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Abstract—High Voltage (HV) overhead power lines are systems
of interconnected elements that deliver massive amounts of elec-
trical energy over long distances. Electrical conductors, used as
energy carriers, are designed according voltage, current, and tem-
perature rated value. Monitoring the power line’s state variables is
emerging as a crucial topic aiming at both determining the optimal
real-time capability and defining a suitable model for Health Index
assessment. A Wireless Sensor Network (WSN), consisting of many
distributed sensor nodes that communicate with each other, can
be a suitable tool to improve line ampacity by maintaining the
operating variables in respect of their rated values. This paper
investigates the design of an Energy Management System (EMS)
for a wireless sensor for HV power line application and proposes a
maximum power point tracker (MPPT). The behavior of the MPPT
is discussed in terms of electromagnetic field laws and properties of
magnetic materials. Ordinary and extraordinary operating condi-
tions are investigated. The theoretical results are validated through
a series of experimental tests. A prototype has been realized and
tested for real operating currents. The tests are also used to verify
the sensor’s resilience in the presence of harsh fault conditions.

Index Terms—Overhead power lines, wireless sensor node,
energy management system, energy harvesting, resilience, fault
condition.

I. INTRODUCTION

SUSTAINABLE energy resources are quickly growing, in-
tending to reduce the non-renewable ones worldwide. For

instance, the United States plans to use renewable energy to
provide 32% of electricity to the grid by 2030. Many other
countries around the world set rules to achieve similar targets.
In this context, it is easy to understand how power transmission
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lines play a crucial role in connecting distributed renewable
energy resources to the HV power grids. Overhead transmission
power lines are complex systems of interconnected elements
and their capability depends on various factors. The first one is,
undoubtedly, their technology, so the electrical conductors are
designed according to voltage, current, and temperature values.
Another factor is the environment in which they are implanted;
for instance, two different ampacity values are assigned for
winter and summer periods. Also all the solutions implemented
to prevent failures are crucial aspects; for example, visual and
infrared thermography inspections related to routine programs
make it possible to find deficiencies to prevent failures and min-
imize outages [1]. Intelligent monitoring systems are suitable
for improving optimal real-time capability, reducing operating
losses, and guaranteeing reliability and safety requirements.
Moreover, they allow the automatic detection of faults [2], the
design of innovative aging models based on real-time measure-
ments and operational performance evaluation in the presence
of external actions. For instance, [3] proposed to equip HV
transmission lines with sensors to measure the leakage currents
on insulator chains due to pollution and humidity. So, it is evident
that today, monitoring power lines’ state variables is emerging
as a crucial topic to implement new innovative functionalities
(i.e., real-time capability, health index assessment and more [4],
[5]). In this contest, the candidates to realize the IoT paradigm
for HV transmission power lines seems to be Wireless Sensor
Networks (WSNs) [6].

They consist of distributed sensor nodes allowing real-time
monitoring of physical, mechanical, and environmental condi-
tions (e.g., temperature, mechanical sag, vibration, noise, pollu-
tion, etc.). WSNs provide a granular view of the grid and enable
new solutions for managing power flow. They allow maximizing
the power delivery through the infrastructure, maintaining the
power lines inside their safe operating limits. Furthermore,
WSNs can be used for sending the collected data to a control
room, where data can be observed and analyzed [7].

The design of WSNs for power system application is related
to analyzing power requirements, extendibility, and accessibility
of the sensors and their power management systems in the
presence of relevant electromagnetic fields (e.g., [6], [8], [9]).
In particular, a sensor’s power requirements for HV power line
application are discussed in [8]. The paper highlighted that
power consumption is the sum of two terms. The intermittent
communication module has an average power consumption of
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10−6 W, whereas the continuous average power consumption
can vary from some hundreds of 10−6 W to a few hundred mW.
It can be summarized that the actual overall power consumption
of a sensor for HV application could be assessed in a few mW.
Therefore, the studies on the methods of energizing widely
distributed sensors are today a significant challenge.

