e Solar radiation e Conductor temperature (Pt1000)
= =
= =
Gateway
Wind speed estimated from (12) considering E'Tﬁ{
(9)-(17) :

\

DTLR ampacity estimated from (18) considering (9) — (17)

(b)

Figure 1. Proposed strategy to estimate the ampacity. (a) Global strategy. (b) Block diagram of the strategy to determine the

DTLR rating.

According to Figure 1b, in the first stage, the wind speed is determined from four read-
ings (ambient temperature, solar radiation, conductor current and conductor temperature),
and in the second stage, the DTLR rating is determined.
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3. Dynamic Thermal Line Rating Estimation Method

The CIGRE standard [7] describes a non-steady-state equation using the following
transient thermal balance equation based, which is expressed as

P;+ Py + Ps = PC+Pr+mc% [W/m] (6)
where Pj, P, Ps are the heat gain terms due to joule, magnetic, and solar heating effects,
respectively; P and Pr are the heat loss terms due to convection and radiation, respectively;
m is the mass of the conductor in kg/m, c is the specific heat capacity of the conductor in
J/(kg°C), and T¢ is the average conductor temperature in °C.

The heat capacity c of the ACSR conductor is calculated as follows:

{ MC = MAICA] + MsCsteel (7)
C(T) = Czocc[l + ﬁ(TC — 20)}

where m,4; and cy; refer to the mass per unit length and the specific heat capacity of the
aluminum part, respectively, whereas 144, and cgy,; refer to the mass per unit length and
specific heat capacity of the steel part, respectively. The values of the temperature coefficient
B are 3.8 x 10~* °C~! for pure Al, 4.5 x 10~* °C~! for the Al alloy and 1.0 x 10~4°C~!
for steel [7].

According to [25], the joule and magnetic heat gains can be combined in only one
equation, which appears as follows:

Pj + Pyt = I’Rec (8)

where [ is the root mean square (RMS) value of the current, amd R, is the ac resistance
of the conductor per unit length at the operating mean conductor temperature T,. The ac
resistance of the conductor R, includes the skin and proximity effects as well as the core
losses, which can be calculated according to the method detailed in the Cigré Technical
Brochure [35], or it can be measured. Measurements can be conducted according to the
procedure described in [36] or in [31], with the last method being applied in this paper, a
decision that is based on the previous experience of the authors.

As the ac resistance Ry is required during the process to determine the joule and
magnetic heat gains, the conductor characteristic R,c (T¢) was measured in the laboratory
by measuring the temperature of the conductor, the voltage drop between two points of
the conductor surface distanced by 1 m, and the ac current flowing through the conductor.
Next by applying (9), the ac resistance was calculated as

Rye =AVcosg/I )

where @ is the phase shift between the voltage drop AV and the current I [31].
According to [7], Equations (10)—(15) are used to determine the heat loss due to
convective cooling:
Pe = wAf(Tc — To) Ny [W/m] (10)

where Ay =242 x 1072 +7.2 x 10_5~Tf in W/(m °C) is the thermal conductivity of air, T;
is the conductor surface temperature, T, is the ambient temperature, and Tyis the film
temperature defined as Ty = 0.5(T, + T¢).

Equation (9) applies for both natural and forced convective cooling, the difference
between both situations is found in the way to allow the calculation of the de Nusselt
number N,.

In case of forced convection, the Nusselt number is calculated as

Nu = By(Re)" [-] (11)
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where the Reynolds number is calculated as

Re = p, V2 [] (12)
Ve

where V' (m/s) is the wind speed, p, (—) and vy (m?2/s) are the relative density and
kinematic viscosity of air, respectively, D (m) is the diameter of the conductor, and B; and
n are constants depending on the Reynolds number Re and conductor surface roughness,
respectively. It is worth noting that the wind speed can be estimated by applying (12), as
detailed in Figure 2.

Yes
—, B:1=0048
n =0.800

iNo

Yes B, =0.178
n=0.633
Calculate wind speed Recalculate the Reynolds number
V =Revy/(p.D) Re =(Nu/B)""

]
|
|
: Measure conductor temperature :
| (T.) and line current (/) :
|
|
|
|
| ' .
| |
T., Sfrom Rac (To1) |
| 2’ Calculate Py, m (Rae, I, Te), Ps (S), actie
I weather —» a cu?, ((ETJTm)(macc dT/Ct)it s(5) <+— measured :
| stationl e fah M offline !
|
|
| ¢ I
| |
: Calculate :
P.= P+ Ps- P, - mc,dT/dt . !
| o= Proa + P~ Pr - me,dT/ Wind speed !
| } calculation stage !
|
: Calculate the Nusselt number :
n |
: Nu =B;(Re) |
| |
|
| ' |
-, . |
: In;t'a_l gaéﬁs' > Calculate the Reynolds number :
| 1=y 1/n
| n=0471 Re =(Nu/B1) !
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
|
| |
' |
' I
|
| |
| |