For instance, [8] and [9] provide an overview of the sensor’s
energy systems. One possibility is to equip the sensor with an
on-board battery. This solution is not very interesting and, at
times, not even possible, especially for power lines located in
remote localities. The battery needs to be replaced yearly, thus
resulting in unfavorable maintenance-free operation [10]. As a
result, self-powered wireless sensors (i.e., energy harvesting) are
a considerable alternative. This technique allows the sensor to
extract energy from the surrounding environment, overcoming
the bottleneck of energy-constrained wireless networks.

The energy harvesting systems applied to high voltage trans-
mission line monitoring could be PV panels, wind turbines, ther-
moelectric, piezoelectric, and electromagnetic field harvesters
[11]. Although solar and wind energy technologies represent the
most traditional methods for energy scavenging, their utilization
for sensors in overhead power lines has many drawbacks, mainly
due to high maintenance costs and low reliability of energy
source since the extracted power is strongly affected by weather
conditions ([12], [13]). Moreover, photovoltaic panels and wind
turbines need to be installed on the transmission tower, requiring
higher [14] insulation costs compared to direct line-mounted
equipment. Furthermore, harsh weather conditions could dam-
age the turbine blades and/or the solar panels. Those systems
are considered only in the case of DC lines; for AC lines,
the methodologies based on electromagnetic extraction seem
to be more promising. Thermoelectric energy harvesters use the
Seebeck effect to scavenge energy from the buildup of an electric
voltage at the junction between two conductors or semiconduc-
tors at different temperatures. Although widespread in many
applications [15], to the best of the authors’ knowledge, thermal
energy harvesting has not been applied in HV transmission
systems yet.

Energy harvesting from vibrations is another solution for
powering a sensor node [16] and has become prominent thanks
to piezoelectric or triboelectric materials. The performances
of such techniques are seriously affected by the resonant fre-
quencies of ambient vibrations, which are often random and
broadband. Thus, it can be said that vibration energy harvesting
is strongly source-dependent. For example, in HV plants, the
vibrations of in-service transformers [17] could be used to mon-
itor the equipment [18] as well as to supply power to the sensor
nodes. On overhead transmission lines, the sources of vibrations
are limited to the wind action or, occasionally, by the operation
of circuit breakers. An attempt to implement energy harvesters,
using permanent magnets to couple an electromechanical res-
onator to the current flowing in the nearby HV conductor, can
be found in [19]; however, the proposed system is characterized
by low power output and decay with the use of the piezoelectric
property of lead-zirconate-titanate material.

Due to the constraints of the energy sources, solar, thermal,
and mechanical energy harvesting cannot provide a continuous

power supply to sensors. Conversely, close to HV overhead
transmission lines, electromagnetic energy is abundant due to
the intense magnetic and electric fields produced by the electrical
currents flowing through conductors operating at high electric
potential. Two different energy scavenging techniques can thus
be implemented: the first is based on the floating capacitive
structure (Electric field Energy Harvesting [EEH]), and the
second on the magnetic coupling with the line (Magnetic field
Energy Harvesting [MEH]) [20]. The basic idea of EEH relies
on using a floating capacitive structure placed in proximity of the
high voltage conductor, where a high electric field exists. The
harvester gains energy from the displacement current flowing
through the parasitic capacitance between the floating electrode
and the ground ([21], [22]). Such a technique is widely studied
since AC voltage in an operating transmission line is almost sta-
ble and not dependent on the conductor’s load. The fundamentals
of MEH methods are based on extracting the energy from the
operating electrical current flowing through the HV conductors:
the harvester pulls energy in the manner of a core-clamp current
transformer ([23], [24], [25], [26], [27]), as will be shown in
detail in the following section. These types of MEH devices need
to be clamped around the conductor, and their size and weight are
limited to avoid an increase in line sag. Harvesters based on the
inductive coupling of a coil and core system placed at a distance
from the HV conductor (the so-called free-standing harvesters)
have also been proposed: optimized core geometries increase
the power output in comparison with a cylindrical magnetic
core implementation ([28], [29]). Even if the extracted power
depends on the time-varying operating line electrical current,
the current transformer method has the great advantage of being
typically characterized by higher power densities compared to
other energy harvesting solutions ([22], [30]). Thus, it is the most
adopted method. In this case, observing that HV power lines
also operate in not ordinary conditions (e.g., overcurrents), the
current transformer method for WSN has to be also investigated
in the presence of these extraordinary currents. Specifically, the
transient conditions of the short-circuit currents (when the peaks
of the current occur) are the most critical and, hence, have to be
the object of analysis.