Recalculate heat terms
PC (Tc,mux): PI (Tc,max)

¢ DTLR
Calculate ampacity calculation stage
Equation (18)

Conductor current can be raised

Figure 2. Proposed DTLR calculation method.
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Table 1 provides the values of the coefficients # and By, which depend on the Reynolds
number and the surface roughness defined as Ry= d/[2(D — d)], where d (m) is the diameter
of the strands.

Table 1. Values of constants n and By [7].

Surface Type Re n B
All surfaces stranded 100-2650 0471 0.641
Stranded Ry < 0.05 2650-50,000 0.633 0.178
Stranded Ry > 0.05 2650-50,000 0.800 0.048

In case of natural cooling, the Nusselt number is obtained from the Grashof (Gr) and
Prandtl (Pr) numbers as follows:

Nu = Ay(GrPr)™, (13)
Pr=0.715— 2.5 x 10~ *T; (14)
Gr =D(T, — Ta)g/(Tf + 273)0f (15)

where g = 9.807 m/s? and the values of A, and m; are found in Table 2.

Table 2. Values of the product Gr-Pr [7].

Gr-Pr Ay my
102-10* 0.850 0.188
10%-10°6 0.480 0.250

The procedure described in this paper estimates the wind speed value. Thus, since
the wind speed is not known, both forced and natural cooling equations are applied. If
the power loss due to forced cooling is greater than the power loss due to natural cooling,
it is assumed that the wind speed is not zero, and the Nusselt number Nu is calculated
by applying (11); otherwise, it is calculated from (13). However, in virtually all situations
found in outdoor environments, the Nusselt number must be calculated from (11).

The heat gain due to the solar radiation can be calculated using the global solar
radiation S (W/m?), as seen in [7]:

P, = a,SD [W/m] (16)

where a5 (-) is the solar absorptivity of the conductor surface whose value is assumed to be
0.5 [37], and D (m) is the external diameter of the conductor.
Finally, radiation heat losses can be described as [7]:

P, = meDog|(Te 4+ 273)* — (T, 4 273)*] [W/m] (17)

where ¢ is the emissivity factor, which depends on the conductor surface, and it is assumed

to be 0.5 [4,37], and where 0 = 5.6697 x 1078 W/(m2K?) is the Stefan-Boltzmann constant.
Finally, the DTLR rating is determined when the conductor temperature reaches it

maximum value under thermal equilibrium, so from (6) and (8), it results in [5,28]:

Pc(Tc max) + Pr(Tc max) — P
I = : : 18
max \/ Rac ( Tc,mux ) ( )

4. Proposed Real-Time Method to Determine the Thermal Line Rating

The dynamic thermal line rating can not only be calculated by obtaining real-time
weather data and load, but it can also be estimated several ways [26]. In this paper, a
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cost-effective, real-time monitoring model to calculate the DTLR rating using the Smartcon-
ductor is presented, the steps of which are described in Figure 2. This procedure has two
main stages, i.e., the wind speed calculation stage and the DTLR calculation stage. The
calculations associated with both stages are performed by the gateway. As constants By
and n depend on surface roughness and Reynolds number, which are not available, this
paper proposes setting their values to By = 0.641 and n = 0.471 in the initial stage, which
are taken from [7] and are summarized in Table 1. In the first stage, the Reynolds number
is corrected in order to estimate the wind speed. Next, the wind speed can be estimated,
and if the maximum allowable conductor temperature is known (90 °C in this paper), then
the ampacity can be predicted.

Finally, the predicted value of the ampacity (I.x) provided by (18) is compared to the
measured current by the Hall effect sensor (Ip,115ens0r)- In the case where Lay < Irjansensors
the current flowing through the line can be increased. Conversely, an alarm signal will be
activated if Lyax > Iganisensor-

5. Experimental Setup

This section develops the experimental part of this paper to evaluate the accuracy
and performance of the proposed approach for predicting the thermal line rating of power
transmission lines.

The tests were performed in a high-current laboratory (AMBER laboratory from the
Universitat Politecnica de Catalunya).

The analyzed ACSR conductor (550-AL1/71-ST1A, HAASE Gesellschaft mbh, Graaz,
Austria) was supported by wood trestles and was connected to the output of the high-
current transformer, forming a low-impedance loop.