This paper addresses the design of a wireless sensor’s energy
management system (EMS) for application on overhead HV
power lines. Based on the magnetic coupling approach, the
design is carried out by examining, by examining ordinary and
extraordinary operating conditions. The proposed new model
approach exploits the magnetic material properties to predict
the response of the designed system to a broad frequency range
input. The method successfully determined the extraction of the
maximum power.

In addition, the paper also investigates the resilience of the
equipment technology in the presence of harsh failure con-
ditions. In fact, today, Transmission and Distribution System
Operators (TSO and DSO) are increasingly interested in con-
centrating their efforts on ensuring the reliability of electrical
infrastructures, making the systems as immune as possible to
adverse operating conditions, as in the case of high voltages
and currents generated by faults. Indeed, in the present paper,
the material response in the presence of short-circuit currents of
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Fig. 1. Sensor node 3D render. (a) sensor with anti-corona device. (b) the
bottom view in transparency.

different amplitudes is studied since the possible saturation of the
magnetic core could lead to intensified magnetostriction effects
and unwanted vibrations; moreover, the generated high-order
harmonics could damage the associated electrical circuits.

A section of the paper is focused on the experimental valida-
tion of the results of the theoretical analyses. A series of labora-
tory tests was carried out on a realized sensor prototype. The tests
were also performed for high short-circuit current peak values
(i.e., the tests were carried out with the values of short-circuit
current peaks typically used for Italian HV protection breaker
design). It is important to note that during the experimental tests,
the measured peak currents (up to 30 kA) were significantly
higher than those recorded in similar experimental tests de-
scribed in the recent literature (i.e., 1700 A in [13]). The success
of the tests gave evidence of the resilience of the prototype in the
presence of fault conditions. In particular, the tests verified both
the resilience of the EMS during the extreme transient conditions
and its capability, in terms of power autonomy, to correctly
operate during the time following the action of the protection
devices (i.e., outage due to line fault or generation trip). The
paper is organized as follows: after the Introduction, Section II
analyzes the wireless sensor node power management structure;
Section III focuses on the magnetic coupling design. Section IV
addresses the laboratory arrangement, and Section V discusses
the results of the experimental tests; concluding remarks are
finally noted in Section VI.

II. WIRELESS SENSOR NODE POWER MANAGEMENT SCHEME

In the proposed application, the sensor monitors online the
conductor temperature in an HV transmission line. It detects
the temperature and transmits data thanks to a Radio Frequency
(RF) module. For its operations, the sensor extracts energy by
magnetic coupling from the electrical current IACline flowing
through the HV line conductor. Fig. 1 highlights the 3D render-
ing of the realized sensor, which is equipped with an anti-corona
device. In the figure, the connection of the sensor to the power
line is put in evidence.

As already mentioned, one of the most critical aspects of
the design of IoT sensors placed inside the nodes of a WSN
network is the energy management system (EMS). It controls
the sensor power supply operations, simultaneously allowing the
two primary operations in low consumption mode: a) disable the
parts of the system that are unnecessary; b) recharge the on-board
storage device thanks to the energy harvesting operation. Power

Fig. 2. Energy management board embedded in the case of Fig. 1.

electronic circuits with specific control methods are widely used
for voltage conversion and power regulation. Systems typically
adopt Maximum Power Point Tracking (MPPT) techniques for
impedance matching in order to maximize the power extracted
from the source. In [31] an adaptive algorithm is applied to a
low-power PIC16F690 microcontroller to adjust the duty cycle
of a boost converter to achieve maximum output power. The
harvester operates only with line currents ranging from 65 A
to 130 A. The device can harvest 58 mW power when placed
near a 65 A transmission line. A prototype is developed in
[25], which uses the coordination of a compensation capacitor,
impedance matching, and short-circuit regulation to maximize
output power. It also prevents the magnetic core from saturation.
The prototype can deliver 22.5 W power with a 200 A line cur-
rent. Besides, [32] introduced a desaturation controller, in which
the magnetic harvester is composed of two coils. The primary
coil harvests energy from the power line, and the secondary
coil desaturates the magnetic core. Experimental results show
that the proposed device harvests 42.7 mW under a powerline
current of 25 A. The circuit increases the amount of harvested
power by 5.2 mW through desaturation of the core. Recently,
a buck-boost converter operating in discontinuous conduction
mode has been adopted in [26] resulting in a peak harvested
power of 193.34 mW with a line current of 50 A and a load
resistance of 2 kΩ. Although not strictly related to magnetic en-
ergy harvesting from HV overhead transmission lines, literature
shows a great variety of power electronic topologies and MPPT
algorithms; a comprehensive review can be found in [33] and
[34].

The EMS studied, realized, and embedded on the board of the
sensor prototype is highlighted in Fig. 2. The board is equipped
with a supercapacitor-based storage device. Theoretical and
experimental tests well know supercapacitor features (e.g., [35]).
Their energy density is lower than the electrochemical battery’s,
but they highlight higher life cycles and broader temperature
operating ranges. Monitoring the temperature does not require
a high refresh rate, and power peaks are only present when
the RF module sends data. In this scenario, supercapacitor
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Fig. 3. Sensor node power management architecture.

TABLE I
POWER MANAGEMENT BOARD SPECIFICATIONS

characteristics, in terms of power and autonomy, suit well to
guarantee the sensor’s power requirements, and also during the
outages of the power line. The leakage current values [36] do
not limit supercapacitors’ application in WSN (e.g., [37], [38]).
Moreover, considering the maintenance cost, in terms of the
life cycle, supercapacitors can achieve “perpetual lifetimes” if
compared with batteries which, conversely, could require their
replacement after a few years [38].

Fig. 3 reports a schematic of the power management archi-
tecture developed by the authors. The transformer implements
the magnetic coupling system that allows the extraction of a
maximum power level that depends solely on the current IACline

flowing along the line. The transformer’s output is connected
to a controlled rectifier that can be disconnected depending on
the control signal EN. This solution can be implemented using
a bridge with a couple of diodes and SCRs or a diode bridge
connected to the Vbus by a MOS switch. The voltage level
Vbus is regulated by the DC-DC power converter connected to
the supercapacitor. The main components and characteristics of
the power management board are listed in Table I. The actual
implementation has been entirely digitally developed with a
microcontroller.

Fig. 4 shows the different power flows characterizing the
system. The operating modes of the energy system depend on the
load power requirement, AC current, and supercapacitor voltage.
The control block Cntrl of Fig. 3 represents the controlling
action. If the voltage on the supercapacitor is lower than the
maximum value, the MP block is enabled. The supercapacitor is
charged through a bidirectional buck. The voltage reference of

Fig. 4. Power transfer direction during different operating conditions.

Vbus (vref ) is dynamically adjusted to maximize the extracted
AC line power through an MPPT algorithm.1 The loads are
disconnected when the supercapacitor voltage is lower than an
assigned threshold: this can happen when the AC line carries no
sufficient current to keep the system alive. Usually the system
will naturally shut down in this condition and resume operation
when the AC line has enough current (Fig. 4 does not report this
case).

Suppose the total loads (i.e., RF module, sensor, and LED
signal lights) require less energy than the available one. In that
case, the excess energy is used to charge the storage element,
which, in turn, is discharged when the energy supplied by the
rectifier is insufficient to power the loads. The rectification is
interrupted if the voltage across the supercapacitor is excessively
high.