Figure 3 shows the geometry of the 550-AL1/71-ST1A ACSR conductor that was used,
including the 7 steel strands and the 54 aluminum strands, whereas Table 3 shows its
main properties.

Figure 3 details the geometry of the 550-AL1/71-ST1A ACSR conductor.

Figure 3. Cross section of the tested conductor.

As explained in Section 3, in order to determine the heat gain due to the joule and
magnetic heating, it is necessary to determine the evolution of the R, resistance as a
function of the conductor temperature. To this end, an experiment was performed off-
line by measuring the voltage drop, temperature, cosg, and current through 1 m of the
analyzed conductor (550-AL1/71-ST1A ACSR conductor). The results that were obtained
are summarized in Table 4. These values are required to evaluate (8).
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Table 3. Parameters of the tested ACSR conductor 550-AL1/71-ST1A.

Symbol Description Value Unit
Az Area of aluminum 549.7 mm?
Agteel Area of steel 71.3 mm?
Na; Number of aluminum wires 54 -
Nsteel Number of steel wires 7 -
D a1, Dsteer Aluminum and steel wire diameter 3.6 mm
Diameter of conductor 324 mm
myr Mass per unit length of aluminum 1.5183 Kg/m
Mool Mass per unit length of steel 0.5583 Kg/m
CPatuminum Specific heat of aluminum 897 J/(Kg°C)
CPsteel Specific heat of steel 481 J/(Kg°C)
Ropec DC resistance of the conductor 0.0526 Q/km
Lnax Current carrying capacity 1020 A

Table 4. Dependence of R, with the temperature of the conductor.

T (°C) Voltage Drop (Vrms) Current (Agms) cosg R;e (uQY/m)
30 0.10 1025 0.59 57.7
40 0.10 1022 0.60 60.2
50 0.10 1023 0.62 62.4
60 0.10 1022 0.63 64.8
70 0.10 1026 0.64 67.2
80 0.11 1028 0.65 69.4
90 0.11 1023 0.67 71.6
100 0.14 1305 0.68 74.3

The Ry, resistance at 30 °C is 56.7 uQ}/m.

Since the experiment was conducted indoors, two variable speed fans (V-6020 ROVEX,
50 W, 65 m3/ min) and two dimmable linear led lamps (36 inch, 234 W, AUXTINGS, Foshan,
China) were used to simulate the effect of wind and solar radiation, respectively.

The current and temperature of the cable were measured by the Smartconductor by
means of the Hall effect sensor and the Pt1000 sensor, as described in Sections 2.1 and 2.2,
respectively.

Regarding the Hall effect sensor, considering several parameters such the possibility of
being integrated with microelectronics, performance efficiency, accuracy, cost, and size, the
DRAS5053 analog-bipolar Hall effect sensor from Texas Instruments (Dallas, TX, USA) [38]
was selected for this application [39-41].

Regarding the Pt1000 sensor, the PTFC102T1GO0 sensor from TE connectivity (Schaffhausen,
Switzerland) is a suitable choice [42] because it has a rated resistance of 1000 () to provide
typical accuracies of £0.1 °C with a temperature range between —30 °C to 200 °C.

To measure the wind speed, an anemometer (RH Anemometer Pen 850021, Sper
Scientific, Scottsdale, AZ, USA) with a measuring range of 0.4-30 m/s with a resolution of
0.1m/s and an accuracy of 3% full scale when the wind speed is below 20 m/s was used.

Finally, to measure the solar radiation, a solar power meter (PCE-SPM1, Professional
Calibrated Equipments, PCE, Tobarra, Spain) was used. It had a measuring range between
0-2000 W/m?2, a resolution of 0.1 W/m?2, and an accuracy of £10 W/ m2.

To validate and check the accuracy of the results provided by the Smartconductor, the
temperature and the current of the conductor were measured using a T-type thermocou-
ple connected to a thermocouple input module (NI-9211, National Instruments, Dallas,
TX, USA) and a Rogowski coil (500LFxB from PEM, Nottingham, UK with sensitivity
0.06mV/A) connected to a data acquisition system (NI USB-6356 DAQ, National Instru-
ments, Dallas, TX, USA, with eight differential inputs). For simultaneous acquisition, the
NI-9211 thermocouple input module and the NI USB-6356 DAQ were synchronized by
means of a Python code. The data from the two DAQs were synchronized with the data
from the Smartconductor by means of a MATLAB® code.
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Figure 4 shows the experimental setup, including the conductor loop, the high-current
transformer, and the sensors used to validate the method proposed in this paper to deter-
mine the wind speed and the DTLR rating.