In the case of a short-circuit event affecting the power line,
the AC current can rise to tens of kilo amperes: this occurrence
cannot be detected before the rectification instant, as no sensor
is placed on the conductor; besides, it can also happen when the
rectifier is already active. For this reason, an extreme amount of
energy can be potentially rectified to Vbus. The event can have
two effects: the rapid charge of the supercapacitor and, if the
rectified current is exceptionally high, the loss of control of the
bus voltage. In any case, the system disables the rectification,
setting to low-state the EN signal level. At the same time, a
protection system forces the turn-off instant of the rectifier, and
if the Vbus voltage exceeds a maximum threshold, a dissipative
clamping system activates. It is relevant to note that for the
design of a reliable system, in order to correctly assess current
and voltage values on the secondary side of the transformer,
the accurate modeling of the transformer behavior, even in the
presence of short-circuit phenomena, is necessary. This topic
will be addressed in the following section.

III. MAGNETIC COUPLING DESIGN

The magnetic coupling is based on a laminated ferromagnetic
core of cylindrical shape closed on the line conductor, as shown

1The controller calculates the input power through direct current and voltage
measurements, and periodically oscillates the reference bus voltage to track
maximum power extraction.
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Fig. 5. (a) Transformer shape, (b) Detailed model of the non-linear trans-
former.

in Fig. 5(a). On the magnetic core, there is a secondary winding
with N turns. For reasons related to mechanical assembly, the
magnetic core is realized by joining two halves of laminated
steel, resulting in an unwanted air gap called g in Fig. 5(a).
The main geometrical parameters of the transformer are the
equivalent cross-section area Ae and the equivalent length le,
equal to the perimeter of the circumference, with an average
diameter between the internal and external diameter of the fer-
romagnetic cylindrical core. The magnetic component’s design
determines the device’s capability in terms of maximum power
and short-circuit resilience, that is, the ability of the system to
recover from the effects of a short-circuit event on the AC line.

The peculiarity of this project is that system functionality
depends on core B(H) non-linear characteristic and the fre-
quency behavior of the magnetic permeability. For this reason,
the system must be appropriately modeled, as shown in Fig. 5(b).
The

−→
H field in the core can be derived by the following relation:

∮ −→
Hdl ∼= Hleq + 2Hgg = IACline − IsecN (1)

where Isec is the current in theN turns of the secondary winding.
The flux density

−→
B is derived from the material’s B(H) curves

and the transfer function T (s). T (s) is a low-pass filter that
models the frequency behavior of the equivalent permeability.
T (s) summarizes the behavior of the core in a wide range of fre-
quencies. The analysis is based on a homogenization approach
that considers the laminated core as a material described by
a complex permeability in a wide range of frequencies. This
transfer function plays an essential role in the project because
the resilience of the sensor to a short-circuit fault depends solely
on this characteristic. Lk considers the leakage flux (reported in
Fig. 6(b)), andR is the equivalent secondary winding resistance.
The two gaps g generate feedback in the system derived from the
relation (1) since Hg = B/μ0. For each current level, IACline

in the line, the main sizing parameters of the transformer for a
given application are derived from the circuit shown in Fig. 7.

Fig. 6. Magnetic field simulation in the horizontal cross section of Fig. 5 in
two cases: (a) magnetizing flux lines present when IAClines �= 0 and Isec = 0,
(b) leakage flux lines present when IAClines = −NIsec.

Fig. 7. Equivalent circuit with transformer model considering a regulatedVbus

voltage.

The line current is modeled as an ideal current generator
IACline, and the rectifier circuit is connected to the transformer
model. The DC-DC converters with the other equipment re-
ported in Fig. 3 are modeled as the voltage source Vbus. In fact,
the DC-DC converter connected to the super-capacitor controls
the bus voltage Vbus by regulating the current of the storage
element: this is a buck converter with its feedback at the input.
Considering the super-capacitor in charging condition, the first
harmonic approximation model of circuit Fig. 7 is shown in
Fig. 8(a). In this scheme, the transformer is described by the
magnetizing inductor Lm and the resistor Rlos that depend on
the voltage drop Vd to take into account the non-linear charac-
teristic of the core. The rectifier is modeled as the impedance
Z, whose absorbed power represents the power extracted from
the harvesting circuit. This impedance depends on the regulated
voltage Vbus. This schematic describe the relationships between
the main quantities that define the magnetic design. The curve of
Fig. 8(b) represents the extracted power Pext as a function of the
voltageVbus for the circuit of Fig. 7. The peak power of Fig. 8(b),
obtained for Vbus equal to VMP , represents the maximum power
extracted for a given current line condition. The presence of
maximum obtainable power is inherent in the presence of an
impedance in parallel to the current generator in the model
of Fig. 8. For simplicity, the maximum power extraction will
be analyzed without considering the saturation. For Vbus up
to VMP , Vtx is approximately a square wave with amplitude
Vbus. In this condition, the main circuit waveforms are reported
in Fig. 9, in which the line current IACline, the magnetizing
inductor current ILm

and the secondary current Isec are shown.
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Fig. 8. (a) First harmonic approximation model of circuit of Fig. 7(b) output
power Pext as a function of Vbus.

Fig. 9. (a) Waveforms of the line current IACline and the magnetizing
inductor current ILm, (b) Waveform of the secondary current Isec.

For the sake of simplicity, neglecting the effect of core loss and
the leakage inductance Lk, the angle α can be derived as:

α = π − φ (2)

where

φ = arcsin

(
VbusT

4NLmIACline

)
(3)

Under these conditions, the total active power transmitted to the
secondary will be:

Pext =
2VbusIACline

πN
cos(φ) (4)

where IACline is considered the peak ac current value. In
this case, the maximum of the relation (4) as a function of the
voltage Vbus approximates VMP . In formula:

Vbus,max = 2
√
2
NLmIACline

T
(5)

So, the maximum power can be expressed as:

Pext,max =
4LmI2ACline

πT
(6)

For higher voltages, the diodes no longer operate in contin-
uous conduction mode, and the waveforms of Fig. 9 do not
represent the circuit operation. The power as a function of the
voltage Vbus is lower than that predicted by (4) until it is zeroed

Fig. 10. Diagram with the phases of generation of the maximum voltage in
the event of a short-circuit on the AC line.

at the point Vmax, which represents the peak of the maximum
voltage on the magnetizing inductance Lm at the zero crossing
of IACline reflected to the secondary. The maximum power
extracted for a bus voltage equal to VMP is maximized by
increasing the value of the magnetization inductance, hence, by
reducing both the mounting gap g and the equivalent length le,
and by increasing both the equivalent area Ae and the perme-
ability μr. The value of N is chosen so as to adjust the voltage
level of VMP at the desired value, which allows to manage the
power supply voltage levels in the sensor.

(4)–(6) can be a summary approximation of the maximum
extractable power only if the core is not saturated. The core
saturation is not present if the following relation is satisfied:

Vbus <
4BsatAeN

T
(7)

where Bsat is the saturation flux density of the material, Ae is
the equivalent area of the core, N is the number of windings,
and T is the period of the grid voltage. As long as condition (7)
is satisfied, the behavior of the core can be effectively described
using a constant magnetization inductance Lm, as reported in
Fig. 8. Moreover, as reported in [39], the energy extraction can be
further increased by using a resonant capacitor Cres connected
in parallel at the secondary side of the transformer that increases
the total impedance connected in parallel to the current generator
IACline. This solution is effective until there is saturation, which
reduces the equivalent value of Lm.

The (3) and (4) are to be considered approximations that allow
the description of the quantities that affect the magnetic design
and a maximum dimensioning of the system. Considering also
a partial intervention of the saturation and the effect of the other
parasitic components, the actual extraction of the power must
be obtained starting from the circuit of Fig. 7.

Another critical parameter to be considered in case of a
short-circuit event is the voltage Vmax, which represents the
open-circuit voltage. This value represents the maximum voltage
level present in the circuit of Fig. 7 and is needed for a suitable
selection of the rectifier components.