Smartconductor
(I, T measurement)

ACSR conductor ﬁ

Linear LEDs

onductor

. - - =
conductor T-type Rogowski
] thermocouple coil

Fans

(b)
Figure 4. (a) Sketch of the experimental setup; (b) detail of the ACSR conductor and the sensors.

6. Experimental Results
6.1. First Experiment. Wind Speed and DTLR Estimation

A first experiment that was conducted to determine the accuracy of the proposed
method in estimating the wind speed and DTLR of the studied conductor is shown in
Figure 5. To this end, a current change (from around 600 A to around 1100 A) was applied
to the loop shown in Figure 4, and four wind speeds were applied (0 m/s,2m/s,2.5m/s
and 3 m/s) as shown in Figure 5a. During these tests, the solar radiation was set to a
constant value of 800 W/m?.

Figure 5b shows the temperature measured by the PTC1000 incorporated in the
Smartconductor and by the laboratory sensor (T-type thermocouple), whereas Figure 5c
shows the current measured by the Hall effect sensor and the Rogowki coil under the
conditions established in Figure 5a. These results show that the temperature and current
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measurements made with the Smartconnector sensors and the laboratory measurements are
very similar, thus validating the accuracy of the Smartconductor measurements.

1100 ; . : : . :
———————— -3
1000 - ! - »
— ' ________ .
< 900 I %
t - - - T T 2 b
2 1 Q.
5 800 — 15w
%) ! °
! 11 £
700 ~ =
|
— 0.5
600 L 1 l l | | |
0.5 1 1.5 2 2.5 3
Time (s) x10*
(a)
80 T I I
- --Pt1000
g_'; —— T-type thermocouple
@ 60 i
S
2
s
g 40 -
5
=
20 | | | | |
0 0.5 1 1.5 2 2.5 3
Time (s) <104
(b)
1100 LY
1000 _ M _
< 3
— 900 - _
§ - - -Hall effect sensor
5 800 - —
© ——Rogowski coil
700 —
600 "'“M"”‘J | \ \ | |
0 0.5 1 1.5 2 2.5 3
Time (s) x10%
©

Figure 5. (a) Planned current intensity and perpendicular wind speed profiles during the test. (b) Conductor temperature
measured by the Pt1000 sensor (Smartconductor) and the T-type thermocouple. (c¢) Currents measured by the Hall effect
sensor (Smartconductor) and the Rogowski coil.

The average difference of the temperature measured by the Pt1000 sensor included
in the Smartconductor compared to the measurement of the laboratory device (T-type
thermocouple) is 1.34%, whereas the maximum difference is 3.48%. The average difference
of the current measured by the Hall effect sensor compared to the measurements of the
laboratory device (Rogowski coil) is 0.23%, whereas the maximum difference is 1.92%; thus,
the Smartconductor shows reliable and accurate results.
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Figure 6 compares the wind speed and the DTLR estimates provided by the Smartcon-
ductor and the laboratory measurements with the theoretical values. These estimates are
based on the conditions shown in Figure 5. The results presented in Figure 6 show very
similar results, thus validating the proposed methodology.

5 \ \ \ T
—_— |
w4l " i
£ I
— I il b
5.l , Pl QU AL ,
g “; W%M%
|4 ST T
%2 \'M il W" " h\m ou A i
- VIRV IR ——Theoretical
c
=4 ——Smartconductor -
=
DAQ
0 | \ \ ! \
0 0.5 1 1.5 2 2.5 3
Time (s) x10%
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2500 I
2000 -

Ampacity (A)
S @
o o
o o

500 |-

gt -

——Theoretical Rating
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AmpaCItyEstimated

. DAQ
AmpacnyEstimated

| | | - - -Static Rating |

0.5 1 1.5 2 2.5 3
Time (s) «104

(b)

Figure 6. (a) Theoretical and estimated wind speeds with the Smartconductor (using the Pt1000 and Hall effect sensor) and
the DAQ (using T-type thermocouple and Rogowski coil); (b) static and theoretical and estimated ampacity values with the
Smartconductor (using the Pt1000 and Hall effect sensor) and the DAQ (using T-type thermocouple and Rogowski coil).

It is worth noting that the theoretical rating I;;;5y (red line in Figure 6b) was obtained
from (18) by taking into account the measured values (real values) of the wind speed.

Table 5 summarizes the results that were attained. It shows that the estimated wind
speeds are very close to the applied ones and that the estimated ampacities at the different
wind speeds are very close to the theoretical values, which were calculated by applying
(18) and considering the measured values of the wind speed instead of the ones that were
estimated by the method proposed in this work since the differences are below 2.3%.