At very high line currents, the core will be fully saturated for
almost the entire period T . The most critical moments are the
zero crossing of the current, in which the core is not saturated,
and in which the time derivative dIACline(t)/dt is maximum.
Under these operating conditions, the transfer function T (s)
plays a key role. The simplified scheme of Fig. 10 can be used in
order to understand the process that defines the maximum am-
plitude Vmax of the voltage pulses in the open circuit condition
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Fig. 11. Schematic of the laboratory setup.

when an extremely high line current is present. For the sake of
simplicity, the mounting gaps g are in the case neglected, the
B(H) characteristic is approximated as a simple saturation, and
the order of the successive linear blocks (T (s) and the derivative
block s) has been changed. As the amplitude, dIACline of the
input current increases, the block T (s) input will have propor-
tionally increasing amplitude but inversely proportional duration
pulses. Considering the band of T (s) much lower than 1/Δt,
the output signal of the block T (s) is approximately the pulse
response of the block multiplied by the area of the input pulses. In
conclusion, as it will be verified in the next section, the resilience
to short-circuit phenomena on the AC line is guaranteed by using
magnetic materials with a shallow roll-off frequency due to the
effect of the laminated structure.

IV. LABORATORY SETUP

In order to assess the behavior of the EMS in the presence
of extreme short-circuit currents on the AC line, an adequate
series of numerical and experimental tests were carried out. The
practical tests were carried out in the laboratory, where the setup
was able to generate typical short circuit currents of High Voltage
power systems up to 30 kA. The lab system consists of a power
section and a measurement section suitable to carry out the tests
with adequate security requirements (for components) and safety
(for the operator).

The schematic of the lab system is reported in the following
Fig. 11, while Fig. 12 shows a picture taken in the laboratory.

The power supply system is a 9 kV distribution power grid,
which feeds a cascade of two power transformers, namely
transformer #A and transformer #B. The transformers operate
the reduction of the voltage value to increase the current at
the output terminals of transformer #B. Both transformers are
equipped with tap selectors; moreover, transformer #B has a
primary winding with four terminals (i.e., the winding consists
of two semi-windings).These selectors are used to regulate the
transformer chain’s voltage ratio properly. The main data of
the power transformers are reported in Tables II and III. The
sensor under test (i.e., DUT) is installed at one terminal of the
transformer #B (Fig. 13).

The internal circuitry is activated by an additional winding
(depicted in red in Fig. 13) composed of 15 turns which provides

Fig. 12. Picture of the laboratory setup.

TABLE II
POWER TRANSFORMER A MAIN DATA

TABLE III
POWER TRANSFORMER B MAIN DATA

Fig. 13. Detail of the HV sensor.

a 50 Hz sinusoidal current with a rms value equal to 150
Ampereturns.

A controlled switch connects the output terminals of trans-
former #B. When the poles of the switch are disconnected,
the circuit is open, and no current flows through the sensor,
whereas when the poles of the switch are closed, an electrical
current is generated. It is a short-circuit current, being the circuit
directly closed on the switch’s poles. No additional resistances
are present in the circuit. A Rocoil Rogowski probe (30 kArms,
20 kHz bandwidth) connected to one output terminal of trans-
former #B is used for measuring the short-circuit current; a
couple of voltage probes are used to measure the secondary side
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voltage Vtx (as reported in Fig. 5(a)) in differential mode. In par-
ticular, depending on the expected output voltage, alternatively,
a couple of Tektronix P5122 probes (100×, 200 MHz band-
width) or a couple of Agilent N2862B probes (10×, 150 MHz
bandwidth) have been adopted. The probes are connected to a
four-channel Tektronix DPO3034 oscilloscope.

V. EXPERIMENTAL RESULTS

The sensor under test has been realized with a cylindri-
cal ferromagnetic core whose typical dimensions are Ae =
1.159 mm2 and a le = 0.208 m. It is made of grain-oriented
electrical steel, type M5T30, whose B(H) curve has been
modeled using the arctangent function reported in the following
relation:

B(H) =
μ1

k
atan(Hk) + μ2H (8)

where the parameters μ1, k, and μ2 have been chosen to
have the best fitting of permeability around the origin and
residual permeability after saturation [40]. Fig. 14(a) shows the
comparison between the B(H) curve reported in the mate-
rial data sheet and the approximated curve obtained using the
model of (8). As can be seen, even if the arctangent func-
tion has not a physical meaning, it can satisfactorily repro-
duce the shape of the B-H curve. The T (s) function is de-
rived by complex permeability, deduced thanks to equivalent
impedance measurements carried out adopting a suitable wind-
ing on the ferromagnetic core. Fig. 14(b) shows the comparison
between the measured complex permeability μ′ − jμ′′ (real and
imaginary part) derived from the measurements and the real
and imaginary part of the transfer function μrT (s) used to
approximate it.