Table 5. Results of estimated wind speed and ampacity predicted by the proposed approach.

Average Average Error of Error of
Current (A) Theoretical Theoretical Average ]j:sn- Average }?Stl- Estimated Estimated Line Rat}ng Line Rat.mg
o . . . mated Wind mated Wind . R Calculation  Calculation
(%Static Wind Speed Line d (m/s)b d (m/s)b Ampacity(A) Ampacity b by DA
Rating) (m/s) Rating (A) Speed (m/s)by Speed (m/s)by by Smart- A b y Smart- y DAQ
g m/s ating y Smar y
Smartconductor DAQ System conductor System
conductor DAQ o o
(%) (%)
624 (55%) 0 927 0 0 927 927 0.0 0.0
1088 (97%) 2 1688 1.90 1.99 1648 1670 2.3 1.0
1088 (97%) 2.5 1833 2.48 2.53 1813 1830 1.0 0.2
1088 (97%) 3 1969 3.03 3.28 1961 2016 0.2 23

The static rating of the conductor is 1020A.
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2000

6.2. Second Experiment. Validation of the Accuracy of the Proposed Method to Estimate the DTLR

A second experiment was conducted to validate the accuracy of the DTLR estimation
method proposed in this paper. To this end, the current and wind speed profiles shown in
Figure 7a were applied to the analyzed conductor. The values of the applied currents were
selected so that the equilibrium conductor temperature was 90 °C under the four wind
conditions (0 m/s, 2 m/s, 2.5 m/s and 3 m/s), i.e., the maximum allowable temperature of
the tested ACSR conductor for continuous operation. Thus, the same laboratory setup as
the one used in the previous tests was used, and four current levels were injected (956 A,
1680 A, 1830 A, and 1980 A, which correspond to the four wind speeds 0 m/s, 2 m/s,

2.5m/s and 3 m/s, respectively) to heat the ACSR conductor up to 90 °C. The results that
were attained are shown in Figure 7.
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Figure 7. (a) Current and wind speed profiles during the test. (b) Conductor temperature measured by the T-type
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thermocouple and the Pt1000 sensor; (c) Applied and theoretical current values.

Table 6 summarizes the numerical values corresponding to Figure 7. These results
show that the difference between the real and estimated currents needed to bring the

45
%10%
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conductor to the maximum allowable temperature is low and are always below 3.0%, thus
validating the method proposed in this paper.

Table 6. Results of steady-state temperature with different currents and wind speeds.

Currents Wind Speed (m/s) Steady-State i
Applied (A)  Estimated (A)  Difference (%) Conductor Temperature (°C)
956 927 3.0 0.0 Around 90
1680 1688 05 2.0 Around 89
1830 1833 0.2 25 Around 90
1980 1969 0.6 3.0 Around 89

Regarding the computational requirements of the proposed approach, the estimation
of the wind speed requires 0.05 ms and the estimation of the DTLR requires 0.07 ms when
using a Intel(R) Xeon(R) CPU E5-2620 v4 processor with 64 Gb RAM memory

7. Conclusions

This paper has presented a real-time monitoring system to determine the ampacity of
ACSR conductors, called a Smartconductor. To this end, the actual values of the ambient
temperature and solar radiation are required and can be obtained from a nearby weather
station, whereas the Smartconductor measures the current and temperature of the conductor.
Since the wind speed at the conductor surface greatly depends on its exact location and
since it has an important cooling effect, it is essential to have an accurate estimation of the
local wind speed at the conductor. Therefore, a method that accurately estimates the wind
speed has also been presented. Once this parameter is known, the approach presented in
this paper allows the calculation of the DTLR rating of the analyzed conductor based on a
thermal model. To validate the accuracy and performance of the approach presented in this
paper, different situations have been tested in the laboratory using ACSR conductors by
controlling and measuring the solar radiation, wind speed, local temperature, conductor
temperature, and line current. The proposed approach also includes a method to estimate
the combined joule and magnetic losses of the ACSR conductor from the ac resistance.

The experimental results presented in this paper prove that the real-time approach
presented in this paper can predict both the value of the local wind speed and the DTLR
with accuracy while requiring a reduced computational burden, so the calculations can be
implemented in low-power microprocessors used in inexpensive devices that are required
for a global deployment of smart grids. Therefore, the findings in this paper contribute to
research concerning smart grids. The proposed DTLR approach allows us to take advantage
of the maximum transmission capacity of power lines by adapting the rating of the line
according to the current weather conditions in real-time, making it a smart solution that is
of paramount importance for future smart grids.

Author Contributions: Conceptualization, Y.L., M.M.-E. and J.-R.R.; methodology, ].-R.R.; software,
Y.L.; validation, Y.L. and ].S.; formal analysis, M.M.-E. and J.-R.R,; investigation, Y.L., M.M.-E. and
J-R.R.; resources, J.S5.,, M.M.-E. and J.-R.R.; writing—original draft preparation, Y.L. and J.-RR;
writing—review and editing, M.M.-E.; supervision, ].5. and M.M.-E. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by Generalitat de Catalunya, grant numbers 2017 SGR 967 and
2020 DI 007, and the Ministerio de Ciencia, Innovacién y Universidades de Espafia, grant number
RTC-2017-6297-3.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

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



Sensors 2021, 21, 7388 16 of 17

References

1.  Récz, L.; Németh, B. Dynamic Line Rating—An Effective Method to Increase the Safety of Power Lines. Appl. Sci. 2021, 11, 492.
[CrossRef]

2. Lv, F; Zhang, P; Tang, Z,; Yue, Y.; Yang, K. A Guided Wave Transducer with Sprayed Magnetostrictive Powder Coating for
Monitoring of Aluminum Conductor Steel-Reinforced Cables. Sensors 2019, 19, 1550. [CrossRef]

3. Morgan, V.T;; Zhang, B.; Findlay, R.D. Effect of magnetic induction in a steel-cored conductor on current distribution, resistance
and power loss. IEEE Trans. Power Deliv. 1997, 12, 1299-1306. [CrossRef]

4. Bena, L.; Gall, V;; Kanalik, M.; Kolcun, M.; Margitova, A.; Mészaros, A.; Urbansky, J. Calculation of the overhead transmission
line conductor temperature in real operating conditions. Electr. Eng. 2021, 103, 769-780. [CrossRef]

5. Alvarez, D.L.; da Silva, FF; Mombello, E.E.; Bak, C.L.; Rosero, J].A. Conductor temperature estimation and prediction at thermal
transient state in dynamic line rating application. IEEE Trans. Power Deliv. 2018, 33, 2236-2245. [CrossRef]

6.  Black, C.R.; Chisholm, W.A. Key Considerations for the Selection of Dynamic Thermal Line Rating Systems. IEEE Trans. Power
Deliv. 2015, 30, 2154-2162. [CrossRef]

7. Cigré Working Group 22.12. Thermal Behaviour of Overhead Conductors; Cigré: Paris, France, 2002.

8. IEEE Std 738-2012. IEEE Standard for Calculating the Current-Temperature of Bare Overhead Conductors; IEEE: New York, NY,
USA, 2012.

9.  Karimi, S.; Musilek, P.; Knight, A.M. Dynamic thermal rating of transmission lines: A review. Renew. Sustain. Energy Rev. 2018,
91, 600-612. [CrossRef]

10. Minguez, R.; Martinez, R.; Manana, M.; Cuasante, D.; Garafieda, R. Application of Digital Elevation Models to wind estimation
for dynamic line rating. Int. J. Electr. Power Energy Syst. 2021, 134, 107338. [CrossRef]

11. International Electrotechnical Commission and IEC. IEC TR 61597:2021 Overhead Electrical Conductors—Calculation Methods for
Stranded Bare Conductors; IEC: Geneva, Switzerland, 2021.

12.  Hydro Tasmania Consulting. Dynamic Transmission Line Rating Technology Review; Hydro Tasmania Consulting: Cambridge,
Australia, 2009; pp. 1-39.

13.  Ho, H.N,; Bui, T,; Do, H.; Rojas, E.; Ojeda, O.; Tran, H.; Hoang, T.; Hernandez, E.; Nguyen, L.; Le, H. Design and Simulation of an
Autonomous Smart Microgrid for Energy Independence. WSEAS Trans. Environ. Dev. 2021, 17, 911-928. [CrossRef]

14. Park, K.J. A Novel Way to Select the Optimal Electrical Power Demand Management Provider for Robust Smart Grid. Int. J.
Circuits Syst. Signal. Process. 2021, 14, 511-519.

15.  Wallnerstrom, C.J.; Huang, Y.; Soder, L. Impact from dynamic line rating on wind power integration. IEEE Trans. Smart Grid 2015,
6, 343-350. [CrossRef]

16. Hasan, M.K.; Ahmed, M.M.; Musa, S.S. Measurement and Modeling of DTCR Software Parameters Based on Intranet Wide Area
Measurement System for Smart Grid Applications. Adv. Intell. Syst. Comput. 2021, 1166, 1139-1150.