At high frequency (f > 1 KHz), the trend of the complex
permeability can be approximated as μr ∝ 1

(1+τs)α , with α

equal to 0.6212 and τ equal to 5.6 ms. This behavior is due
to the effect of induced currents and cannot be modeled with
the transfer function of a system with a finite number of state
variables. In this work, we have chosen to approximate it with a
second order transfer function with a zero that at high frequency
does not follow the trend exactly, even if it is appropriate for the
system description.

In Fig. 15, the power (predicted and measured) extracted at
the output of the rectifier of Fig. 7 is reported as a function of
Vbus for different values of IACline. As described in Section II
and as can be seen from the simulations and measurements, the
point of maximum power extraction is dependent on the line’s
current level IACline.

Without using an MPPT method and, therefore, keeping the
bus voltage fixed under all states, the available power is likely to
be significantly lower than the maximum potentially extractable.
As an example, in order to highlight the prediction of the
model, Fig. 16 shows the main waveforms in the maximum
power operating point when IACline is equal to 80 A rms: in
particular, Fig. 16(a) shows the waveshapes IACline(t), Vtx(t)

Fig. 14. (a) Matching between the measured BH curve and that obtained from
the model, (b) Matching between the measured permeability values and those
obtained from the model µrT (s).

Fig. 15. Matching between the measured Vbus − Pout curve and that ob-
tained from the model when IACline has an rms value ranging from 16 A to
64 A.
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Fig. 16. Main waveforms in the maximum power point: (a) predicted by the
model, (b) measurements.

Fig. 17. Main waveforms in short circuit conditions: the short circuit line
current IACline is reported in blue, the measured transformer voltage Vtx is
reported in red and, in green, the waveform predicted by the model.

and Isec(t) as predicted by the model and Fig. 16(b) shows the
same waveforms measured in laboratory.

Finally, the system was tested in high current condition (i.e.,
17.5 kA) to verify the effects of a short-circuit on the HV
line. The current has been measured by adopting the Rogowski
probe with a conversion ratio of 10 kA/V. The main waveforms
are reported in Fig. 17. The measured line current IACline is
reported on top of the figure and, at the bottom, the comparison

between the measured open circuit transformer voltage Vtx

(in red) and the waveform predicted by the model (in green)
is shown.

VI. CONCLUSION

Wireless Sensor Networks (WSNs) are systems of distributed
sensor nodes allowing the real-time monitoring of power lines
in terms of physical, mechanical, and environmental operating
conditions. The planning of the sensor nodes in terms of power
requirements and energy management systems is related to the
study of technical solutions operating in the presence of relevant
electromagnetic field environments. The paper investigated the
design of a sensor Energy Management System (EMS) for HV
power line application. The EMS is energized by the electro-
magnetic field harvester method. The proposed solution used
a supercapacitor as a storage device and a Maximum Power
Point Tracker (MPPT) system, which charges the storage unit
by magnetic coupling with the actual electrical current flowing
in the power line. The MPPT system’s functionality was based
on the non-linear characteristic and frequency behavior of the
magnetic permeability of the ferromagnetic core. The detailed
analytical model of the physics of the system was discussed.
A low pass filter T (s) was introduced in the model in order to
account for the frequency behavior of the permeability. The two
critical impedance parameters placed in parallel with the current
source and the maximum voltage were investigated in ordinary
and extraordinary conditions. In particular, in the presence of
high short-circuit conditions, it was pointed out the relevant
function of the frequency behavior of the laminated material.
The results of experimental lab measurements carried out on a
realized prototype verified the goodness of the design modeling
and the resilience of the device, guaranteed by using magnetic
materials with a low roll-off frequency.
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