17.  Numan, M.; Feng, D.; Abbas, F.; Habib, S.; Hao, S. Coordinated operation of reconfigurable networks with dynamic line rating
for optimal utilization of renewable generation. Int. J. Electr. Power Energy Syst. 2021, 125, 106473. [CrossRef]

18. Teh, ].; Lai, C.-M. Reliability Impacts of the Dynamic Thermal Rating System on Smart Grids Considering Wireless Communica-
tions. IEEE Access 2019, 7, 41625-41635. [CrossRef]

19. L-Azab, M.E.; Omran, W.A.; Mekhamer, S.F,; Talaat, H.E.A. Congestion management of power systems by optimizing grid
topology and using dynamic thermal rating. Electr. Power Syst. Res. 2021, 199, 107433. [CrossRef]

20. Kopsidas, K.; Cruzat, C.; Ni, M. Cyber-physical reliability of dynamic line rating ICT failures in OHL networks. IET Gener. Transm.
Distrib. 2021, 15, 371-382. [CrossRef]

21. Pal, R; Chavhan, S.; Gupta, D.; Khanna, A.; Padmanaban, S.; Khan, B.; Rodrigues, ].J.P.C. A comprehensive review on IoT-based
infrastructure for smart grid applications. IET Renew. Power Gener. 2021, 8. [CrossRef]

22. Bera, B,; Saha, S.; Das, A.K; Vasilakos, A.V. Designing blockchain-based access control protocol in iot-enabled smart-grid system.
IEEE Internet Things ]. 2021, 8, 5744-5761. [CrossRef]

23. Mehmood, M.Y.; Oad, A.; Abrar, M.; Munir, HM.; Hasan, S.F.; Mugeet, H.; Golilarz, N.A. Edge Computing for IoT-Enabled Smart
Grid. Secur. Commun. Netw. 2021, 2021, 5524025. [CrossRef]

24. Zhang, Y.Z.; Xiong, R.; He, H.W.,; Pecht, M. Validation and verification of a hybrid method for remaining useful life prediction of
lithium-ion batteries. J. Clean. Prod. 2019, 212, 240-249. [CrossRef]

25. Albizu, I; Fernandez, E.; Eguia, P.; Torres, E.; Mazon, A.]. Tension and ampacity monitoring system for overhead lines. IEEE
Trans. Power Deliv. 2013, 28, 3-10. [CrossRef]

26. Douglass, D.; Chisholm, W.; Davidson, G.; Grant, I.; Lindsey, K.; Lancaster, M.; Lawry, D.; McCarthy, T.; Nascimento, C.; Pasha,
M.; et al. Real-Time Overhead Transmission-Line Monitoring for Dynamic Rating. IEEE Trans. Power Deliv. 2016, 31, 921-927.
[CrossRef]

27.  Wijethunga, A.H.; Wijayakulasooriya, J.V.; Ekanayake, ].B.; de Silva, N. Conductor temperature based low cost solution for
dynamic line rating calculation of power distribution lines. In Proceedings of the 2015 IEEE 10th International Conference on
Industrial and Information Systems (ICIIS), Peradeniya, Sri Lanka, 18-20 December 2015; pp. 128-133.

28. Singh, C; Singh, A.; Pandey, P.; Singh, H. Power Donuts in Overhead Lines for Dynamic Thermal Rating Measurement, Prediction

and Electric Power Line Monitoring. Int. J. Adv. Res. Electr. Electron. Instrum. Eng. 2014, 3, 9394-9400.


http://doi.org/10.3390/app11020492
http://doi.org/10.3390/s19071550
http://doi.org/10.1109/61.637007
http://doi.org/10.1007/s00202-020-01107-2
http://doi.org/10.1109/TPWRD.2018.2831080
http://doi.org/10.1109/TPWRD.2014.2376275
http://doi.org/10.1016/j.rser.2018.04.001
http://doi.org/10.1016/j.ijepes.2021.107338
http://doi.org/10.37394/232015.2021.17.85
http://doi.org/10.1109/TSG.2014.2341353
http://doi.org/10.1016/j.ijepes.2020.106473
http://doi.org/10.1109/ACCESS.2019.2907980
http://doi.org/10.1016/j.epsr.2021.107433
http://doi.org/10.1049/gtd2.12027
http://doi.org/10.1049/rpg2.12272
http://doi.org/10.1109/JIOT.2020.3030308
http://doi.org/10.1155/2021/5524025
http://doi.org/10.1016/j.jclepro.2018.12.041
http://doi.org/10.1109/TPWRD.2012.2213308
http://doi.org/10.1109/TPWRD.2014.2383915

Sensors 2021, 21, 7388 17 of 17

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Ding, Y.Q.; Gao, M; Li, Y;; Wang, T.-L.; Ni, H.-L.; Liu, X.-D.; Chen, Z.; Zhan, Q.-H.; Hu, C. The effect of calculated wind speed on
the capacity of dynamic line rating. In Proceedings of the 2016 IEEE International Conference on High Voltage Engineering and
Application (ICHVE), Chengdu, China, 19-22 September 2016; pp. 13-16.

Xiao, C.; Zhao, L.; Asada, T.; Odendaal, W.G.; Van Wyk, ].D. An Overview of Integratable Current Sensor Technologies. In
Proceedings of the 38th IAS Annual Meeting on Conference Record of the Industry Applications Conference, 2003, Salt Lake City,
UT, USA, 12-16 October 2003; Volume 2, pp. 1251-1258.

Kadechkar, A.; Moreno-Eguilaz, M.; Riba, ].-R.; Capelli, F. Low-Cost Online Contact Resistance Measurement of Power Connectors
to Ease Predictive Maintenance. IEEE Trans. Instrum. Meas. 2019, 68, 4825-4833. [CrossRef]

Foss, S.D.; Fernandes, R.A. Dynamic thermal line ratings Part I dynamic ampacity rating algorithm. IEEE Trans. Power Appar.
Syst. 1983, PAS-102, 1858-1864. [CrossRef]

Miyazaki, H.; Kitamura, S. Temperature distribution within an ACSR conductor during large current flow. Electr. Eng. Jpn. 2002,
140, 38-45. [CrossRef]

IEC. IEC 60751:2008 Industrial Platinum Resistance Thermometers and Platinum Temperature Sensors; IEC: Geneve, Switzerland, 2007;
pp. 1-41.

Morgan, V.T. The Current Distribution, Resistance and Internal Inductance of Linear Power System Conductors—A Review of
Explicit Equations. IEEE Trans. Power Deliv. 2013, 28, 1252-1262. [CrossRef]

Morgan, V.T. Electrical characteristics of steel-cored aluminium conductors. Proc. Inst. Electr. Eng. 1965, 112, 325. [CrossRef]
Hong, S.S.; Yang, Y.-C.; Hsu, T.-S.; Tseng, K.-S.; Hsu, Y.-FE,; Wu, Y.-R,; Jiang, J.-A. Internet of Things-Based Monitoring for HV
Transmission Lines: Dynamic Thermal Rating Analysis with Microclimate Variables. In Proceedings of the 2020 8th International
Electrical Engineering Congress (iIEECON), Chiang Mai, Thailand, 4-6 March 2020.

Texas Instruments. DRV5053 Analog-Bipolar Hall Effect Sensor; Texas Instruments: Dallas, TX, USA, 2014; pp. 1-20.

Popovic, R.S.; Randjelovic, Z.; Manic, D. Integrated Hall-effect magnetic sensors. Sens. Actuators A Phys. 2001, 91, 46-50.
[CrossRef]

Dewi, 5S.D.T.; Panatarani, C.; Joni, .M. Design and development of DC high current sensor using Hall-Effect method. AIP Conf.
Proc. 2016, 1712, 030006.

Khawaja, A.H.; Huang, Q.; Khan, Z.H. Monitoring of Overhead Transmission Lines: A Review from the Perspective of Contactless
Technologies. Sens. Imaging 2017, 18, 24. [CrossRef]

Kadechkar, A.; Riba, J.R.; Moreno-Eguilaz, M.; Perez, ]J. SmartConnector: A Self-Powered IoT Solution to Ease Predictive
Maintenance in Substations. IEEE Sens. . 2020, 20, 11632-11641. [CrossRef]


http://doi.org/10.1109/TIM.2019.2899481
http://doi.org/10.1109/TPAS.1983.317795
http://doi.org/10.1002/eej.10041
http://doi.org/10.1109/TPWRD.2012.2213617
http://doi.org/10.1049/piee.1965.0051
http://doi.org/10.1016/S0924-4247(01)00478-2
http://doi.org/10.1007/s11220-017-0172-9
http://doi.org/10.1109/JSEN.2020.2998157

	Introduction 
	Smartconductor. Sensors and Wireless Communications 
	Current Sensor 
	Temperature Sensor 
	Wireless Communications 

	Dynamic Thermal Line Rating Estimation Method 
	Proposed Real-Time Method to Determine the Thermal Line Rating 
	Experimental Setup 
	Experimental Results 
	First Experiment. Wind Speed and DTLR Estimation 
	Second Experiment. Validation of the Accuracy of the Proposed Method to Estimate the DTLR 

	Conclusions 
	References

